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1.1 INTRODUCTION

1.1.1 Implication of solubility in dosage
form development

The solubility of a drug is one of its most important
physicochemical properties. The determination of drug
solubility and ways to alter it, if necessary, are essential
components of pharmaceutical development programs.
The bioavailability of an orally administered drug
depends primarily on its solubility in the gastrointestinal
tract and its permeability across cell membranes. This
forms the basis for the biopharmaceutical classification
system (BCS).1 Drug molecules are required to be present
in a dissolved form in order for them to be transported
across biological membranes. Therefore, low aqueous sol-
ubility can either delay or limit drug absorption.
Knowledge of the solubility of a drug is also important
when direct administration into the bloodstream is
desired. Injectable formulations usually require a drug to
be in solution for administration. In addition, a drug
solution is preferred for conducting pharmacological,
toxicological, and pharmacokinetic studies during the
drug development stage. Thus, poor aqueous solubility
not only limits a drug’s biological application, but also
challenges its pharmaceutical development. As a result,
investigation into approaches for solubility enhancement
has been a regular element of pharmaceutical research
for several decades. The need for such approaches has
been rising following the introduction of combinatorial
chemistry and high-throughput screening techniques to
the drug discovery arena. The advent of these techniques,
resulting in a rapid development of libraries of pharma-
ceutically active compounds, has led to a greater number
of highly active compounds. At the same time, it has
resulted in the generation of a far higher percentage of

extremely lipophilic and poorly water-soluble com-
pounds, adding more challenges to formulation develop-
ment. It has been reported2 that more than a third of the
compounds registered by Pfizer in the late 1990s had
solubilities that were less than 5 μg/mL.

While solubility enhancement remains one of the
primary areas of focus during the drug development
phase, there are several situations that may require
solubility reduction. Sustained release products, taste
masking, and enhancement of chemical stability are
examples of such situations.

Knowledge of solubility is also useful when develop-
ing analytical methods for drugs. Reverse-phase liquid
chromatography is one of the most widely used techni-
ques for pharmaceutical separation and analysis.
Separation is based on the differential affinity of the
solute toward the mobile phase and the stationary
phase, which is a direct outcome of its solubility in these
phases. The analysis of concentration using ultraviolet
(UV) spectroscopy is also performed on drug solutions.

Based on this discussion, it should be clear that
solubility plays an important role in several avenues
of pharmaceutical research. As a consequence, the
determination of solubility remains one of the most
commonly conducted experiments for any new com-
pounds. While solubility experiments are sometimes
perceived as trivial, accurate determination of solubility
is a challenging exercise. A number of experimental
variables may affect the solubility results, inducing
high degrees of scatter in the data.3 This builds a strong
case for the applicability of tools for the estimation of
solubility based on theoretical calculations. While most
of these calculation approaches are useful with respect
to providing reasonable estimation and saving time,
they can never completely replace the experimentally
determined values.
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This chapter is written with the intent of developing
a thorough understanding of the concepts of solubility.
The various physicochemical forces and factors that
determine the solubility of a solute in a solvent will be
discussed in detail. The thermodynamics of solubiliza-
tion and various theoretical models for its estimation
have also been included. Considerable emphasis has
been placed on the techniques used for solubility
enhancement, along with practically relevant exam-
ples. In addition, the various aspects of solubility
determination experiments including challenges and
strategies to overcome them are discussed.

1.1.2 Basic concepts of solubility
and dissolution

A true solution is a homogenous mixture of two or
more components on a molecular level. Any sample
collected from such a mixture will be representative of
the entire bulk. In a two-component system, the com-
ponent present in the larger proportion is generally
referred to as the solvent, and the other as the solute.

When a solute is placed in contact with a solvent,
mixing occurs due to the propensity of all molecules
toward randomization, resulting in an increase in overall
entropy of the system. The solute molecules start to
break away from the surface and pass into the solvent
system. The detached solute molecules are free to move
randomly throughout the solvent bulk to form a uniform
solution. Some of these solute molecules strike the bulk
solute surface and are redeposited onto it. Initially,
when the concentration of solute molecules is low in the
solution, the number of molecules leaving the bulk sol-
ute surface is much higher. As the solvent bulk starts
becoming saturated with the solute molecules, the rede-
position process starts to accelerate. Once sufficient sol-
ute molecules have populated the solvent bulk, the rate
of molecules leaving becomes equal to the rate of rede-
position (dynamic equilibrium). The concentration of the
solute in the solvent at which this equilibrium is reached
is defined as the thermodynamic solubility, and the rate at
which the equilibrium is achieved is the dissolution rate.
Thus, solubility is an equilibrium concept, while dissolu-
tion is a kinetic phenomenon. Both are dependent on the
experimental conditions, including temperature. The
dissolution rate of a solute in a solvent is directly pro-
portional to its solubility, as described by the Noyes-
Whitney equation4,5:

Dissolution Rate5
dM

dt
5

DA

h
ðCs2CtÞ ð1:1Þ

where:

dM/dt is the rate of mass transfer.
D is the diffusion coefficient (cm2/s).

A is the surface area of the drug (cm2).
h is the static boundary layer (cm).
Cs is the saturation solubility of the drug.
Ct is the concentration of the drug at time (t).

Solubility is expressed in units of concentration,
including percentage on a weight or volume basis,
mole fraction, molarity, molality, and parts. The U.S.
Pharmacopeia and National Formulary defines the
term solubility as the number of milliliters of solvent
required to dissolve 1 g of the solute.

It follows from the previous discussion that the
equilibrium solubility of a solute will depend on its
relative affinity toward solvent molecules and fellow
solute molecules. Thus, the strength of molecular
interactions, both inter and intra, affect solubility.
While a detailed description of these interactions can
be found in any physical chemistry book, they are
discussed here briefly.

1.1.2.1 Ionic interactions

Pure ionic interactions occur between two oppositely
charged ions. Such interactions are relevant to pharma-
ceutical salts and ion pairs. An ion can also interact with
a polar molecule (ion-dipole) or induce a dipolar charac-
ter to a nonpolar molecule (ion-induced dipole). When
sodium chloride is dissolved in water, the free sodium
and chloride ions interact with polar water molecules
such that the positive heads of water molecules interact
with the chloride ions, while the negative heads of water
molecules interact with the sodium ions. By virtue of
these interactions, pharmaceutical salts generally have a
higher solubility than their free form. The strength of
ionic interactions depends on the electrostatic charge
density of the interacting ions, as well as the media prop-
erties, including dielectric constant and temperature.

1.1.2.2 van der Waals interactions

Two molecules with permanent dipole moments
can interact when placed in sufficiently close proximity
(dipole-dipole or Keesom interactions). The molecules
will try to arrange themselves in a manner that
minimizes the energy associated with them. Thus, the
positive head of one molecule will position close
to the negative head of the other molecule. The
positioning, however, may not be ideal due to geo-
metric constraints and random thermal motion of the
participating molecules (entropic influence). As a con-
sequence, a situation arises where the participating
molecules, on average, spend more time in an aligned
position. Strongly polar molecules can induce polar
attributes to nonpolar molecules, resulting in dipole-
induced dipole (Debye) interactions. The strength of
van der Waals interactions is a direct outcome of the
dipole moment and polarizability of the participating
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molecules, and it is also affected by the media
properties, such as temperature.

1.1.2.3 Dispersion interactions

Also known as London forces, dispersion interactions
occur between any adjacent pair of atoms or molecules
when they are present in sufficiently close proximity.
These interactions account for the attractive forces
between nonionic and nonpolar organic molecules,
such as paraffin and many pharmaceutical drugs.
The origin of these forces remains unclear, but it is
believed that at any given instance, molecules are
present in a variety of distinct positions due to thermal
oscillations. These positions give rise to a temporary
molecular dissymmetry, resulting in a dipole-type
characteristic. This instantaneous dipole then induces a
polar character to the neighboring molecules and starts
interacting with them.

1.1.2.4 Hydrogen bonding

These interactions occur between hydrogen bond�
donating groups and strong electronegative atoms such
as halogens, oxygen, and nitrogen. Hydrogen atoms
become associated with electronegative atoms by virtue
of electrostatics and result in the formation of hydrogen
bridges. These interactions are prevalent in aqueous and
alcoholic systems. A large number of drugs are involved
in either intermolecular or intramolecular hydrogen
bonding. The aqueous solubility of a drug is directly
related to its hydrogen-bonding capability. The higher
water solubility of phenol, as compared to benzene and
toluene, can be attributed to the former’s hydrogen-
bonding nature. The evolving field of cocrystals is based
on the hydrogen bond interactions between molecules of
the drug and the cocrystal. The strength of hydrogen
bond interactions depends upon the electronegativity of
the participating atoms, as well as the temperature of
the media. Since the requirement of ideal positioning is
highest for hydrogen-bonding interactions, they are more
sensitive to temperature than other interactions.

1.2 THERMODYNAMICS OF SOLUTIONS

In order to grasp the concepts of solubility, it is
essential to understand the basic thermodynamics of
mixing. This section covers the various thermodynamic
aspects that dictate the process of mixing.

1.2.1 Volume of mixing

The volume of mixing, ΔVmix, is the difference
between the physical volume occupied by the mixture

(Vuv) and the sum of physical volumes occupied by
the solute (Vu) and solvent (Vv):

ΔVmix 5Vuv2ðVu1VvÞ ð1:2Þ
A negative volume of mixing is indicative of strong

intermolecular interactions between the solute and
solvent molecules. Aqueous solutions of strong electro-
lytes have significantly large negative volumes of
mixing due to the strong hydration of ions in the
solution.3 In the case of most pharmaceutically active
compounds, the volume of mixing is small and can
be ignored.

1.2.2 Enthalpy of mixing

The enthalpy of mixing, (ΔHmix), is the difference
between the sum of enthalpies of the solute (Hu), the
solvent (Hv), and of the mixture (Huv):

ΔHmix 5Huv 2 ðHu 1HvÞ ð1:3Þ
From a strictly enthalpic standpoint, mixing is

favored if ΔHmix is negative. The excess enthalpy
is liberated in the form of heat (ie, an exothermic
process).

The energy of mixing (ΔEmix) is related to the
enthalpy of mixing as

ΔEmix 5ΔHmix 2P�ΔVmix ð1:4Þ
As previously mentioned, ΔVmix is small, so the

values of ΔEmix and ΔHmix are close to one another.

1.2.3 Entropy of mixing

The entropy of a pure system is a measure of the
randomness of its molecules. Mathematically:

S5R ln Ω ð1:5Þ
where:

Ω is the number of ways that molecules can be
present in the system.

Since Ω is always equal to or greater than unity,
entropy is either zero or positive. The entropy of a
mixture (ΔSmix) is related to the number of ways
that the solute and solvent molecules can exist in
pure form and in mixtures:

ΔSmix 5R ln
Ωmix

Ωu 1Ωv

� �
ð1:6Þ

Generally, the molecules have more freedom to
move around in a mixture; that is, Ωmix is greater
than Ωu1Ωv. As a consequence, ΔSmix is usually
positive. However, in rare situations where the
molecules have less freedom in the mixture
(solute molecules undergoing complexation-like
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interactions with solvent molecules),6,7 ΔSmix can be
negative.

The entropy of mixing is related to the
composition of the solution as

ΔSmix52RðXu ln Xu1Xv ln XvÞ ð1:7Þ
where:

Xu and Xv are the mole fractions of the solute and
solvent in the mixture, respectively.

In a two-component system Xv5 12Xu, ΔSmix can
be written as

ΔSmix 52RðXu ln Xu 1 ½12Xu�ln½12Xu�Þ ð1:8Þ
ΔSmix 52RðXv ln Xv 1 ½12Xv�ln½12Xv�Þ ð1:9Þ

It follows from Eq. (1.7) that ΔSmix will be highest
for solutions containing equimolar amounts of solute
and solvent molecules.

The slope of entropy of mixing as a function of solu-
tion composition is given by

@ΔSmix

@Xu
52R ln Xu 1R lnð12XuÞ

52R ln Xv 1R lnð12XvÞ
ð1:10Þ

It follows from Eq. (1.10) that the slope will be highest
in dilute solutions (when either Xu or Xv is small). Thus,
the manifestation of entropy is highest in dilute solution,
which explains why thermodynamically, there is some
miscibility between all systems.

1.2.4 Free energy of mixing

The free energy of mixing, ΔGmix, determines the
possibility and extent of two compounds mixing to form
a solution. It combines the effects of enthalpy and
entropy on mixing and is mathematically described as

ΔGmix 5ΔHmix 2T�ΔSmix ð1:11Þ
where:

T is the temperature in Kelvin.

Like any thermodynamic process, mixing will occur
if the free energy of mixing is negative. On the other
hand, if the free energy of mixing is greater than zero,
there will be phase separation. As mentioned in the
previous section, solubility depends on the temperature
of the system. It follows from Eq. (1.11) that an increase
in temperature will increase the effect of entropy, thus
making mixing more favorable. In addition, tempera-
ture may affect ΔHmix, particularly for hydrogen-
bonded solvents such as water. It is well known that
the strength of hydrogen-bonding interactions is very
sensitive to temperature. An increase in temperature
makes the self-associated structure of water weaker.

Since the self-associated structure of water is primarily
responsible for the poor aqueous solubility of nonpolar
solutes, including drugs, increasing the temperature
thereby facilitates their solubility.

1.3 THEORETICAL ESTIMATION
OF SOLUBILITY

While solutions of all states of matter (gas, liquid,
and solid) exist in practice, the focus of this chapter
will be on solutions comprising of liquid solvent since
these systems are most commonly encountered and
have the highest relevance in the pharmaceutical field.
The backbone of the concepts discussed here may be
applied to other systems, with some modifications.

1.3.1 Ideal solutions

In an ideal solution, the strength and density of
interactions between the solute molecules and the
solvent molecules are equal to that in the solution. In
other words, the solute-solvent interactions are equal
in magnitude to the solute-solute interactions and
solvent-solvent interactions. Thus, the solute and
solvent molecules have no preference in terms of inter-
acting with other molecules present in the solutions.
This results in the enthalpy (ΔHideal

mix ) and volume of
mixing (ΔVideal

mix ) being 0. Such solutions rarely exist in
practicality, but understanding the concept of ideal
mixing provides a good platform to understand more
complex systems. A solution comprising of solute and
solvent bearing very close structural resemblance (in
terms of functionality and size) may make nearly ideal
solutions. A solution of water in heavy water nearly
fits the description of an ideal solution.

The entropy of mixing of an ideal solution (ΔSidealmix )
is given by Eq. (1.7). The partial molar entropy of
mixing of the solute in a dilute solution is given by

ΔSidealmix ðuÞ52R ln Xu ð1:12Þ
Since Xu is always less than 1, ΔSidealmix is positive.

The free energy of mixing for an ideal solution

(ΔGideal
mix ), which is the difference between the enthalpy

and entropy of mixing, will therefore always be
negative. Thus, in ideal solutions, a liquid solute will
be miscible with the solvent in all proportions:

ΔGideal
mix ðuÞ5TR ln Xu ð1:13Þ

1.3.2 Effect of crystallinity

In the case of an ideal solution of a crystalline
solute, more considerations are required. As discussed

6 1. SOLUBILITY OF PHARMACEUTICAL SOLIDS

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



previously, the solute molecules have no preference in
terms of interacting with other molecules in the
solution. However, if the solute exists as a crystalline
solid, the enthalpic component related to the crystallin-
ity of the solute also warrants consideration. In other
words, the liquid solute molecules are free to move
around in the solution, while the crystalline solute
molecules have to be removed from the crystal lattice
before they can start moving around. Mathematically,
this can be stated as

Xideal
solidðuÞ5Xideal

liquidðuÞ2Effect of Crystallinity ð1:14Þ
The process is conceptually similar to melting of a

solid, which is followed by dissolution of the liquid sol-
ute molecules, and is governed by the same interactions
as melting.

The effect of crystallinity of a solid on its solubility
is described by the Clausius-Clapyron equation:

R ln Xu
ideal 5

ðT
Tm

2ΔHm
ðat TÞ

T2
dT ð1:15Þ

Xideal
u represents the ideal solubility of the crystal and

the effect of crystallinity on the solubility.
According to Kirchoff’s law, the energy of an

irreversible process is equal to the energy of a series of
reversible processes between the same end points.
Therefore, the irreversible enthalpy of melting at any
temperature T(ΔHT

m) can be described as the sum of
the enthalpies for the following three reversible
processes: heating the solid to its melting point, Tm

(quantified by the heat capacity of the solid); melting
the solid at its melting point (enthalpy of fusion); and
cooling the liquid back down to T (quantified by the
heat capacity of the liquid). The heat of melting at T
can thus be related to its value at the melting point as

ΔHT
m 5ΔHTm

m 1CC
p ðTm 2TÞ2CL

pðTm2TÞ ð1:16Þ
CC
p and CL

p are the heat capacities of the crystal and liq-
uid form, respectively.

Combining Eqs. (1.15 and 1.16), the effect of crystal-
linity can be calculated to be

R ln Xideal
u 52ΔHm

ðTm2TÞ
TmT

1ΔCpm
Tm2T

T
2ln

Tm

T

� �
ð1:17Þ

where:
ΔCpm is the heat capacity of melting.
According to the van’t Hoff expression, the heat

capacity of melting is close to zero. The Hildebrand8

expression states that the heat capacity of melting is
equal to the entropy of melting (ΔHm/Tm). This expres-
sion has been used by several researchers, including

Prausnitz et al.,9 Grant et al.,10 and Mishra.11 Later,
Mishra and Yalkowsky12 compared the mathematical
significance of the two expressions and concluded that
the results using either expression are close for solids
melting below 600 K. Thus, Eq. (1.17) can be simplified
to the following form:

log Xideal
u 52ΔHm

ðTm2TÞ
2:303RTmT

ð1:18Þ

Eq. (1.18) may be further simplified by applying
Walden’s rule for entropy of melting. Walden13

showed that the entropy of melting of coal tar deriva-
tives, which can be assumed to represent organic
solids like drugs, is constant, at approximately 6.9R.
Martin et al.,14 Dannenfelser and Yalkowsky,15 and
Jain et al.16 have successfully verified and extended
the applicability of Walden’s rule to several organic
nonelectrolytes. Applying this approximation, the
effect of crystallinity on the solubility of crystalline sol-
ute at 25�C can be calculated by

log Xcrystalline
u � 2 0:01ðMP2 25Þ ð1:19Þ

where:

MP is the melting point of the solute expressed in �C.

The obvious interpretation of Eq. (1.19) is that the
effect of crystallinity will be greater for high-melting
solutes. It is intuitive that a high-melting crystalline
solid will offer greater resistance toward solubilization.
It also follows that an increase in temperature will
diminish the effect of crystallinity and therefore result
in increased solubility.

For liquid solutes, where there is a complete absence
of crystallinity, Eq. (1.19) should be omitted while
calculating the solubility. The effect of crystallinity on
solubility is demonstrated in Fig. 1.1.

1.3.3 Nonideal solutions

Nearly all solutions encountered in the pharmaceu-
tical arena are not ideal. Nonideal solutions or real
solutions are formed when the affinity of solute mole-
cules for each other is different than that toward
the solvent molecules, or vice versa. In either case, the
enthalpy of mixing is not ideal. This results in a
deviation from ideality that is related to the activity
coefficient of the solute. The activity of a solute in a
solution is equal to the product of its concentration
and activity coefficient as

αu5Xu�γu ð1:20Þ
where:

γu is the activity coefficient of the solute.
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The mole fraction solubility of a crystalline solute in
a nonideal solution can be calculated by combining
Eqs. (1.19 and 1.20):

log Xreal
u 52 0:01ðMP225Þ2log γu ð1:21Þ

In the case of ideal solutions, γu is 1 and the solubil-
ity is ideal.

The mathematical meaning of γu is derived using
various theories depending upon the type of solute
and solvent molecules. Two of the most commonly
accepted theories are regular solution theory and
aqueous solution theory, discussed next.

1.3.4 Regular solution theory

The regular solution theory is applicable largely
to nonhydrogen bonding systems. According to the
theory, γu is a function of the following three steps, in
which mixing occurs:

1. Removal of a solute molecule from the solute surface.
This involves the breaking of solute-solute bonds,
and the work required to accomplish this is given
by Wuu.

2. Removal of a solvent molecule from bulk to create a
cavity in which the solute molecule can fit. This
involves breaking of solvent-solvent bonds, and the
work required for this is given by Wvv.

3. Insertion of the free solute molecule in the created cavity.
This results in gain of work, which is given by Wuv.
The cavity filling involves the surfaces of both
solute and solvent molecules, and that is why the
total work gained is 2Wuv.

The total work is therefore equal to (Wuu1Wvv2
2Wuv). The activity coefficient of a solute is related to this
work by the following relationship:

log γu 5 ðWuu1Wvv22WuvÞ�
VuΦv

2

2:303RT
ð1:22Þ

where:

Vu is the molar volume of the solute.
Φv is the volume fraction of the solvent.

It is assumed that Wuv is the geometric mean of Wuu

and Wvv. Upon applying this assumption, Eq. (1.22)
transforms to

log γu5ðWuu1Wvv22
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
WuuUWvv

p
Þ� VuΦv

2

2:303RT
ð1:23Þ

Eq. (1.23) may be rewritten in the following form:

log γu5ð
ffiffiffiffiffiffiffiffiffi
Wuu

p
2

ffiffiffiffiffiffiffiffiffi
Wvv

p
Þ2 � VuΦv

2

2:303RT
ð1:24Þ

The terms OWuu and OWvv are the solubility para-
meters of the solute (δu) and solvent (δv), respectively.
Thus, Eq. (1.24) becomes

log γu5 ðδu2δvÞ2 �
VuΦv

2

2:303RT
ð1:25Þ

The solubility parameter is a measure of the cohe-
sive energy density (also referred to as the internal
pressure) of a compound:

δ5

ffiffiffiffiffiffiffiffiffiffi
ΔEv

Vm

s
ð1:26Þ

Liquid at MPCrystal at MP

ΔHf

Melting

Cooling

Liquid at RTCrystal at RT

Solution

HeatingCp(s)ΔT

 Solvent

Cp(liq)ΔT

FIGURE 1.1 Role of crystallinity in the solubility of solids. Source: Modified from a presentation by Dr Kenneth Morris (Short Course on
Solubility and Solubilization of Drugs, 2007).
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ΔEv and Vm are the enthalpy of vaporization and
molar volume, respectively.

The solubility parameter is a measure of intermo-
lecular interactions of a compound and can be used
as a measure of polarity. Hildebrand and Scott17

compiled solubility parameters for a number of
compounds, and so did Hansen and Beerbower.18

Hansen and Beerbower further extended the concept
by ascribing contributions of the nonpolar, polar, and
hydrogen-bonding components of a molecule to the
total solubility parameter.

Fedor19 proposed a scheme to estimate the solubility
parameters of liquid organic compounds based on a
group contribution approach. Similarly, Sanghvi and
Yalkowsky20 proposed a group contribution scheme
to estimate the enthalpy of vaporization of organic
compounds.

Eq. (1.21) can be combined with the following
equation to calculate the solubility of a crystalline
solute according to the regular solution theory:

log Xregular
u 520:01ðMP225Þ2ðδu2δvÞ2�

VuΦv
2

2:303RT
ð1:27Þ

It follows from Eq. (1.27) that the solubility of a
solute is a function of the difference in the cohesive
energy densities of the solute and solvent. Thus, a
liquid solute (with no crystal term) with a molar
volume of 100 mL will be completely miscible in a
solvent if their solubility parameter difference is less
than 7 (J/cm3)0.5.

The regular solution theory has been applied by
several groups to successfully estimate the solubility of
organic compounds in nonpolar solvents. It appears
that the geometric mean assumption does not seem to
hold well for strongly hydrogen-bonded systems, lim-
iting the applicability of the regular solution theory
mainly to organic media. Martin et al.21 proposed a
correction factor to cater to the hydrogen-bonding
interactions of the solvent. Similarly, the extended
Hildebrand solubility approach8 utilized an extra
activity coefficient term to account for strong forces,
including hydrogen bonding.

1.3.5 Aqueous solution theory

As discussed in the previous section, the regular
solution theory is not applicable to hydrogen-bonding
systems like water, since the geometric mean assump-
tion is not valid in such systems. Yalkowsky et al.,22�24

and later Amidon et al.,25 proposed that instead of
using pressure-volume work to account for enthalpy
of mixing, surface tension�area work should be
considered. This theory is based on the concept that
only the surface of the solute molecule is capable of

interacting with solvent molecules. Thus, using surface
area instead of volume work is more meaningful.
The following equation was proposed to calculate the
energy requirement for solubilization in an aqueous
system:

ΔEaqueous
u 5ΔHaqueous

u 5 ðγw1γu2γuwÞAu5ΣγuwAu

ð1:28Þ
where:

γu and γw are the surface tensions of the pure solute
and water, respectively.
γuw is the solute-solvent interfacial tension.
Au is the surface area of the solute.

The entropy of mixing of aqueous systems is also
nonideal. The water molecules cluster around an
organic solute to form a so-called iceberglike structure.
The aqueous solution theory accounts for this devia-
tion by introducing a correction factor in the entropy
term:

ΔSaqueousu 5ΔSidealu 1ΣhiAu ð1:29Þ
where:

hi is the contribution of the entropy of mixing per
unit area due to the iceberg formation at the molec-
ular surface.
The free energy of mixing the aqueous solution is

calculated using Eqs. (1.28 and 1.29):

ΔGaqueous
u 5ΣγuwAu2TðΣhiAu 1ΔSidealu Þ ð1:30Þ

This can be written as

ΔGaqueous
u 5ΣγuwAu2TΣhiAu1TðRXu lnXu1Xv lnXvÞ

ð1:31Þ
or

ΔGaqueous
u 5ΣguAu 1TðRXu ln Xu 1Xv ln XvÞ ð1:32Þ

where: gu5 2ϒiwAi2T (hiAi) is the group contri-
bution to the activity coefficient, which caters
to both the enthalpic and the entropic deviations to
ideality.

The solubility of a crystalline solute in a hydrogen-
bonding solvent can be calculated by combining
Eqs. (1.21 and 1.32):

log Xaqueous
u 52 0:01ðMP225Þ2ΣguAu ð1:33Þ

In a number of studies, Myrdal et al.26�29 developed
a robust group contribution scheme, called the
AQUAFAC approach, for estimation of the aqueous
activity coefficient of organic compounds. Their work
successfully demonstrates the applicability of aqueous
solution theory.
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1.3.6 General solubility equation

The general solubility equation (GSE) utilizes the
relation between the octanol-water partition coefficient
of a solute and its water solubility, first proposed by
Hansch et al.30

log Sw 52A log Kow 1B ð1:34Þ
where:

Kow is the octanol-water partition coefficient of a liq-
uid solute, while A and B are solute-specific constants.

The octanol-water partition coefficient is the ratio of
the activities of the solute in octanol (ao) and that in
water (aw). For dilute solutions where the activity coeffi-
cient is close to unity, Kow can be approximated as

Kow 5
So
Sw

ð1:35Þ

where:
So and Sw are the solubilities of the liquid solute in

octanol and water, respectively.
Eq. (1.35) can be transformed as follows:

log Sw 5 log So 2 log Kow ð1:36Þ
Jain and Yalkowsky31 proposed that log10So can be

replaced by 0.5 for solutes that are completely miscible
with octanol. The explanation they provided is as follows.

The concentration of pure octanol is 6.3 M. The satu-
rated solution of a completely miscible solute of a simi-
lar molar volume as octanol will contain 3.15 moles of
the solute. Since the logarithm of 3.15 is about 0.5,
Eq. (1.36) can be modified in the following form to
give the molar aqueous solubility of a liquid solute:

log Sw 5 0:52 log Kow ð1:37Þ
It has been discussed previously that, according to the

regular solution theory, the miscibility of a solute with a
solvent depends on the difference in their solubility para-
meters and molar volumes. Sepassi and Yalkowsky32

showed that in the case of octanol (solubility parameter
of 21.1 (J/cm3)0.5 and molar volume of 158 cm3), a liquid
solute of molar volume 200 cm3 will be completely
miscible if its solubility parameter is between 15.2 and
27 (J/cm3)0.5. Since the solubility parameters of most
drugs are in this range, their liquid forms are expected to
be completely miscible in octanol.

Consistent with previous discussions, solute crystal-
linity should be taken into consideration while
calculating the solubility of a crystalline solute. Thus,
the solubility of a crystalline solute can be estimated
using the GSE by combining Eqs. (1.19 and 1.37):

log Sw 5 0:52log Kow20:01ðMP20:5Þ ð1:38Þ
The GSE provides a very simple means of estimating

aqueous solubility. Unlike the regular solution theory

and aqueous solution theories, which require a number
of empirically generated coefficients, the GSE requires
only two input parameters (melting point and octanol-
water partition coefficient). The measurement of both
parameters is a routine part of the active pharmaceutical
ingredient (API) characterization process. The value
of log10Kow can also be estimated from the chemical
structure by using one of several commercially
available software packages (eg, ClogP, ACDlogPdB,
and KowWin). Machatha and Yalkowsky33 compared
these estimation schemes and concluded that ClogP was
the most accurate predictor of log10Kow.

A variety of schemes for the prediction of melting
points of organic compounds have been proposed.
These have been reviewed by Katritzky et al.,34

Dearden,35 and Bergstrom et al.,36 among others. Jain
and Yalkowsky37 proposed a reasonably accurate
group contribution scheme for melting point estima-
tion using experimental data for over 2200 organic
compounds, including a number of drugs.

The accuracy of the GSE has been sufficiently
demonstrated for several hundred nonionizable organic
compounds.38�41 Recently,42 the application of the GSE
has been extended to weak ionizable compounds by
combining it with the Henderson-Hasselbalch equation.

Notice that in Eqs. (1.37 and 1.38), the solubility
is expressed in moles per liter. The constant (0.5) will
change to 2.7 (log10500) if the solubility is expressed
in grams per liter.

Besides the regular solution theory and aqueous solu-
tion theory, several other schemes have been proposed
for the estimation of solubility. These were reviewed
extensively by Dearden43 and Jorgensen and Duffy.44

Abraham and Li45 developed a model for estimating
solubility based on specific solute-solvent interactions.
The parameters used in the model include excess molar
refraction, dipolarity, polarizability, hydrogen-bond
acidity and basicity, and molecular volume of the solute.
In addition, hydrogen-bonding terms are included to
make the model more sophisticated. This model is very
intuitive and simple to follow. However, the coefficients
involved with each parameter have to be determined
experimentally, and therefore using the model for drug
molecules can be very cumbersome. Taskinen and
Yliruusi46 compiled the various prediction schemes
based on a neural network approach.

1.4 SOLUBILIZATION OF DRUG
CANDIDATES

The solubility of drug candidates can be altered by
modifying the crystal form or by changing solvent
properties and conditions. As discussed in the previ-
ous sections, the equilibrium solubility is dependent

10 1. SOLUBILITY OF PHARMACEUTICAL SOLIDS

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



on the properties and nature of interactions in solid
state, as well as in solution state. Modifications in the
solid state can be accomplished by the use of pro-
drugs, use of metastable crystal forms, or amorphous
state of the drug, salt formation, or co-crystal forma-
tion. In solution state, the solubility can be influenced
by altering solution pH (for ionizable drugs) or use
of additives such as complexing agents, surfactants, or
cosolvents. Orally administered drugs must undergo
dissolution in the gastrointestinal tract (GI) prior
to absorption across the intestinal epithelium. The
dissolution rate is not only dependent on the physico-
chemical properties of the drug, but also the
physiological conditions in the GI tract. The in vivo
physiological conditions that influence the oral
dissolution and solubilization include intestinal pH, GI
transit time, bile salts, and lipid content. In the
following sections, the impact of solvent pH (ie, drug
ionization and salt formation), complexation, micellar
solubilization by surfactants, cosolvency, and the
combined effects of these factors on drug solubility
will be discussed.

1.4.1 Solubility enhancement by pH control
and salt formation

A significant portion of drug candidates are weak
acids, bases, and their salts.47,48 As will be shown in
the following sections, solubility of these compounds
is dependent on the pH of the aqueous medium and
the electrolytes in solution. The ionization equilibria
and the intrinsic solubility of various unionized (free
form) and ionized (salt form) species determine the
nature of dependency of drug solubility on pH.

1.4.1.1 Theoretical expressions to describe
pH�solubility profiles

The pH-solubility profile of a monoprotic acid (HA)
is obtained by the superposition of the two distinct
pH-solubility curves for the free form and the salt
form, with the constraint that the solubility of either
species cannot be exceeded at a given pH (Fig. 1.2).
This profile is obtained by following the solubility of
free acid (HA) in solutions containing different
amounts of a base (eg, MOH).

The profile can be divided into two regions,48 In
Region I, the free acid is present as the excess solid
in equilibrium with the solution. The total solubility is
the sum of concentrations of unionized (free acid)
and the dissociated form:

ST 5CHA1CA2 ð1:39Þ
At equilibrium (saturation), the concentration of the

free acid, CHA, is equal to its intrinsic solubility (SHA).

The concentration of the dissociated form, CA2,
is dependent on the free acid concentration, acid
ionization constant, and pH:

CA2 5CHA
Ka

½H1� ð1:40Þ

Thus, the total solubility of the free acid as a func-
tion of pH is given by the following equations:

ST 5CHA1CA25SHA� 11
Ka

½H1�

� �
ð1:41Þ

ST 5 SHA�ð11 10ðpH2pKaÞÞ ð1:42Þ
In Region I, as the pH increases beyond the pKa of

the solute, the concentration of the ionized form
increases, leading to an increase in the total solubility
in an exponential fashion. This exponential increase
in solubility occurs until a point (pHmax) where the
maximum salt solubility is reached and Region II of
the pH-solubility profile begins. In Region II, the salt
form is the excess solid in equilibrium with the solu-
tion. At equilibrium (saturation), the concentration of
the dissociated form (salt), CA2, is equal to its intrinsic
solubility (SA2). The concentration of the unionized
form, CHA, is defined by the ionization equilibrium
and is dependent on the ionized form concentration
(SA2) and the acid ionization constant, Ka:

ST 5CHA 1CA2 5 SA2 � 11
½H1�
Ka

� �
ð1:43Þ

The solubility of the salt, SA2, is dependent on the
solubility product of the salt, Ksp, and the counterion
concentration, M1:

Ksp5 SA2 �½M1� ð1:44Þ
In Region II of Fig. 1.2, the solubility is constant, but

this may not be the case when excess counterions
(more than stoichiometric amounts) are present in
solution, as this will lead to suppression of the salt

0.001

0.01

0.1

1

10

100

1000

pH

S
 (

m
g/

m
L)

1 2 3 4 5 6 7 8 9 10

FIGURE 1.2 pH solubility of free acid or its salt.
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solubility (Eq. 1.44). If the counterion M1 is generated
by a weak base, additional ionization equilibria
between the charged and uncharged counterion need
to be included in Eq. (1.44). The ability of in situ salt
formation thus would depend on the pKa of the acid
and pKa of the conjugate acid of the base.

These equations are expressed in terms of concentra-
tion, with the assumption that the activity coefficient
for all the species is 1.0. This assumption may be
reasonable for neutral species, but for charged species
in solutions at high ionic strength, the activity coeffi-
cients are less than 1.0. Therefore, the assumption that
activity coefficients are unity should be verified.49 The
expressions generated here are valid regardless of
whether the excess solid that is added at the beginning
of the experiment is in free acid or salt form. The
solubility at any given pH, therefore, is governed by
pH, the intrinsic solubility of the free acid, the solubil-
ity product of the salt, and the concentration of the
common ions. The various ionization and solid/liquid
equilibria during solubilization of weak acid are shown
in Scheme 1.1. It is imperative that the solid phase
be analyzed after equilibration during solubility
experiments, as the solid phase exists either as the free
acid (AH) or its salt (A2M1), except at pHmax.

By analogy, the pH-solubility profile of a monobasic
compound and its salt can be described by the follow-
ing three equations.

In Region I, when pH.pHmax:

ST 5 SB �ð11 10ðpKa2pHÞÞ ð1:45Þ
In Region II, when pH,pHmax:

ST 5 SBH1 �ð11 10ðpH2pKaÞÞ ð1:46Þ
Ksp 5SBH1 �½X2� ð1:47Þ

Fig. 1.3 shows the pH-solubility profile of a free
base obtained by titrating with two different acids, HY
and HX. The solubility curves generated in the two
experiments (with different acids) show a similar
exponential increase in solubility with pH in Region I
(freebase is the solid phase). The solubility increases as

the pH is lowered until pHmax, where the solubility
product of the individual salt is limiting.

At equilibrium, at all the pH values (except at
pHmax), only one solid phase (free base or salt) exists,
regardless of the nature of the starting solid material.51

Therefore, it is important to confirm the identity of the
form of the solid phase during solubility experiments.
The ratio of the salt solubility and free form solubility
drives the location of pHmax, which in turn defines the
form of the solid phase at equilibrium. The location of
pHmax is important, as it provides an indication of the
relative physical stability of the free form versus salt
form in aqueous media and formulations. For example,
it may be possible to make a salt of a very weak base
(eg, pKa is approximately 2�3), but when exposed to
aqueous conditions in the pH range 1.0�9.0 that are
relevant to physiology or formulations, the salt will
likely be disproportionate to the free base. A thorough
understanding of the pH-solubility profile of ionizable
drugs is important for successful development of an
ionizable drug candidate.

The discussion in this section has focused on the
monoprotic acids and monobasic compounds.
However, pH dependency for other weak electrolytes
such as zwitterions,52 dibasic,48 and diprotic drug
candidates can easily be extended by using the same
principles of mass balance, ionic equilibria, and the
constraint that the solubility of any one of the species
cannot be exceeded at a given pH.

1.4.2 Solubilization using complexation

For pharmaceutical systems, complexation may be
defined as a reversible noncovalent interaction between m
molecules of drug with nmolecules of a ligand species53:

mUD1nUL ����,J����
Km:1

DmLn

A   H
Ka

AH

A Msolid

Liquid

Solid

M

Ksp

AHsolid

SCHEME 1.1 Ionization and solid�liquid equilibria. Source:
Drawn based on Serajuddin ATM and Pudipeddi M. Handbook of
pharmaceutical salts. Wiley-VCH; 2002. p. 135�160 and Chowhan ZT.
J Pharm Sci; 1978;67:1257�60.
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FIGURE 1.3 pH-solubility profile of a free base in the presence of
acids HX and HY.
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The equilibrium constant Km:n is sometimes known
as the complexation or binding or stability constant:

Km:n 5
½Dm:n�
½D�m�½L�n ð1:48Þ

It is possible for a drug to interact with the ligand to
form more than one complex, each having a different
stoichiometry, and each of these complexation reac-
tions can be defined by the stoichiometry (m:n) and the
equilibrium constant (Km:n).

In the context of solubility and solubilization, com-
plexation can best be studied using the phase solubil-
ity methods described by Higuchi and Connors54

and Repta.53 Based on the phase solubility diagram
(ie, dependence of solubility on ligand concentration),
Higuchi and Connors suggested classifying the com-
plexation phenomena/complexes into the following
two categories:

1. Type A phase diagrams, wherein the complex is
soluble and does not precipitate regardless of the
ligand concentration

2. Type B phase diagrams, wherein the complex
precipitates when the ligand concentration reaches
a critical value

The type A phase diagrams are further classified into
AL, AP, and AN, whereas type B phase diagrams are
classified into BI and BS phase diagrams. The AN and BI

types of phase diagrams are neither common nor
particularly useful from a solubilization perspective.

1.4.2.1 AL-type phase diagrams

As shown in Fig. 1.4, AL-type systems show a linear
increase in the drug solubility, ST, as a function of
the ligand concentration, LT. Such an increase is
seen when a soluble drug-ligand complex with a stoi-
chiometry of m:1 is formed. The total drug solubility,
ST is given by

ST 5D1m� DmL½ �5 S01m� DmL½ � ð1:49Þ
By applying mass balance on the ligand concentra-

tion and using the definition of equilibrium constant,
Km:1, the following relationship between total drug sol-
ubility and total ligand concentration can be obtained:

ST5S01m� Km:1 �½S0�m
11Km:1 �½S0�m
� �

� LT½ � ð1:50Þ

It is noteworthy that an AL-type phase diagram alone
is not sufficient to define the stoichiometry of the soluble
drug-ligand complex to be 1:1. As has been demon-
strated, total drug solubility linearly increases with total
ligand concentration for m:1 drug-ligand complexes.

In recent years, cyclodextrins have received consid-
erable attention as ligands to solubilize hydrophobic

drugs by forming inclusion complexes. For an inclu-
sion complex with a stoichiometry of 1:1, the slope of
the line from the AL-type phase diagram can be used
to estimate the equilibrium (binding) constant:

ST 5S01
K1:1 �S0

11K1:1�S0

� �
� CDT½ � ð1:51Þ

K1:15
Slope

ð12SlopeÞ�S0

� �
ð1:52Þ

1.4.2.2 AP-type phase diagrams

The formation of soluble complexes containing
more than one molecule of ligand leads to positive
deviation from linearity, and such phase diagrams are
classified as AP-type. Let us consider a drug-ligand
system forming 1:1 and 1:2 complexes. The complexa-
tion equilibria can be written as follows:

D1 L����,J����
K1:1

DL

DL1L����,J����
K1:2

DL

ST 5 S0 1K1:1 �S0 �½L�1K1:2 �K1:1�S0�½L�2 ð1:53Þ
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FIGURE 1.4 Drug-ligand phase solubility diagrams.
Source: Classified based on Higuchi T, Connors KA. Adv Anal Chem;
1965:117.

131.4 SOLUBILIZATION OF DRUG CANDIDATES

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



The free ligand concentration, [L], can be related to
the total ligand concentration, [LT], using a mass
balance equation for the ligand. Clearly, the total drug
solubility will show positive deviation from linearity
because, as the concentration of the ligand increases,
the contribution of 1:2 complex formation increases.
Dilution of drug-ligand systems forming higher-order
complexes (AP-type) may lead to precipitation of
the drug, as the concentration of the drug after dilu-
tion may be higher than the solubility in the diluted
solution.

1.4.2.3 BS-type phase diagrams

A Bs-type phase diagram can be divided into three
regions. In Region I (a�b), the drug solubility ini-
tially increases (linearly or nonlinearly, depending on
the complex stoichiometry) with an increase in ligand
concentration. Region II (b�c), representing the pla-
teau portion, has both the complex and drug in the
solid phase, and the total solubility is the sum
of intrinsic solubility of the drug and that of the
complex. Region III (c�d) begins when the ligand
concentration becomes large enough to deplete the
free drug concentration, thus decreasing the total
drug solubility. At high ligand concentrations,
complete removal of the free drug (leading to a solid
phase containing pure complex and the total drug
concentration) will be equal to the solubility of the
complex.

Although drug-ligand solid complexes were
reported on in the 1950s,55,56 they have received
considerable attention recently, but by a different
name—cocrystals.57�59 Recently, Nehl et al.60 developed
a theoretical framework for cocrystal (drug-ligand
complex) phase solubility for cases where the drug
and ligand form 1:1 complexes, 1:2 complexes, or both.

The cocrystal solubility (drug concentration in
solution with a cocrystal as the solid phase) can be
described by the solubility product alone when the
two components of the cocrystal do not interact in
solution:

DLsolid ����,J����
Ksp

Dsoln 1 Lsoln

Ksp5 ½D��½L� ð1:54Þ
When the two components in solution also interact

to form a 1:1 complex in solution, the total cocrystal
solubility is dependent on the solubility product and
the equilibrium (binding or complexation) constant:

Dsoln 1Lsoln ����,J����
K1:1

DLsoln

K11 5
½DL�
½D��½L� 5

½DL�
Ksp

ð1:55Þ

The total solubility of the drug is given by

ST 5 ½D�T 5 ½D�free 1 DL½ �5 Ksp

½L� 1K11�Ksp ð1:56Þ

The total drug solubility as a function of LT can be
modified to

ST 5
Ksp

½L�T 2K11 �Ksp
1K11 �Ksp ð1:57Þ

This equation describes the total drug solubility as a
function of ligand concentration for a phase solubility
system that contains a pure, 1:1 drug-ligand cocrystal
in the solid phase, and a solution where a 1:1 complex
is formed. As predicted by Eq. (1.57), the total solubil-
ity decreases as the ligand concentration increases. For
the case of the carbamazepine/nicotinamide 1:1 cocrys-
tal, Nehl et al.60 showed that the total carbamazepine
solubility decreased with an increase in nicotinamide
concentration, according to Eq. (1.57). In the case where
there is no interaction of the drug and ligand in solu-
tion (ie, K115 0), the drug solubility is simply defined
by the solubility product and ligand concentration in
solution.

When studying the phase solubility of complexing
agents, it is important to determine the nature of
the solid phase along with the drug concentration
in the solution phase. Based on the experimentally
determined solubility data, a phase diagram illustrat-
ing where the drug, ligand, and cocrystal can exist or
coexist in the solid phase must be constructed.
Understanding the thermodynamic domains of the
different forms (drug, ligand, and cocrystal) is essen-
tial in the crystallization of the desired cocrystal,
preventing undesirable phase transformations during
the crystallization and formulation of cocrystals.

1.4.3 Solubilization by cosolvents

The use of cosolvents is well recognized in altering
the solubility of organic compounds. Yalkowsky61

presented some general features of cosolvents and
solubilization by cosolvents. Cosolvents are partly
polar, due to the presence of hydrogen bond donors,
acceptors, or both, thus ensuring miscibility with
water. Cosolvents improve the solubility of drugs
(nonpolar) because the small hydrocarbon regions of
cosolvents reduce the ability of the water to squeeze
out nonpolar solutes. The presence of cosolvents in
aqueous medium leads to decreased solvent-solvent
interactions, leading to a reduction in properties
(surface tension, dielectric constant, and solubility
parameter) that are reflective of solvent polarity.

The solubility enhancement by a cosolvent is a
function of both drug and cosolvent properties.
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The greatest enhancement in drug solubility is achieved
by cosolvents or cosolvent-water mixtures with similar
polarity to the drug. The addition of cosolvent can lead
to increase or decrease in solubility, depending on the
polarity of the drug candidate. Gould et al.62 observed
that the solubility of oxfenicine is decreased in the pres-
ence of ethanol. In some cases, a maximum solubility is
observed for an intermediate composition of cosolvent
and water, rather than in pure solvents.

Yalkowsky et al.22,24,63�66 presented a log-linear
model to explain the solubility of nonpolar solutes in
cosolvent systems. The mixed solvent is assumed to
behave similarly to the weighted linear combination of
the individual solvents. The general equation describ-
ing the solubilization by a cosolvent is defined by

log Smix 5 log Sw 1 σ�fc ð1:58Þ
where:

Smix is the solubility in the mixed solvent with fc as
the fractional cosolvent volume, Sw is the solubility in
water, and σ is defined as the solubilizing power of
the cosolvent.

This equation indicates that the solubility changes
exponentially with the cosolvent volume fraction. The
logarithm of solubility increases linearly with the vol-
ume fraction of the cosolvent, and the slope of this
line, σ, is dependent on the properties of both solute
and cosolvent:

σ5S log Kow 1T ð1:59Þ
where:

Kow is the octanol-water partition coefficient and is
related to the polarity of the drug molecule, whereas S
and T are empirically derived cosolvent-dependent con-
stants. The S and T values have been estimated by
Millard et al.66 for a number of cosolvents. The log-linear
model is very useful, as it allows the estimation of solu-
bilization of drugs in cosolvent systems, based on the
partition coefficient and the known values of S and T, for
various pharmaceutically acceptable cosolvents.

Although the cosolvents enhance the solubility of
drug candidates by several orders of magnitude, their
use is limited due to toxicity, especially at high concen-
trations. Due to the exponential dependence of drug
solubility on volume fraction, dilution may lead to
precipitation of the drug, as the drug concentration
after dilution may be higher than the solubility in the
diluted solution.

1.4.4 Solubilization by surfactants
(micellar solubilization)

Surfactants are amphiphilic molecules that self-
associate in solution and form aggregated structures

known as micelles. The two most common models
of micellization are the two-phase model and mass
action model. From a solubilization perspective, drug
molecules interact with micelles to form soluble
drug entities. In the two-phase model, the drug is
assumed to be incorporated into the micelle, whereas
in the mass action model, the drug is assumed to
reversibly bind to self-associated surfactant aggregates
(micelles).

The two-phase model, also known as the phase-
separation model, assumes that above a critical concen-
tration of surfactant molecules in aqueous solution,
micelles form. The micelles are considered to be a
separate phase from the aqueous phase. It is assumed
that micellization occurs only above the critical micel-
lar concentration (CMC). Below the CMC, the total
surfactant concentration is assumed to be the same as
the monomer (aqueous phase) surfactant concentra-
tion. Above the CMC, the free monomer (aqueous
phase) surfactant concentration is assumed to be con-
stant (equal to the CMC), and the micelle concentration
can be obtained by subtracting the CMC from the total
surfactant concentration.

Hydrophobic, nonpolar drugs are thought be
squeezed out of water into the hydrophobic regions of
the micelles.61 Since the interaction of drug molecules
with surfactant monomers is assumed to be negligible,
the solubility of the drug in aqueous solution at con-
centrations below the CMC is assumed to be the same
as its intrinsic solubility, S0. At surfactant concentra-
tions above the CMC the total solubility of the drug,
ST, is given by the following equation:

ST 5 S0 1 kðPT 2CMCÞ ð1:60Þ
where:
PT is the total surfactant concentration drug, and k

is a proportionality constant, known as the solubilizing
capacity of the surfactant.

The total solubility varies linearly with an increase
in total surfactant concentration (ie, micelle concentra-
tion). The nonlinearity in solubility enhancement
means that the solubilization capacity assumed to be a
constant is, in reality, dependent on the surfactant con-
centration. This can be due to changes in micelle shape
or aggregation numbers of the micelle.

Based on the mass action law model, self-
association equilibrium between n surfactant mono-
mers and the micelle is expressed as follows:

nUP1 ����,J����
βn

Pn

The total surfactant concentration, PT, can be
defined by the following expression:

PT 5 ½P1�1n3 ½Pn�5 ½P1�1 n3 βn 3 ½P1�n ð1:61Þ
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Drug solubilization in the surfactant solution can
be depicted by multiple equilibria between the
self-associated surfactant, Pn, and the drug:

iUD1Pn ����,J����
ki

DiPn

The saturation solubility of a drug in a surfactant
solution is given as

ST 5 S01 ½Pn�
XM
i51

i3 ki 3 ½S0�in ð1:62Þ

It is difficult to estimate the individual equilibrium
constants for the various species, so the two-phase
model is a more convenient and often sufficient way to
describe the solubility of drugs in surfactant solutions.

1.4.5 Solubilization by combination
of approaches

In the previous sections, the most popular techni-
ques to improve solubility by pH control or by use of
complexing agents, cosolvents, and surfactants have
been discussed. However, it is common to find that
a single approach of solubilization is not adequate
to improve the aqueous solubility to the desirable
extent. Generally, the combination of ionization with
cosolvency, complexation, or micellar solubilization
leads to synergistic improvement in the solubility of
weak electrolytes. The combined effect of complexation
and cosolvency, or complexation and micellar solubili-
zation, on drug solubility can be variable. In the follow-
ing sections, the theoretical framework describing
drug solubilization by a combination of approaches is
discussed.

1.4.5.1 Combined effect of ionization
and cosolvency

The total solubility of an ionizable drug in a mixed
solvent can be derived by writing the log-linear model
for various drug species in solution. When considering
a monoprotic weak acid or monobasic compound,
the solubilization by cosolvency for the ionized and
unionized drug moieties can be expressed using the
log-linear model equations61:

log Sfu5 log Su 1 σu�fc ð1:63Þ
log Sfi 5 log Si 1σi�fc ð1:64Þ

where:
Sfu and Sfi are the solubility of the unionized and

ionized species, respectively, in the mixed solvent;
Su and Si are solubility of the unionized and ionized
species, respectively, in water; and σu and σi are the
solubilization power of the cosolvent for the unionized

and ionized species. The total drug solubility is
obtained by the sum of Sfu and Sfi and is provided by
the following equation:

ST 5 Su�10σufc 1 Si�10σifc ð1:65Þ
For a monoprotic weak acid:

ST 5 S0 �10σufc 1S0 �10ðpH2pKaÞ �10σifc ð1:66Þ
For a monobasic compound:

ST 5 S0 �10σufc 1S0 �10ðpKa2pHÞ �10σifc ð1:67Þ
The solubilization capacity of the unionized species,

σu, is typically found to be greater than that for the
ionized species, σi, because the cosolvent can solubilize
the unionized species (more polar) with greater effi-
ciency than the ionized species (less polar). However,
the decrease in solubilization capacity is more than
compensated for by the increase in solubility of the
ionized species (ie, Si .. Su). Therefore, it is possible
that the combined effect of ionization and cosolvency
is better than any single technique. The solubility of
2,2-diphenyl-4-piperidyl dioxolane hydrochloride salt
in propylene glycol�water mixtures was better than
the solubility of the free base in the mixed solvent or
the hydrochloride salt in water.67

1.4.5.2 Combined effect of ionization
and micellization

The total solubility of a weak electrolyte undergoing
ionization and micellization can be described by
accounting for the free unionized drug, free ionized
drug, micellized unionized drug, and micellized
ionized drug:

ST 5Su 1 Si 1 ku½PT 2CMC�1 ki½PT 2CMC� ð1:68Þ
This equation is valid for surfactants that are either

neutral or completely ionized in the pH range of
interest. Li et al.68 demonstrated that the falvopiridol
(a free base with pKa of 5.68) showed synergistic
improvement in solubility due to the combined effect
of lowering pH and using polysorbate 20.

1.4.5.3 Combined effect of ionization
and complexation

The combined effect of ionization and complexation
on drug solubility has been derived similarly to this sce-
nario of solubilization by ionization and micellization.
The total drug solubility has been derived by different
researchers69�71 by considering the various species in
solutions (ie, free unionized drug, ionized drug, union-
ized drug-ligand complex, and ionized drug-ligand
complex). Rao and Stella72 derived an equivalent
expression for the total solubility of a weak electrolyte
undergoing 1:1 complexes with a ligand, based on the
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apparent solubility and apparent binding constant at
any given pH, as

ST 5Sapp 1
KappSapp

11KappSapp
LT½ � ð1:69Þ

For monoprotic weak acids, Kapp and Sapp are
defined as follows (Fig. 1.5):

Kapp 5Ko ½H1�
Ka1 ½H1� 1K2 Ka

Ka 1 ½H1� ð1:70Þ

Sapp 5So
Ka 1 ½H1�
½H1� ð1:71Þ

Ka is the ionization constant; Ko and K2 are the
binding constants for the neutral drug-ligand complex
and anionic drug-ligand complex, respectively.
Similarly, for monobasic compounds,

Kapp 5Ko Ka

Ka1 ½H1� 1K1 ½H1�
Ka 1 ½H1� ð1:72Þ

Sapp 5 So
Ka 1 ½H1�

Ka
ð1:73Þ

where:
Ka is the ionization constant; and Ko and K1 are the

binding constants for the neutral drug-ligand complex
and cationic drug-ligand complex, respectively.

Rao and Stella72 presented an interesting analysis of
binding constant values for neutral versus ionized
species (both acids and bases) with HP- and SBE-β-CD.
They reported the ratio of Kcharged (K1 or K2) to K�

falls within two orders of magnitude, regardless of the
type of cyclodextrins or drugs. However, Sapp can vary
over several orders of magnitude depending on the

ionization type (acid or base), its pKa, and the pH
value. Although the variation of Kapp and Sapp with
pH is in the opposite direction, the magnitude of
increase in Sapp far outweighs the decrease in Kapp due
to ionization, leading to a synergistic increase in total
drug solubility, due to ionization and complexation.

1.4.5.4 Combined effect of cosolvency
and complexation

The combined effects of complexation and cosol-
vents on drug solubilization can be of a synergistic or
antagonistic nature. Some of the factors that need to be
considered when using combinations of cosolvent and
complexing agents are:

• Due to solubilization by cosolvency, the free drug
concentration available for complexation may be
higher, leading to a synergistic improvement in
solubility.

• Formation of soluble drug-ligand-cosolvent ternary
complexes leads to synergistic improvement in
solubility.

• Competition between the drug and cosolvent
molecules for complexation with the ligand leads to
a decrease in drug solubility.

• Decrease in apparent binding constant for drug-
ligand in cosolvent can occur.

Thus, the impact of the combination of cosolvency
and complexation on drug solubility needs to be
evaluated on a case-by-case basis. Li et al.68 provided
a mathematical model for the total solubility by
considering the free drug, drug-ligand complex, and
drug-solvent complex. The authors assumed that
the solubilizing power of the cosolvent remains
unchanged even in the presence of a complexing
agent; the decrease in binding constant can be
empirically related to cosolvent concentration in an
exponential fashion. They also assumed negligible
complexation between cosolvent molecules and
the complexing agent. Fluasterone solubility increased
linearly with HP-β-CD in all ethanol-water mixtures.
In the absence of HP-β-CD, an exponential increase
in solubility with percentage w/w of ethanol in line
with the log-linear model discussed previously was
observed. In the presence of HP-β-CD, the drug
solubility first decreased and then increased with
an increase in percentage w/w of ethanol. Using the
mathematical models developed for this system,
the authors were able to explain the experimental data.

1.4.5.5 Combined effect of complexation
and micellar solubilization

Several interactions (equilibria) can coexist in solu-
bility experiments in aqueous solutions containing a
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FIGURE 1.5 Variation of Sapp and Kapp as a function of pH for
thiazolobenzimidazole. Source: The curves are reproduced based on equa-
tions in Yang G, Jain N, Yalkowsky SH. Int J Pharm; 2004;269:141�48.
and data from Johnson MD, Hoesterey BL, Anderson BD. J Pharm Sci;
1994;83:1142�46.
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complexing agent, surfactant, and drug. They include
competitive complexation of the drug and surfactant
monomer with the complexing agent, equilibria
between monomer and micelle, and solubilization of
drug in the micelle. Yang et al.73 presented experimen-
tal data and a semiquantitative analysis of solubiliza-
tion of NSC-639829 in aqueous solutions of SLS and
(SBE)7M-β-CD. Rao et al.74 presented a mathematical
model to study the combined effect of micellar
solubilization and complexation. This model assumes
that ligand molecules or drug-ligand complexes do not
interact with micelles, and higher order drug-ligand or
surfactant monomer:ligand complexes are not formed.
The phase-solubility profile in the presence of both
complexing agent and surfactant are dependent on a
number of factors. However, it is possible for one
to predict this behavior, provided that the binary
interaction parameters among the drug, complexing
agent, and surfactant are known.

The first step in understanding the various equilib-
ria is to determine Pf, the surfactant concentration that
is unbound to the complexing agent. This requires
solving the following quadratic equation:

KP 3 ½Pf�2 1 ð11KP 3LT 1KD 3 S0 2KP 3PTÞ
3 ½Pf�2 ðPT 1PT 3KD 3 S0Þ5 0

ð1:74Þ

KP and KD are 1:1 binding constants for surfactant
monomer-ligand and drug-ligand, respectively.

If Pf is found to be less than the known CMC value
for the surfactant, the total drug solubility can be
described as follows:

ST 5 Df½ �1 D2CD½ �5 So 1
KD 3 S03 ½LT�

11KP 3 ½Pf�1KD 3S0
ð1:75Þ

According to this equation, the total solubility will
be lower in the presence of surfactant, due to competi-
tion between the drug and surfactant monomer for the
complexing agent (Scheme 1.2a).

If Pf is greater than the known CMC value of the
surfactant, the total solubility is defined as

ST 5 So 1KM PT2CMC2
KP 3CMC3 ½LT�

11KP3CMC1KD 3S0

� �

1
KD 3 S0 3 ½LT�

11KP 3CMC1KD 3S0
ð1:76Þ

According to this equation, the combined solubility
is less than the sum of the solubility values in the pres-
ence of individual additives; that is, the complexing
agent or surfactant (Scheme 1.2b). It is also possible
that the combined solubility is less than individual
solubility values. Yang et al.73 showed that for NSC-
639829, the combined solubility in aqueous solutions
containing both SLS and (SBE)7M-β-CD is less than the
sum of the solubility values in aqueous solutions
containing SLS or (SBE)7M-β-CD.

1.5 EXPERIMENTAL DETERMINATION
OF SOLUBILITY

The importance of knowing the solubility of a drug
was discussed earlier in this chapter. As a conse-
quence, the determination of solubility remains one of
the most routinely conducted experiments during the
drug development stage. Although these experiments
are commonly perceived as simple, accurate solubility
determination may be far more challenging. Pontolillo
and Eganhouse75 have noted a scatter of five log units
in the experimentally determined solubility of dichlor-
odiphenyltrichloroethane (DDT). The AQUASOL data-
base records a scatter of 10�30 times in the solubility
of anthracene and fluoranthrene reported in the litera-
ture. These observations showcase the fact that getting
an accurate determination of solubility is not a trivial
task. Various aspects related to the solute and solvent
of interest, experimental conditions, and the analytical
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SCHEME 1.2 (a) Competitive complexation of drug and surfactant monomer to ligand (Pf,CMC). (b) Competitive complexation and
drug solubilization into micellar phase (Pf.CMC). Source: Redrawn based on Pontolillo J, Eganhouse E. US geological survey, report 4201.
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techniques employed, play important roles in the
determination of actual solubility. This section covers
the various methods that have been conventionally
employed for solubility determination. In addition,
several factors that may affect the solubility and its
measurement will be discussed.

All methods used for solubility determination
primarily consist of two parts: saturating the solvent
with the solute and measuring the amount of solute
present per unit of the solvent at that saturation state.
In simple terms, the first part involves providing
ample exposure of the solute to the solvent such
that the dissolved solute molecules are in dynamic
equilibrium with the undissolved molecules. A variety
of analytical methods can then be used to measure the
concentration of dissolved solute.

Before designing any solubility experiments, it is
essential to identify whether the requirement is to
determine thermodynamic equilibrium solubility or
a kinetic dissolution rate. These concepts were dis-
cussed in the previous section. The need to determine
one over the other depends upon the application
of the results obtained. If the goal is to prepare a
liquid formulation, the equilibrium solubility infor-
mation is more meaningful. However, dissolution
rates are needed to access the release of drug from
the formulation and its subsequent absorption in the
gastrointestinal tract.

The conventional approaches for measuring equilib-
rium solubility are based on the phase-solubility
technique proposed by Higuchi and Connors.54 An
excess amount of the solute is placed with the solvent
in a closed container and shaken for a sufficient length
of time. Immersing sealed containers in a constant tem-
perature bath may be used to control the temperature
of the system. Once equilibrated, the sample is phase-
separated to remove undissolved solute, and then
analyzed quantitatively for dissolved solute content
using nephlometry, UV absorbance, or potentiometric
measurements.76,77 It is necessary to maintain the same
temperature used for equilibration during the phase-
separation process. The main disadvantage of this
method is that it can be time consuming, especially
when there is a desire to run solubility experiments
on a large number of compounds during the early
discovery phase. Therefore, many variants of kinetic
solubility experiments have been developed to rapidly
screen a large number of compounds by either
dissolving them in a solvent such as dimethyl sulfox-
ide (DMSO) or using an unidentified crystalline or
amorphous phase. Various considerations are required
while determining the solubility using this approach.
Although the specific requirements can (and will)
vary case by case, some general points are discussed
next.

1.5.1 Stability of solute and solvent

It is essential that both the solute and solvent remain
chemically and physically stable during the equilibra-
tion. The solute undergoing chemical degradation can
result in more or less soluble products and provide
misleading results. If the solvent is aqueous, hydrolysis
of the solute may occur, generally resulting in the
formation of more soluble degradation products. If the
analytical method is not highly specific, such as
UV-spectrophotometry, the measured solubility will be
artificially higher than the actual solubility. The physical
stability of both the solute and solvent must also be
adequately considered. A hygroscopic solvent, like poly-
ols, may pick up moisture during equilibration, which
will result in a compositional change. For such solvents,
care must be taken to protect against exposure to mois-
ture. Similarly, while dealing with volatile solvents like
low-molecular-weight alcohols, the container must be
tightly closed to avoid solvent loss.

The physical form of the solute is an important
determinant of its solubility. Polymorphic transitions,
including conversion to or from hydrates/solvates,
may occur during the equilibration process. Thus, it is
essential to determine the form of the undissolved
solute after equilibrium is achieved using a solid-state
characterization technique like powder X-ray diffrac-
tometry. Determination of equilibrium solubility of a
metastable form is difficult due to the conversion to
the more stable form,78 and this is particularly the case
for compounds that are anhydrates or lower-order
hydrates that convert to the hydrate formed upon
equilibration. The best that one can do is to determine
apparent solubility, often assumed to be the highest
concentration observed during a solubility experi-
ment.79 Alternatively, the ratio of intrinsic dissolution
rates for the two forms at identical hydrodynamic
conditions, along with the solubility of the stable
form, can be used to determine the solubility of the
metastable form.80

On similar grounds, for ionizable solutes, it must be
determined whether the solute exists in the free form
or as a salt. If the solubility is to be determined at a
specific pH, adequate measures must be taken to
maintain the pH in the desired range using buffers.
The choice of buffer should be based on the pH range
desired and the selected buffer should have adequate
buffer strength in that range. Monitoring and adjusting
the pH of the system are essential, and the frequency
of doing so strictly depends on the strength of the
buffer used, ionic strength of the solute, and its disso-
lution rate. In addition to the pH, the ionic strength of
the media affects the equilibrium solubility and must
be maintained during the equilibration using common
salts such as sodium or potassium chloride. The salt
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selected must not contain the same ion present in
the solute to avoid the common-ion effect.81,82 Buffer
components and salts used to adjust ionic strength
may themselves form salts with ionizable drugs
that have limited solubility. Thus, the identity of all
insoluble residues must be confirmed, and the absence
of buffer components or counterions of salts used to
adjust ionic strength must be demonstrated.

1.5.2 Shakers and containers

Proper wetting of the solute has to be ensured by
choosing an appropriate shaker. The use of several
types of shakers has been reported in the literature,
including end-over-end shakers, wrist action shakers,
magnetic stirrers, vortexers, etc. The selection of a
shaker depends on the volume and viscosity of the sol-
vent used. Generally, end-over-end shakers provide
good solute-solvent exposure for small volumes
(. 20 mL) of solvents that have viscosity similar to
that of water. Industrial-size shakers are available for
the manufacture of solution formulations. The compat-
ibility of the solute and the solvent with the container
is essential. Glass is generally the material of choice, at
least for small-scale experiments, as it is relatively
chemically inert. Protection from light exposure for
photo-labile systems can be achieved by either using
amber vials or covering the container with an opaque
material such as aluminum foil.

1.5.3 Presence of excess undissolved solute

The presence of some undissolved solute during the
entire length of equilibration is essential. However, a
lot of undissolved solute must be avoided, as there
have been several reports claiming the dependence of
the equilibrium solubility on the amount of excess sol-
ute present during equilibration. Wang et al.82 noticed
that the solubility of a diprotic weak base depended
on the amount of hydrochloride salt added. More
recently, Kawakami et al.83 reported that when 40 μg
of indomethacin was added to 1 mL pH 5 or 6 citrate
buffer, a much higher solubility was obtained
compared to 5 mg added to the same solution, while a
reverse trend was noticed in pH 6.5 and 7.0 phosphate
buffer.

Supersaturation is another cause of imprecise
solubility data. Ledwidge and Corrigan84 reported that
the self-association near pHmax reduces the rate of
nucleation of the final salt, and that when the free
drug is used as the starting material, higher levels of
supersaturation are achieved.

Caution must be taken if the solute contains soluble
impurities. These impurities can influence the property

of the media and, consequently, the solubility of the
solute. They may also interfere with the technique
used for solubility analysis. This is of particular con-
cern if the analytical technique used is nonselective.
The presence of impurities has been shown to affect
the solubility of 7-(2-hydroxypropyltheophylline).85

1.5.4 Determination of equilibrium

Information from prior experiments can be useful
for gauging the time to achieve equilibrium. If no prior
information is available, several samplings may be
required to establish the time it takes to reach equilib-
rium. The periodicity of withdrawing sample depends
on the dissolution rate of the solute. In order to
minimize sampling, the interval can progressively be
doubled. In other words, if the first sampling is per-
formed 2 h following the start of the experiment, the
second sampling can be done after 4 h, the third after
8 h, and so on. The sampling should be continued until
the solubility for the last two sampling points is equal,
indicating the attainment of equilibrium. The last sam-
pling point can be conservatively treated as the time
required for the equilibration. While conducting this
exercise, it is important not to replace the solvent
removed during sampling, as it will push the system
out of equilibrium.

1.5.5 Phase separation

Once the equilibrium between the dissolved and
undissolved solute is achieved, the dissolved phase
has to be separated and analyzed for solute concentra-
tion. Several methods can be used to phase-separate
the system. Filtration provides a convenient way to
separate the dissolved phase and the undissolved
solute. Appropriate filters can be chosen from a variety
of configurations available to suit the need of the
experiment. Commercial filters are available in a
variety of sizes, pore dimensions, and membrane
materials. The compatibility of the filter with both the
solute and solvent must be determined. Strongly
organic solvent systems can leach out components
from the filter membrane or its housing. On the other
hand, some solutes can adsorb on the filter assembly,
which can result in solubility artifacts. An example
is amiodarone, which adsorbs onto some polyvinyl-
based filters. As a general practice, the filter system
must be “rinsed” by passing through the solution two
to three times before collection. This ensures that the
system is saturated with the solute and solvent prior
to sampling and will reduce artifacts.

Phase separation can also be achieved by centrifuga-
tion. This technique is particularly useful if both the
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solute and the solvent are liquids. Following phase
separation, the clear supernatant is collected, leaving
behind the undissolved solute. Considerations must be
made for possible compatibility issues of the solute or
solvent with centrifuge tubes. Glass tubes are preferred
whenever possible to minimize adsorption issues.
Other factors include the speed and length of centrifu-
gation, which depend on the properties of the solute
and solvent.

Other methods for phase separation include the evap-
orative collection of solvent and selective adsorption of
dissolved phase. These methods, although they can be
useful in some situations, are less practical to carry out.
Whichever method of phase separation is used, control
over temperature during the separation process is essen-
tial. Prolonged contact of undissolved solids with the
supernatant-saturated solution during the separation
process at a temperature other than that at which equili-
bration was performed will likely result in underestima-
tion or overestimation of solubility, depending on the
temperature difference between the equilibration process
and the phase-separation process.

1.5.6 Determination of solute content
in the dissolved phase

Once the dissolved phase is separated, the solute
concentration is determined analytically. Several tech-
niques can be used, including spectrophotometry, gra-
vimetry, and pH measurement. Spectrophotometry is
the most commonly employed technique based on its
simplicity, accuracy, and chemical specificity. This
technique is based on the well-known Beer’s law,
according to which the absorbance of a chemical spe-
cies is directly proportional to its concentration. A sim-
ple analysis can be performed by plotting a standard
curve using known concentrations of the solute, fol-
lowed by quantification of the unknown solute concen-
tration in the solution. The solution may be diluted if
needed, to fit into the concentration range of the stan-
dard curve.

In order to use this technique, it is essential that the
analyte molecules contain a chromophore; that is, it is
spectrally active in the UV or visible light region. If that
is not the case, it can be chemically derivatized to make
it spectrally active. The complexity of derivatization
reactions depends upon the chemical structure of the
solute, and in some cases, it may be a limiting factor.

It is a common practice to couple spectrophotometry
with separation techniques, such as chromatography,
to improve the specificity of the experiment.
This approach is very useful in cases where either
solvent or impurity/degradation products interfere
with direct solute determination. It is particularly

important at the early stages of development, where
solute purity may not be known.

Gravimetric analysis involves the determination of
the weight of dissolved solute in solution. This is
primarily achieved either by solvent evaporation or
solute precipitation using physical or chemical means.
This approach is relatively simple, inexpensive, and
does not require lengthy method-development steps.
However, its broader application is marred by lack of
sensitivity, selectivity, and practicality. Measurements
of indirect properties, such as the pH of the system or
colligative properties that can yield information on the
concentration of solute in a given solution, also have
been proposed.

1.5.7 Experimental conditions

The external conditions in which the experiment
is carried out can have a huge impact on the solubility
results. The effect of temperature on solubility has
been detailed in the discussion following Eq. (1.11).
Temperature may have a positive or a negative
influence on the solubility, depending upon the solute
and solvent properties. Pressure significantly affects
the solubility of gases but generally has little influence
on the solubility of liquids and solids. The presence of
light may affect the chemical stability of photolabile
solutes and may artificially affect their solubility.

Besides the thermodynamically correct phase-
solubility method, the solubility can be ball-parked by
using the synthetic method. According to this method,
a known amount of solute is added to a known
amount of solvent, followed by a mixing step. If the
solute dissolves completely, more is added and the
process continues until a stage is reached after which
the added solute does not dissolve. Alternatively, if
the solute does not dissolve completely after the first
round, more solvent is added, and the process
continues until the solute dissolves completely. The
approximate solubility can be calculated by the knowl-
edge of the amount of solvent required to completely
dissolve a known quantity of the solute. This method
provides a simple means for approximate solubility
determination. It is particularly useful for solutes avail-
able in limited amounts, as the development of
involved analytical method is not required. However,
the approach lacks the sensitivity and selectivity of the
phase-solubility approach.
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2.1 INTRODUCTION

Of the several states of matter in which a substance
can reside, the solid state is most commonly encoun-
tered; therefore, it is the most important and relevant
state for pharmaceutical development. Most of the
pharmaceutical products on the market or formulations
presently being developed are in the solid dosage form.
Even when a product is marketed or developed as a
solution or a semisolid formulation, a solid is usually
selected and manufactured as an active pharmaceutical
ingredient (API) for such reasons as the ability to crystal-
lize (and therefore to be purified), ease of handling, and
better chemical stability in comparison with liquids.
Therefore, an understanding of the various solid forms
that may occur, as well as the rational selection of solid
forms for development, are critical to the facile develop-
ment of a particular chemical entity. Many books1�7 and
special journal issues8�12 are devoted to this topic. This
chapter, due to space limitations, provides only a brief
introduction to the fundamental principles and practical
aspects of pharmaceutical solids. Interested readers are
encouraged to read the books and reviews cited here.

2.2 DEFINITIONS AND
CATEGORIZATION OF SOLIDS

The various types of pharmaceutical solids are
shown in Fig. 2.1. Solids can show differences either
externally or internally. External differences are
considered as the shape, habit, or morphology of the
particles, where the internal structures that make up
the solid particles remain the same. Although impor-
tant for pharmaceutical development, these elements
are not discussed in this chapter. The focus of this

chapter is on solids with distinct differences in their
internal structures.

Based on the degree of long-range order/periodicity,
solids are categorized into three groups. Amorphous
phases are those solids that do not exhibit long-range
order in any of the three physical dimensions.
However, short-range order could exist for amorphous
solids. Because of the importance of this class of solids
to pharmaceutical development, it is discussed in detail
in Section 2.7 of this chapter. If materials have long-
range order in only one or two dimensions, they are
liquid crystalline in nature. Liquid crystalline materials
can be further categorized based on the number of com-
ponents contained therein, as is the case for crystalline
solids. Since liquid crystals, with properties intermedi-
ate to conventional liquids and three-dimensional
solids, are not frequently encountered, they will not be
discussed in detail. The vast majority of pharmaceutical
solids fall into the category of crystalline solids because
they exhibit long-range order in all three dimensions.

Crystalline solids can be further categorized into
various subtypes based on the number of components
that make up the solid internally, in a homogeneous
fashion. The solid could be composed of the drug
alone, or as adducts with one (binary), two (ternary),
three (quaternary), other chemical species. Although
the number of other chemical species, apart from the
drug itself, can increase without limit, it usually is a
relatively low integer.

When the overall chemical composition of solids is the
same, they can be different in internal structures.
The ability of a substance to exist as two or more
crystalline phases that have different arrangements or
conformations of the molecules in a crystalline lattice is
called polymorphism, and these different solids are termed
polymorphs. One point to emphasize is that, according to
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the strict definition of this term, different polymorphs
are only different physically, not chemically. When these
solids are melted or dissolved in solutions, they are
exactly the same, both physically and chemically.
However, in some special cases, the definition of poly-
morphism is extended slightly for convenience. There
are many possible reasons for a substance to exhibit
polymorphism, and sometimes it may be difficult to
pinpoint a single one. These reasons include packing;
conformation (which usually will exhibit different pack-
ing as well); hydrogen bonding pattern/motif; chirality
(ie, racemic compound versus racemic conglomerate;
the definition is extended here because the racemic
conglomerate is an equal molar physical mixture of the
enantiomerically pure crystals, and therefore is not a
single phase); and tautomerism (again, the definition is
extended because different tautomers are chemically not
equivalent). Polymorphism is relevant not only to solids
composed of single components, but also to adducts of
multiple components (binary, ternary, quaternary, etc.).
However, different polymorphs should have the same
chemical composition, qualitatively and quantitatively,
apart from the extensions of the definition mentioned
here.

Adducts are formed where multiple chemical
species are present in the crystalline lattices, again in
a homogeneous fashion. Adducts can be categorized
further based on the ionization states of these

species: ionic, molecular, or ionic/molecular. The same
subcategorization described in this chapter applies to
quaternary and higher adducts.

An ionic adduct is one that is made of ions only—
cations and anions. For binary adducts, these are called
salts. Various acids and bases can pair up to form
different salts. The same acid/base pair can form salts
of different stoichiometries. For ternary adducts, these
are called mixed salts, where one additional acid or
base is involved in salt formation.

A molecular adduct is one that is made of neutral
molecules. Depending on the physical states of the
additional components, it can be a solvate or a
cocrystal. When this additional component is a liquid
in ambient conditions in its pure form, the molecular
adduct is called a solvate. If the solvent is water, it
is called a hydrate. However, when the additional
component is a solid in ambient conditions, the
molecular adduct is called a cocrystal. The boundary
separating these two types of solids is somewhat
arbitrary. Therefore, many published articles include
solvates as cocrystals. However, there are distinct
differences between the two types of solid adducts. In
some situations, it may be helpful to distinguish
them.

An ionic/molecular adduct is one that is made of
both ionic and neutral molecules. This type of solid
only exists for adducts with three or more
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morphology/habit
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Crystalline AmorphousLiquid crystalline
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FIGURE 2.1 Categorization of pharmaceutical solids.
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components. One important thing to clarify here is that
an acid or a base is not considered the same compo-
nent as its ion. Thus, a ternary ionic/molecular adduct
is composed of one salt molecule (two components)
and one neutral molecule. Again, based on the physi-
cal state of the neutral component, it could be a salt
solvate or a salt cocrystal. Unlike the previous categori-
zation of solids,13 this categorization system does
not consider the structural details within the solids;
therefore, it is widely applicable and easier to use.

Cocrystals, although they have physically existed
for some time and were formerly termed molecular
complexes, are a relatively new concept. The definition
of the term has been a topic of discussion in recent
years.14�19 Based on these discussions, and the
authors’ personal viewpoints, the term cocrystal is here
defined as “structurally homogeneous crystalline
molecular adducts, made from components that are
apparently neutral, that are by themselves solids at
ambient conditions. The components are held together
by interactions other than covalent or ionic bonds
(hydrogen bonding, π�π, van der Waals, charge-
transfer, halogen�halogen, etc.).”

Most adducts are stoichiometric in nature; that is,
there is a defined ratio between the components.
However, some are nonstoichiometric,20�25 such as
cromolyn sodium and cefazolin sodium hydrates.22,23

In view of the importance of salts to pharmaceutical
development, they will be discussed separately in
chapter “API Solid-Form Screening and Selection.” This
chapter will include discussions on the other crystalline
solids (ie, polymorphs, solvates/hydrates, cocrystals,
and amorphous solids).

2.3 THERMODYNAMICS
AND PHASE DIAGRAMS

Thermodynamics is one of the most important
aspects of understanding pharmaceutical solids. Phase
diagrams are usually constructed to express the ther-
modynamic relationships among various solid phases,
qualitatively or quantitatively. Depending on the types
of solids, phase diagrams are constructed with respect
to variables of different physical significance.

2.3.1 Polymorphs

2.3.1.1 Enantiotropy and monotropy

When examining a pair of polymorphs, Polymorph I
and Polymorph II, the stability relationship between
the two polymorphs is determined exclusively by their
free energy differences at different temperatures.

The free energy of a particular solid is expressed in
Eq. (2.1):

G5H2TS ð2:1Þ
where:

G is the Gibbs free energy,
H is the enthalpy,
T is the temperature,
S is the entropy.

Thus, the free energy for the transition from
Polymorph I to Polymorph II is expressed as

ΔGI-II 5GII2GI 5 ðHII 2TSIIÞ2ðHI2TSIÞ
5ΔHI-II2TΔSI-II

ð2:2Þ

ΔHI-II 5HII2HI and ΔSI-II 5 SII2SI

At any particular temperature, three different situa-
tions exist:

1. ΔGI-II , 0: Polymorph II has lower free energy and
is therefore more stable than Polymorph I. The
transition from Polymorph I to Polymorph II is a
spontaneous process.

2. ΔGI-II . 0: Polymorph II has higher free energy
and is therefore less stable than Polymorph I. The
transition from Polymorph I to Polymorph II is not
a spontaneous process, but the transition from
Polymorph II to Polymorph I is.

3. ΔGI-II 5 0: Polymorph I and Polymorph II have the
same free energy. Therefore, both polymorphs have
equal stability. There will be no transition between
the two polymorphs.

As shown in Eq. (2.2), the free energy difference
between the two polymorphs changes with tempera-
ture. The temperature at which the two polymorphs
have equal stability is defined as the transition
temperature (Tt).

If Tt is located below the melting points of both
polymorphs, the two polymorphs are said to be
enantiotropes, and the polymorphic system is said
to exhibit enantiotropy or to be enantiotropic in
nature. A representative phase diagram for an enan-
tiotropic polymorphic system is shown in Fig. 2.2a.
Below Tt, Polymorph I is more stable. Above Tt,
Polymorph II is more stable. In this type of system,
the melting point of Polymorph I is lower than that of
Polymorph II, although the melting point of
Polymorph I may not be experimentally accessible
because of facile solid-solid transitions at lower
temperatures.

If Tt is located above the melting points of both poly-
morphs, the two polymorphs are said to be monotropes,
and the polymorphic system is said to exhibit monotro-
py or to be monotropic in nature. A representative
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phase diagram for a monotropic polymorphic system
is shown in Fig. 2.2b. Throughout the temperature
range, Polymorph I is more stable. Here, Tt is a hypo-
thetical temperature, which is experimentally not
accessible. In this type of system, the melting point of
Polymorph I is higher than that of Polymorph II,
although that of Polymorph II may not be experimen-
tally accessible because of facile solid-solid transitions
at lower temperatures.

In constructing phase diagrams, the convention is to
plot data for the stable phase using a solid line and to
use dotted lines to represent metastable phases, as
shown in Fig. 2.2.

2.3.1.2 Methods of determining stability
relationships between polymorphs

Many methods are available for determining stabil-
ity relationships between polymorphs. Qualitative
methods only determine the relationship with no pre-
cise knowledge of Tt. Quantitative methods, on the
other hand, determine Tt first. The Tt is then compared
to the melting points of each polymorphic form, and
the stability relationship is thus defined. The relevant
temperatures in which the stability relationship is of
interest usually ranges from ambient temperatures to
the melting point. However, in certain cases, the perti-
nent lower end of this range can extend below ambient
temperatures—for instance, down to 250�C, which is
relevant to freeze-drying processes.

2.3.1.2.1 Quantitative methods

2.3.1.2.1.1 Using heat of fusion data26 When heats
of fusion can be experimentally determined, the sta-
bility relationship of the two polymorphs can be
determined by calculating Tt and comparing the
result to the melting points. If Tt is less than the
lower melting point of the two polymorphs, the sys-
tem is enantiotropic. If the calculated Tt is more
than the higher melting point of the two poly-
morphs, the system is monotropic.

Calculation of Tt begins with the design of a Hess
cycle for the polymorphic transition, as shown in
Fig. 2.3, assuming that Polymorph II has a higher
melting point. Process 1 represents the polymorphic
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FIGURE 2.2 Thermodynamic phase diagrams of polymorphs. (a) Enantiotropy and (b) Monotropy.
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transition I-II at the temperature of interest.
Alternatively, the same transition can be achieved by
the series of Processes 2�7. The thermodynamic
quantities, ΔH and ΔS, for each process are listed in
Table 2.1.

Since Process 1 is equivalent to the sum of
Processes 2�7, the enthalpy and entropy of Process 1
are the sums of the enthalpies and entropies of
Processes 2�7 (Eq. 2.3):

ΔHI-II 5

ðTm;I

T
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ðTm;II

Tm;I

Cp;LdT1 0
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The free energy of Process 1 can then be calculated
from its enthalpy and entropy (Eq. 2.4):
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In Eqs. (2.2)�(2.4), the first approximation results

from ignoring the heat capacity difference between
Polymorph II and liquid, while the second approxima-
tion results from ignoring the heat capacity difference
between Polymorph I and II.

Set ΔGI-II to zero, and the solution is the transition
temperature. The caution to be exercised in this
approach is that the solids of both polymorphs need to
be highly crystalline; consequently, the melting points
and heats of fusion can be accurately determined.
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2.3.1.2.1.2 Using eutectic fusion data Calculation
of Tt using heat of fusion data requires experimentally
accessible data. Very often, compounds chemically
decompose upon melting or physically transform
before melting. In these cases, reliable heat of fusion
data is not available. However, eutectic melting can be
employed and eutectic melting data can be used to cal-
culate the free energy difference between
the polymorphs.27 This method has been successfully
applied to complicated polymorphic systems such
as ROY,28,29 chiral drugs such as tazofelone,27,30 amino
acids such as glycine,27 and sugars such as D-manni-
tol.27 Due to limitations of space and the complexity of
derivation, interested readers are encouraged to study
the original articles referenced here for derivations and
applications.

2.3.1.2.1.3 Using solubility/intrinsic dissolution
rate data The solubility of a solid is directly related
to its free energy. If we define the standard state in
solution as having an activity of 1, which corre-
sponds to the free energy of zero, then the free
energy of transfer from the standard state to
Polymorph I is

GI 2Gs 5GI5RT ln aI 2RT ln 15RT ln aI

5 ðHI 2HsÞ2TðSI 2SsÞ
ð2:5Þ

The free energy of transfer from the standard state
to Polymorph II is

GII 2Gs 5GII 5RT ln aII 2RT ln 15RT ln aII

5 ðHII 2HsÞ2TðSII2SsÞ
ð2:6Þ

Therefore, the free energy of transfer from
Polymorph I to II is

ΔGI-II 5GII2GI 5 ðHII2HIÞ2TðSII2SIÞ
5ΔHI-II2TΔSI-II

5RT ln

�
aII
aI

�
5RT ln

�
fII
fI

�

5RT ln

�
pII
pI

�
� RT ln

�
mII
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�
ð2:7Þ

where:

a is activity,
f is fugacity,
p is vapor pressure,
m is molal concentration.

The approximation is valid if Henry’s law is obeyed.
Application of the van’t Hoff isochore gives

d ln aI
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From which it follows that
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When plotting the logarithms of the solubility values
against reciprocal absolute temperature, a straight line
should result if the solutions behave ideally. The
temperature at which the two straight lines for the two
polymorphs intersect corresponds to Tt. Alternatively,
one could plot the logarithm of the solubility ratios
against reciprocal absolute temperature. Again, a
straight line should result. Extrapolation of this line to
zero indicates the solubility ratio of the two poly-
morphs is 1, and the temperature corresponds to Tt.

When plotting solubility values against reciprocal
temperature, weight-based concentration units (ie, molal

TABLE 2.1 Thermodynamic Quantities of Individual Processes
in the Hess Cycle of a Polymorphic Transition

Process Nature of the process ΔH ΔS

1 Polymorph transition
from I to II

ΔHI-II ΔSI-II

2 Raise temperature of
Polymorph I from T to its
melting point

ðTm;I

T

Cp;I dT

ðTm;I

T

Cp;I

T
dT

3 Melt Polymorph I to
liquid at its melting point

ΔHm;I ΔSm;I 5
ΔHm;I

Tm;I

4 Raise the temperature of
the liquid from melting
point of Polymorph I to
that of Polymorph II

ðTm;II

Tm;I

Cp;L dT

ðTm;II

Tm;I

Cp;L

T
dT

5 Maintain the liquid at the
melting point of
Polymorph II

0 0

6 Crystallize Polymorph II
from liquid at its melting
point

2ΔHm;II 2ΔSm;II52
ΔHm;II

Tm;II

7 Lower temperature of
Polymorph II to T from its
melting point

2

ðTm;II

T

Cp;II dT 2

ðTm;II

T

Cp;II

T
dT
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concentrations) are preferred over volume-based (molar)
concentration units. This practice will eliminate errors
due to thermal expansion of the solutions. However,
there is minimum of concern if the solubility ratios are
being plotted because the changes in volume cancel
each other out.

If dissolution from the solid is solely diffusion
controlled, there exists proportionality between the
solubility and intrinsic dissolution rate (IDR) by
the Noyes�Whitney equation.31 One could measure
the IDR at various temperatures for both polymorphs,
analyze the data in the same way as that for solubility,
and obtain Tt. This method is particularly helpful
when phase transitions occur readily, yet not instan-
taneously. However, one should exercise caution when
comparing dissolution rates of ionic or ionizable
compounds in protic solvents because many such
dissolution rates have significant contributions from
reactive dissolution.

2.3.1.2.1.4 Using solubility/intrinsic dissolution rate
and heat of solution data The temperature depen-
dence of solubility is related to the heat of solution,
and again for ideal solutions, as shown in Eq. (2.8). If
the solubility and the heat of solution are measured at
one temperature, the entire solubility-temperature
curve can be constructed. Comparing the curves for
both polymorphs yields Tt.

Alternatively, one can measure the solubility-IDR
ratio at one temperature, which yields the free energy
difference at that temperature. The enthalpy difference
between the two polymorphs is the difference in the
heats of solution (which could also be measured by
other means). A simple calculation will yield the Tt.

2.3.1.2.2 Qualitative methods

2.3.1.2.2.1 Using the definition The stability rela-
tionship between the two polymorphs at one particular
temperature can be determined by one of the following
techniques:

1. The higher melting polymorph is more stable at
higher temperatures.

2. When spontaneous transition is observed, the
resulting polymorph is the more stable phase at the
temperature where the transition is observed. The
transition could be solid-solid transition
isothermally or during heating, or solution-
mediated in a nonsolvate-forming solvent.

3. The polymorph with lower solubility in a
nonsolvate-forming solvent is more stable.

If the relationships that are determined at two dif-
ferent temperatures are the same, the polymorphic sys-
tem is monotropic within this temperature range. On
the other hand, if the determined relationships are

different, then the system is enantiotropic within this
temperature range. When an enantiotropic relationship
is affirmed, the transition temperature is usually brack-
eted to a narrower range by determining the stability
order at a series of temperatures.

2.3.1.2.2.2 Using the heat of fusion rule To help
decide the relationship between two polymorphs,
Burger and Ramberger32,33 developed four thermody-
namic rules. One of the two most useful, and reliable,
rules is the heat of fusion rule:

If the higher melting form has the lower heat of fusion, the
two forms are usually enantiotropic, otherwise they are
monotropic.

Fig. 2.4 illustrates the heat of fusion rule from a
thermodynamic point of view. Several precautions
should be taken in applying this rule:

1. Be aware of the normal experimental errors in
melting points and heats of fusion, especially when
they are close for the two polymorphs.

2. Use materials of high crystallinity and high purity.
Solids of lower crystallinity usually have lower
melting points and heats of fusion than those
having high crystallinity. Melting-point depression
by impurities is a well-known phenomenon.

2.3.1.2.2.3 Using the heat of transition
rule Another useful and reliable rule, developed by
Burger and Ramberger,32,33 is the heat of transition
rule for solid-state transitions, which states:

If an endothermic transition is observed at some
temperature, it may be assumed that there is a transition point
below it; i.e., the two forms are related enantiotropically. If an
exothermic transition is observed at some temperature, it may
be assumed that there is no transition point below it; i.e., the
two forms are either related monotropically or the transition
temperature is higher.

Again, Fig. 2.4 illustrates the thermodynamic point
of view. Several precautions should be taken in
applying this rule:

1. Be aware that a crystallization exotherm from
amorphous phase could be confused with a
polymorphic transition. Therefore, materials of high
crystallinity should be used in the study. It is a
good practice to examine the solid phase after
heating beyond the transition to ensure that the
exotherm corresponds to a polymorphic transition.

2. One can use the overall heat of transition when the
polymorphic transition goes through melting and
recrystallization. However, the heat of fusion of the
recrystallized polymorph should be comparable to
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the reference material to ensure complete
crystallization and thus the accuracy of the overall
heat of transition.

2.3.2 Solvates/Hydrates

Of the many solvents that are incorporated into the
crystal lattice, water is by far the most important for
pharmaceutical development. Therefore, all discus-
sions and derivations in this section will use hydrates
as examples. However, the principles described are
the same and the equations derived can be easily
converted and applied to solvates.

2.3.2.1 Anhydrate/Hydrate equilibrium
at constant temperature

The equilibrium between the anhydrate and hydrate
of a drug (D) at a constant temperature and total pres-
sure can be achieved by equilibrating through the vapor
phase. The equilibrium is represented by Eq. (2.10):

DUnH2OðsolidÞ  �������������!
Kd

DðsolidÞ1nH2OðvaporÞ ð2:10Þ
where:

D(solid) is the anhydrate solid,
DUnH2OðsolidÞ is the hydrate solid,
n is the stoichiometry of the hydrate,
Kd is the hydration/dehydration equilibrium
constant between the two solids.

The equilibrium constant can be described by
Eq. (2.11) and then simplified based on the assumption
that water vapor acts as an ideal gas, and the activities
of the solids are taken to be unity:

K
vapor
d 5

aDðsolidÞ
� �

acH2OðvaporÞ

h in
aDUnH2OðsolidÞ

� � 5
h
acH2OðvaporÞ

in

5 ½RHc�n 5
h
pc

ps

in ð2:11Þ

In this equation, a is the activity, superscript c repre-
sents critical values, RH represents relative humidity,
pc represents the critical water vapor pressure, and ps

represents the saturated water vapor pressure at this
temperature.

Three situations exist:

1. p. pc; RH.RHc; aH2OðvaporÞ . acH2OðvaporÞ : The hydrate

is more stable than the anhydrate; therefore, the
anhydrate will spontaneously convert to the hydrate
thermodynamically.

2. p, pc; RH,RHc; aH2OðvaporÞ , acH2OðvaporÞ : The anhydrate

is more stable than the hydrate; therefore, the hydrate
will spontaneously convert to the anhydrate
thermodynamically.

3. p5 pc;RH5RHc; aH2OðvaporÞ 5 acH2OðvaporÞ : The hydrate

and the anhydrate have equal stability, and they
will coexist thermodynamically. There will be no
transformation in either direction.
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A typical phase diagram for anhydrate/hydrate is
shown in Fig. 2.5. The curved portion, at high RH,
represents deliquescence and further dilution of the
solution. Anhydrate/hydrate equilibration through the
vapor phase is a slow process, and it can take weeks to
months to achieve equilibrium. Therefore, studies are
usually conducted to take advantage of the higher
mobility in the solution state to attain equilibrium
within a short period of time.34,35 In these studies,
water-miscible organic solvents were employed to
systematically modify the water activities in these
solutions. Solids of anhydrate or hydrate, or mixtures
of the two, were suspended in a series of these
solutions and equilibrated at a defined temperature
with agitation. The solids were recovered after certain
periods of time, which were much shorter than the
time required for equilibration through the vapor
phase, and examined by appropriate analytical techni-
ques. The stability order at each individual water
activity value was determined by the nature of the
solid recovered. The critical water activity was then
bracketed to a narrow range. Once developed, this
method has been applied successfully to many other
anhydrate/hydrate systems.36�41

When an organic/water solution is in equilibrium
with its vapor phase, the water activities in the
solution and the vapor phases are the same. Therefore,
it is common to further equate the water activity in
solution to the RH in the vapor phase. For example,
0.35 water activity is equivalent to 35% RH. The critical
water activity values obtained from solution equilibra-
tion for anhydrate/hydrate systems are also equated
to the critical RH values obtained from the vapor
phase equilibration (RHc). The reason why this can be
done is demonstrated next.

In the case of solution phase equilibration, water
molecules released via dehydration are not present
as water vapor; instead, they simply become part
of the solution. Therefore, the equilibrium of interest
and the corresponding equilibrium constant are shown
in Eqs. (2.12) and (2.13), respectively:

DUnH2OðsolidÞ  �������������!
Kd

DðsolidÞ1 nH2OðsolutionÞ
ð2:12Þ

Ksolution
d 5

aDðsolidÞ
� �

acH2OðsolutionÞ

h in
aDUnH2OðsolidÞ

� � 5 acH2OðsolutionÞ

h in
ð2:13Þ

This equilibrium can be converted to the Eq. (2.10)
type of equilibrium (ie, water as vapor) through a fur-
ther equilibrium of solution-vapor under constant
water activity (Eq. 2.14). However, the process of
vaporization under constant water activity is at equi-
librium, having ΔG of zero and Kvap of unity:

nH2OðsolutionÞ  �������������!
Kvap

nH2OðvaporÞ ð2:14Þ
The addition of Eqs. (2.12) and (2.14) affords Eq. (2.10).

Therefore, the equilibrium constant in Eq. (2.10) is the
product of those in Eqs. (2.12) and (2.14) (Eq. 2.15):

K
vapor
d 5Kvap�Ksolution

d 5Ksolution
d ð2:15Þ

Thus, the equilibrium constant obtained by equili-
brating through the vapor phase is equal to that
obtained through equilibrating through the solution
phase. In the following section, superscripts and sub-
scripts will not be used to differentiate the different
routes of determination.

2.3.2.2 Temperature dependence of anhydrate/
hydrate equilibrium42

When temperature varies, the van’t Hoff equation
(also known as the van’t Hoff isochore), which describes
the temperature dependence of any equilibrium con-
stant, can be applied. This affords the determination of
the temperature dependence of the critical water activ-
ity or RH (acH2O

or RHc), and the critical water vapor
pressure (pc), thus establishing the complete phase
diagram with regard to both RH (or water vapor
pressure) and temperature. Applying the van’t Hoff
equation to the anhydrate/hydrate equilibrium, the
following equation is obtained:

d ln Kd

dT
5

nd lnðacH2O
Þ

dT
5

nd lnðRHcÞ
dT

5

nd ln

�
pc

ps

�

dT
5

ΔHd

RT2

ð2:16Þ

Water activity (aw) or relative humidity (RH)

Anhydrate

Hydrate

0 (0%) 1 (100%)

Critical water activity (aw,c)
or critical relative
humidity (RHc) 

Identity of the crystal form/water content

FIGURE 2.5 Thermodynamic phase diagram of an anhydrate/
hydrate pair.
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where ΔHd is the dehydration enthalpy and R is
the gas constant. Rearranging Eq. (2.16) affords the
following equation:

d ln Kd 5 d lnðacH2O
Þ5 d lnðRHcÞ5 d ln

�
pc

ps

�

52
ΔHd

nR
d ln

�
1

T

� ð2:17Þ

Assuming a constant dehydration enthalpy within the
temperature range studied, the definite integral of this
differential equation (Eq. 2.17) between temperatures T1
and T2 is given by the following equation:

ΔHd

nR

�
1

T1
2

1

T2

�
5 ln K2

d 2 ln K1
d

5 lnðacH2O
Þ22lnðacH2O

Þ1
5 lnðRHcÞ22lnðRHcÞ1
5 ln

	
pc

ps



2
2ln

	
pc

ps



1

ð2:18Þ

Since ΔGd 5ΔHd2TΔSd and ΔGd 52RTln Kd, it
follows that

ln Kd 5 lnðacH2O
Þ5 lnðRHcÞ5 ln

pc

ps

� �
52

ΔHd

nRT
1

ΔSd
nR

ð2:19Þ
Here ΔSd is the dehydration entropy. Therefore,

a plot of the natural logarithm of Kd or acH2O
, or RHc, or

pc/ps, versus the reciprocal temperature gives a straight
line. The slope of the line is equal to 2ΔHd/nR
and the intercept is equal to ΔSd/nR. Based on this
set of equations, and on the fact that dehydration
is endothermic, it is apparent that the critical water
activity or critical RH increases upon raising
the temperature. Therefore, it is desirable to keep
hydrates in a cool, humid environment to avoid
dehydration.

Another important parameter of the anhydrate/
hydrate system is the critical temperature, Tc, which is
defined as the temperature at which the critical water
activity is unity or critical RH is 100%. In other words,
it is the higher limit of the temperature range where a
hydrate is thermodynamically stable at some water
activity or RH. At temperatures higher than Tc,
hydrate cannot be the stable phase. Applying this to
Eq. (2.18) affords this equation:

ln Kd 5 lnðacH2O
Þ5 lnðRHcÞ5 ln

�
pc

ps

�

5
ΔHd

nRTc
2

ΔHd

nRT

ð2:20Þ

Comparing Eqs. (2.19) and (2.20), it is apparent
that Tc 5 ΔHd/ΔSd. Thus, Tc is characteristic of the
anhydrate/hydrate system of interest.

In studying the physical stability of hydrates, pc is
frequently used. Therefore, it is useful to extend this
analysis beyond Kd; a

c
H2O

;RHc; and pc=ps. Rearranging

Eq. (2.18) affords the following:

ln
ðpcÞ2
ðpcÞ1

2ln
ðpsÞ2
ðpsÞ1

5
ΔHd

nR

�
1

T1
2

1

T2

�
ð2:21Þ

The temperature dependence of saturated water
vapor pressure can be described by the well-known
Clausius�Clapeyron equation:

ln
ðpsÞ2
ðpsÞ1

5
ΔHvap

R

1

T1
2

1

T2

� �
ð2:22Þ

Here, ΔHvap is the enthalpy of vaporization of water
at the temperature of interest. Coupling Eqs. (2.21) and
(2.22) yields

ln
ðpcÞ2
ðpcÞ1

5
ΔHd

nR
1

ΔHvap

R

� �
1

T1
2

1

T2

� �
ð2:23Þ

Eq. (2.23) dictates that the plot of ln pc against the
reciprocal temperature will exhibit a greater slope than
that of ln Kd(ΔHd/nR1ΔHvap/R versus ΔHd/nR).
This phenomenon was previously observed, but it has
not been explained.43

2.3.3 Cocrystals

Since cocrystals differ from solvates only by the
physical state of the pure components, the stability
treatment is expected to be analogous to that used for
solvates. Indeed, an extension of the stability treatment
was recently applied to cocrystals44 and is discussed in
the following sections. The equilibrium among the
drug (D), the cocrystal former (CCF), and the corre-
sponding cocrystal (CC; ie, DUnCCF) are shown in
Eq. (2.24). In this case, the CCF is assumed to come
into intimate contact with the drug through a solution;
however, the treatment is valid if the contact is
achieved by other routes:

Dsolid 1 nCCFsolution �������������!
Kc

CCsolid ð2:24Þ
Here, n is the stoichiometry of the cocrystal and Kc

is the cocrystal formation equilibrium constant.
Analogous to the anhydrate/hydrate or nonsolvate/
solvate system, Kc can be expressed by the activities
of the species involved in the equilibrium (Eq. 2.25)
and simplified based on the assumption that CCF
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molecules behave ideally in the solution, and the
activities of the solids are taken to be unity:

Kc 5
aCCðsolidÞ
� �

aDðsolidÞ
� �

acCCFðsolutionÞ

h in 5 acCCFðsolutionÞ

h i2n
ð2:25Þ

Here, acCCFðsolutionÞ is the critical CCF activity in
solution (and can be expressed as aCCF,c). As a first
approximation, the activity of CCF in the solution
equals the ratio of the concentration of the free CCF
(uncomplexed with D) in solution, and the solubility
of CCF in the absence of D in the same solvent. Again,
three situations exist:

1. aCCFðsolutionÞ
� �

, acCCFðsolutionÞ

h i
: D is favored over CC;

therefore, CC will spontaneously decompose to D
thermodynamically.

2. aCCFðsolutionÞ
� �

. acCCFðsolutionÞ

h i
: CC is favored over D;

therefore, CC will spontaneously form from D and
CCF thermodynamically.

3. aCCFðsolutionÞ
� �

5 acCCFðsolutionÞ

h i
: D and CC have equal

stability, and they will coexist in a suspension of the
CCF solution.

The same equations can be written if the drug is in
solution and CCF and CC are in the solid state. This
thermodynamic treatment can be easily extended to
cocrystal systems with multiple stoichiometries. The
phase diagrams are shown in Fig. 2.6.

2.3.4 Amorphous solids

If a crystalline solid is heated beyond its melting tem-
perature and cooled back to its original temperature,

and if sufficient time is not allowed for nucleation
to occur, the liquid will become amorphous at tem-
peratures below its melting point. That is, it will lose
all long-range order. Initially, the supercooled liquid
was able to adjust itself to the changing environment
(temperature), giving off excess enthalpy, entropy,
and volume, following the equilibrium line extended
from the liquid state (Fig. 2.7). The amorphous
material in this temperature range is called a rubber or
a supercooled liquid. However, at a certain lower tem-
perature, due to the increased viscosity and decreased
molecular mobility, the amorphous material will
not be able to continue to follow the equilibrium
line extended from the liquid state. Instead, it will
deviate from the line, quenching the excess thermal
motions that accommodate excess quantities such
as free energy, enthalpy, entropy, and volume. The
amorphous phase in this temperature range is called
a glass. This transition of states is called a glass transi-
tion, and the temperature at which this transition
occurs is called the glass transition temperature (Tg).
The glassy state is a kinetically frozen state and is not
thermodynamically stable. Therefore, a glass will
relax gradually over time, releasing excess enthalpy,
entropy, and volume to the environment to achieve a
more stable state. This process is termed physical aging
or annealing (discussed further in Section 2.7.1).

Theoretically, one could continue to extrapolate the
liquid line beyond Tg. In doing so, it will eventually
intersect the crystalline line and pass beyond it.
This presents a conceptual contradiction, called the
Kauzmann paradox,45 which dictates that the disordered
supercooled liquid has less entropy than the ordered
crystal. The temperature at which this occurs is called
the Kauzmann temperature (TK). In reality, this entropy
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FIGURE 2.6 Thermodynamic phase diagrams of cocrystals. (a) With respect to the activity of the cocrystal former and (b) With respect to
the activity of the drug.
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crisis is avoided through the intervening glass
transition. Compared to its crystalline counterpart, the
amorphous solid possesses excess thermodynamic
quantities, including free energy, enthalpy, entropy,
and volume (Fig. 2.7). These excess quantities are
termed configurational quantities. From the phase
diagram (Fig. 2.7), it is clear that, unlike polymorphs,
solvates, and cocrystals, amorphous phases are always
metastable with respect to the crystalline phases,
regardless of the environment (temperature, pressure,
etc.). Unlike the first-order phase transitions, such as
melting or vaporization, no discontinuity exists at the
glass transition for thermodynamic properties, such as
volume, enthalpy, and entropy. However, the isobaric
expansivity, α, isothermal compressibility, κ, and iso-
baric heat capacity, Cp, all show a step change around
Tg, indicating a second-order phase transition accord-
ing to the definition by Ehrenfest.46

The amorphous phase presents unique characteristics
and challenges to pharmaceutical development, and
this topic is discussed in detail in Section 2.7.

2.4 PHARMACEUTICAL RELEVANCE
AND IMPLICATIONS

As mentioned at the beginning of this chapter, crys-
talline solids are especially relevant to pharmaceutical
development. Regardless of the types of formulations,
APIs are mostly crystalline. The majority of APIs are
polymorphs of the parents and salts.47 A significant
proportion of APIs are hydrates.47 Solvates with
various organic solvents are not usually used as APIs.

However, they are frequently encountered in crystalli-
zation and characterization of pharmaceutical solids.
Cocrystals, a reemerging class of solids, have yet to
be used intentionally in pharmaceutical products.
However, they offer the potential to engineer proper-
ties of solids that are critical to pharmaceutical
development. Although crystalline APIs are usually
preferred during pharmaceutical development, vary-
ing degrees of amorphous content can be generated
inadvertently during pharmaceutical processing, such
as milling, wet granulation, drying, and compaction
(see chapter: Drug Stability and Degradation Studies).
Many pharmaceutical excipients, such as naturally
existing polymers (eg, cellulose and starch), synthetic
polymers (eg, poly(methyl methacrylate), poly(acrylic
acid), and poly(glycolic acid)), and other chemically
modified natural or synthetic polymers, are either
amorphous or partially amorphous. Small amounts of
amorphous content exist in almost every crystalline
API. The presence of amorphous content in the API
itself or other components of a drug product may
have confounding impacts on the physicochemical
properties and ultimate performance of the drug
product.

Owing to the differences in the internal structure
(composition, dimensions, shape, symmetry, capacity
(number of molecules), and void volumes of their unit
cells for crystalline phases, and the lack of periodicity
for the amorphous phases), various solids exhibit a
variety of properties. Over the years, these properties
have been summarized for polymorphs,48�51 but they
are properly applicable to all solids. These properties
are listed in Table 2.2.
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FIGURE 2.7 Phase diagrams of amorphous solids. (a) Free energy and (b) Enthalpy, entropy, and volume.
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Many properties that differ among crystal forms
provide the means to detect them, such as melting
points and spectroscopic properties. Some proper-
ties are particularly important for pharmaceutical
development, having a significant impact on the
performance and quality of drug products. They
will be discussed in more detail in the following
sections.

2.4.1 Solubility

As shown in Section 2.3.1, the solubility values of
different polymorphs are directly related to their free
energy. Therefore, different polymorphs will have
different solubilities in the same solvent, and the dif-
ference in solubility will be a function of temperature
(Fig. 2.8). At one temperature (except for Tt), the
metastable polymorph will be more soluble than
the stable polymorph. It is this difference in solubility

that is causing the difference in dissolution rates and
driving the solution-mediated phase transformation
(SMPT) (Section 2.5.3) for polymorphs. A survey of the
solubility differences between polymorphic pairs has
been conducted (n5 81).52 The general trend reveals
that the ratio of polymorph solubility is typically less
than 2, although occasionally higher ratios can be
observed.52 Based on thermodynamics, the solubility
ratio of the polymorphs is independent of the nature
of the solvents, provided that Henry’s law is obeyed
(Section 2.3.1). In most dilute solutions, this is a valid
statement.

Adducts (solvates, hydrates, and cocrystals), on
the other hand, exhibit different solubility behaviors.
The solubility ratio, even the rank order, changes
in solvents with different activity values. As in the
case of polymorphs, this is also driven by thermody-
namics. In pure organic solvents, where the activity
of the solvent is nearly 1, the solvate with the specific
solvent will be the most stable phase and have
the lowest solubility. Other solid phases, such as
polymorphs, hydrates, amorphous phases, and sol-
vates with other organic solvents, will be metastable
and have higher solubility values. Hydrates, as a
special case of solvates, will have the same character-
istics. In the same survey (n5 24),52 a similar trend
is observed for anhydrate/hydrate solubility ratios,
although anhydrate/hydrate solubility ratios appear
to be more spread out and higher than the typical
ratio for polymorphs. The solubility of cocrystals
is a function of the concentration of the cocrystal
former.53,54 The dependence is very much analogous
to the solubility product (Ksp) for insoluble salts.

Thermodynamic analysis of amorphous phases
indicates that it possesses higher free energy than
its crystalline counterpart at all temperatures below
the melting point. Therefore, amorphous materials
will have a higher solubility than crystalline solids at
all temperatures (below the melting point) in any
solvent.55�59 This is of special interest to the delivery of
poorly soluble drug molecules and oral bioavailability
enhancement.

2.4.2 Dissolution rate and bioavailability

As mentioned earlier, if dissolution from the solid
is solely diffusion-controlled, proportionality exists
between the solubility and dissolution rate as
determined by the Noyes�Whitney equation.31 Thus,
the differences in solubility translate directly to the
differences in IDR among various solids. When parti-
cle size and distribution are similar, they also trans-
late to the powder dissolution rates. Some of the
classic examples include dissolution of the solid

TABLE 2.2 Physical Properties That Differ Among Various
Solids51

1. Packing properties
a. Molar volume and density
b. Refractive index
c. Conductivity, electrical, and thermal
d. Hygroscopicity

2. Thermodynamic properties
a. Melting and sublimation temperatures
b. Internal energy (ie, structural energy)
c. Enthalpy (ie, heat content)
d. Heat capacity
e. Entropy
f. Free energy and chemical potential
g. Thermodynamic activity
h. Vapor pressure
i. Solubility

3. Spectroscopic properties
a. Electronic transitions (ie, ultraviolet—visible absorption

spectra)
b. Vibrational transitions (ie, infrared absorption spectra and

Raman spectra)
c. Rotational transitions (ie, far infrared or microwave absorption

spectra)
d. Nuclear spin transitions (ie, nuclear resonance spectra)

4. Kinetic properties
a. Dissolution rate
b. Rates of solid-state reactions
c. Stability

5. Surface properties
a. Surface free energy
b. Interfacial tensions
c. Habit (ie, shape)

6. Mechanical properties
a. Hardness
b. Tensile strength
c. Compactibility, tableting
d. Handling, flow, and blending
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forms of succinylsulfathiazole60 and iopanoic acid.61

As generally understood, oral absorption is deter-
mined by the rate of dissolution of a dosage form in
the gastrointestinal (GI) tract and the rate of drug
molecule permeation through the GI membrane.
Drug absorption can be improved by rendering the
drug amorphous for biopharmaceutical classification
system (BCS) class II and IV compounds, where low
solubility presents a significant barrier for oral
absorption. Therefore, utilizing metastable solid
forms, such as amorphous phases, and amorphous
solid dispersions62�69 is a powerful tool in combat-
ing the poor absorption profiles of many modern
drug candidates. Selecting the appropriate solid
forms for development is thus critical to the facile
development of high quality products.

One important consideration in this approach is that
this solubility and dissolution enhancement is a
transient effect. The higher concentrations achieved in
the in vitro or in vivo dissolution media, beyond
the equilibrium solubility, create driving forces for the
nucleation and crystallization of the stable phases.
Eventually, the stable phases will nucleate, and crystal-
lize. However, a certain amount of time is required
before the depletion of concentrations in solution.
During this lag time, significant absorption could be
accomplished. For some compounds, extremely high
permeability leads to the effective transport of the
molecules through the GI membrane. In these cases,
the concentration buildup in the GI fluid will not
occur.

2.4.3 Hygroscopicity

Moisture interacts with solids via four primary
modes: adsorption, absorption, deliquescence, and
lattice incorporation.70,71 Water molecules can be
adsorbed onto a solid surface by interacting with
the molecules on the surface. Since water is a polar
molecule capable of forming hydrogen bonding, polar
moieties on the solid surface are important factors
governing the affinity toward water adsorption.
Particle size plays a role in moisture uptake by
affecting the available surface area. Under normal
conditions, water adsorption leads to monolayer
formation, as well as a few additional molecular layers
at higher RH values. The solid-water interactions are
the strongest between the surface and water molecules
in the monolayer, and they become weaker as the
distance from the surface increases. Therefore,
water molecules in the adsorbed layers beyond the
monolayer better resemble bulk water, which may
bear some importance to chemical instability.

A more significant mode of water�solid interactions
is perhaps the absorption or sorption, which refers to
the water molecules’ penetration into the bulk solid,
incorporation into the defects or amorphous regions,
and formation of a solution. Due to the high free energy
nature of the amorphous form, its affinity toward water
molecules is much greater, resulting in much elevated
moisture sorption. It has been shown that moisture
adsorption can account for only a very insignificant
portion of moisture content typically encountered in
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FIGURE 2.8 Solubility values of polymorphs as a function of temperature. (a) Enantiotropy, (b) Monotropy.
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pharmaceutical solids (eg, a few percent), for which
the sorption mechanism is primarily responsible.72

Deliquescence refers to the formation of a saturated
solution around the solids when exceeding its critical
RH. This mode of water�solid interaction is only
important for relatively water-soluble compounds
at high RH. Hydrates form when water molecules
are incorporated into the crystal lattice. In this case,
a critical water activity or RH exists that governs
the physical stability of the respective hydrate form
(Section 2.3.2).

Moisture uptake can be greatly affected by solid
forms. Adsorption is a surface property; therefore, the
surface of a solid form is a determining factor. In that
sense, a more stable polymorph may not necessarily
adsorb the least amount of moisture; rather, what
matters are the moieties that are exposed on the
surface. However, the amorphous content or defects
are the primary cause of the moisture uptake normally
seen with pharmaceuticals, as discussed previously,
due to its high energetic nature and a different mode
of interaction. A small amount of amorphous content
virtually exists for every crystalline API and is likely
exacerbated by API treatments such as milling and
by formulation processing such as wet granulation
and drying. Therefore, its influence on moisture
uptake and distribution, as well as subsequent product
attributes, could be enormous.

2.4.4 Reactivity and chemical stability

Solid forms can affect the reactivity and chemical
stability of both API and drug in the finished product.
The way in which solid forms influence their chemical
stability is more apparent by examining the mechanisms
of “solid-state” reactions.

2.4.4.1 Topochemical reactions

The reactivity of a solid in a topochemical (or true
solid-state) reaction is completely determined by its
crystal lattice. This type of reaction is facilitated by the
proper positioning and orientation of the reacting
moieties in the crystal lattices, so it requires minimum
movement of the reacting molecules. Molecular pack-
ing in the crystal lattice is the primary factor dictating
the rate of a topochemical reaction.

Solid forms are the best manifestation of topochemical
reactions based on their very nature. Solid forms can
determine the end-reaction product. For example, 2-
ethoxycinnamic acid showed polymorph-dependent
photodimerization products.73 The α polymorph formed
a cis-dimer, the β polymorph formed a trans-dimer,
while dimerization was not observed in solution. Solid
forms can also determine whether a reaction can occur.

For example, p-methylcinnamic acid undergoes photo-
dimerization only with the β polymorph.74 Its α poly-
morph is not reactive because the distance separating
the neighboring cinnamic acid double bonds is too long
to allow a (21 2) cyclization. For prednisolone and
hydrocortisones, the reactivity toward O2 was observed
only in the hexagonal solvates, where solvent channels
were speculated to allow oxygen to access host mole-
cules.75,76 Increasing molecular mobility by destroying a
crystalline order can actually slow down a topochemical
reaction. For example, the rearrangement of methyl
p-dimethylaminobezenesulfonate proceeded 25 times
faster in solid state than in the melt.77,78

2.4.4.2 Nontopochemical reactions

The degradation of most pharmaceuticals is not
topochemical in nature. These reactions require signifi-
cant movement of the reacting molecules and are not
true solid-state reactions. Nevertheless, these reactions
are modulated by the physicochemical and particle
characteristics of the solids, such as crystallinity, mois-
ture content, solubility, pH of the aqueous surface
layer, particle size, and melting temperature, although
it may be difficult to deconvolute the respective
contributions.

Chemical stability of most pharmaceuticals is
modulated by moisture. The earlier model proposed
by Leeson and Mattocks79 sheds some light on drug
degradation, where a film of saturated solution was
assumed to form around solid particles, although
deliquescence is not generally expected below critical
RH. The concepts of tightly bound (eg, monolayer)
and loosely bound (eg, those beyond monolayer)
moisture may also shed some light, despite their
oversimplified nature. Probably the most significant is
the moisture sorption into amorphous regions or
defects, leading to significant increase in moisture
uptake, as discussed previously.

Besides the topochemical reactions where crystal
lattice dictates reactivity, solid forms can affect chemi-
cal stability by modifying the particular characteristics.
First, the moieties exposed on crystal surfaces could
vary significantly among different solid forms (or
morphologies), which could either accelerate or inhibit
a particular reaction. For example, the reactivity
of flufenamic acid polymorphs with ammonia was
related to accessibility of ammonium to host molecules
on major faces, but not to the relative energetics of the
polymorphs.80 Second, the solid forms can differ in
their aqueous solubility, as mentioned previously,
which is certainly important for degradation through
the Leeson�Mattocks model. Third, moisture sorption
could be drastically more significant for certain solid
forms. Amorphous content has a higher affinity to
water molecules and forms solutions with the latter.
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Since water is a great plasticizer, the water molecules
absorbed into the amorphous regions can cause a
significant increase in molecular mobility and are
potentially harmful to chemical stability.72,81 Certain
higher energetic solid forms that may be used in
pharmaceutical development, such as “desolvated
solvate,” tend to absorb more moisture and cause
greater chemical degradation. Complete or partial
phase transformations can occur inadvertently during
manufacturing, which can profoundly change chemical
degradation in drug products.82

2.4.5 Mechanical properties

In different solids, the molecules are arranged
differently. The nature and extent of interactions
among the molecules also varies among different
solids. Intuitively, one would anticipate that these
solids would respond differently under mechanical
stresses. Under compression, plastic flow along slip
planes has been well documented as a mechanism
for consolidation.83 In the case of acetaminophen
polymorphs, the stable polymorph (Form I, mono-
clinic) was found to be poorly compressible, requir-
ing a significant amount of excipients to form
tablets.84�86 On the other hand, metastable poly-
morphs (Form II, orthorhombic) have been reported
to have a higher cohesion index87 and thus improved
tableting properties. Careful analysis of crystal
structure and face indexing88 revealed that these
crystals cleaved parallel to the {001} plane. This
cleavage occurred due to a well-developed slip
system, which is attributed to the presence of two-
dimensional molecular sheets in Form II solids.
These improved tableting properties of Form II were
also confirmed by Heckel analysis, compressibility,
and compactibility assessments.89 Similarly, sulfamer-
azine metastable polymorph I has well-defined slip
planes in its crystal lattice, thus exhibiting superior
plasticity and therefore greater compressibility and
tabletability than the stable Polymorph II.90 Water
produced by the crystallization in p-hydroxybenzoic
acid monohydrate facilitates plastic deformation of the
crystals, thereby enhancing their bonding strength and
forming stronger tablets than the anhydrate.91

2.5 TRANSFORMATIONS
AMONG SOLIDS

As discussed in Section 2.3.1, polymorphic transfor-
mation is widely used in understanding polymorphic
relationships. This section focuses on the various
pathways for transformation between crystalline solid

forms. Crystallization from amorphous materials, owing
to its importance to pharmaceutical development, will
be discussed separately in Section 2.7. In general, ther-
modynamics dictates the possibility of transformation
between the various phases. Therefore, the discussion
in Section 2.3 and an understanding of the particular
system should be kept in mind.

Most of the transitions described here are second-order
transitions; that is, they are kinetic in nature (except for
melting). Therefore, the timescale of experiments can
drastically change the pathways that a solid will take in
transforming into the other forms. Sometimes the result-
ing solid phase can also be different.

2.5.1 Induced by heat

Molecular motions and mobility in solids generally
increase when the temperature of the solid is raised. In
addition, the free energy of the various phases changes
with respect to temperature, as determined by thermo-
dynamics. Therefore, heating is particularly effective in
inducing phase transformations.

2.5.1.1 Polymorphic transitions

As shown in Section 2.3.1 earlier in this chapter, a
pair of polymorphs can be related to each other, either
monotropically or enantiotropically. When heated, they
exhibit different behaviors upon undergoing transfor-
mations. Fig. 2.9 illustrates all potential polymorphic
transitions that can be observed when a polymorphic
solid is heated in differential scanning calorimetry
(DSC). The descriptions of the phase transitions are
placed next to the thermal events in DSC traces and are
explained in detail in Table 2.3. This table is arranged
according to the polymorphic system, then the starting
polymorph, and then the different possibilities of the
transitions. Not all situations constitute polymorphic
transition. When examining the thermal traces for poly-
morphic transitions, it is helpful to have the phase dia-
grams on hand (Fig. 2.2).

Most of the transitions listed in Table 2.3 have been
observed in real life, except for E II-3. In this case,
Polymorph II converts via a solid-solid route to
Polymorph I at a temperature below Tt. Unlike in E II-2,
where the resulting Polymorph I converts back to
Polymorph II when heated past Tt, Polymorph I melts
without converting to Polymorph II. The reason that E
II-3 is not observed is that the mobility of the solid is
higher at higher temperatures; therefore, the kinetic
resistance to polymorphic transitions is also likely to be
less at higher temperatures.50 For one pair of enantio-
tropic polymorphs, if the conversion in one direction is
observed at lower temperatures, the likelihood of not
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observing the conversion in the other direction at high-
er temperatures is very low.

Experimentally, one could heat the solids to a tem-
perature slightly above the transition, cool the solid
back to ambient, reheat, and observe the reversibility
of the transitions. Techniques like this have been used
extensively to demonstrate the enantiotropic relation-
ship between two polymorphs.92�94 Due to differences
in the mobility of solids at different temperatures, one
can only draw positive conclusions, not negative
ones. In other words, if reversibility of the transition
is observed, it is conclusive for an enantiotropic
relationship. However, when reversibility is experi-
mentally not observed, one cannot conclude that the
polymorphs are monotropically related.

For purposes of illustration, only dimorphic systems
are described here. In reality, many polymorphic
systems have three or more polymorphs. Therefore, the
transformations upon heating could be much more com-
plex than those demonstrated here. In complex cases,
several complementary analytical methods should be
used together in order to understand the system.

2.5.1.2 Dehydration/Desolvation

The thermodynamic of solvates and hydrates
(Section 2.3.2) dictates that they will be less stable at
higher temperatures. Indeed, heating has been routinely
applied to remove crystallization solvents that are
incorporated into the lattice (ie, desolvation).
Thermogravimetric analysis (TGA) is one of the main
characterization methods for solvates/hydrates. In princi-
ple, TGA monitors the weight change as a function of
temperature. The total weight loss corresponds to the

stoichiometry of the solvate/hydrate, while the tempera-
ture at which the weight loss begins is indicative of the
physical stability of the solvate/hydrate.

The resulting solvent-free solids could be different
when desolvating different solvates, desolvating the
same solvate under different conditions, or desolvating
the same solvate under the same conditions but different
batches, and with different amounts of residue solvent.95

Therefore, desolvation is one of the major approaches in
polymorph screening to search for polymorphs.

2.5.1.3 Cocrystal formation

Before the term cocrystal was invented, this type of
adducts was called solid-state molecular complexes.
Many of them have been reported in the pharmaceuti-
cal literature. Very often, the discoveries resulted
from experiments to construct binary melting-point
phase diagrams. In the early days, thermomicroscopy
was used. One would watch the solids as they were
heated. Very often, after eutectic melting, the liquid
would crystallize into a new solid, which might corre-
spond to a solid-state complex. Later, the construction
of phase diagrams shifted to DTA/DSC when they
became widely available. The common practice was
to melt the mixtures of solids first, cool them, and let
them crystallize to ensure perfect thermal contact
between the sample and the pans and intimate mixing
of the two components, and then collect melting
points during the second heating. This practice led to
an even higher probability of the crystallization of
complexes because the liquid spent more time at
higher temperatures and had more opportunity for
crystallization.
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FIGURE 2.9 Potential polymorphic transitions induced by heat. (a) Enantiotropy and (b) Monotropy.
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2.5.2 Induced by vapor

Since the vapor pressures of solids are usually very
low, this section is more applicable to solvates and
hydrates and less relevant to cocrystals. The thermody-
namics of solvates clearly demonstrates that they are
stable under a subset of conditions where the vapor
pressure of the solvent in the environment is higher
than some critical values. Under these conditions, the

nonsolvated crystal forms are metastable, and driving
forces exist for converting them to the solvate forms.
On the other hand, under the conditions where the
vapor pressure is below this critical value, solvates
are metastable, and driving forces exist for converting
the solvates to the nonsolvated forms.

Also demonstrated by thermodynamics, activities of
the solvents are related to temperature. The same vapor
pressure results in lower activities at higher tempera-
tures. Thus, the desolvation phenomenon discussed
in Section 2.5.1 is applicable here. However, what is
different is the solvation/hydration phenomenon when
nonsolvated forms are exposed to a high-solvent vapor
pressure. Since exposure only to the organic solvent
vapor is quite rare in pharmaceutical development,
the discussions here will focus on the role of water
vapor and hydrate formation.

RH can vary significantly from location to location
and from season to season. Therefore, the phase transi-
tion behavior of anhydrates and hydrates has been of
particular interest in pharmaceutical development. The
kinetic aspect of dehydration has also been studied
extensively. From the thermodynamic point of view,
when the RH of the environment is closer to RHc, the
driving force for dehydration is lower. Therefore,
the dehydration rate should decrease. This is, in fact,
observed experimentally for the dehydration of
amoxicillin trihydrate.96 Isothermal dehydration rates
were measured at a range of water vapor pressures at
68�C. Dehydration resulted in a poorly crystalline phase,
and the phase boundary�controlled kinetic model,
under all conditions studied, best described the rates.
When the rate constants are plotted against water vapor
pressure, regardless of the size of the samples employed,
straight lines result, and both extrapolate to a common
intercept (within experimental error) on the x-axis
(Fig. 2.10). This intercept corresponds to the RHc.

TABLE 2.3 Potential Thermal Events Observed When Heating
a Polymorphic Solid

Thermal
trace ID

Polymorphic
system

Starting
polymorph

Transitions (In order of
increasing temperature)

E I-1 Enantiotropic I Melting of I with concurrent
recrystallization of II

Melting of II

E I-2 Enantiotropic I Melting of I

E I-3 Enantiotropic I Solid-state conversion from
I to II

Melting of II

E I-4 Enantiotropic I Melting of I

Recrystallization of II from
liquid

Melting of II

E II-1 Enantiotropic II Melting of II

E II-2 Enantiotropic II Solid-state conversion from
II to I below Tt

Solid-state conversion from
I to II above Tt

Melting of II

E II-3 Enantiotropic II Solid-state conversion from
II to I below Tt

Melting of I

M I-1 Monotropic I Melting of I

M II-1 Monotropic II Melting of II

M II-2 Monotropic II Solid-state conversion from
II to I

Melting of I

M II-3 Monotropic II Melting of II with
concurrent recrystallization
of I

Melting of I

M II-4 Monotropic II Melting of II

Recrystallization of I from
liquid

Melting of I
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FIGURE 2.10 Plot of the dehydration rate constant of amoxicillin
trihydrate as a function of water vapor pressure.96
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In the case of carbamazepine dihydrate, however,
the rate constant did not follow the same trend
(Fig. 2.11).97 When dehydrating the hydrate at progres-
sively higher water vapor pressure, the rates decrease
at first, pass through a minimum, increase and pass
through a maximum, and finally decrease again. This
phenomenon is known as the Smith-Topley effect.98�100 It
has been observed in the dehydration of many other
hydrates.101�107 The cause of this “unusual” behavior is
the existence of different dehydration products
at low and high water vapor pressures. At extremely
low water vapor pressure, the dehydrated phase
is amorphous. The water of dehydration will have
to diffuse through the amorphous matrix outside
each hydrate particle. However, slight increases
in water vapor pressure result in the amorphous
dehydrated phase undergoing transition to a crystalline
phase, therefore creating channels for water to escape
and facilitating dehydration. At even higher water
vapor pressure, the driving force for dehydration starts
to diminish, as in the case of amoxicillin trihydrate.

Exposing anhydrous solids to moisture to form
hydrates usually requires excessively higher RH than
the RHc. The probable explanation is that the mecha-
nism of transformation here is not solid-solid, but is
instead a solution-mediated transformation. Therefore,
bulk solution needs to be present for this mechanism
to operate, which is only possible at very high RH.

2.5.3 Induced by solvents

When metastable solids are exposed to solvent
(ie, forming a suspension), conversion to the stable
phase is facilitated due to a phenomenon called SMPT.
The presence of the solvent does not change the thermo-
dynamics and stability relationship unless a solvate/
hydrate forms with the solvent. However, owing to the
much higher mobility in the solution state than in the
solid, transformation to the stable phase occurs much

faster. This process is analogous to the effect of catalysts
for chemical reactions. Mechanistically, SMPT consists
of three consecutive steps:108�110

1. Initial dissolution of the metastable phase into the
solution to reach and exceed the solubility of the
stable phase

2. Nucleation of the stable phase
3. Crystal growth of the stable phase coupled with the

continuous dissolution of the metastable phase

The schematic representation of concentrations in
the solution, as well as the solid compositions as a
function of time, are shown in Fig. 2.12 for a typical
SMPT process. Kinetically, each step is influenced by
a number of factors. Some of the important ones are
summarized in Table 2.4. In the overall SMPT pro-
cess, Step 2 is usually the slowest, and therefore it is
the rate-determining step because it involves nucle-
ation. For some fast-nucleating systems, the overall
process could be dominated by Step 3. In this case,
further differentiation can be made as to whether the
process is dissolution or growth controlled.108

However, differentiation was made based only on
rates. Therefore, for the same system (the same solid
plus solvent), the controlling step could change by
varying some of the experimental conditions (such
as temperature, solid/solvent ratio, agitation, particle
size, and distribution) and at different extents of
transformation.

Many types of phase transitions have been observed
for SMPT, including the following:

1. Amorphous to crystalline transition
2. Polymorphic transition
3. Interconversions among the parent and the adducts

(ionic, molecular, ionic/molecular)
4. Interconversions between the adducts.
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The occurrences and utility of SMPT span a
wide range of pharmaceutically relevant processes
including solubility experiments, dissolution (in vitro
and in vivo), API crystallization, polymorph/cocrystal

screening and characterization, and pharmaceutical
processing (such as wet granulation).

2.5.4 Induced by mechanical stresses

When mechanical stresses are applied to solids, they
generate many defects. These imperfections create the
necessary space and energy to initiate solid-state transi-
tions, such as polymorphic conversion110�112 and
cocrystal formation from a mixture of the corresponding
solids.113,114 Extensive milling, however, often results
in a loss of crystallinity and conversion to amorphous
material.

2.6 METHODS OF GENERATING SOLIDS

This section briefly summarizes the various
methods to generate solids. All crystalline phases are
generated by crystallization, where crystallization can
occur from gas, liquid (neat or solution), and solid
states. Amorphous solids, on the other hand, are
generated by the lack of crystallization processes.
Hydrates and solvates are generated when crystallized
from an environment with high and appropriate
water/solvent activities. Ultimately, the driving force
for crystallization is the difference in activity (chemical
potential), which can be represented differently in gas
(vapor pressure), liquid (concentration), and solid
states (free energy). Various methods are discussed in
some detail next, and they are arranged according to
the states of the media through which crystallization
occurs: gas, liquid, or solid state.

2.6.1 Through gas

All liquids and solids have vapor pressures at a
given temperature. The vapor pressure is a function of
temperature, as described by the Clapeyron�Clausius
equation. At higher temperatures, the vapor pressure
is higher as well. Therefore, by heating a liquid or
solid, one can achieve a certain vapor pressure
(provided that the substance does not decompose).
When this vapor is in contact with a cooler surface,
the material in the vapor phase will condense onto the
cooler surface, thus generating crystalline polymorphs
if nucleation occurs. If nucleation does not occur,
the material will condense as an amorphous phase
(this is usually termed vapor deposition).

Heating is not the only method to generate super-
saturation through vapor. It has been demonstrated
that reactions in the vapor phase could effectively
generate supersaturation and crystallize adducts. One
example is the formation of an ephedrine free-base

TABLE 2.4 Factors Influencing the Kinetics of the Elementary
Steps of SMPT

SMPT
step Factors

1 Temperature (which in turn affects the solubility, diffusion
coefficient, and viscosity of the medium)

Agitation (which in turn affects the thickness of the
diffusion layer)

Initial solution concentration

Initial particle size and distribution (which in turn affects
the initial surface area)

Solid to solvent ratio

Solvent medium (which in turn affects the solubility and
diffusion coefficient)

Impurities or additives in the solution (eg, polymers, which
in turn affects the diffusion coefficient).

2 Temperature

Solubility ratio between the two phases

Solubility

Nature of the solvent

Agitation

Impurities or additives

Nature and quantity of the contact surfaces (for
heterogeneous nucleation)

3 Dissolution component:

Same as in Step 1, except that the concentration in
the solution is higher than the solubility of the
table phase

Crystal growth component

Temperature

Solubility ratio between the two phases

Solubility

Nature of the solvent

Agitation

Available sites for growth

Number of nuclei

Presence of secondary nucleation

Surface roughness

Impurities or additives in the solution

42 2. CRYSTALLINE AND AMORPHOUS SOLIDS

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



racemic compound from two opposite enantiomers
that are physically separated.115

This mode of crystallization is not usually used for
hydrates and solvates.

2.6.2 Through liquid

2.6.2.1 Through neat liquid

As shown in Section 2.5.1 earlier in this chapter,
polymorphs can be generated via crystallization from
the neat liquid at high temperatures. They can also be
generated at lower temperatures via crystallization
from amorphous phases. The resulting polymorph is a
result of the dynamic interplay between the nucleation
and growth kinetics of the different polymorphs.

When exposed to moisture or organic solvent vapor,
an amorphous phase will absorb solvent molecules
from the vapor phase, leading to a reduced glass
transition temperature, increased molecular mobility,
and ultimately crystallization. This is further discussed
in Section 2.7. Potentially hydrates and solvates can
crystallize by this method.

2.6.2.2 Through solution

2.6.2.2.1 Solvent evaporation

When evaporating solvent from a solution, the capac-
ity that the solution can accommodate solute is reduced,
so supersaturation is eventually created. Upon nucle-
ation, crystalline phases are generated. This evaporative
crystallization can also be performed in a solution con-
taining a mixture of solvents. The more volatile solvents,
ideally, are good solvents for the solute in this case.
When activities of solvent or water are high during the
crystallization process, the respective solvates or hydrates
may be prepared. On the other hand, amorphous phases
are generated if nucleation is sluggish or impaired.

Spray drying is on the extreme side of the rate of sol-
vent removal. Usually, this process generates amorphous
material because no time is given for nucleation to occur.
However, crystalline phases have been generated via
spray drying for some fast-nucleating systems.

2.6.2.2.2 Antisolvent addition

When an antisolvent (which does not provide
solvency for the solute) is added to a solution, the
composition of the solvent system changes. As a result,
the solubility of the solute consequently changes.
The supersaturation necessary for nucleation can be
generated in this fashion. Again, nucleation leads
to crystalline solids, and the lack of nucleation leads to
the precipitation of amorphous materials.

The vapor diffusion method involves placing a
solution over the vapor of a volatile antisolvent. This
method is, in fact, a combination of solvent

evaporation and antisolvent addition methods. During
the course of the process, the good solvent will evapo-
rate from the solution. Meanwhile, the volatile antisol-
vent migrates to the solution via the vapor phase.

2.6.2.2.3 Reactive solvent addition

For ionizable compounds, pH adjustment in
aqueous media is especially effective at creating
supersaturation because of the drastic differences
in the solubility. The net effect is to increase the
concentration of the less soluble unionized form.
Again, nucleation leads to crystalline solids, and the
lack of nucleation leads to the precipitation of
amorphous materials.

2.6.2.2.4 Temperature gradient

Most organic compounds have temperature-
dependent solubility; that is, solubility is usually
higher at higher temperatures. Therefore, cooling a
saturated solution from higher temperatures will
create supersaturation, generating crystalline phases
upon nucleation.

Lyophilization is a common method of generating
amorphous phases. It is a combination of temperature
gradient and solvent evaporation methods. It usually
begins with fast cooling of the solution to avoid nucle-
ation. Crystallization of the solvents and subsequent
sublimation of solvent crystals effectively remove the
solvent from the system, leaving behind an amorphous
solid.

2.6.2.2.5 Suspension method

As discussed in Section 2.5.3, the suspension
method is particularly effective in generating more
stable phases, polymorphs, solvates, or hydrates.
Recently, this method has also been extended to screen
for cocrystals44,53,54 and has proven to be successful in
screening for novel cocrystals.116,117

2.6.3 Through solid

As shown in Section 2.4, solid-state phase transi-
tions are one of the main methods used to generate
various solid forms. Heating and cooling, varying RH,
and mechanical treatments often result in a change of
solid form, thus making solid-state phase transition an
attractive means of generating new solids.

2.7 AMORPHOUS DRUGS
AND SOLID DISPERSIONS

As mentioned in Sections 2.3 and 2.4 earlier in this
chapter, an amorphous phase has higher free energy,
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enthalpy, and entropy than the crystalline counterpart,
and thus finds application in improving oral bioavail-
ability for BCS class II or IV compounds. However,
its unique properties and metastable nature present
significant challenges in commercial applications
of this concept. In reality, there are only a handful of
pharmaceutical products containing amorphous APIs
that have been successfully marketed, despite several
decades of efforts in research and development. As
pointed out by Serajuddin,118 the limited commercial
success reflected challenges from manufacturing diffi-
culties to stability problems. This section aims to briefly
survey the fundamental properties of amorphous
pharmaceuticals and their solid dispersions.

2.7.1 Characteristics of amorphous phases

2.7.1.1 Origin of the glass transition

A number of theories have been proposed to
explain the origin of the glass transition and various
properties of amorphous materials. The free volume
theory and thermodynamic theory are among the most
widely accepted.

Free volume theory119�124 assumes that the volume of
a liquid consists of the volume occupied by the constitu-
ent molecules and the free volume in which molecules
are free to move. The latter exists as voids between mole-
cules and provides room for molecular diffusion. A void
can open up due to thermal fluctuations, thus allowing a
molecule to move through. The glass transition occurs
when the free volume of the system falls below a critical
value, and molecular motion by diffusion ceases
compared to the experimental timescale.

Dolittle125 proposed the following relationship
between viscosity and free volume:

η5A expðbv0=vfÞ ð2:26Þ
Here, v0 is the molecular volume at 0 K, vf is the

free volume, and A and b are constants. Cohen and
Turnbull122 further related the molecular transport in
glasses based on the free volume concept:

D5 ð1=3Þð3kBT=mÞ
1
2expð2γvT=vfÞ ð2:27Þ

where:

D is the diffusivity,
kB is the Boltzmann constant,
m is the molecular mass,
v� is the critical free volume for molecular diffusion.

The free volume theory provides a simple and
plausible explanation and is consistent with many
experimental observations.

As mentioned previously, the glass transition exhi-
bits the features of a second-order phase transition.

Although the glass transition temperature does show
kinetic characteristics, it has been suggested that a true
second-order transition is masked. The Adam-Gibbs
(AG)126,127 model appears to be able to put together a
rigorous explanation of the nature of glass transitions
and identify the true second-order transition tempera-
ture with the Kauzmann temperature, thus avoiding
the entropy crisis. It further relates the molecular
relaxation time to the excess entropy of the amorphous
phase or the configurational entropy, Sc:

τ5τ0 exp
C

TSc

� �
ð2:28Þ

Here, τ0 is the relaxation time of molecules at
an infinitely high temperature, which conceptually
is the relaxation time of the unrestricted molecular
relaxation.128 The overall constant, C, is considered to
be a material-dependent parameter that determines
the magnitude of the temperature dependence of the
relaxation time.

AG theory has been used extensively to explain the
properties of the glassy state, and it is more successful
than the free volume theory in accounting for the pres-
sure dependence of the glass transition temperature.129

However, it is not without criticism.130,131

2.7.1.2 Configurational thermodynamic quantities

The higher heat capacity, entropy, enthalpy, free
energy, and other thermodynamic quantities of the
amorphous state are due to additional modes of molec-
ular motion in this state, including rotation and
translation, which are collectively called configurations.
Therefore, the excess thermodynamic functions are
often called configurational quantities. It should be
noted that anharmonic vibration might make a signifi-
cant contribution to those quantities, as noted by
Goldstein.132

The configurational heat capacity, ΔCp, entropy, ΔS,
enthalpy, ΔH, and free energy, ΔG, can be calculated
based on standard thermodynamic treatments:

ΔCpðTÞ5Ca
pðTÞ2Cx

pðTÞ ð2:29Þ

ΔHðTÞ5HaðTÞ2HxðTÞ5ΔHm1

ðT
Tm

ΔCp dT ð2:30Þ

ΔSðTÞ5 SaðTÞ2 SxðTÞ5ΔSm1

ðT
Tm

ΔCp

T
dT ð2:31Þ

ΔGðTÞ5GaðTÞ2GxðTÞ5ΔHðTÞ2TΔSðTÞ ð2:32Þ
Here, the superscripts a, x, and m denote amor-

phous, crystalline, and melting, respectively.
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2.7.1.3 Molecular relaxation
in the amorphous state

A glass transition occurs when the timescale of
molecular relaxation in the system crosses over the
timescale of the observer. Therefore, the glass transi-
tion can be studied by changing the timescale of the
system under study or the experimental probe. In
that sense, the glass transition is purely a kinetic
phenomenon, and the molecular relaxation time at
the glass transition will apparently depend on the
experimental conditions. For example, a fast heating
or cooling rate corresponds to a shorter timescale of
the probe, which causes the glass transition tempera-
ture to shift to a higher temperature (shorter time-
scale). Periodic perturbations can also be applied,
such as in the case of dynamic mechanical analysis,
temperature-modulated DSC, dielectric analysis, and
rheometric analysis, where the frequency can be
changed. Sometimes the comparison among different
techniques is not straightforward. However, the
average molecular relaxation time at Tg (onset) is
approximately 100 seconds for typical DSC scans at
10�C/min.133

The temperature dependence of the molecular
mobility in the metastable equilibrium supercooled
liquid state is usually described by the Vogel-
Tammann-Fulcher (VTF) equation,134�136 as shown
here, which also can be approximated by the AG
treatment:

τ5 τ0 exp
DT0

T2T0

� �
ð2:33Þ

where T0 is the temperature where molecular motion
ceases (TK), while D is a parameter signifying the
temperature dependence of the relaxation time
constant, or strength of the glass-former. Angell clas-
sified glass-formers as either “strong” or “frag-
ile.”137,138 A strong glass has less (lower activation
energy) temperature dependence on molecular mobil-
ity near Tg than a fragile glass. Molecular mobility in
strong glasses typically exhibits Arrhenius-like tem-
perature dependence, while the Arrhenius plot for a
fragile glass is significantly nonlinear. A stronger
glass is also indicated by smaller change in heat
capacity at Tg than a fragile glass. The strength
parameter D is higher for strong glasses (such as
.100 for SiO2). Most organic glass-formers are frag-
ile, generally with D, 15. Another useful parameter
is the fragility parameter, m, which is related to D as
follows139:

m5
ΔH

2:303RTg
5

DT0

2:303Tgð12T0=TgÞ2
ð2:34Þ

ΔH is the apparent activation energy near Tg, which
can be obtained through the heating rate dependence
of the glass transition temperature140,141:

ΔH52R
d ln q

dð1=TgÞ
ð2:35Þ

To an experimental observer, molecular motion
appears to stop at T , Tg because it takes longer than
the timescale of the probe. However, molecular motion
can be revealed at a longer timescale. An experimental
glass is in a nonequilibrium state. When a glass is
stored at temperatures below its Tg, this nonequilibrium
state, coupled with mobility over a longer timescale,
leads to the so-called physical aging or annealing
phenomena. This is due to structural relaxation of the
nonequilibrium glass toward the metastable equilibrium
or supercooled liquid state (ie, the ideal glass).
A schematic representation of this structural relaxation
is shown in Fig. 2.13.

According to the AG theory on molecular relaxation
in glass-forming liquids, these thermodynamic and
dynamic properties are coupled. Therefore, as the
excess enthalpy and entropy of the nonequilibrium
glass decrease during annealing, the molecular mobility
should also decrease. The rate and extent of this
decrease in molecular mobility may be important to the
physical stability of pharmaceutical glasses.142

Molecular relaxation time constant in the annealed
glasses can be calculated using the AGV equation133,143

via the concept of fictive temperature,133,143�148 Tf:

τðT;TfÞ5 τ0 exp
DT0

T2ðT=TfÞT0

� �
ð2:36Þ

One feature of the structural relaxations in glasses is
their nonlinearity or nonexponentiality. Briefly, this
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FIGURE 2.13 Schematic representation of the structural relaxa-
tion when a glass is annealed at temperature Ta for duration t.
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refers to the nonconstant relaxation time constant,
which is due to the coupling between the relaxation
time and configurational entropy or other quantities.
Molecular mobility continuously decreases during the
storage of pharmaceutical glasses.142

The nonlinearity produces so-called memory effects;
therefore, history is an important factor in studying
the structural relaxation in glasses. Nonlinearity has
been described using the stretched exponential KWW
equation:

φðtÞ5 exp 2

ðt
0

dt0

τðt0Þ

0
@

1
A

β
2
64

3
75 ð2:37Þ

Here, φ(t) is the fraction remaining at time t and β
is an empirical parameter indicating the distribution of
relaxation time constants (0# β# 1).

2.7.2 Characteristics of amorphous
solid dispersions

The term amorphous solid dispersion refers to an
amorphous drug dispersed in a carrier or matrix in the
solid state. Strictly speaking, the term dispersion itself
implies phase immiscibility. However, in pharmaceuti-
cal literature, amorphous solid dispersions are loosely
defined, and they also include systems where the
drug is dispersed in the matrix at the molecular
level (ie, solid solutions). The carriers usually consist
of polymers and other “inert” excipients such as
surfactants. These carriers could be either amorphous
or crystalline. However, amorphous carriers with
complete phase miscibility in amorphous drugs offer
the most advantages for pharmaceutical applications.

The presence of other components (eg, polymeric
carriers) will certainly modify the characteristics of the
amorphous drug. Conceptually, two different scenarios
could arise: amorphous drug-crystalline polymers, and
amorphous drug�amorphous polymers. In the amor-
phous drug-crystalline polymer system, due to com-
plete phase separation, most likely the properties of
the system will be dominated by individual compo-
nents, except that the interfacial interactions may
change certain characteristics of the system (eg, disso-
lution, aggregation, crystallization, etc.). The following
discussion focuses on the other, more common, sce-
nario: amorphous drug�amorphous carrier solid
dispersions.

2.7.2.1 Thermodynamic analyses
and phase miscibility

Phase miscibility in amorphous solid dispersions is
dictated by the thermodynamics of mixing. A decrease
in free energy is a necessary condition to initiate

mixing. However, it alone does not guarantee phase
miscibility.

2.7.2.1.1 Entropy of mixing

Similar to the mixing of small molecules, the mixing
of a polymer with a small molecule leads to an
increase in entropy, and therefore mixing is favored.
However, unlike small molecular mixing, the position
availability is limited for polymers due to restraint
by the polymer chain, resulting in a smaller ΔSmix.
The entropy of mixing for a drug-polymer system can
be treated by the Flory�Huggins lattice model:

ΔSmix 5RðNdlnφd 1NplnφpÞ ð2:38Þ
The subscripts d and p designate drug and polymer,

respectively; N is the number of sites occupied by the
drug or polymer; and φ is the volume fraction of drug
or polymer in the mixture. In the lattice model treat-
ment, the lattice site is usually defined by the volume
of the small molecule. Each polymer molecule then
occupies m such sites, where m is the ratio of the
molecular volume of the polymer to that of the drug.

2.7.2.1.2 Enthalpy of mixing

Similar to the treatment of regular solution theory,
molecular interactions can be built into the lattice model.
However, the original regular solution theory merely
treated van der Waals interactions, which only
accounted for positive deviations from Raoult’s law.
In the lattice model, specific interactions such as
hydrogen bonding were also considered, which play an
important role in dictating phase miscibility, and possi-
bly physical stability, in amorphous solid dispersions.
The enthalpy of mixing is often expressed as

ΔHmix 5RTðN01mNpÞχΦ0Φp ð2:39Þ
where χ is called the Flory�Huggins parameter and
χkT represents the enthalpy change of introducing one
solvent molecule to the polymer. Depending on the
nature of polymer-drug interaction, the enthalpy of
mixing can be positive (eg, in the case of only van der
Waals interactions) or negative (eg, in the case of
hydrogen bonding). Obviously, positive χ causes an
increase in enthalpy and free energy, which disfavors
mixing.

2.7.2.1.3 Free energy of mixing

Based on the Flory�Huggins model, the total free
energy of mixing can be expressed as

ΔGmix5RT ½N0 ln Φ01Np lnΦp

1ðN01mNpÞχΦ0Φp�
ð2:40Þ

The entropy of mixing is the only term that always
favors mixing. However, this term is much smaller
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than observed in the mixing of small molecules, and it
cannot offset a large positive enthalpy of mixing.
Therefore, the free energy of mixing could be negative
or positive depending on the sign and magnitude of
the Flory�Huggins parameter. If the Flory�Huggins
parameter is too large (χ.χcrit), the free energy of
mixing will be positive and no mixing is expected.
Specific interactions such as hydrogen bonding make
χ negative, so phase miscibility may be favored.

By itself, ΔGmix,0 does not necessarily imply a sin-
gle phase. Fig. 2.14 illustrates typical scenarios when
mixing small drug molecules with amorphous poly-
meric carriers. In Fig. 2.14a, ΔGmix.0 for virtually all
compositions; therefore, mixing will not occur and the
amorphous drug and polymer will stay in their own
pure phases. (Strictly speaking, there will always be a
certain extent of mixing. However, in reality, the equi-
librium phases can be considered the same as each
individual component.) Fig. 2.14b represents partial
miscibility. Phase miscibility occurs when φd,φd,1 or
φd.φd,2. When φd,1,φd,φd,2, the solid dispersion

will be phase separated, but not in their individual
components, but in a drug-rich phase (φd,2) and a
polymer-rich phase (φd,1). In Fig. 2.14c, ΔGmix,0 for all
compositions. However, any composition in the range
φd,1,φd,φd,2 will still decompose to two local minima
represented by φd,1 and φd,2, similar to Fig. 2.14b.
Therefore, ΔGmix,0 is only a necessary condition for
complete phase miscibility. Fig. 2.14d represents the
complete phase miscibility.

2.7.2.2 Molecular mobility in amorphous
solid dispersions

When a drug is molecularly dispersed in a polymer,
its molecules experience an environment with both
other drug molecules and the polymer molecules. The
same is true for the polymer. Molecular relaxation
in such a dispersed matrix, therefore, is expected to
reflect such an environment. The average mobility
is usually intermediate between those of the pure com-
ponents. Assuming additivity of free volumes of each
component (ideal mixing), the Tg of an ideal binary
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FIGURE 2.14 Schematic free energy of mixing (a) no mixing; (b) partial miscibility; (c) mixing but with phase separation at some composi-
tions; and (d) complete miscibility.
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mixture can be estimated using the Gordon�Taylor
equation:149,150

Tg;mix 5
w1Tg11Kw2Tg2

w1 1Kw2
ð2:41Þ

where w1 and w2 are the weight fractions of the
components, and K is a constant that can be approxi-
mated by the ratio between the respective changes in
heat capacity at Tg:

K5ΔCp2
=ΔCp1

ð2:42Þ
To the drug, the presence of the polymer usually

causes an increase in Tg, which is often termed an
antiplasticization effect. In addition, the presence
of specific drug-polymer interactions can lead to an
increase in Tg above that predicted. However, if the
drug-polymer (adhesion) interaction is less than those
in drug-drug or polymer-polymer (cohesion) pairs,
then Tg is expected to be lower than predicted.

The change in molecular mobility in the amorphous
phase by incorporating a second component is of
practical relevance to pharmaceuticals other than amor-
phous solid dispersions. Moisture sorption is vastly
increased in an amorphous phase compared to the cor-
responding crystalline phase. This can be explained by
two reasons. The first is that an amorphous phase is
more energetic, thus increasing affinity between water
and the drug molecules. The second reason is that by
removing the crystal lattice, the previous barrier pre-
venting water molecules from entering the crystal lattice
vanishes, and water molecules are now able to access
almost every host molecule. The latter reason is proba-
bly more important. Instead of moisture adsorption on
the crystal surface, water molecules form a molecular
dispersion with the drug, and the phenomenon is more
appropriately called sorption. As predicted by the
Gordon�Taylor equation, the consequence of moisture
sorption into an amorphous phase is a drastically
reduced Tg, and increased molecular mobility even for
a small amount of moisture sorbed, due to the great
plasticization effect of water, which has a Tg of 2137�C.

2.7.2.3 Solubility in polymeric matrix

It is apparent that a solid dispersion is metastable
only when the drug loading exceeds the solubility
limit. Therefore, the solubility of a crystalline drug in a
polymeric matrix is of both theoretical and practical
importance.

It has been challenging to determine drug solubility
in amorphous solid dispersions experimentally, due to
the highly viscous nature and slow kinetics of such
systems. Theoretically, the solubility could be esti-
mated once the Flory�Huggins interaction parameter
becomes known. Methods to derive this parameter in
polymer solutions include vapor pressure reduction,

osmotic pressure, and other solution techniques, as
well as melting-point depression. Most of these solu-
tion techniques are difficult to apply to drug-polymer
systems. However, the melting-point depression151,152

can be well adapted to amorphous solid dispersions.153

This approach is briefly described next.
When a crystalline drug is in equilibrium with

a polymer, the chemical potential of the crystalline drug
equals that of the dissolved drug in the drug-polymer
system. The chemical potential of the drug in solution
can be derived based on the free energy of mixing:

Δμd 5μd2μ0
d 5

	@ΔGmix

@Nd



Np;T;P

5RT

"
ln Φd1Φp

�
12

1
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�
1χΦ2

p

# ð2:43Þ

Here, μ0
d is the chemical potential of the pure

amorphous drug, which is the same as the molar free
energy of the pure amorphous drug at the temperature
of the reduced melting point, Tm.

The molar free energy of pure amorphous drug can
be related to that of the crystalline drug:

μ0
dðTmÞ5GaðTmÞ5GxðTmÞ1ΔHmð12Tm=T

0
mÞ

1

ðTm

T0
m

ΔCp dT2T

ðTm

T0
m

ΔCp

T
dT
ð2:44Þ

Here, T0
m is the melting temperature of the pure crys-

talline drug, and Gx(Tm) is the molar free energy of the
crystalline drug at Tm, which is identical to its chemical
potential, μx(Tm). The following relationship can then
be obtained by equating the chemical potential of the
drug in polymer and that of the crystalline drug:
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The χ-parameter can then be estimated, based
on Eq. (2.45) using melting-point depression data.
A simplified equation has been used in the literature
by ignoring the contribution from excess heat capacity:
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ð2:46Þ

Once the χ parameter becomes known, one
can estimate the solubility at lower temperatures.
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However, two points need to be made. First, Eq. (2.46)
only applies to systems where the amorphous drug and
amorphous polymer are in a single phase. As discussed
in the previous section, the free energy of mixing will
be further reduced if phase separation exists while
ΔGmix,0. Second, the solubility obtained from melting-
point depression corresponds to that in the rubbery
state. However, amorphous solid dispersions are
intended to be stored in the glassy state. Therefore, a
large discrepancy might indeed be expected.

Solubilization certainly further reduces the driving
force for crystallization of the amorphous drug.
However, drug solubility in polymers at room temper-
ature is generally quite small; therefore, the tangible
impact at normal storage temperatures is possibly
limited.

2.7.3 Crystallization of amorphous drugs
and dispersions

Crystallization or physical instability is probably
one of the greatest challenges for developing amor-
phous solid dispersions. Although there has been
extensive research in this area, consensus has not been
reached. A brief summary on the current thinking on
this subject follows.

2.7.3.1 Molecular mobility

Molecular mobility plays a key role in physical and
chemical stability in amorphous phases, and its impor-
tance can be readily understood. For any physical or
chemical process, the molecules involved must take
appropriate positions and orientations, so that it can
proceed.154 Therefore, molecular motions, such as
translation and rotation, are essential in any physical
or chemical change of the system. In solution or in the
melt, molecular translation and rotation are usually
faster than the physical or chemical change itself, so
that the overall rate is independent of diffusion of the
reactant or product. However, in the solid state, molec-
ular diffusion is orders of magnitudes slower than in
solution and, in most cases, can be comparable to, or
even slower than, the rate of reaction. It is likely that
molecular motion becomes partially or completely
rate-limiting in solid-state reactions.

The partial correlation between molecular mobility
and physical/chemical stability has been demon-
strated for a number of pharmaceutical systems.155�159

The crystallization rates of amorphous nifedipine in
the presence of different excipients were correlated
to the spin-lattice relaxation time of D2O in these
matrices.155 Differences in crystallization rates of
amorphous nifedipine, phenobarbital, and flopropione
were attributed to their differences in molecular
mobility.156 In a follow-up study, the temperature

dependence of physical stability of amorphous nifedi-
pine and phenobarbital were correlated to a large
extent to the temperature dependence of molecular
relaxation time constant.157 Physical stability of a
lyophilized monoclonal antibody in sucrose and treha-
lose was correlated to molecular mobility measured
by enthalpy relaxation, but not the glass transition
temperature.158 It was also shown that the fragility of
the formulations played a role. Chemical degradation
of amorphous quinapril hydrochloride demonstrated
significant correlation with molecular relaxation time
constant at temperatures below Tg.

159 Bimolecular
reaction rates of acetyl transfer, as well as the Maillard
reaction in lyophilized aspirin-sulfadiazine formula-
tions, were concluded to be predictable based on
molecular mobility.160 While the chemical stability
of lyophilized insulin showed correlation with the
molecular mobility in trehalose formulation, the con-
tribution of molecular mobility was found to be
negligible in a PVP formulation.161,162

To maintain adequate physical stability, storage
below Tg is apparently needed. However, unlike the
metastable equilibrium supercooled state, molecular
mobility in the glassy state is much higher and is less
dependent on temperature. Therefore, the advantage
achieved by just storing an amorphous formulation at
temperatures far below Tg is not as great as expected,
based on that predicted using the VTF equation. Along
the same lines, the suggestion of storage at the
Kauzmann temperature (typically Tg5250�C, but
varying depending on the fragility) will likely not pro-
vide the intended consequences because realistic
glasses possess much higher mobility than ideal
glasses, and molecular mobility at TK is still significant.
Nevertheless, raising the Tg of amorphous dispersions
by incorporating a high Tg excipient is still a sound
tactic, as implied by the Gordon�Taylor equation.
However, the limitations of this approach need to
be kept in mind. Tg is not necessarily a predictor of
physical stability.158 In addition, compromises may be
necessary because a higher process temperature will
usually be required for higher Tg formulations if the
melt method is employed in manufacturing.

The rate of crystallization may also decouple from
the viscosity of glasses. Hikima et al.163 studied the
o-terphenyl system and observed that crystal growth
increased abruptly near Tg and below, orders of mag-
nitude faster than expected from diffusion-controlled
growth. Most recently, Yu and coworkers identified
a few pharmaceutical systems exhibiting similar
behavior, including indomethacin,164 nifedipine,165

and the ROY system.166,167 Many questions remain to
be answered; however, this glass�crystal mode of
crystal growth appeared to be related to the precur-
sors present in liquid and crystal structure
(polymorph).166,167
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2.7.3.2 Free energy driving force

In addition to the molecular mobility, the role of the
free energy driving force has been historically
discussed when dealing with crystallization from
supercooled melts.168 Mobility determines how fast a
molecule can impinge on the surface of a growing
crystal. However, not every impingement leads to suc-
cessful incorporation of the molecule. The probability
of the molecule not coming back to the liquid phase
is related to the free energy driving force: the higher
the free energy difference, the more likely the molecule
will stay in the crystal lattice. The relationship can be
described as follows:164

u5 ðk=ηÞ½12expð2ΔG=RTÞ� ð2:47Þ
where:

η is the viscosity (proportional to molecular relaxa-
tion time constant),

ΔG is the free energy driving force,
R is a gas constant,
k is a constant.
While the viscosity of a supercooled liquid can

be described by an empirical equation such as VTF,
ΔG is approximately proportional to the degree of
supercooling, ΔT5Tm�T. Based on this relationship,
the temperature for the maximum crystallization rate
falls between the glass transition temperature and
the melting temperature, as depicted in Fig. 2.15.

2.7.3.3 Configurational entropy

Considering the metastable nature of an amorphous
phase (ie, ΔG 5 Ga�Gx . 0), it is interesting that
the amorphous phase has both higher enthalpy and
higher entropy. From the thermodynamic relationship
ΔG5ΔH�TΔS, it can be concluded that the higher

free energy of amorphous phase is due to the enthalpy
factor, while the entropy term partially offsets the
enthalpy term, which actually reduces the overall
free energy. It is apparent that the free energy and
the enthalpy of amorphous state facilitate reversion
to the crystalline form. The entropy term appears to
behave somewhat differently.

As discussed previously, crystallization from super-
cooled melts are generally discussed in the context of
molecular mobility and free energy driving force. For
crystallization near and below Tg, which is generally
the case where physical stability of amorphous
pharmaceuticals is concerned, crystallization is mainly
dictated by molecular mobility. Indeed, molecular
mobility is generally accepted as a principal factor
governing the physical stability of amorphous
phases.62,169,170 One simple fact is that crystallization of
amorphous phases proceeds much faster in the rub-
bery state compared to the glassy state. As briefly
noted, molecular mobility has been correlated partially
or fully to physical/chemical stability in a number of
pharmaceutical systems.

Nevertheless, significant differences in crystalliza-
tion behavior are observed across compounds, and
these cannot be explained by mobility alone. For
example, some amorphous phases crystallize almost
immediately at the glass temperature (eg, acetamino-
phen171), some crystallize below Tg in a relatively
short time (eg, griseofulvin172 and nifedipine156,157),
while others are quite stable. For some of the more
stable amorphous phases, such as ritonavir,171 crystal-
lization in the glassy state is not observed, and it does
not proceed at a significant rate above Tg without
seeding. Because Tg corresponds to the temperature
where the molecular relaxation time of the amor-
phous phase is equivalent to the experimental
timescale, it is clear that the same molecular mobility
results in different crystallization tendencies.

The authors have explored the physical stability
of a diverse group of pharmaceutically relevant com-
pounds, attempting to identify thermodynamic quan-
tities contributing to crystallization tendency. Through
this analysis, it was concluded that the calorimetric
configurational entropy also played an important
role.142,171

In simple terms, configurational entropy is a mea-
sure of the difference in the number of configurations
between the amorphous and crystalline phases. For
molecules in the amorphous state to crystallize,
the molecule has to pack into a defined crystal lattice
with a defined configuration or orientation. Therefore,
the higher the configurational entropy, the lower the
probability that the molecules will assume the desir-
able orientation for packing into the crystal lattice.
Hence, a metastable amorphous compound with large
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FIGURE 2.15 Schematic representation of crystallization rate
from supercooled liquids.
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configurational entropy tends to show greater physical
stability. This is analogous to the common experience
of chemists and biochemists that large molecules with
numerous rotatable bonds are generally difficult to
crystallize from solution. It has been hypothesized that
configurational entropy serves as a thermodynamic
measurement of the probability of nucleation, while
the molecular mobility dictates the rate at which a
molecule can change its configurations and serves as
a kinetic measurement of nucleation. When these two
quantities were evaluated with respect to molecular
structure, it was possible to provide an assessment of
physical stability. Therefore, in relative terms, small,
rigid molecules will tend to crystallize more easily
than large, flexible compounds.

Recently, Ediger et al.173 surveyed the crystallization
rates of a number of inorganic and organic systems
and identified a correlation between rate of crystalliza-
tion and entropy difference. In light of this new
development, it seems appropriate that roles of mobil-
ity, entropy, and free energy during crystallization can
be discussed in the context of three consecutive events
during crystallization: mobility determines the rate of
molecule approaching a crystal surface; entropy relates
to the probability of that approaching molecule having
the desirable configurations; and the free energy
dictates the probability of that molecule not returning
to the liquid phase. A more or less quantitative
relationship may be represented as

u5 ðk=ηξÞ expð2ΔS=RÞ½12expð2ΔG=RTÞ� ð2:48Þ
Here, ξ is a constant describing the extent of correla-

tion between crystallization rate and diffusivity.

2.7.3.4 Crystallization inhibition

Historically, polymers have been found to inhibit crys-
tallization from solution. Among those pharmaceutically
relevant ones, PVP has been extensively studied.174�178

Other crystallization inhibitors include Pluronic F68,179

cellulose derivatives,180 and cyclodextrins.181

Polymeric carriers or other additives have also been
shown to inhibit crystallization from amorphous solid
dispersions. Thermodynamics dictates that amorphous
drug would crystallize if given sufficient time. However,
from the perspective of a formulation scientist, it is
of great benefit if one can delay this crystallization
process to obtain adequate shelf life. There are many
examples of crystallization inhibition in amorphous
solid dispersions;182�188 however the mechanisms of
such effects remain to be determined.

When dealing with solid dispersions, a key parameter
is the molecular mobility or, approximately, Tg. The anti-
plasticization effect of polymeric carriers is considered
important and could conceptually lead to a more

stable amorphous phase than the drug itself. However,
this factor alone is not entirely responsible for some
experimental observations. For example, amorphous
solid dispersions of felodipine with PVP, hydroxypropyl
methylcellulose acetate succinate (HPMCAS), and
hydroxypropyl methyl cellulose (HPMC)188 showed
similar stability profiles, while only its dispersion with
PVP showed a significant increase in Tg for polymer
loading up to 25%.

Specific interactions between drug and polymers
were also considered to be important. For example, the
inhibition of crystallization of amorphous indometha-
cin by PVP and PVP-co-PVA was ascribed to the
hydrogen bonding interaction between the polymers
and drug molecules.183 PVP was found to inhibit the
crystallization of indomethacin more with larger
particles than smaller ones,184 and was consistent with
the observation of predominantly surface nucleation.
An ion-dipole interaction was proposed to be partially
responsible for the crystallization inhibition in
solid dispersions of PVP185 and a developmental drug,
which could not be attributed to mobility alone. The
increase in physical stability of amorphous nifedipine
in ethylcellulose and Eudragit RL dispersions were
also explained by the hydrogen-bonding interaction
between drugs and polymers.186 Strong interactions
were observed in acetaminophen/aminoacetanilide
and PVP/polyacryric acid polymers, which led to
improved physical stability187 and correlated with the
strength of the specific interaction.189 However,
the felodipine dispersions with PVP, HPMC, and
HPMCAS showed similar inhibitory effects, although
the hydrogen-bonding strengths followed
PVP.HPMC.HPMCAS.188 These findings may not
appear to be consistent. The situation is quite complex
with the presence of specific interactions. On the one
hand, strong drug-polymer interactions lead to greater
reductions in molecular mobility than predicted by
free volume additivity alone. On the other hand, the
presence of certain intermolecular structures between
drug and polymer molecules due to specific interac-
tions may create a kinetic barrier for the amorphous
drug to crystallize. Additionally, specific interactions
decrease the free energy of the system. All these fac-
tors appear to work toward stabilization, albeit maybe
to different extents. However, it is difficult to delineate
the individual contributions.

While it is important to maintain the physical
stability of amorphous dispersions during storage, it
is also useful to utilize similar concepts for solid
dispersions during in vivo dissolution. The higher
dissolution rate and apparent solubility of an amor-
phous drug usually causes supersaturation during
in vivo dissolution, and therefore may lead to precipi-
tation in the GI tract and compromise oral
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bioavailability. If such a crystallization-inhibitory
polymer is incorporated into the amorphous solid dis-
persion, then the in vivo precipitation may be delayed
or completely eliminated, resulting in much improved
oral absorption. It is ideal if the polymeric carrier can
function as a crystallization inhibitor, both during
storage and during in vivo dissolution. However, the
mechanisms may not be the same, and different inhi-
bitors may indeed be necessary. A few examples have
been reported. Various itraconazole solid dispersions
were prepared by hot-melt extrusion and compared
with the commercial drug Sporanox in a clinical
study.66 The bioavailability relative to Sporanox was
102.9%, 77.0%, and 68% for the HPMC, Eudragit E
100, and Eudragit E 100-poly(vinylpyrollidone-co-
vinylacetate) solid dispersions, respectively, in oppo-
site rank order of their in vitro dissolution data. The
reason was speculated to be due to the crystallization-
inhibitory role of HPMC during dissolution.
Similarly, an in vitro dissolution study indicated that
supersaturation was maintained for an amorphous
solid dispersion of albendazole in hydroxypropyl
methylcellulose phthalate (HP-55), but not with
HPMC,190 which lead to its higher in vivo perfor-
mance in rabbits.190

2.8 SPECIALTOPICS

2.8.1 Polymorph screening and stable form
screening

Polymorph screening is a practice focusing on the
discovery of crystalline solids, mostly polymorphs.
However, it includes the search for hydrates and
solvates as well. Historically, polymorph screening
usually included the following approaches:

1. Recrystallization under various conditions: the
crystallinity of the original solid is removed by
dissolving in solutions or melting. Crystallinity is
then regenerated under a variety of conditions
(such as temperature, solvent, supersaturation,
additives, etc.) to see whether it results in other
crystal forms.

2. Examining the solid-solid transitions induced by
heat, humidity, mechanical stresses, etc.

Although it is valuable to screen and discover all
crystal forms for a particular compound, finding the
most stable polymorph is practically the most impor-
tant aspect in polymorph screening. A polymorph-
screening procedure that provides a greater probability
of finding the stable polymorph was formulated.191

The use of a suspension/slurry and the principle of

SMPT to facilitate this process was described in detail
as follows:

1. Recrystallization:
a. Use the available polymorph.
b. Ensure complete dissolution of the solid, to

eliminate any seeds of the original polymorph.
c. Recrystallize at a low rate, either at a low cooling

rate or at a low rate of solvent evaporation.
d. Use a wide range of final temperatures. If

cooling crystallization is employed, the induction
time and the rate of transformation of the
metastable phase to the stable phase may vary
with temperature.

2. After recrystallization, add a small amount of the
original polymorph to the suspension and stir
for various times, and examine the solid phase
regularly. The length of time depends on the
compound of interest, and the longer the better,
provided that it has satisfactory chemical stability
in the solution. The minimum time recommended
is 7 days.

3. A range of solvents, with a variety of different
characteristics such as hydrogen bonding, dielectric
constant, solvency for the compound, should be
employed.

This procedure improves the chance of finding
the stable polymorph when a new pharmaceutical
candidate is under investigation. Although slightly
more time and effort are required, this procedure is
technically easy, and the outcome may easily outweigh
the effort.

Recently, one variation of this procedure, where
initial crystallization was not performed, was reported
being used in the routine early screening for
stable phases.192 Encouraging statistical data were
reported by the authors:

Based on limited statistics (n5 43), approximately 26%
of early discovery compounds (received as crystalline
phases) converted to more stable polymorphs during the
stable polymorph screen. To date, more stable polymorphs
have not been observed for any of those 43 candidates that
have advanced into development.

2.8.2 High-Throughput crystallization

Automation in crystallization has been on the rise in
recent years and has shown great promise in the areas
of polymorph screening and crystal engineering; that
is, searching for cocrystals of better physicochemical
properties.193�196 There are several advantages of
robotic crystallization over conventional manual
crystallization. First, the robot is designed to perform
tasks in a parallel fashion; therefore, it is able to
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examine the various parameters quickly. Second,
because of the rapidity, robotic crystallization is able to
explore parameters influencing crystallization more
thoroughly, leading to a better understanding. Third,
robotic crystallization requires less material. Fourth,
because of the thoroughness, robotic crystallization
may produce crystal forms that are otherwise not
accessible by conventional crystallization.

2.8.3 Miniaturization in crystallization

Another trend in the crystallization of pharmaceutical
materials is miniaturization. Reducing the material
needed is essential for studies during early develop-
ment, where the cost of API is extremely high and
availability is scarce. Several studies were conducted
using capillary tubes.197�199 In addition to the benefit of
reduced material consumption (5�50 μL of solution), the
authors reported the discovery of previous unknown
polymorphs owing to crystallization in a confined space
in some cases.

Most recently, microfluidics technology that is
capable of scaling down further by 10- to 100-fold
has been applied to crystallization. Although most of
the current applications are toward the crystallization
of proteins,200�203 the extension to pharmaceutically
relevant small molecules has already begun.204�206
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Solid-State Characterization and Techniques
D. Law and D. Zhou

AbbVie Inc., North Chicago, IL, United States

3.1 INTRODUCTION

Understanding characterization of pharmaceutical
solids encompasses three areas: (1) single-component
characterization such as raw material, active pharma-
ceutical ingredient (API), excipient; (2) formulation or
multicomponent characterization; and (3) understand-
ing the pros and cons of the analytical techniques
used in the characterization. All or most analytical
techniques usually rely on measuring response to a
perturbation. Therefore, analytical measurements of
a solid pose a particular challenge because it is in a
condensed state and thus has slower molecular mobil-
ity. Consequently for solids, be it crystalline or amor-
phous, the response is weaker than in a solution, and
any additional heterogeneity contributes to variability
in the signal. Heterogeneity arises from differences in
particle size, morphology, trace impurities, and crystal
defects that are inherent to all pharmaceutical solids.
In addition, for formulations, the presence of excipi-
ents further complicates the analysis. Therefore, multi-
ple methods are utilized before conclusions can be
drawn. It is analogous to solving a jigsaw puzzle
where each technique provides a piece of the answer,
and at the end, each piece is required to sum up to
provide a consistent picture. Consequently there exists
a plethora of techniques that are utilized by pharmaceu-
tical scientists, and these range from evaluating macro-
scopic properties such as surface area and particle size
to molecular properties such as crystal packing, mole-
cular mobility, and solid-state interaction. Additionally
some of these techniques glean information about the
powder bed, for example, flow or compressibility,
while others provide information regarding intrinsic
properties such as crystal packing. Furthermore, combi-
nation techniques, which are also called hyphenated

techniques, for example, variable temperature-powder
X-ray diffraction (PXRD), are becoming more and more
popular in recent times because they allow multifaceted
evaluation and increased sensitivity.

It is not possible to describe every technique a
pharmaceutical scientist utilizes in the development of
solid dosage form. Therefore, it is acknowledged that
there are numerous commonly used techniques both
macroscopic, such as specific surface area measure-
ment, flow property evaluation, and compressibility,
as well as molecular-level evaluations such as pycno-
metry, dielectric spectroscopy, and terahertz pulsed
spectroscopy, that are not discussed in this chapter,
nor is it possible to provide an in-depth description of
each technique with respect to theory and funda-
mentals as well as applications. There are several
excellent books available that describe the instrumental
fundaments. The focus of the chapter will be to pro-
vide an understanding of some commonly used techni-
ques with a few examples on the application of the
techniques for pharmaceutical scientists.

The chapter will cover some of the more com-
monly used techniques that are used for solid-state
characterization of both APIs as well as formulations.
For each technique, the section provides an introduc-
tion to the technique including a brief summary
of the fundamentals followed by examples/citations
of the use of the technique for characterization for
a single component (eg, API ingredient) as well as
multicomponent (eg, formulation) system. The con-
clusion of each section will outline some pros and
cons associated with each technique. The goal for
each section will be to highlight the technique with
respect to its application as well as to provide the
reader with citations that are valuable for further
research.
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3.2 MICROSCOPY

Microscopy as a tool for analyzing pharmaceuticals
is common because it forms a very powerful basis for
characterization of pharmaceutical solids. Fundamentals
of this technique can be found in several books.1 There
are several types of microscopes that are used for solid-
state characterization, and a few have been discussed in
this section. The method selected here considers the
basis of interaction with the sample: (1) light or photon
interaction is the basis for optical microscopy, (2) elec-
trons instead of light constitute electron microscopy,
and (3) a probe may be used to generate the image in
the case of probe microscopy. The first two of the three
techniques are most common; therefore, emphasis will
be placed on optical and electron microscopy.

3.2.1 Optical microscopy

An optical microscope or light microscope uses
visible light and a system of lenses to magnify a small
sample. A basic optical microscope can be as simple
as a magnifying glass (single lens microscope). For
pharmaceutical applications, compound microscopes
generally are used because they provide better resolu-
tion. Often these compound microscopes are connected
to a charge-coupled device camera so that images can
be directly viewed on a computer screen.

A cartoon of a compound optical microscope is
presented in Fig. 3.1a. The ocular lens or the eyepiece
provides 103 to 153 magnification and is connected
via a barrel to the objective lenses. The objective lenses
can be raised or lowered via the arm, and they revolve
around the nosepiece. These lenses come in various
magnifications, for example, 43 , 103 , 403 , and
1003 , and are distinctly marked. Usually there are
four lenses. Below the lens is the stage where the
sample slide is placed. There are clips on this stage to

hold the sample slide in place. The adjustment knobs
on the side of the microscope involve both coarse and
fine adjustments and are used to bring the sample into
focus. Located below the stage is the lamp or the light
source, and its brightness can be adjusted using the
dimmer. The diaphragm is a circular disc between
the lamp and the stage that varies the light intensity
going through the sample.

A special case of compound microscope is the
polarizing microscope, where a polarizer is placed after
the light source. The sample is placed on a rotating
stage, and an analyzer is placed before the eyepiece.
Polarizing light microscopy exploits electromagnetic
properties of light and anisotropy of crystalline solids
to generate pleochroism.

If we follow Fig. 3.1b, light is an electromagnetic
wave, or it is constructed of a longitudinal wave or the
electric spectra, and at 90� to it is the lateral wave or
the magnetic spectra. Focusing only on the electric
wave vector, ordinary light or nonpolarized light has
vectors at all different directions. When nonpolarized
light is passed through an element called the polarizer,
linear polarized light can be produced. This element
has a slit that allows light to pass through in only
in one direction. Crystals are usually anisotropic with
intrinsic properties related to crystal packing, for
example, refractive indices are different in different
directions. There are, however, crystalline materials
such as sodium chloride that are isotropic, but most
pharmaceutical crystals are anisotropic. If an anisotro-
pic material is placed in the path of the polarized light,
it will split the beam into two perpendicular compo-
nents: magnetic and electric. This ability to split the
light is called birefringence. The velocities of the com-
ponents will be dependent on the sample’s intrinsic
properties. When this light passes through the ana-
lyzer, which is simply another polarizer but placed
perpendicular to the previous polarizer, the analyzer

FIGURE 3.1 (a) Light microscope. (b) Polarized
and unpolarized light and interaction of polarized
light anisotropic sample.
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combines the light. The difference in velocity will lead
to constructive and destructive interference.

If the birefringent specimen is rotated, it produces
brilliant colors as well as extinctions depending on
the angle of the rotating stage. On the other hand,
if the specimen is isotropic (ie, intrinsic properties are
the same in all directions viewed with a set of polari-
zers), then either all light will pass through it and
it looks bright, or no light will pass through, and it
looks dark. Polarized light microscopy is a simple but
a powerful tool to the pharmaceutical scientist and
often is the first technique used to identify if the
sample is amorphous or crystalline. In addition to
optical microscopy and polarized light microscopy,
there are other techniques such as fluorescent micros-
copy and phase contrast microscopy that are used to
limited extent by pharmaceutical scientists.

Most pharmaceutical active ingredients are crystal-
line, and the molecules are packed to produce a 3-D
periodicity over a long range. This 3-D periodicity influ-
ences a variety of properties, and one such influence is
the way the material interacts with light. The spacing of
molecules along the crystallographic axis determines
the crystal system, most notably the optical properties.
Extreme cases are diamond and graphite. In the case
of diamond, the C-atoms atoms have a tetrahedral
arrangement, creating planes that synergistically refract
the light producing its brilliance, while the same

C-atom assumes a planar structure with hexagonal
packing that synergistically absorbs light, and it looks
black. Likewise, pharmaceuticals do exhibit market-
edly different optical properties and, therefore, can
be easily identified using optical microscope. For
example, ROY or 5-methyl-2-[(2-nitrophenyl)amino]-3-
thiophenecarbonitrile, is known for its red, orange,
and yellow crystals and has seven polymorphs with
solved structures, which is the largest number in the
Cambridge Structural Database (Fig. 3.2).2

Polarized light microscopes have frequently been
used for monitoring, understanding, and observing phase
changes. For example, the amorphous-to-crystalline
transition3 was monitored during the dissolution of
indomethacin (Fig. 3.3a), while the degradation studies4

of different crystal forms of indomethacin were
monitored as seen in Fig. 3.3b.

As noted by the authors2 themselves, it is rare in the
pharmaceutical field to have polymorphs of different
colors. Most active pharmaceuticals (both API and
excipients) are white to off-white powders. However,
when viewed under a polarized light microscope, they
can exhibit birefringence that is inherent to the crystal
form. Depending on pleochroism of the different poly-
morphs, it might be possible to use a polarized light
microscope to identify different polymorphs. This
method was particularly useful for studying phase
transition of the low-dose pharmaceutical (Fig. 3.4).5

FIGURE 3.2 Crystalline poly-
morphs of ROY: different polymorphs
viewed using optical microscope.

FIGURE 3.3 (a) Solvent-mediated crystallization
from amorphous. (b) Decomposition of different forms
of indomethacin.
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In this case, the authors found that when the crystals
were oriented in a certain direction, one crystal form
was pleochroic, while the other was not; thus they
could identify the presence of the correct form in the
tablet using a polarized light microscope. These are
only a few applications of optical microscopy, illustrat-
ing that although it is a qualitative technique, it is also
a useful tool for analyzing both API and formulations.

3.2.2 Electron microscopy

Unlike light microscopy, in the case of electron
microscopy, electrons are used instead of light. There
are two main types of electron microscopes: scanning
electron microscopes (SEM) and transmission electron
microscopes (TEM). As the name suggests, in SEM,
the electron beam scans the surface, while in TEM the
beam is transmitted through a thin specimen. For phar-
maceutical solids, SEM is more widely used than TEM
because the latter does require the production of thin
films. Therefore, this section will focus on fundamentals
and the use of SEM for pharmaceutical applications.

Fig. 3.5a provides a schematic for the operation of a
SEM. It consists of an electron gun that releases elec-
trons. This gun is usually a tungsten filament heated
to 2400�C when it starts emitting electrons. These

electrons go through an anode, which being positively
charged accelerates and collimates the electrons.
The accelerating potential can be varied by the opera-
tor from 1 to 30 kV. In the case of an optical micro-
scope, glass lenses are used, while an electron
microscope uses magnetic lens. The magnetic lens
focuses the electrons into a narrow electron beam as
well as controls the amount of electrons hitting the sur-
face of the sample. Then there are detectors that collect
the signal and are connected to computers that con-
struct the image. Before discussing the detectors, it is
important to take a minute to discuss what happens
when the electron beam encounters the sample.

When electron beams encounter the sample,
electrons can be absorbed, reflected, excite the surface
releasing secondary electrons, or emit specific radia-
tion (Fig. 3.5b). The reflected electron is the backs-
cattered electrons, so there is always a backscattering
detector. The most important signal comes from the
secondary electrons. This signal is used to construct
the surface structure of the sample. Since there is no
light that is used for this technique, one cannot see
the sample or colors; it is the distance these secon-
dary electrons travel that allows for the construction
of the image. There may be some sample-specific
X-ray radiation generated by the absorbed electrons, so

FIGURE 3.4 Different crystal forms exhibit
different birefringence.

FIGURE 3.5 (a) Schematic principle of electron microscope. (b) Electrons scattering by the sample.
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sometimes SEMs have X-ray detectors in addition to
backscattering and secondary electron detectors. These
X-ray detectors, if present, can provide some informa-
tion regarding the surface composition.

The most popular application of SEM in the field of
pharmaceuticals is in the evaluation and understand-
ing of the morphology of APIs, excipients, and granu-
lations. Here is one application6: paclitaxel is an
anticancer agent that has exhibited solubility-related
drug delivery challenges. Although formulations with
cremophor have proven to be successful in paclitaxel
delivery, this surfactant has toxic side effects; there-
fore, TPGS-PLGA nanoparticles were explored to mini-
mize toxicity. As seen in Fig. 3.6, SEM provided
valuable information regarding the impact of nanopar-
ticle morphology as a function of TPGS concentration
as well as the mechanism in which the TPGS was
incorporated.

3.2.3 Probe microscopy

Probe microscopy is the next step or an extension of
electron microscopy. These methods allow still higher
resolution than SEM or TEM. In this case, the sample
surface at an atomic or molecular scale or nanoscale
dimensions can be evaluated using a sharp cantilever
tip. There are two types of microscopes in this field:
(1) a scanning tunneling microscope (STM) and (2) an

atomic force microscope (AFM). Since the AFM is
more widely used in the pharmaceutical field, this
section will focus only on AFM techniques and appli-
cations. The basic principle of AFM is outlined in
Fig. 3.7. In AFM, a cantilever with a very sharp tip is
used to scan the sample surface. As the cantilever
approaches the surface, the attractive forces cause the
cantilever to bend, but as the cantilever gets close to
the surface such that it makes contact, repulsive forces
takeover, causing the cantilever to deflect away from
the surface. A laser coupled with a photo-diode is
used to monitor the deflection of the cantilever. This
deflection as a function of surface topography is then
used to generate the sample image. This is the descrip-
tion when the instrument is operated in contact mode.
AFM is currently available in contact mode, tapping
mode, and peak force tapping mode, and the different
modes are used to obtain the desired resolution.

Some of the early pioneering work using molecular
crystals in the field of AFM evaluated crystallization
from a solution phase. Fig. 3.8a shows the crystalliza-
tion of calcite in the absence and presence of aspartic
acid.7 The addition of aspartic acid to growth solutions
has a dramatic effect on the spiral morphology, with
the crystal growth hillocks becoming asymmetric
and rounded. The authors evaluated growth mechan-
isms in both organic solution as well as biomaterials,
which led to greater understanding of the molecular

FIGURE 3.6 SEM image of TPGS impact on PLGA nanoparticles.

FIGURE 3.7 Schematic principle of an atomic force microscope with cantilever at a reference position (a) and with cantilever scanning
down to sample surface (b).

633.2 MICROSCOPY

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



organization in the crystal lattice. More recently, AFM
was used to evaluate formulation stability. Again, an
example has been provided8: In Fig. 3.8b, amorphous
formulations (of CETP inhibitor) in a polymer (PVP
VA 64) were exposed to 75% RH, and crystal growth
was monitored as a function of time. The authors
evaluated a list of polymers for developing amorphous
formulation (Eudragit L100, HPMCAS, PVP, etc.), and
these studies allowed them to choose the polymer
that provided the best stability when exposed to
humidity. These microscopic techniques, although not
quantitative, are powerful in detecting small changes
in samples with the best precision.

The microscopes described in this section vary from
those that are simple and provide information regard-
ing morphology to highly sophisticated ones that allow
visualization of crystal growth steps. The key advan-
tages of microscopy are that one can see the sample,
small changes can be detected, and a very small
amount of sample is required, but the technique is
qualitative and visual, not quantitative.

3.3 POWDER X-RAY DIFFRACTION

X-ray diffraction techniques have been used for
determining crystal structure, but in the pharmaceuti-
cal industry, by far the most common use of X-ray
diffraction is associated with analyzing powder sam-
ples. This technique is nondestructive and is typically
used for evaluating the degree of crystallinity, charac-
terizing polymorphs and solvates, and the study of
phase transitions.

Crystalline solids have long-range 3-D periodicity.
The unit cell as shown in Fig. 3.9a is the basic

repeating unit or symmetry that defines the crystal
lattice structure. This unit repeats in all three dimen-
sions over a long range to produce the crystal structure
(Fig. 3.9b). It can be envisioned that the molecules in
the unit cell can pack in different ways, producing dif-
ferent crystal structures. When a pharmaceutical solid
can exist in different molecular packing, it is said to
exhibit polymorphism. Since this crystal structure
influences the intrinsic properties of a solid, under-
standing it is an integral aspect of drug development.
A dramatic impact of packing can be demonstrated
with diamond (Fig. 3.9c) and graphite (Fig. 3.9d). In
diamond the tetrahedral packing of carbon results in
planes that reflect light synergistically, producing its
luster. In graphite the same carbon packs in laminar
layers, allowing synergistic light absorption causing a
black appearance. Diamond is one of the hardest
known crystals, whereas in the case of graphite, the
planar layers can slide under stress, making graphite
a relatively soft crystal that can readily deform. This
example demonstrates the consequence of packing
the results in dramatically different responses to light
or mechanical stress perturbation. In fact, crystal
packing can influence thermodynamic properties such
as melting and solubility, kinetic properties such as
stability and dissolution, and surface properties such
as morphology and spectroscopic properties.9

Therefore, in order to have consistent bioavailability,
stability, or manufacturability, it is essential to maintain
the desired crystal form for the API or excipient, thus
making utilization of powder diffraction technique
essential for drug development as well as on-market
support. A brief description of the concept and experi-
mental technique is discussed, but the reader should
refer to specialized textbooks for details.10,11

FIGURE 3.8 (a) Crystallization of pure calcite in the presence of aspartic acid. (b) Crystallization of amorphous formulation when exposed
to high relative humidity.
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The diffraction patterns depend on a series of planes
in a crystal lattice. The orientation of these planes is a
function of the molecular packing and is defined by
Miller indices by considering how the planes intersect
the main crystallographic axes of the solid. A set of
rules leads to the assignment of the Miller indices (hkl),
which is a group of numbers that represent
the reciprocal axial intercepts and uniquely identify
the planes of a crystal. Although Miller notations are
used to define direction as well as planes, for the
purpose of this discussion, only planes (hkl) and
family of planes {hkl} will be considered.

Diffraction is a scattering phenomenon. X-rays are
electromagnetic radiation that lie between ultraviolet
(UV) and gamma radiation in the electromagnetic

spectrum, and when X-rays are incidental to crystalline
solids, they are scattered in all directions. Bragg’s law
(Fig. 3.10a) describes the conditions under which these
scattered beams are completely in phase and rein-
force one another to form diffracted beams. Thus, per
Bragg’s law, diffraction will occur if a perfectly parallel
and monochromatic X-ray beam of wavelength λ is
incident on a crystalline sample at an angle θ:

nλ5 2dhkl sinθ

where dhkl is the vector extending from the origin to
the plane (hkl). The magnitude of this vector is the
distance between parallel planes in the {hkl}. In most
diffractometers, X-ray wavelength is fixed so the family
planes produce peaks as a function θ (Fig. 3.10b).

FIGURE 3.9 (a) Unit cell. (b) 3-D repeat of unit cell leads to the long-range periodicity. (c) Tetrahedral packing of C in diamond. (d) Planar
packing of C in graphite.

FIGURE 3.10 (a) Bragg diffraction condition for coherent scattering. (b) A θ:2θ arrangement for generating diffraction patterns.
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The essential parts of an X-ray diffractometer are:
(1) X-ray tube or the source; (2) incident-beam optics,
which consists of the slits and monochromators that
remove unwanted radiation, reduce divergence, and
refocus the beam to parallel path; (3) the goniometer
consisting of the platform that holds and moves the
sample, optics, detector, and/or tube; (4) the sample and
the sample holder; (5) the receiving-side optics that con-
ditions the diffracted beam; and (6) the detector that
counts the number of X-rays scattered by the sample.

Typically the source where X-rays are produced is an
evacuated tube similar to cathode ray tubes. An applied
current heats up a cathode filament (eg, tungsten), which
liberates electrons. The liberated electrons are acceler-
ated by a high-voltage potential toward a target, which
is a metal anode. The bombarding electrons generate
X-rays from the anode. Most instruments today use
copper (Cu) as the anode. The bombarding electrons
eject electrons from the inner shells of the atoms of the
target metal (Cu) producing vacancies. Those vacancies
are quickly filled by electrons dropping down from
higher levels, emitting X-rays with sharply defined
frequencies. The X-rays pass through a slit, which
determines the angular width of the beams. Wider
slits give more energy but also give wider diffraction
lines and, therefore, lesser resolution. The beam then
passes through a filter that removes undesired radia-
tion. Note in the case of the Cu anode there are three
types of radiation: CuKα1, CuKα2, and CuKβ. The lines
for CuKα1 and CuKα2 are overlapping; these are used
for most X-ray diffraction techniques. The low-energy
CuKβ is filtered out by a nickel filter. Some very expen-
sive instruments can also remove the CuKα2, providing
extremely high resolution. The beams are incident to a
sample at an angle θ, and the diffraction vector v bisects
the incident and diffracted beam. X-rays at an angle θ
are reflected by internal crystal planes separated by
distance d. Bragg diffraction results from constructive
interference when the quantity 2dsinθ is an integral
number of wavelengths. Before discussing the sample
or the detector, it is important discuss the goniometer.

The goniometers satisfy the Bragg�Brentano geome-
tries where the diffraction vector v is normal to the
sample. There are two different setups that are com-
mon. The setup shown in Fig. 3.10b is a θ:2θ arrange-
ment where the source is fixed. The sample moves at
θ�/minutes, while the detector rotates at 2θ�/minutes.
This setup allows for precision movement of the goni-
ometer but has the disadvantage that the sample is
vertical and often falls off the holder. In θ:θ arrange-
ment, the sample is always vertical, while both the
source and the detector move at θ�/minutes.

In Fig. 3.10b, the polycrystalline powder packed in a
sample holder contains thousands of crystallites, allow-
ing for the observance of all possible diffraction peaks.

The basic assumption is that for every set of planes
there is an equal number of crystallites that will diffract,
and there is a statistically relevant number of crystal-
lites. In reality only a small fraction of crystallites in
the sample contribute to the diffraction pattern; there-
fore, unusably, the sensitivity is increased by spinning
the sample. The diffraction patterns are collected as 2θ
versus intensity, and for pharmaceuticals, this is how
the data are represented. The more accurate repre-
sentation would be to transform the data such that the
representation eliminates instrumental parameters. This
transformation involves normalizing the peak intensi-
ties to the area of the largest peak and using Bragg’s
relationship to convert the 2θ values to dhkl, an intrinsic
property since it corresponds to a family of planes in
the sample.

Finally a few words regarding the detector: the two
common types of detectors are a point detector and a
position sensitive detector. One type of detector from
each of these two categories will be briefly mentioned.
The scintillation counter is a point detector that con-
verts X-ray photons to an electrical signal in a two-
stage process. The photons collide with a scintillator
producing photons in the blue region of the visible
spectrum. These photons are then converted to a
signal or voltage pulse by means of a photomultiplier.
The scintillation counters have high efficiency in
response time, making them ideal for point intensity
measurements, but the energy resolution is poor.
Although gas-filled point detectors are available, these
are less common than gas-filled position sensitive
detectors. The gas-filled detectors work on the princi-
ple that X-ray photons can ionize inert gas. Since
the ionization energy is low, an X-ray photon can pro-
duce several hundred ion pairs. These ion pairs are
accelerated toward a wire causing further ionization.
The burst of electrons is then converted to a voltage
pulse, which is shaped and counted by the electronics.
The use of special types of wires and a multichannel
analyzer enables this type of detector to record data
over a large range of scattering angles, improving the
speed of acquisition.

PXRD is the gold standard for solid form identifica-
tion. Today every drug development program starts by
identifying the most developable crystal form and uses
X-ray diffraction as a tool for characterizing API or the
drug product. Therefore, there are various review arti-
cles written on this technique12�14 as well as books.15

Not only is the technique used for the identification of
the solid phase, it has been used for studying the kinetics
of phase transformation examples during processing,16,17

quantitative determination of polymorphic phases in a
mixture or quantitative determination of degree of
crystallinity,18 stability studies for amorphous formula-
tions,19 and the analysis of counterfeit product.20
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This gold standard technique for phase identi-
fication is largely a qualitative technique. Through
careful experimental design, quantitative informa-
tion has been extracted, but it is not possible to
obtain thermodynamic quantities or even information
regarding functional groups in the molecules using
this method.

3.4 THERMAL ANALYSIS

Thermal properties (eg, heat, heat capacity, mechan-
ical, and gravimetric) accompanying physical and/
or chemical changes may be revealed when a sam-
ple is subjected to a temperature program (heating,
cooling, or isothermal). The methods for charac-
terizing these changes are called thermal analysis,
and they provide information on the underlying
physical or chemical processes such as phase transi-
tion, chemical reaction, and decomposition. Since
1887 when Le Chatelier conducted the first thermal
analysis experiment, the techniques have matured in
theory, instrumentation, and automation, and they
have become the standard tools used in many fields.
Thermal analysis is widely used in characterizing
pharmaceutical solids. A number of reviews are
available on the applications of thermal analysis to
pharmaceuticals.21�24

3.4.1 Differential scanning calorimetry

3.4.1.1 Instrumentation

Differential scanning calorimetry (DSC) is a further
development of the earlier technique called differen-
tial thermal analysis (DTA). In both DSC and DTA, a
sample is measured against an inert reference. In
DTA, the sample and the reference are heated simul-
taneously in a single furnace with a symmetrical
design. The temperatures of both parts are expected
to be the same after a short equilibration time, but
that of the sample may change at a different rate from
the reference during a thermal event, such as freezing,

melting, evaporation, dehydration/desolvation, or
glass transition. The temperature difference (ΔT)
between the sample and the reference is recorded
during a controlled temperature program (heating/
cooling). However, the classical DTA instrumentation
design where thermocouple junction is inserted into
the sample prevents a true quantitative analysis.
Significant temperature inhomogeneity or tempera-
ture gradient may exist in the sample for classical
DTA, which renders the quantitative results of a
thermal event dependent on its apparent thermal
resistance, which is a function of the nature of the
material, morphology, and sample preparation such
as packing density.

The Boersma design25 introduced a controlled heat
leak by inserting a low-resistance heat flow path
between the sample and the reference by placing the
thermocouple junction outside (just below the sample
platform) the sample to reduce the impact of thermal
resistance on ΔT. The Boersma design results in a
much smaller ΔT because of the good thermal
contact, which diminishes the impact on the mea-
sured heat flow by the apparent sample thermal
resistance and makes the technique quantitative for
calorimetric information. So the Boersma DTA
becomes a calorimetry and bears the name of heat-
flux DSC, or hf-DSC. The hf-DSC measures heat flow
indirectly as a result of the ΔT, and the calorimetric
information is obtained through calibration using a
known standard.

Another design is called power compensation DSC
(pc-DSC). In pc-DSC the sample and references are
enclosed into separate furnaces that are controlled
independently. The temperatures of the sample and
the reference are made identical by varying the power
input into the two furnaces. The difference in power
measures the changes in enthalpy or heat capacity of
the sample relative to the reference. Pc-DSC directly
measures the enthalpy changes against a reference and
has improved sensitivity.

Fig. 3.11 illustrates the key design differences
between heat flux and power compensation DSCs.

FIGURE 3.11 Schematic representation of hf-DSC (a) and pc-DSC (b) (S5 sample, R5 reference).
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Conventional DSC employs a linear heating or
linear cooling method, so the reference temperature
profile may be represented as:

T5T01 ßt

where T0 is the initial temperature, ß is the linear
heating rate (�C/minutes or K/minutes), and t is the
heating time (minutes). The heat flow, dQ/dt, at
constant pressure may be represented as:

dQ

dt

� �
p

5mCpß1 fðT; tÞ

where m is the mass of the sample, Cp is the specific
thermodynamic heat capacity (J.K�1.mol�1), and f(T,t)
represents heat flow due to a kinetic process (physical
or chemical). The total heat flow is composed of two
parts. One part is a function of the sample’s true heat
capacity, and the other, f(T,t), is a function of tem-
perature and time. However, these two components
are not separated by the conventional DSC.

In temperature-modulated DSC (TMDSC), a peri-
odic temperature modulation is added to a linear
heating/cooling or isothermal temperature program.
Temperature modulations such as sinusoids (sine or
cosine) are the most convenient forms, but other forms
such as sawtooth have also been used. The tem-
perature program for a sinusoidal modulation may be
represented as:

T5T01 ßt1Asinðωt1ϕÞ
where A is the amplitude, ω is the modulation
frequency, and ϕ is phase angle.

Fourier transformation is applied in TMDSC to
deconvolute the apparent heat flow signal into a
reversible and a nonreversible component. The separa-
tion of heat flow facilitates the study and interpretation
of many complex thermal events encountered for
various materials. It also allows the thermodynamic
heat capacity of a material to be measured more accu-
rately. Fig. 3.12 provides an example of temperature
modulation.

3.4.1.2 Applications

The following four applications are worth mentioning:

1. Melting and phase diagram.
2. Characterization of polymorphs.
3. Characterization of solvates/hydrates.
4. Characterization of amorphous phases.

3.4.1.2.1 Melting and phase diagram

DSC is widely used in the characterization of
pharmaceutical solids commonly used in formulation/
dosage form development. The melting temperature

(Tm), enthalpy of melting (ΔHm), and entropy of melt-
ing (ΔSm) of a crystalline or partially crystalline mate-
rial can be obtained readily from a simple DSC scan.
As for any other first-order phase transitions,
the change in free energy is zero during melting,
therefore, ΔSm5ΔHm/Tm, where Tm is expressed on
absolute scale (K). This relationship does not hold
when melting is accompanied by other thermal
events, such as decomposition, when there is no clean
separation between those events.

Melting temperature depression occurs in the
presence of impurities that are dissolvable and miscible
in the liquid state. The formation of a liquid mixture
lowers the free energy of the system; therefore, the sys-
tem will melt at a lower temperature. The relationship
can be derived based on ideal solution as follows:

@lnx2
@ð1=TÞ
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where x is the concentration (molar fraction) of the
substance of interest in the testing specimen, R is
the universal gas constant, and Tm,0 is the melting
temperature of the pure phase or a purity reference.
This equation forms the basis of purity test by DSC.

DSC is a convenient tool to construct such phase
diagrams of solids that are miscible in molten state.
Mixtures of a binary system with varying compositions
are scanned by DSC. The onset melting temperature of
each component is recorded and then is plotted against
the composition.

In a binary system consisting of two crystalline mate-
rials, the melting temperature of both will be lowered
provided that the two materials are miscible in the
liquid state, as dictated by the free energy decrease.
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FIGURE 3.12 A representative temperature profile for TMDSC.
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Fig. 3.13 is a basic temperature-composition phase
diagram of such a system. The melting temperature of
component A follows the curve AE, which may be
described by the above equation for melting depression
of component A. Similarly, the melting point of com-
ponent B follows the curve BE. At point E, both
components reach equilibrium and melt at the same
temperature. This temperature is called the eutectic
temperature, and the corresponding composition is said
to be a eutectic mixture.

3.4.1.2.2 Characterization of polymorphs

In the previous section on PXRD, it was discussed
that polymorphism is the existence of more than one
crystal packaging by the same molecule entity. Organic
molecules including drugs are notorious for their for-
mation of multiple crystalline forms.26,27 Polymorphs
can have a significant difference in solubility, stability,
mechanical properties, and thermal properties and thus
may impact formulation, manufacture, and perfor-
mance of pharmaceutical products. Hence, agencies
generally require that crystal forms of a drug substance
be examined carefully against the properties that may

be relevant to the dosage form design, process
development, manufacturing, and in vivo performance
of the product and implement appropriate controls to
safeguard the identity, strength, quality, purity, and
potency of the drug product.

Polymorphs represent the local minimums in the free
energy landscape of the crystalline molecule. An impor-
tant topic in polymorph characterization is to delineate
the thermodynamic relationship among the different
crystal forms. A thermodynamically more stable form is
often preferred due to the less likelihood of phase
transformation in general. Metastable forms could be
used, and in some cases, they may be beneficial to
the manufacturing process or in vivo performance.
However, the incorporation of a metastable form may
have significant implications to the dosage form design,
manufacturing, storage, and regulatory compliance.

Two polymorphs may be thermodynamically related
as enantiotropes or monotropes. In the temperature
domain, an enantiotropic relationship exists if one
form is more stable under one temperature range and
the other more stable under another, that is, their
conversion is thermodynamically reversible. On the

FIGURE 3.13 A basic phase diagram with eutectic melting.
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contrary, if one polymorph is always more stable at all
temperatures (below the melting temperature), they are
said to be related monotropically. The relationship
could also be explained in terms of the transition tem-
perature, Tt, which is the temperature where the two
forms are in thermodynamic equilibrium (or change in
free energy, ΔG5 0). Two polymorphs are related
enantiotropically if Tt lies below the melting tempera-
tures of both forms; otherwise, they are monotropically
related. The free energy landscape between any two
polymorphs is represented as in Fig. 2.2.

The free energy relationship between two poly-
morphs may be determined by DSC. Polymorphic
transformation is generally a solid-state phase transi-
tion and is often accompanied by a small change in
enthalpy. If the interconversion is observed between
two forms reversibly (ie, during heating and reversely
during cooling), then the relationship is the enantiotro-
pic. However, a transformation may not be observed
in some cases due to insufficient kinetic rate, even if
the transformation is thermodynamically favorable. In
other words, a thermodynamically favorable poly-
morphic transformation may not happen during a
DSC experiment. If a polymorphic transformation does
occur at temperature Tobs during heating, the true
transition temperature is somewhat below Tobs due to
the kinetic lag. The same is true during a cooling cycle.

Burger and Ramburger28,29 formulated several rules
of polymorphic relationships based on DSC data. The
heat of transition rule states that two forms are
related enantiotropically if an endothermic transition is
observed at some temperature, and they are related
monotropically if an exothermic transition is observed
at some temperature. The heat of fusion rule states that
if the higher melting form has the lower heat of fusion,
the two forms are usually enantiotropic. Otherwise they
are monotropic. The form that melts at a higher temper-
ature is always more stable at a high temperature.
These two rules are well illustrated in Fig. 2.4.

Similarly to other rules of thumb, exceptions to the
Burger and Ramburger rules do occur. A more compre-
hensive thermodynamic treatment of the polymorphic
relationships was later introduced.30 Yu’s treatment
considers both the fusion data and the temperature
dependence of the extrapolated free energy differences
and, therefore, can resolve the misclassifications by the
Burger and Ramburger rules in some exceptions.

3.4.1.2.3 Characterization of hydrates

Many drug molecules form hydrates. A hydrate is a
crystal packing fulfilled by the drug (host) molecules
and water (guest) molecules via various intermolecular
interactions, with hydrogen bonding (H-bond) inter-
action being particularly important. Nonspecific van
der Waals interaction may also play important role in

nonstoichiometric hydrates where the water molecules
are simply occupying the void space in a crystal.
Incorporation of water molecules in a crystal lat-
tice changes many pharmaceutical properties.31 A hyd-
rate usually has lower aqueous solubility than its
anhydrate, and a similar relationship exists between
higher hydrates and lower hydrates. Other properties
such as density, mechanical properties, physical and
chemical stability could also be impacted.

Similarly to polymorphs (to that end a hydrate
is also called a pseudopolymorph), physical stability
of pharmaceutical hydrates is important to drug
product development. Whether an anhydrate or a
hydrate is selected for development, the risks of
hydration/dehydration during manufacturing and
storage should be understood because humidity,
or the lack of, is ubiquitous in our environment.
Appropriate measures should be implemented to
prevent the inadvertent form conversion.

DSC is routinely used to characterize hydrates. As
indicated in Chapter 2 “Crystalline and Amorphous
Solids,” a critical relative humidity, RHC, exists for
each hydrate. A hydrate is more stable at RH . RHC

than the anhydrate or the lower hydrate, if it exists,
and vice versa. While a conventional DSC is not capa-
ble of determining the critical RH for a hydrate, it is
used extensively to identify and characterize a hydrate,
and it provides useful information when combined
with other complementary tools such as gravimetric
analysis, Karl Fischer titrimetry, mass spectroscopy,
and Fourier-transformed infrared (FTIR). Dehydration
is often revealed as endothermic peaks during a DSC
scan. Dehydration often occurs at lower temperatures
(eg, ,100�C), reflecting the relatively weak host-guest
interactions. A relatively weak hydrate may start to
lose water immediately after being introduced in the
DSC cell when purged with an inert gas. Some strong
hydrates may hold from losing water until reaching a
high temperature (eg, .100�C). As a general observa-
tion, the dehydrate temperature may serve as a useful
indication on the physical stability of the hydrate.

A hydrate may undergo stepwise dehydration,
forming a lower hydrate first, followed by losing addi-
tional water at a higher temperate. This behavior
reflects the different groups of water molecules in the
crystal lattice, and the group of water molecules with
weaker interactions is lost first. This is the case for
eprosartan mesylate dehydrate.32

A hydrate may dehydrate and form a crystalline
anhydrate directly, which melts at the anhydrate melt-
ing point. However, it has also been frequently
observed that dehydration leads to the formation of an
amorphous/disordered phase, which crystallizes and
then melts at a higher temperature. The crystallization
and dehydration events may overlap, and the peaks
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may not be well developed. In some cases, the first
crystallized phase is a metastable form, which converts
to a more stable form and melts.

It should be noted that the humidity in the purging
gas in the furnace is essential zero so that dehydration
in DSC is irreversible in nature. Therefore, it is not
surprising that dehydration behavior may change
with the sample pan configuration. For example,
dehydration is generally delayed to a higher tempera-
ture when a sample is prepared in hermetically sealed
pans. The dehydration temperature may slightly
increase when samples are packed in sealed pans
with pinholes than in an open pan where the water
vapor may escape freely.

If the RH in the dehydration environment can
be controlled, then the critical RH information may be
obtained.33 The idea is to study the dehydration tem-
perature at different relative humidity levels, which
allows the critical RH to be extrapolated to the temper-
ature of interest (usually ambient) based on the Van’t
Hoff equation where the effect of temperature on
chemical equilibrium is delineated.

3.4.1.2.4 Characterization of amorphous phases

An amorphous phase has higher apparent solubility,
and it has been exploited to improve the bioavailability
of many water-insoluble drugs. However, it is thermo-
dynamically unstable and always bears the risk of
recrystallization during manufacturing, storage, or
during in vivo dissolution. When recrystallization
occurs, the product performance may be sacrificed.
Therefore, the physical stability of amorphous phar-
maceuticals has been a significant focus over the last
20�30 years.34

DSC has been used extensively to study the glass
transition, molecular mobility, thermodynamics,
enthalpy relaxation, and recrystallization of amor-
phous pharmaceuticals.35�44

Glass transition is a second-order phase transition,
where the heat capacity shows a step change. Glass
transition is also a kinetic phenomenon, reflecting
the molecular mobility of the amorphous phase.
Therefore, the value of the glass transition temperature,
Tg, is dependent on the heat/cooling rate because it
reflects the temperate time it takes the molecules to move
approximately the same as the experimental time scale.
A higher heating/cooling rate results in a higher Tg value.

The difference in the thermodynamic quantities
between the amorphous phase and the crystalline
counterpart is called the configurational thermody-
namic quantity (see Section 2.7). These configurational
parameters can be readily derived based on data on
heat capacity and melting, and DSC is the instrument
of choice for these measurements. TMDSC is parti-
cularly useful and convenient for measuring the

thermodynamic heat capacity of both amorphous and
crystalline materials.41,42

Extrapolation of the configurational thermodynamic
quantities from supercooled liquid states to lower
temperatures results in a negative configurational
quantity at temperature (TK) above the absolute zero.
This is the Kauzmann paradox where the meta-
stable amorphous phase is more stable than the crystal-
line phase. Of course, this would never happen in
reality. However, the Kauzmann temperature TK repre-
sents the zero mobility temperature of an ideal glass.

As indicated in chapter “Crystalline and Amorphous
Solids,” molecular mobility in the supercooled liquid
phase generally follows the Vogel�Tammann�Fulcher
(VTF) equation:

τ5 τ0 exp
DTK

T2TK

� �

where τ is the relaxation time (reciprocal of mobility),
and D is a parameter signifying the temperature
dependence of the relaxation time or strength of the
glass-former (classified as strong or fragile). Molecular
mobility in strong glasses typically exhibits Arrhenius-
like temperature dependence, while the Arrhenius plot
for a fragile glass is significantly nonlinear. The strength
parameter may be derived from the apparent activa-
tion energy of the glass transition, ΔH, which again
is conveniently determined by measuring the temper-
ature dependence of the glass transition temperature
using a DSC:

ΔH5 2R
d ln ß

dð1=TgÞ

D5
ΔHð12TK=TgÞ2

RTK

The fragility parameter, m, is related to D and can
be determined similarly:

m5
ΔH

2:303RTg

The determining of the configurational heat capacity
and configurational entropy allows the molecular
mobility of amorphous phase41,42 to be calculated
using the Adam�Gibbs model:

τ5 τ0 exp
C

TSC

� �

where Sc is the configurational entropy, and C is a
material-dependent constant. Findings from thermo-
dynamic and crystallization studies have revealed
that configurational entropy plays an important role
in determining the crystallization tendency of an
amorphous phase.42
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Molecular motion at temperatures below Tg, takes
longer time, and the resulted enthalpy loss along the
process is recovered during reheating in the DSC
(Fig. 3.14 as an example). Enthalpy relaxation data has
been used to derive the molecular mobility based on the
KWW model.35 We have used enthalpy relaxation to
characterize the molecular mobility using the Adam�
Gibbs model and the configurational thermodynamic
quantities in fresh and annealed glasses. The importance
of configurational entropy in glass stability was also con-
firmed.44 The configurational entropy has been used to
classify the physical stability of amorphous phases in
conjunction with the molecular mobility.

Crystallization may be observed above Tg when
molecular mobility is large enough. The relative posi-
tion of the crystallization peak between Tg and Tm can
be related to the ease of crystallization tendency.41

DSC can be used to follow the recrystallization events
and extract the kinetic information of the process.37,43

3.4.2 Thermogravimetric analysis

As the name suggests, thermogravimetric analysis
(TGA) monitors the weight of a sample along with a
temperature program. Similarly to DSC, the furnace is
generally heated under the purge of an inert gas. TGA
is primarily used to monitor thermal decomposition of
compounds and is frequently combined with DSC to
provide information about the nature of a thermal
event, such as dehydration/desolvation, desorption, or
melt decomposition.

3.4.3 Microcalorimetry

Isothermal microcalorimetry (IMC) is a highly
sensitive calorimetry that is used to study thermal
processes at a set temperature in the range of 5�95�C.
IMC instrumentation can detect signals in the order

of 1026�C in ΔT, far exceeding the sensitivity in con-
ventional DSC (on the order of 104 times increased
sensitivity). Thermal reactions that lead to physical and/
or chemical stability may be studied at higher tempera-
tures where the processes proceed at significant kinetic
rates. However, pharmaceutical products are in general
concerned about the stability during normal and acceler-
ated storage conditions (eg, 5�40�C). Extrapolation of
kinetic information to temperature and other conditions
that are of interest to pharmaceuticals may be challeng-
ing and not reliable due to potential changes in reaction
pathways or their relative contributions. The introduc-
tion of IMC in the 1980s (eg, thermal activity monitor,
TAM) has made it possible to monitor heat processes
and deduce stability information of pharmaceuticals at
temperatures of interest directly.

The heat flow from an IMC experiment can be
represented as:

dQ

dt
5ΔH � C0 �

dα
dt

where ΔH is the enthalpy of the process under investi-
gation, C0 is the initial reactant concentration, α is the
extent of conversion, ranging from 0 to 1, and dα/dt is
the rate of the reaction.

IMC has been used to study most typical physical
chemical processes of pharmaceuticals, including
crystallization, polymorphic transformation, dehy-
dration/hydration, and chemical reaction such as
drug decomposition and excipient compatibility in
formulation design.22,45�48 The volume of the IMC
cells allows the humidity of the headspace to be
controlled through a humidity-stat such as a salt
solution. Therefore, it can be useful to study the
hygroscopicity, dehydration/hydration of drugs, and
other pharmaceutical components.

One drawback of IMC is that it is incapable of
temperature scanning. To that end, micro DSC is capa-
ble of performing both isothermal and nonisothermal
calorimetric studies. Because of the increased sample
size and the sensitivity requirements, the scanning rate
is generally small (up to about 1�C/minutes), and the
temperature ranges are generally limited (from about
240�C to anywhere between 100�C and 200�C).
However, to the plus, the instrument allows for a very
slow scanning rate such as 0.001�C/minutes to be con-
trolled. Micro DSC has been used to study the phase
transition of biological samples, hydration/dehydration
of hydrates, and crystallization of amorphous materials
under controlled RH, as well as drug degradations.

3.5 VIBRATIONAL SPECTROSCOPY

Spectroscopy is a way to figure out molecular
structure, and it primarily uses electromagnetic

FIGURE 3.14 Enthalpy relaxation of ritonavir glass annealed at
35�C.
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radiation. Fig. 3.15 highlights the major regions of
the electromagnetic spectrum. Note the larger the
wave number, the higher the energy. It is important
to note the relationship between wave numbers and
wavelength (λ):

Wavenumbers5
1

Wave length ðλÞ
Visible light is used for determining the atomic

structures of H and He, and both visible and UV light
is used to study the electronic structure of atoms and
molecules. Infrared light is in the region of energy
where there is bond vibration, and thus it can provide
information regarding functional groups and some
knowledge of the structure of the molecule. The radio
spectrum region provides information regarding quan-
tum transitions; thus it provides the most definitive
structural information.

Spectroscopic techniques primarily used for solid-
state characterization in pharmaceutics are: infrared,
Raman, and solid-state nuclear magnetic resonance
(SSNMR). Therefore, each of the techniques will be dis-
cussed in some detail, including instrumental funda-
mentals, and then some applications will be used to
illustrate the value of the method for solid-state
characterization.

3.5.1 IR and Raman spectroscopy

3.5.1.1 IR spectroscopy

When exposed to IR radiation, absorption of electro-
magnetic radiation by molecules occurs depending on

the functional groups leading to bond vibration (stretch-
ing, contracting, bending, wiggling, and twisting). It is
possible to measure how much energy is absorbed at
each particular wavelength and make inferences about
the types of bonds that are present in the molecule. IR
spectrum identifies functional groups by looking at the
transitions between quantized vibration states, and it
involves the change in dipole moment of the molecule.

Infrared region of the electromagnetic spectra can
be divided into three main regions, and the mid-IR
region is the most useful (Table 3.1).

As already alluded to, there are several types of
molecular vibrations. For a molecule to be IR active,
it must possess a dipole moment (a permanent
dipole). Dipole moment is a vector that is equal in
magnitude to the charge multiplied by the distance
between the changes and direction toward the net
positive charge. Homonuclear diatomic molecules
such hydrogen, oxygen, and nitrogen undergo sym-
metrical stretching and are not IR active, since
there is no resultant dipole moment. As an example,
Fig. 3.16 depicts stretching vibrations of an oxygen
molecule, and it is evident that none of the three

FIGURE 3.15 Regions of electromagnetic spectrum.

TABLE 3.1 Regions of IR Spectrum

Region Wavenumber (cm�1)

Near IR 4000�14,000
Mid IR 500�4000
Far IR 5�500
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configurations would result in a change in dipole;
therefore, oxygen is inactive to IR.

On the other hand, molecular vibrations that lead to a
resultant dipole are IR active, as illustrated in Fig. 3.17
using carbon dioxide. For the linear geometry with
symmetric stretching, the dipole moment is zero, making
these configurations IR inactive. However, a carbon
dioxide molecule can assume additional configurations:
asymmetric stretching and bending that result in
positive dipole, and these configurations are IR active.

Other modes of vibration that molecules may
exhibit include rocking, wagging, and twisting. The
energy difference between the ground state and the
higher energy is utilized in generating the IR spec-
trum. The lower energy state absorbs a photon of
energy, that is, a specific wavelength of the electro-
magnetic band, to go to the higher energy state, but it
can give up a photon of energy to return to the ground
state. This absorption of energy creates the peak in the
IR spectrum. In the case of organic molecules, there
are many bonds that have vibrations where photons
fall within the IR band of the electromagnetic spec-
trum. When monochromatic electromagnetic radiation
(radiation of a specific wavelength) is passed through
a sample, if the wavelength of light matches the energy
of bond vibration, then energy will be absorbed,
leading to more of that specific vibration that leads to
resonance. As the sample is scanned across the IR band,
the energy will come into resonance with specific vibra-
tions, and absorption will occur. This absorbed energy
produces the peak. The intensity of the peak depends
on both the change in dipole moment and the number
of specific bonds that are involved.

The simplest form of an IR spectrophotometer
involves a source of IR radiation, a sample holder, grat-
ing, and a detector. However, there are instrument-
related noises that need to be minimized to improve
signal; therefore, the double-beam setup described in
Fig. 3.18 is common.

In Fig. 3.18, the IR beam is split, with half going
through the sample and other half going through the
reference. A set of mirrors direct the beam coming
from the sample/reference to a rotating chopper. The
chopper consists of a transparent end and a mirrored
end. The transparent end allows the light from the
sample to go through the slit, and the mirrored end
reflects the reference light toward the slit. In other
words, the alternating light (once sample, then refer-
ence) goes through the slit to the grating. The grating
then selects the monochromatic light that passes on
to the mirror, alternating between the sample and
the reference. This light finally reaches the detector,
and the difference between the reference and sample
light arising from absorption of light by the sample
is translated to the IR spectra. It is worth noting
that Fig. 3.18 depicts a dispersive IR spectrophotome-
ter, which is rarely or never used. Today the
spectrophotometers are FTIR spectroscopy because
they offer better signal-to-noise ratio, better
frequency accuracy, and faster acquisition and analy-
sis time.

The key to FTIR spectroscopy is the interferometer,
and a schematic is provided in Fig. 3.19, which will be
used to discuss the functioning of the equipment.

Let’s start by just looking at the sample. The light
(assume monochromatic for now) from the source goes

FIGURE 3.16 Symmetrical stretching of oxygen where bonds are represented as springs.

FIGURE 3.17 Carbon dioxide has some vibrations that have a resultant dipole.
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to a beam splitter, which reflects some of the light to
the stationary mirror and transmits the rest (say 50/50
for now) to the movable mirror. The rays are then
reflected back to the beam splitter where again half of
each ray is reflected and other half transmitted. In
other words, the ray that came back from the station-
ary mirror will be split, with half going back to the
source and half going through the sample to the detec-
tor. The same happens to the ray returning from the
movable mirror. The two optical paths, beam splitter
to stationary mirror and beam splitter to movable
mirror, are not usually equal; therefore, the light going

to the samples will not always be in phase. This means
there will be interference.

Two times the difference in the path between the
stationary and movable mirror is called retardation
(δ). If δ is an integer value of wavelength λ, then the
interference is constructive, and if δ is an integer
value of λ/2, then the interference is destructive inter-
ference. In between those two values, the interference
is variable. The output graph, intensity versus retar-
dation, is the interferogram. The interferogram from
the reference and the sample are Fourier transformed
to produce the spectrum. Note in reality the light
from the source is a broad-spectrum IR source, and
the beam splitter has an efficiency associated with its
ability to split the beam, and this efficiency is an
instrument constant.

3.5.1.2 Raman spectroscopy

Complementary to infrared spectroscopy is Raman
spectroscopy. Raman is a scattering phenomenon that
occurs when molecules interact with an electromagnetic
field. Light that is scattered from a molecule is pri-
marily elastically scattered; that is the incident and the
scattered photons have the same energy, and this is
called Rayleigh scatter. Rayleigh scattering is not useful
for analysis, and most instruments filter out this elastic
scattering. However, an exceedingly small fraction of
photons maybe scattered inelastically, resulting in either
a net gain or loss of energy of the scattered photon.

FIGURE 3.19 Schematic of an interferometer.

FIGURE 3.18 Double-beam dispersive IR spectrophometry.
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The Raman process can be described as a molecule
in an initial vibrational state that is excited to a higher
energy state and then returns to a vibrational state
(higher or lower than initial) with simultaneous scat-
tering of a new photon from this state. The difference
in energy between the incident and scattered photon is
equal to the energy difference between the initial and
final vibrational states of the molecule. A loss in pho-
ton energy (ie, when it returns to a lower energy state)
is termed Stokes�Raman scattering, and a gain in pho-
ton energy or when it returns to a higher energy state
is termed anti-Stokes�Raman scattering. Not all vibra-
tional transitions can be accessed by Raman scattering.
Raman-active transitions are those that are associated
with a change in polarizability of the molecule.
Polarizability is the ease with which the electron cloud
can be distorted by an applied field. In other words,
Raman activity is associated with induced dipole. A
Raman spectrum is a plot of scattered light intensity
versus Raman shift reported in wavenumbers (cm�1).

As stated before, IR and Raman are complementary
techniques, with some similarities and differences.
Table 3.2 summarizes the differences, and Fig. 3.20
illustrates the advantages of using these two techni-
ques in conjunction in order get information regarding
the functional groups.

The use of these two techniques is illustrated using
carbon tetrachloride. CCl4 has a tetrahedral con-
figuration with the chlorine atoms being more electro-
negative than the carbon atom. The scissoring, rocking,
and symmetric stretching vibrations do not result in
molecular dipole moment, and, therefore, they are IR
inactive, but polarizability of the electron cloud results
in a Raman shift. Only the asymmetric stretching
vibration produces an induced dipole; therefore, this
vibration is IR active.

In the field of solid-state pharmaceutics, these
techniques are used not only for elucidating func-
tional groups but to find far greater use in a variety
of applications that span research that focuses on
elucidating molecular packing associated with vari-
ous crystal forms49�52; uses that lead to material
identification53; formulation performance, which may

be solid properties,54�57 release, or stability58; manu-
facturing tool for endpoint determination59,60 or for
looking at phase transformations61,62; and monitor-
ing counterfeit products,63�65 to name a few. Since
these techniques are so widely used in pharma-
ceutical manufacturing, there are many reviews
that discuss pharmaceutical applications of IR and
Raman spectroscopy.66,67 It is evident that that
method is a valuable tool for pharmaceutical ana-
lysis, and if one were to mention any disadvantage,
it is less sensitive compared to PXRD in distinguish-
ing between crystal forms or between crystalline
and amorphous.

3.5.2 SSNMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is
a technique that exploits the magnetic properties of cer-
tain nuclei to study physical, chemical, and biological
properties. It involves the absorption of electromagnetic
radiation in the radiofrequency (rf) region. The basic
principles covered utilize minimum mathematics and
no quantum mechanics; therefore, the reader should
refer to specialized textbooks for details.68�70 Briefly,
atoms that have an odd number of protons, neutrons,
or both can behave like magnets (Fig. 3.21a), for exam-
ple, 1H, 13C, 15N, 17O, and 19F. The strength of their
magnetic field is measured by a vector called magnetic
moment, which is related to a fundamental nuclear
property called the nuclear spin (I). The rules for deter-
mining the net spin of a nucleus are as follows:

1. If the number of neutrons and the number of
protons are both even, then there is no spin, and it
is not NMR active.

2. If the number of neutrons plus protons is odd, then
the spin is half-integer (ie, 1/2, 3/2, 5/2).

3. If the number of neutrons and protons are both
odd, then the spin is an integer (ie, 1, 2, 3).

A nucleus of spin I has 2I1 1 orientations.
Therefore, 1H atom with I5 1/2 has two possible
orientations (I5 1/2, I521/2). In the absence of an
external magnetic field, the magnetic moments of the

TABLE 3.2 IR versus Raman Spectroscopy

IR Raman

Results from absorption of light by vibrating molecule Results from scattering of light by vibrating molecule

Vibration is IR active if there is a change in dipole moment during
vibration

The vibration is Raman active if it causes a change in
polarizability

Molecule possess a permanent dipole Molecule does not need to possess a permanent dipole

Water cannot be used as solvent Water can be used as solvent

Sample preparation requires care. Gaseous samples can rarely be used Sample preparation is simple
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nuclei are random, or there is isoenergic distribution
of nuclear spin. The distribution is described as a
Boltzmann distribution.

When a magnetic field (B0) is applied (Fig. 3.21b), the
energy levels split (Zeeman splitting), and the nucleus
(the “magnets”) will line up with the external magnetic
field. There is usually a slight preponderance of excess
spin at the lower energy state that results in equilibrium
magnetization (Fig. 3.21b), which aligns with the exter-
nal magnetic field. This excess is detected as a signal,
but it is a weak signal. If, on the other hand, the sample
size is large, there could be an abundance of this spin
excess nucleus. When an oscillating energy with a
frequency equal to the difference in energy states is
applied while B0 is increased, absorption occurs.
Alternatively B0 can be held constant, and a frequency
sweep can be applied, and when there is a match in
frequency (or resonance occurs), there is absorption.
This absorption results in NMR signal (Fig. 3.21c).
However, these types of experiments, even with a large
sample size, give weak signals.

Two important concepts, relaxation time and
precession, need to be discussed. At equilibrium, the
net magnetization vector lies along the direction of the
applied magnetic field B0 and is called the equilibrium
magnetization (Figs. 3.21b or 3.22a). It is possible to
change the net magnetization by exposing the nuclear
spin system to the energy of a frequency equal to the
energy difference between the spin states. If enough
energy is put into the system, it is possible to saturate
the spin system and make this magnetization zero.
Then when the energy source is removed, the magneti-
zation vector will return to the original equilibrium
state, and the time constant of this transition is called
the spin lattice relaxation time, T1.

Since the particles are spinning in the presence of
this applied magnetic field (B0), the net magnetization
vector will not only be in the z-direction, but it will
rotate about the z-axis, a phenomenon called preces-
sion. This precession is evident only when the axis of
the nucleus is not exactly aligned with the magnetic
field. The precision frequency (ω) or Larmor frequency

FIGURE 3.21 (a) Nucleus (ex. 1H, I5 1/2) with an angular momentum randomly oriented. (b) Splitting of nuclear spin under applied
magnetic field B0, producing a small magnetization. (c) Two techniques for continuous wave NMR: The first increases the magnetic field while
a constant frequency is on, while the second does a frequency sweep at constant B0. Absorption occurs at Larmor frequency.

FIGURE 3.20 Raman and IR spectrum for
carbon tetrachloride. Taken from http://
www.ccmr.cornell.edu/igert/modular/docs/
Raman_Scattering.pdf
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is independent of the orientation of the nucleus to the
magnetic field but dependent on B0 and the gyromag-
netic ratio (γ) of the nucleus. The γ is a characteristic
of the nucleus. Note:

ω5 γ B0

This equation relates precession frequency (ω) or
Larmor frequency to the applied magnetic field and
the gyromagnetic ratio of the nucleus and is the most
important equation for NMR spectroscopy. When the
oscillating energy orthogonal to B0 is introduced, it
tips the nuclei out of its equilibrium position, causing
a transition between the two energy levels of the spin.
When the energy source is removed, the spin relaxes
to the equilibrium state with a spin�spin time constant
T2. As spin relaxation occurs, the net magnetization
reaches equilibrium. It should be noted that Fig. 3.22a
depicts a 90� pulse technique, which has the problem
that the rf field must be turned off before signal can be
collected. There are other techniques used to overcome
this problem that are beyond the present scope.

In NMR, the energy source is a probe coil that
produces the rf signal (transmitter), and as the nucleus
returns to the equilibrium state, the signal that decays
with time is in the form of an oscillating voltage and
is picked up by the same coil, which then acts as a
receiver. In the most commonly used NMR spectro-
scopic configuration, the signal is in time domain
and is called the free induction decay. It is Fourier
transformed into frequency domain to provide the
NMR signal.

Once the spectrum is obtained in the frequency
domain, there are two types of information that can
be gleaned from it: the amount of nuclei generating
the spin, which can be achieved by integrating the
peak, and the chemical environment of the nucleus
generating the signal, which determines the position of
the peak in the NMR spectrum. The chemical environ-
ment where there are other electrons are present can
lead to shielding of the nuclei, which requires less
energy to bring it into resonance, and conversely de-
shielded nuclei require more energy, and the peaks
appear downstream. It is worth noting that since the
shielding tensor is dependent on the applied magnetic
field, a chemical shift needs to be calibrated with a
reference.

In solid-state NMR spectroscopy, molecular motions
are restricted to local vibrations and rotations; there-
fore, dipolar interactions are the primary interactions.
In the absence of rapid molecular tumbling that leads
to average conformation in a solution, in powder sam-
ples, the NMR spectrum consists of a superposition of
numerous lines that originate from a given nucleus.
This leads to excessive peak broadening. Such broad
peaks are not useful. Therefore, 1H NMR is not used
for obtaining chemical shift information when the sam-
ple is a powder. Since the chemical shift anisotropy
leads to broad peaks from overlapping patterns and
interplay between different broadening mechanisms,
the elimination of anisotropic interactions in high-
resolution SSNMR is achieved by spinning the sample
around an axis inclined at 54.74�, known as magic
angle. Since dipolar interactions are weakened by fast
rotation, rotor spin rates are selected such that they are
larger than the anisotropic interactions. Magic angle
spinning (MAS) is combined with decoupling to
improve spectral resolution. Decoupling consists of an
application of short pulses that prevent line splitting of
the less abandoned nuclei. SSNMR sensitivity for a
low-sensitive nucleus (eg, 13C) can additionally be
increased by using a cross-polarization (CP) technique.
It is based on excitation of the sparse spin system
through the abundant one. In the case of 1H-13C CP, if
the Larmor frequencies ωH and ωC are made equal by
adjusting the oscillating field amplitude (satisfying the
Hartmann�Hahn condition γHBH5 γCBC), then reso-
nance exchange of energy between the two types of
nuclei can easily take place. In fact, this condition can
be considered as thermal exchange, and the time taken
to cool down 13C is associated with the warming of 1H
and is called contact time (CT). A 90� pulse is applied,
and then the two spin systems are put in thermal con-
tact through a pulse train having CT duration that
allows Hartmann�Hahn matching. Finally the 1H
nucleus is decoupled, and acquisition of 13C signal is
performed. SSNMR of adamantine in Fig. 3.23 demon-
strates the advantages of CP MAS NMR.

High-resolution SSNMR can be used to extract
both structural and dynamic information, but such
experimentation requires significant expertise, expen-
sive instrumentation, large sample size, and is time
consuming. However, this powerful, nondestructive

FIGURE 3.22 (a) NMR spectroscopic
configuration. (b) Shielding due to second-
ary field generated by electron cloud.
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but theoretically complex tool has been used for
qualitatively and quantitatively analyzing crystalline
and amorphous pharmaceutical samples and for
characterizing both active ingredients as well as
formulations. SSNMR is widely used in pharma-
ceutical applications, and there are several reviews
that go into further depth with regard to theory and
application.72�74 A few applications are highlighted
here. In conjunction with single crystal structural
information, SSNMR of erythromycin and clarithro-
mycin was analyzed to gain understanding for the
propensity of these molecules to form hydrates and
solvates.75 The stability of an amorphous statin was
investigated by solid SSNMR, and a strong dynamic
heterogeneity was attributed to the stability of sim-
vastatin.76 Investigations that involved formulations
have used SSNMR for studying polymorphism in
dosage forms when the active ingredient is present

in low doses.77 In the development of amorphous
solid dispersion, the solubility of nifedipine in PVP
was investigated by SSNMR.78

3.6 MOISTURE SORPTION

Vapor sorption is a sensitive technique that is
extensively used for characterizing API’s, excipi-
ents and formulations. It can be destructive if there is
extensive loss or gain of weight during testing.
However, the method is simple, requires a tenth of a
sample as compared to PXRD, and is almost 10-fold
more sensitive in detecting the presence of a mixture
of phases, making it an attractive tool for routine uti-
lization, but it has applications other than phase
purity evaluation.

The concept and the equipment design are amaz-
ingly simple. The method relies on the concept that
water sorption is a function of water activity (aw).
Water activity (aw) is defined by the ratio of vapor
pressure of water (pw) divided by vapor pressure of
pure water (po) at a given temperature, and 100 times
that ratio is relative humidity (%RH):

aw � 1005
pw
po
� 1005%RH

Instrumentation involves a temperature-controlled
chamber, a few flow meters, and a microbalance to
which are attached a reference and a sample pan
(Fig. 3.24). In Fig. 3.24a, the chamber is kept at constant
temperature. Dried nitrogen (N2) flows into the cham-
ber and is split into two streams. One stream passes
over a solvent, which is usually water, producing a
stream of wet N2 at 100% RH. Then the wet and dry
N2 are mixed at a given ratio controlled by theFIGURE 3.23 SSNMR spectrum of adamantine.71

FIGURE 3.24 (a) Experimental setup for dynamic vapor sorption gravimetric analysis. (b) An example: isothermal measurement of
silica.79
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respective mass flow controllers to obtain a N2 of a
given relative humidity. This N2 of a defined humidity
flows through the reference and sample chambers.

The sample is first dried and then exposed to
changing humidity values, and the weight change
is recorded as a function of humidity. Usually the
humidity is increased from 0% to 90% RH in steps of
10% or 20% RH between equilibration times. Finally
the humidity is decreased in steps of 10% or 20% RH.
Following Fig. 3.24b, the sample is first dried at 0%
RH when there is weight loss, as depicted by the solid
line in segment A. In segment B, the dotted line indi-
cates that the RH was ramped up by 20%, and the
solid line indicates that the initial sample rapidly gains
weight, and then there is no appreciable weight
change (ie, the sample reaches an equilibrium at 20%
RH). Between segments B and C, there are four more
steps of humidity increase (dotted line), and at each
step, the sample, after initially gaining weight, stabi-
lizes to the humidity conditions. In segment D, the
humdity is decreased in steps, and at each step,
the sample loses weight. The sample equilibrates at
each step before the RH is changed.

The abscissa in Fig. 3.24b is in time, and it is evident
that the stabilization at a given RH is dependent on
whether appreciable weight gain or loss occurs at that
RH. The goal is to ensure equilibrium weight at each
RH; thus the greater the weight change, the longer the
time for the step. It is common to plot this weight
change data as a function of %RH. These plots provide
valuable information, and some examples have been
provided in Fig. 3.25, mainly to demonstrate that it is
both the extent of moisture uptake/loss and the nature
of the plots that provide valuable information. It is

also common to present this data without including
segment A (ie, the weight change of the sample is
normalized to dry basis). Finally only two examples
will be used to demonstrate the types of information
that can be obtained from moisture uptake profiles.

Fig. 3.25a is an example that depicts the moisture
uptake profile of amorphous and crystalline solids. At
any given RH, the moisture uptake by the amorphous
is greater than the crystalline counterpart. The adsorp-
tion (upward solid arrow) and desorption (downward
solid arrow) curves exhibit a hysteresis or a shift to
higher water content at a given %RH during desorp-
tion. There are a few theories associated with the
existence of this hysteresis for adsorption-desorption
curves, and they are beyond the scope of this present
text. However, it is important to note that most materi-
als that undergo adsorption-desorption without any
phase change may exhibit such hysteresis.

When phase change occurs, the moisture uptake pro-
files become complicated. In the example in Fig. 3.25b,
the amorphous rapidly takes up 10% (w/w) water up
to 80% RH. At 80% RH, there is 5% (w/w) weight
loss, and even when the humidity is increased to 90%
RH, the weight gain of the sample remains at B5%
(w/w). During desorption the sample remains almost
unchanged from 90% to 30% RH. Between 30%
and 10% RH, the sample has B3% (w/w) water con-
tent. This type of sample behavior is typical for amor-
phous samples that undergo crystallization. Initially,
the amorphous rapidly absorbs water, similar to what
was seen in Fig. 3.25a, but since water is a potent plas-
ticizer, in this case it promotes crystallization. Whether
crystallization occurs or not is a material property. The
crystallizing solid loses water, leading to the observed

FIGURE 3.25 Examples of dynamic vapor sorption gravimetric analysis of (a) amorphous and crystalline solids with no phase change and
(b) amorphous undergoing moisture mediated crystallization.
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weight loss. In this example, the solid after weight loss
at 80% RH contains 5% (w/w) water; therefore, it can
be assumed that a hydrate was formed. In other
words, the water in the sample at this stage is no
longer sorbed water but has become a part of the
lattice. If it were an anhydrous phase, it would have
lost almost all of the water it had originally gained.
Finally, there is another step change that occurs at
30% RH, indicating the formation of a lower hydrate
containing B3% (w/w) water. These moisture sorption
profiles give an indication of changes as a function of
water uptake/loss, but these changes need to be
confirmed by orthogonal techniques such as PXRD.
Fig. 3.25 not only provides information regarding the
existence of different solid phases (amorphous, hydrate
1, hydrate 2), it also provides information regarding
the hygroscopicity of each solid phase. Again it is
evident that the moisture uptake rate by the amorphous
is greater than either of the crystalline solids.

The moisture uptake technique described above is
very widely used in the pharmaceutical industry, and
some examples have been cited, but there are a few
other techniques that are widely used in drug develop-
ment that are worth mentioning. Since electrolytes
depress the vapor pressure of water at a given temper-
ature, a saturated salt solution will have a defined RH.
Therefore, a cheap gravimetric method capitalizing on
the above concept (ie, water uptake by a solid) is a
function of aw of the environment, which utilizes
desiccators and salt solutions for exposing the sample
to various humidity conditions.

The other two techniques that are commonly used
when the total water content of a sample needs to
be determined are: loss on drying (LOD) and Karl
Fischer titration. Both these are common compendial
methods. In the case of LOD determination, a given
weight of the sample is heated to a defined tempera-
ture, and the weight loss is recorded. Therefore, this
LOD method is also a gravimetric technique, but it
cannot provide indication of the presence or absence
of hydrates or solvates. Sometime orthogonal techni-
ques such as PXRD before and after LOD determina-
tion are used to investigate phase change. It is worth
noting that this LOD method does not provide infor-
mation on whether the weight loss is associated with
water, solvent, or decomposition.

In Karl Fischer titration, water in a sample can be
determined by either volumetric or coulometric titra-
tion. Volumetric titration is used when the sample con-
tains a relatively large amount of water (1�100 mg
being titrated), while the coulometric method is used
for titrating microgram quantities of water. Briefly,
the titration is performed in an alcoholic solution
(methanol) in the presence of a base, sulfur dioxide,
and a known quantity of iodine. One mole of iodine

consumes a mole of water. As is evident, Karl Fischer
titration is more specific to water determination than
the LOD method, but it also suffers from the dis-
advantage that it cannot differentiate between surface
water and water present as a part of the crystal
structure.

In the pharmaceutical industry, information regard-
ing moisture content and moisture uptake is used for
several applications, and here are a few examples:
solid form selection (ie, polymorph and salts80�83),
characterizing amorphous formulations,84,85 detecting
process-induced phase transformations,86 and evaluat-
ing packaging configurations.87

3.7 HYPHENATED TECHNIQUES

The above techniques are often used in combination,
and when they are combined, they provide a multi-
faceted analytical tool for solid-state characterization.
For example, thermal analysis using DSC affords
information regarding change; for example, an endo-
therm occurs for loss of residual solvent, melting,
polymorphic transition, desolvation, or decomposition.
Although it affords quantitative information regarding
heat consumed during the change, it affords no infor-
mation regarding the type of transition. Hot-stage
microscopy involves a heating stage combined with
microscopy such that the sample is heated at a given
rate on a microscope stage allowing one to observe
melting, polymorphic transition, or decomposition. If
the experiments are performed with the sample sus-
pended in oil, it is also possible to observe dehydration
and even differentiate between residual solvent loss
and desolvation. Although hot-stage microscopy does
not provide any quantitative data, it allows for precise
identification of the type of transition. Another com-
mon technique is variable-temperature PXRD, which
has been commonly used to study transformation of
one crystal form to another as the sample is heated
and repeatedly scanned at a predefined rate to gener-
ate PXRD pattern. In other cases, a controlled humidity
purge has been used in conjunction with PXRD to
study the kinetics of moisture-mediated transformation
or the kinetics of hydrate formation. Likewise it is pos-
sible to combine other techniques such as SSNMR with
variable temperature to gain insight. Combined ther-
mal methods such as DSC/TGA have also been com-
mercialized so that both calorimetric and gravimetric
information may be obtained in a single scan. When
combined with a mass spectrometer (MS) or an FTIR
spectrometer, the technique allows the nature of the
gaseous reaction products formed in the TGA to be
investigated directly and identified directly, even in
the presence of multiple volatile degradants. Thus
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TGA-MS and TGA-FTIR can be useful in the identifica-
tion of the starting material and degradation, including
kinetics and pathways. Raman microscopy has been
used for evaluating uniformity of API in pharmaceuti-
cal formulation and especially in the case of amor-
phous solid dispersion formulations where it is
imperative that the API is homogeneously dispersed in
the polymer matrix. This technique has also been used
to monitor the crystallization or physical stability of
amorphous solid dispersions as a function of heat and
humidity. These are only a few examples of hyphen-
ated techniques. Advanced instrumentation is avail-
able that combines several tools together in order to
obtain as much information as possible from a single
experiment.

3.8 CONCLUSION

Solid dosage form development often involves
the characterization of raw materials going into the
manufacturing of the API so that the correct form for
development can be selected, characterization of the
excipient, intermediates in dosage form manufactur-
ing, and the finished product during release, stability
and on-market. Since every imaginable step in devel-
opment relies on testing such that the material is well
understood, there is a plethora of techniques that phar-
maceutical scientists utilize. This chapter provides a
flavor of some of the common techniques used in sup-
port of pharmaceutical development and research. As
stated in the introduction, there are a number of other
techniques that have been left out. However, the goal
is to provide an understanding of some of the common
and somewhat complex tools with respect to instru-
mentation and application.
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2007;40(2):215�26.

72. Bugay DE. Characterization of the solid-state: spectroscopic
techniques. Adv Drug Deliv Rev 2001;48(1):43�65.

73. Byrn SR, Xu W, Newman AW. Chemical reactivity in solid-state
pharmaceuticals: formulation implications. Adv Drug Deliv Rev
2001;48(1):115�36.

74. Harris RK. NMR studies of organic polymorphs & solvates.
Analyst 2006;131(3):351�73.

75. Stephenson GA, Stowell JG, Toma PH, Pfeiffer RR, Byrn SR.
Solid-state investigations of erythromycin a dihydrate: structure,
NMR spectroscopy, and hygroscopicity. J Pharm Sci 1997;86
(11):1239�44.

76. Nunes TG, Viciosa MT, Correia NT, Danède F, Nunes RG,
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API Solid-Form Screening and Selection
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4.1 INTRODUCTION

Most active pharmaceutical ingredients (APIs) are
solid in nature and could exist in many forms that
vary significantly in their properties leading to different
physical, chemical, mechanical, and biopharmaceutical
properties.1�6 The ideal API solid form is one that, not
only can be manufactured reproducibly, characterized
in detail with respect to identity and stability, but also
be formulated as a drug product (DP) that meets the
intended target product profile. Therefore, screening
and selection of the API solid form are critical compo-
nents in drug development that influence the quality,
performance, and manufacturing of a drug substance
and DP. Additionally, in today’s competitive pharma-
ceutical landscape, since development timelines are get-
ting much shorter, the need to select the right candidate
the first time is becoming more important.

Solid forms of APIs can exist as crystalline forms
including polymorphs, hydrates, solvates, cocrystals,
and salts as well as amorphous forms. The aim of
solid form screening and selection is to identify and
characterize as many forms as possible and select a
form with optimal physical, chemical, and biophar-
maceutical properties.7 Crystalline forms are gener-
ally preferred over amorphous forms because they
can be reproducibly manufactured, often with greater
purity and stability. Therefore, the solid form screen-
ing is primarily focused on the identification and
characterization of crystalline forms prior to selection.
The amorphous forms are selected either because a
crystalline form is not identified or the known crystal-
line forms have inadequate solubility, dissolution
rate, and bioavailability.

Typically API solid form selection strategy is exe-
cuted by implementing a tiered or integrated approach
that involves multiple steps.7�9 It is desirable to identify

a wide range of crystalline polymorphs, hydrates, and
the relevant solvates during the form screening stage.
Initial assessments that influence the selection strategy
include considerations such as ionization of the mole-
cule, solubility, and stability along with formulation
considerations and route of administration.10�16 For
ionizable drugs (anionic, cationic, and zwitterionic),
salt formation is the most common strategy to enhance
solubility and bioavailability.16,17 Salts can also provide
improved solid-state properties, stability, crystallinity,
hygroscopicity, melting point and bulk physical proper-
ties. For nonionizable drugs, weak bases, or acid mole-
cules where salt formation is limited, cocrystals are an
attractive option.15,18 Screening of solid forms may be
achieved by high-throughput and/or manual crystalli-
zation approaches with the goal of identifying crystal-
line forms using various cosolvents to assess solvates,
hydrates, and potential counter ion screens for salts or
cocrystals followed by scaling up of the crystalline
leads. The lead candidates are characterized using
solid-state analytical techniques such as thermal analy-
sis, crystallography, X-ray diffraction (XRD), and spec-
troscopy.19�23 An additional goal of form
characterization is also to determine the thermodynamic
relationship between known polymorphs (monotropic
vs enantiotropic), pseudopolymorphs (eg, hydrate/
anhydrate), salts (eg, pHmax for salt vs free form), or
cocrystals (eg, Ksp and Keu). Assessment of hygroscop-
icity, solubility, and chemical and physical stability is
also routinely conducted. Additional factors that influ-
ence the form selection include considerations for API
isolation (crystallization, filtration, and drying) process
as well as the formulation strategy to meet the target
product profile. Thus, the selection of the form is done
after careful review of results from characterization
studies including physical, chemical stability, and solu-
bility/dissolution behavior as well as in vivo
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performance and manufacturing considerations. It is
known that mechanical and physical property differ-
ences between forms can affect manufacturability and
physical attributes of the solid oral dosage forms as has
been reported for theophylline,6 sulfamerazine,24 poly-
morphs of metoprolol tartrate,25 paracetamol,26 or car-
bamazepine.27 The mechanical properties are also
influenced by particle size and shape/morphology in
addition to the solid form. Generally, these properties
are often optimized by particle engineering approaches
on the selected form at a later stage in development
and are outside the scope of this chapter.

4.2 SOLID-FORM SELECTION
CONSIDERATIONS

Ideally, the selected form is a single-phase, nonhy-
groscopic, highly crystalline form. It also possesses
excellent thermal, physical, and chemical stability to
ensure good quality during manufacturing and storage
of API and dosage form. The selected form does not
have complexities of polymorphism and pseudopoly-
morphism and can be manufactured in large scale
with good yield and purity in a consistent fashion.
Although mechanical properties of the solid form are
not thoroughly evaluated during the solid-form selection
stage, the selected form should be amenable to shape/
morphology and size as required by the selected formu-
lation and process. Finally, the solid form should have
the solubility and dissolution rate characteristics to
provide pharmacokinetics and bioavailability as dictated
by the target product profile of the dosage form.

4.2.1 Key physicochemical property
considerations

4.2.1.1 Solid-form stability

Stability testing of drug substance and DP are
conducted during development with a goal of estab-
lishing and assuring that quality is maintained during
the recommended storage conditions and time (shelf-
life). It is critical to select a solid form that is stable as
a function of time and environmental factors such
as temperature, humidity, and light. For APIs that exist
in multiple solid-state forms, it is important to under-
stand the relative thermodynamic stability of the vari-
ous forms and its relevance not only to manufacturing
but also to storage conditions and shelf-life.

Physical stability of solid forms is related to phase
transformations and interconversion between different
crystalline polymorphic or pseudopolymorphic forms or
conversion of thermodynamically unstable amorphous
to crystalline form or salt form to free form. As part of

the form selection process, understanding these trans-
formations in relevance to thermodynamic or kinetic
factors during API processing or DP processing and on
shelf-life is an important element of the selection
process. Solid forms can display a wide variety of phys-
icochemical properties, including solubility, melting
points, density, and morphology, and transformation of
one solid form to another form can lead to formation
of undesirable forms and pose risks to quality and
in-vivo performance. For example, for amorphous API
or dispersions, maintaining the glassy state and keep-
ing the material amorphous are critical to ensure higher
solubility and improved bioavailability as intended
with these systems. On the other hand, for crystalline
forms, even small amounts of amorphous can result in
undesired effects such as increased water uptake and
reduced chemical stability. Similarly for salts or cocrys-
tals, dissociation to the free form during storage or in
the presence of certain formulation excipients can lead
to poor performance. Various processing conditions
during DP manufacture, including wet granulation,
milling, drying, and compaction, can cause phase
transformations from anhydrate to hydrate, crystalline
to amorphous, desolvation of a solvate, or conversion
to different polymorphs, and can all lead to lower solu-
bility, slower dissolution rates, and potentially lower
in vivo exposures.28�31 It is, therefore, important to first
understand the thermodynamic stability of known
polymorphs, hydrates, and relevant solvates. The rela-
tive stability of polymorphs (ie, enantiotropic vs mono-
tropic systems) needs to be assessed to ensure that the
chosen form is thermodynamically stable. For salts, it is
important to determine the relative stability of salt
versus free forms as a function of pH to assess the
potential risk(s) of dissociation in solid dosage form. As
with salts, similar dissociation of cocrystals to individ-
ual components can lead to physical instability. Phase
diagrams for cocrystals are useful in demonstrating
conditions where a cocrystal component is supersatu-
rated, and selection of these conditions should avoid
dissociation of the cocrystal.32 In case of hydrates and
anhydrates, at a constant temperature over a range of
given relative humidity (RH) or water activity, one
crystal form is stable, and at a critical water activity,
both forms can exist simultaneously. However, based
on the kinetics and conditions of conversion, transient
metastable forms may exist during the hydration or
dehydration process. In aqueous systems, conversion
to the more stable hydrate form is a key concern from
a bioavailability standpoint, since hydrates are known
to have lower solubility typically in the order of two- to
threefold.33 Additionally, conversion to hydrate on
storage during shelf life can also impact the chemical
stability of the DP. The anhydrate-to-hydrate con-
version is an important consideration in designing
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solution dosage forms to ensure that the hydrate solu-
bility is not exceeded, and in the case of suspensions,
no conversion is seen during the shelf life that can lead
to increased particle size and caking of the suspension
leading to instability. The extent and time taken for
conversion to the more stable form can be controlled
by modifying the kinetics, and it depends on various
factors such as the solubility of a drug, energy input
during mechanical processes, temperature, and the
presence of certain excipients.33

While selection of the most stable form is important
to ensure adequate physical stability, when the
desired physicochemical properties are not achieved,
the use of metastable forms with higher solubility
such as amorphous solid dispersions are widely used
as a strategy for improved in-vivo performance.34 In
such cases where the metastable forms are chosen for
development, understanding the kinetic stability of
these systems is extremely critical. Molecular mobility
is an important consideration in understanding the
amorphous-to-crystalline phase transitions, and this
has been discussed later.

Another important stability consideration is the
chemical stability that involves the degradation of an
API or a reaction with excipients to form new degra-
dants.13 During form selection, evaluating the chemical
stability of a selected form is an integral part of the
form screening process. In some cases, polymorphs (or
psuedopolymorphs) of some drugs can exhibit different
chemical stability, as in the case of carbamazepine,35

indomethacin,36 or furosemide,37 to name a few.
Generally speaking, the thermodynamically stable form
is the most chemically stable. However, in case of indo-
methacin, the metastable α-form has a higher density
than the more stable γ-form, but it is still more reactive.
This is due to differences in hydrogen bonding and
crystal packing that expose the reactive carboxylic acid
group on the crystal surface for the α-form.36

Chemical instability can also be seen as an outcome
of physical changes in the form. For example, in the
case of either amorphous forms or crystalline API
where amorphous regions are introduced during the
various processing operations such as grinding, mill-
ing, compaction, or lyophilization, molecular mobility
plays an important role in chemical reactivity in the
solid state. Increased molecular mobility is shown to
result in increased rates of chemical degradation in a
wide variety of reactions, including hydrolysis, cycliza-
tion, and even oxidation.38,39 In such cases, water acts
as a plasticizer and is important when considering
such drugs or excipients. Amorphous material can
sorb large amounts of water, which will be more local-
ized in the amorphous regions,40,41 leading to varying
chemical reactivity depending on the extent of such
disordered regions in the DP. Similarly for drug

excipient interactions, water can play a significant role
by increased water content brought in by the excipient
that is adsorbed into the drug or increases the amount
of water in the sorbed layer at the drug excipient point
of contact, thus increasing or facilitating the rate of
chemical degradation with that excipient.

Typical solid-state reactions include hydrolysis,
oxidation, cyclization, and racemization. Excipients
used in DPs are typically related to chemical instability
by virtue of the reactive impurities found in these
systems and the choice of form influences the potential
chemical reactivity.42 Similarly polymorphs can also
have varying stability as seen in the case of chloro-
quine diphosphate,43 where the stability under light
varies, or for the various polymorphs of prednisolone
t-butyl acetate, where only one form was found to be
susceptible to oxidation and had a tunnel parallel to
the hexagonal axis of the crystal that allowed oxygen
to penetrate, while the other forms had closely tight
packing.44

4.2.1.2 Hygroscopicity

Hygroscopicity refers to the ability of a solid to take
up and retain water at various RH and temperatures.
Both the equilibrium moisture and the rate of uptake
are important to understand to assess the hygroscopic-
ity of various forms and potential impact. Various
forms, morphology, crystallinity, and the state of
hydration affect the water uptake under different
experimental conditions. Low hygroscopicity is always
preferred for the selected API form. Based on the
extent of water uptake, pharmaceutical solids can be
classified into nonhygroscopic, slightly hygroscopic,
and hygroscopic solids.45 Moisture adsorption iso-
therms, plots of equilibrium water content of a solid as
a function of RH at a constant temperature, are com-
monly used to assess the hygroscopicity of pharmaceu-
tical solids.

Hygroscopicity can be determined by storing solids
at various controlled RH and temperature over long
periods of time to equilibrate and measure weight gain
or more typically in recent times by the automated
sorption microbalance technique or dynamic vapor
sorption instruments. In this, small quantities of drug
(about 5 mg) are purged with humid nitrogen and
equilibrated at controlled humidity and temperature,
and the weight change is recorded. Highly crystalline
solids typically have negligible surface adsorption of
water, whereas high amounts of water uptake are seen
typically for amorphous or deliquescent materials.
Stepwise increase in water uptake is typically seen for
stoichiometric hydrates, while nonstoichiometric or
channel hydrates show a more gradual increase in
water uptake as a function of RH.46�48 Typically, per-
cent weight change associated with the solid can be
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used to determine the stoichiometry of the hydrate
based on the molecular weight of the compound.
Measurements of hygroscopicity using the dynamic
sorption technique typically include an initial drying
phase, which should be avoided for forms that may be
solvates or hydrates. Differences in kinetics of adsorp-
tion and desorption are sometimes observed, leading
to the two isotherms not coinciding and resulting in a
hysteresis. The most common reason for hysteresis is
the slower sorption kinetics, but a few other likely rea-
sons are deliquescence at high humidity followed by
no recrystallization during the desorption phase or
amorphous material undergoing conformational
changes due to water uptake or formation of a new
form (hydrates) that show varying kinetic stabili-
ties.49,50 Typically adsorption-desorption studies are
coupled with analysis of the solids such as powder
X-ray diffraction (PXRD) to confirm the API form iden-
tity at various parts of the adsorption-desorption cycle.
Sometimes crystalline material due to surface amor-
phous regions show larger amounts of water uptake
and can cause issues with processing and handling of
pharmaceutical API during manufacture and storage.
Measurement of hygroscopicity of early lots of API
showing differences in moisture uptake profiles can
be an indication of amorphous regions, phase impuri-
ties, and crystal defects and provides information on
early lot-to-lot variability. These studies can provide
important insight into phase transformations and crit-
ical water activity ranges between hydrates and anhy-
drate forms as long as the isotherms are completely
reversible; however, when hysteresis is observed, the
kinetics are critical in correlating relevance on long-
term moisture uptake.51

Increased hygroscopicity can lead to an increase
in molecular mobility and solid-state reactivity.
Deliquescence, conversion of forms (formation of
hydrates), and potential chemical instability due to
higher degradation are all possible due to increased
water absorption by surfaces of solids.13 Additionally,
physical instability due to changes in moisture content
leading to dissociation of salts, conversion of hydrates
to anhydrates or vice versa during DP processing or
storage can result in dissolution slow down.52,53 Given
the impact of changes in moisture content of the API
form to alter physicochemical properties and altered
product performance, low hygrosopicity is a desirable
property during form screening. Understanding the
critical water activity ranges for various hydrates/
anhydrates is also important. Considerations of the
potential impact of unit operations such as drying,
milling on API form, and the potential generation of
crystal defects, amorphous regions, and altered mois-
ture uptake profiles are important considerations dur-
ing form evaluation.

The hygroscopicity behavior can vary significantly
across various forms, polymorphs, or hydrates of a
given molecule. For example, in the case of carbamaze-
pine, which is hygroscopic at high RH and converts to
the dihydrate, formation of cocrystals with nicotin-
amide coformer have shown to prevent dihydrate
formation up to 1 month at 40�C/94% RH.54

4.2.1.3 Solubility, dissolution rate, and
bioavailability

Differences in crystal packing result in wide range
of physicochemical properties, including melting point
differences, differences in internal energy, enthalpy,
free energy, chemical potential, and solubility. In case
of polymorphs or pseudopolymorphs, the thermody-
namic stability also dictates the solubility. Pudipeddi
et al.55 surveyed over 55 compounds and their poly-
morphs/pseudopolymorphs and found that the aver-
age solubility ratio of the individual polymorphs to the
most stable (least soluble) one was 1.7.

Polymorphs with two-fold or larger difference in
solubility may have improved in-vivo performance, as
seen in the case of chloramphenicol palmitate, where a
fourfold solubility difference showed a sixfold differ-
ence in Cmax in humans, whereas mefenamic acid with
a 1.3-fold solubility difference showed no significant
improvement in vivo.1 Another classic case of the
impact of polymorphs on solubility and dissolution
rate is for ritonavir. A new thermodynamically
stable form II was discovered a couple of years after
form I was launched in the market. The two forms
had a greater than fivefold solubility difference,
and hence form II supersaturated and was much less
soluble in the semisolid formulation, forcing the
manufacturer to recall the original formulation.56,57

However, the impact on bioavailability between vari-
ous polymorphs also depends on additional factors
such as solubility difference, dose, permeability, and
formulation factors. Biopharmaceutics Classification
System (BCS) analysis or computational simulations
using physiologically based pharmokinetic (PBPK)
modeling with software programs such as GastroPlus
can be used to assess the interplay between solubility,
dose, and permeability to predict overall impact on
bioavailability.

The lower aqueous solubility typically imparted by
hydrates is an important consideration when evaluating
neat and hydrate forms for a given drug and its poten-
tial risk to in vivo exposure. The kinetic advantage of
the higher aqueous solubility of the anhydrate form
is important in the consideration of various forms or
designing dosage forms that may impart longer super-
saturation states with respect to the lower solubility
hydrate forms.
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Typical solubility measurements include the equilib-
rium solubility, which is the solubility at equilibrium.
These measurements are usually run over 24 hours or
longer, and the results can be impacted by changes in
temperature during the study or phase changes such
as the formation of hydrates, solvates, and dispropor-
tionation of salt forms. Evaluating solution-mediated
phase transformation during these dissolution or
solubility studies is an important consideration. Even
though phase conversion is expected to occur based on
thermodynamics driving force, the kinetics will govern
whether it will occur during the relevant conditions
and time. Assessing the kinetic dissolution as a func-
tion of time provides information not only on the
equilibrium solubility but also the metastable forms
and their dissolution rates. Two commonly used
methods for assessing form solubility is powder dis-
solution and intrinsic dissolution.58 In cases of poly-
morphs, salts, or cocrystals, if the form is physically
unstable under biorelevant aqueous condition, equi-
librium solubility may not be relevant to correlate to
oral absorption, and kinetic solubility or intrinsic dis-
solution rates (IDRs) over a few hours are more
relevant.

The intrinsic rate is a dissolution rate measured by
an intrinsic apparatus and is independent of surface
area. The rotating-disk system is used most com-
monly used, and a good correlation of results is
observed compared with the fixed-disk system59. The
IDR can serve as a surrogate to the equilibrium solu-
bility studies. These measurements provide informa-
tion on any phase transformations during the
solubility study and are able to capture transient
supersaturation concentrations. The IDR study results
can vary based on internal and external factors (prop-
erties of solid state, surface area, hydrodynamic con-
dition, composition of dissolution media, vibration,
rotation speed, presence of dissolved gases in dissolu-
tion media, and sample sites), and hence when com-
paring results, the methods should be standardized.
Any change in phase transition during the experiment
such as the conversion of amorphous atorvastatin into
crystalline,60 conversion of diclofenac salt to free acid
form,2 or conversion of polymorphs can be picked up
easily by nonlinear dissolution curves for the amount
dissolved versus time due precipitation of the more
stable form. However, intrinsic rates can still be
obtained from the linear portion of the curves. The
ratio of IDR of two solid forms of the same drug
(eg, polymorphs, hydrates) corresponds to the solubil-
ity ratio between the same forms. Therefore, the IDR
experiments are advantageous over solubility experi-
ments when studying the relative stability of solid
forms, especially when there is phase transformation
during solubility studies.

Drug dissolution is the first step in the absorption
process, and both solubility and the rate of dissolution
play an important role in the in vivo absorption. The
drug dissolution rate can be described by61:

DR5
dXd

dt
5

A3D

δ
3

Cs 2Xd

V

� �

where A is effective surface area, D is the diffusion
coefficient, δ is the diffusion layer thickness, Cs is sat-
uration solubility, Xd is amount of drug in solution,
and V is volume of dissolution media. In-vivo gastro-
intestinal conditions such as bile salt concentration
and the pH level of the stomach can both impact the
solubility or dissolution rate of the drug and affect
in-vivo absorption.

When evaluating in-vitro dissolution or solubility
measurements, it is important to have media that are
close in composition to in-vivo conditions to have
predictive ability. Typical aqueous buffers used as
dissolution media can simulate the pH appropriately
but cannot simulate the ionic strength, bile salt compo-
sition, surface tension, or viscosity. In order to simu-
late the in-vivo conditions adequately, assessing
dissolution and solubility in more physiologically rele-
vant in-vitro methods is important for poorly water-
soluble drugs. The common biorelevant dissolution
media are simulated gastric fluid and simulated intes-
tinal fluid under fasted (FaSSIF) or fed (FeSSIF) condi-
tions. Composition of the media greatly influences the
predictability, and many studies have been conducted
over the years to establish the compositions. For exam-
ple, for FaSSIF and FeSSIF media, sodium taurocholate
is used as representative bile salt since it closely repre-
sents cholic acid, which is found in human bile.62

Additionally, the buffer capacity of FaSSIF is much
lower than FeSSIF to represent in-vivo conditions. In
the case of fed-state conditions, to represent the post-
meal conditions, taurocholate and lecithin are included
at much higher concentrations. A detailed review by
Klein describes the various biorelevant media, com-
positions, and examples on the application of biorele-
vant dissolution and correlation to in-vivo studies for
various drugs including danazol, itraconazole, or
phenytoin.61 As part of solid-form screening, especially
for BCS Class II molecules where solubility is rate
limiting, solubility measurements should be conducted
in biorelevant media with dose/solubility ratios calcu-
lated, and dissolution tests in these media can poten-
tially provide a tool for more meaningful in-vitro to in-
vivo correlation.

Typically forms are designed to provide higher
solubility and dissolution, which translate to higher
bioavailability in vivo. Given the wide range of solubil-
ity and dissolution rates between forms, the choice of
form can dictate bioavailability and can also impact
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PK parameters such as Cmax and Tmax.
63 In vitro data

generated in biorelevant media for various forms can
serve as a selection criteria to pick lead candidates in
preclinical animal studies to assess the impact on bio-
availability. Assessing in-vivo performance of various
forms in preclinical animal models such as dogs, mon-
keys, or rats under fed, fasted, or famotidine-treated
conditions is an important aspect during selection.
Data from in-vitro biorelevant solubility studies and
preclinical animal PK data can then be used into
computational simulations using physiology-based
pharmacokinetic modeling softwares (eg, GastroPlus,
Simulations Plus, Inc.) that are now routinely used to
assess the impact of rate-limiting factors affecting the
overall absorption. This approach can be very effective
during form selection to identify limits on potential
physicochemical properties such as solubility to maxi-
mize bioavailability. Chiang et al. demonstrated the
use of PBPK modeling during the salt selection process
of phenytoin to determine the solubility requirement
for the salts at the relevant dose, which was used to
guide the salt selection process.64

4.2.2 Considerations for various forms

As detailed in the previous section, the ideal solid
form possesses desirable physical, chemical, and bio-
pharmaceutical properties to enable both API and DP.
The solid-form selection is conducted with this end
goal in mind and involves identifying and characteriz-
ing multiple forms ranging from the crystalline solids
(polymorphs, cocrystals, solvates/hydrates) to amor-
phous solids. The following section provides guidance
on theoretical and practical considerations for salt and
cocrystal formation, polymorphs/ hydrates, solvates,
and amorphous solids.

4.2.2.1 Salts

A large fraction of drug molecules are ionizable and
amenable for salt formation. Some of the key reasons
to select salts over their free forms include increased
solubility, dissolution rate, and/or bioavailability,65

enhancement in physical and chemical stability,
reduced hygroscopicity and improvement in purity,
and handling and processability of API.3,15�17,65�67

Salts may also afford improved powder properties
such a compactibility leading to advantages in the DP
manufacturing processes. One clear disadvantage of
salt over the free form is the increase in the weight of a
drug substance for the same amount of active moiety
due to the inclusion of the counterion. In some cases,
salt formation may be an additional step in the API
manufacturing process. It is also possible that, for
some cases, the salts may have inferior properties

compared to the free forms.68 Some of the key consid-
erations in salt selection are detailed below.

4.2.2.1.1 pH-solubility profile and salt solubility

The aqueous solubility of weakly acidic and basic
drugs is a function of pH and is governed by the
ionization or dissociation constant.17 The intrinsic
solubility is defined as the solubility of the unionized
form of the molecule. The relationship of pH and solu-
bility of an ionizable molecule is described by the
Henderson�Hasselbalch equation. The pH�solubility
profile of a weak base can be described by two inde-
pendent curves, one where the base is the equilibrium
species, and the other where the salt is the equilibrium
species. Fig. 4.1 shows the pH solubility of a weak
base where it can be divided into Region 1 and 2. At
equilibrium, at all pH values other than at the pHmax

(pH of maximum solubility), only one solid phase (free
form or salt) exists whatever is the starting material.

The total solubility for a base is a sum of its union-
ized (free base) and ionized form:

S5 BH1
� �

1 ½B�
where S is total solubility, [BH1] is the ionized base
(salt), and [B] represents the unionized base.

As shown in Fig. 4.1, for a monobasic compound
when dissolved in water, the following equilibrium
exists:

BH11H2O3
Ka

B1H3O
1

or

Ka 5
B½ �½H3O

1�
½BH1�

where Ka is the ionization constant.

FIGURE 4.1 pH�solubility curve for a weak base.
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In Region 2, where pH. pHmax, the excess solid is
the free base, and the solubility curve is described by
the free base solubility and can be defined as

S5S0 11
½H3O

1�
Kab c

� �

where S is total solubility, S0 is intrinsic solubility, and
Ka is the ionization constant.

In Region 1 of Fig. 4.1 for a weak base, where pH,
pHmax, the excess solid in equilibrium with the satu-
rated solution is the salt. The solubility in this region is
defined as:

S5
ffiffiffiffiffiffiffi
Ksp

q
11

Ka

H3O
1

� �
 !

Ksp5 BH1
� �½A2�

where Ksp is solubility product of the salt.
The pH value where Region 1 and 2 curves intersect

is called the pHmax or the pH of maximum solubility.69

For a weak base, as the pH increases up to the
pHmax, the solubility is that of the salt. Even though
the Figure 4.1 shows a pH independent region, there is
a weak dependence on pH due to ionization of the
salt. At pH values beyond the pHmax, the solubility
decreases drastically due to decreased dissociation of
salt to free base. At pH.. pKa, the solubility again
represents the intrinsic free base solubility and is inde-
pendent of pH.

At the pHmax, in the presence of excess solid, the
solution is saturated with respect to both the salt and
the free form. Equating equations 2 and 3 above, the
pHmax for bases can be defined as:

pHmax 5pKa1 log
S0ffiffiffiffiffiffiffi
Ksp

p
Similarly, the pHmax for weak acids is defined as:

pHmax 5pKa2 log
S0ffiffiffiffiffiffiffi
Ksp

p
The location of pHmax provides an indication of

relative stability of salt versus free base as a function
of pH in aqueous solutions or in the diffusion layer of
solid particles, which provides the microenvironmental
pH. The equation above shows the impact of the pKa,
S0, and Ksp on the pHmax and thus provides a measure
of the stability of a salt as a function of aqueous pH.70

For example, for a weak base, as the strength of the
weak base increases (pKa increases by one unit), the
pHmax increases by one unit. Similarly, an order of
magnitude increase in solubility of salt (

ffiffiffiffiffiffiffi
Ksp

p Þ
decreases the pHmax by one unit. Given this, it can be
perceived that the pHmax can shift over several orders
of magnitude depending on the choice of counterions,

which in turn relates to differences in the solubility or
Ksp for the various salts and can be correlated to the
melting point (crystal lattice forces).71 In the case of
weak acids above the pHmax and in the case of weak
bases below the pHmax, the solubility profiles are those
of the respective acid or base salts. Ideally, the pH-
solubility profiles generated using the free form or its
salt should be superimposable when the same acid or
base is used for pH adjustment in both cases. However,
it is not uncommon to observe deviations from the
ideality, as reported by Ledwidge and Corrigan.72

4.2.2.1.2 Selection of counterions and salt formation

Commonly used anions and cations typically consid-
ered for salt formation are listed in Table 4.1. Based on
experience, for weakly basic acids and bases, a
difference of two pKa units (ie, the acid pKa should
be at least two units lower than the base) is ideal for
obtaining a stable salt. This rule of thumb has not
been formally proven but is often used in the salt
selection.14,73�75 Cruz-Cabeza76 reviewed the relative
occurrences of 6465 neutral and ionized acid-base crys-
tal structures in the Cambridge Structural Database.
Salts or ionized acid-base complexes were exclusively
observed when the pKa difference was 4 or greater,
and nonionized acid-base complexes (cocrystals) were
exclusively observed when the pKa differences were �1
or lower. Both salts and cocrystals occurred when
the pKa difference was in the range of �1 and 4,
although the probability of salt formation increased
with an increase in pKa difference in a linear fashion.
Given this rule of thumb, very weak bases (pKa 1�2)
are limited to strong acids, whereas bases such as
imidazole (pKa 6�7) can form salts with a wider range
of acids.16 Paulekuhn et al.77 surveyed the Orange
Book database published by the Food and Drug
Administration (FDA) in 2007 for the frequency of
occurrence of different counterions in pharmaceutical
salts. Chloride and sodium counterions were the most
frequent for anionic and cationic choices respectively,
but there was an increasing number of other counter-
ions also being used.

A major factor in salt selection is enhancement of
solubility and dissolution of oral solids, especially for
immediate-release products. A priori prediction of salt
solubility (Ksp) based on salt former properties such as
hydrophilicity, pKa is difficult. For example, as shown
by Hsieh et al. in Table 4.2 for miconazole salts,
despite of having a similar pKa value to methanesulfo-
nic acid (pKa 21.89), the nitrate salt of miconazole
(pKa of nitric acid5 21.3) exhibits almost a threefold
lower solubility.78

The salt solubility will not only depend on the
structure and properties of the drug and salt former
but also on the solid-state properties of the resulting
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salt. The salt-forming counterions could impact salt
solubility by changing both the crystal lattice and
solvation energies79,80; therefore, salt solubility is often
determined experimentally. Sometimes the experi-
mental determination of aqueous solubility of salts
may be challenging due to disproportionation (eg, for
low pHmax), self-association, supersaturation, or other
experimental factors.70,79 An additional factor that

can contribute to changes in salt solubility is the pres-
ence of common ions in solution. For example, the
presence of sodium chloride led to a decrease in
hydrochloride salt solubility compared to the theoreti-
cal curve due to the common ion (chloride) effect.81

Tong and Whitesell75 developed an in situ salt-
formation methodology that also provides a rapid ass-
essment of solubility values of possible salts. A negative
result of not observing a crystalline salt from an in situ
salt-screening approach may not necessarily mean that
a salt can’t be crystallized. A more detailed approach
to solid-form screening is discussed in a later section
of this chapter. In the event that a crystalline salt is
observed during the in situ screening approach, it
allows for an estimation of salt solubility by combining
mass balance and ionic equilibria equations. For deter-
mining solubility of the salt of a freebase, the approach
involves measurement of solubility of weak bases in the
presence of excess amounts of acids that generate salt-
forming counterion and tracking the amount of base,
the concentration of the acid, volume, and final pH. The
solubility product for a 1:1 salt precipitated during
the experiment is given by the following equation:

Ksp 5
S

MW

A½ �2 ðX2 S3VÞ
V3MW

11 H1
� �

=Ka

" #

where X (mg) is the amount of solid base added,
S (mg/mL) is the solubility in the acid solution, MW is
the molecular weight of the base, V (mL) is the volume
of the solution, [A] is the molar concentration of the
acid, pKa’ is the ionization constant of the acid used,
and pH is the final pH at the end of the experiment.
This is especially important for hydrochloride salts
in vivo where the chloride ion common effect can
result in further suppressing the hydrochloride salt
solubility.

4.2.2.1.3 Dissolution and oral absorption of salts

Dissolution of ionizable drugs and salts in unbuf-
fered and buffered systems has been explained by
applying the diffusion boundary layer theory, taking
into account the ionic equilibria.82 The pH of the diffu-
sion layer (sometimes referred to as the microenviron-
mental pH) is a key factor in controlling the
dissolution rate of the solid. The diffusion layer pH for
the free form of an ionizable drug could be very differ-
ent from the bulk pH due to the self-buffering action
of the free form and dependent on the pKa and solubil-
ity of the free form.82 Salts also have the self-buffering
capability and thus influence the diffusion layer pH. A
number of reports on the relative dissolution rates of
salts and free forms in reactive media have been
reported.17,83

TABLE 4.1 Commonly Used Acids and Bases as Salt Formers

Counterion pKa,1 pKa,2 pKa,3

ACIDS

Hydroiodic �8
Hydrochloric �6
Hydrobromic �6
Sulfuric �3 1.92

p-Toluenesulfonic �1.34
Nitric �1.32
Methanesulfonic �1.2
Maleic 1.92 6.23

Phosphoric 1.96 7.12 12.32

L(1)-Tartaric 3.02 4.36

Fumaric 3.03 4.38

Citric 3.13 4.76 6.40

D,L-Lactic 3.86

Succinic 4.19 5.48

Acetic 4.76

BASES

Sodium 14

Potassium 14

Zinc About 14

Choline 13.9

L-Arginine 13.2 9.09 2.18a

Calcium 12.7

Magnesium 11.4

Diethylamine 10.93

L-Lysine 10.79 9.18 2.16a

Ammonium 9.27

Meglumine 8.03

Tromethamine 8.02

apKa of the carboxylic function of the amino acids.

Adapted from Stahl PH, Sutter B. Salt Selection. In: Hilfiker R, editor.

Polymorphism: in the Pharmaceutical Industry. Published Online: 22 May 2006 DOI:
10.1002/3527607889.ch12.
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Li et al.84 reported that the dissolution rate depen-
dence on dissolution medium pH for free base, chlo-
ride, and mesylate salts could be explained by the
diffusion layer pH. A summary of the results are pro-
vided in Table 4.3. It is clear that at very low pH condi-
tions, the free base and mesylate salt showed similar
dissolution rates as they all converted to chloride salt.
As the pH increased, the salts outperformed the free
base; the mesylate salt showed significantly higher solu-
bility relative to the chloride salt owing to its higher Ksp

that is expected to lower the diffusion layer pH.
In this example, the diffusion layer pH for both the

salts was lower than the pHmax, and there was no con-
version of the salt to free base. For many salts, that may
not be the case when the diffusion layer pH favors the
free form. Understanding the kinetics of supersatura-
tion, dissolution, and precipitation during the dis-
solution process becomes very important. In solution,
salts can form supersaturated solutions, which is a
metastable kinetically favored process near the pHmax

where solubility values greater than saturation or
theoretical solubility of the salt are observed.65,67,68,85,86

The ability to kinetically maintain supersaturation is an
important factor in providing the dissolution rate
advantage for salts. Hawley et al. outlined87 two

mechanisms of precipitation: bulk precipitation, where
the free form precipitates in solution; and surface pre-
cipitation, where the free form precipitates on the sur-
face of the dissolving salt. In bulk precipitation, the
solution concentration exceeds a certain critical concen-
tration only after which precipitation starts occurring
and continues until the solubility reaches that of the
free form. In surface precipitation, the free form starts
precipitating on the surface of the salt, and since the
free form has lower solubility, the dissolution curve
immediately slows down. The surface precipitation
mechanism impacts dissolution of solubility the most
by forming a coating of the free form on the surface,
decreasing its dissolution. For salts, the supersaturation
is the highest at the surface or in the diffusion layer sur-
rounding the particles, and this leads to faster rates of
free form precipitation at the surface, causing a layer
of free base and slowing down overall dissolution.
Diffusion layer-based dissolution models have been
described in literature to predict the surface pH in dis-
solution media.82 Understanding these dissolution and
precipitation mechanisms can enable formulation
design by altering the diffusion layer by inclusion of
excipients to modify the pH of the diffusion layer and
thus increase dissolution and absorption.88

TABLE 4.3 Intrinsic Dissolution Rates of Haloperidol Free Base, Haloperidol Hydrochloride, and Haloperidol Mesylate as a Function of pH

pH of dissolution medium

(adjusted using HCl or NaOH)

Freebase Chloride salt Mesylate salt

Dissolution rate,

mg/(min � cm2)

Diffusion

layer pH

Dissolution rate,

mg/(min � cm2)

Diffusion

layer pH

Dissolution rate,

mg/(min � cm2)

Diffusion

layer pH

1.1 0.032 1.11 0.025 0.88 0.033 1.04

2.0 0.246 4.76 0.155 1.85 0.865 1.91

3.1 0.061 5.93 0.292 3.01 2.037 2.61

5.0 0.002 7.00 0.291 4.89 1.962 3.02

7.0 � � 0.157 4.85 1.760 2.99

Reprinted with permission from Shoufeng et al. Investigation of Solubility and Dissolution of a Free Base and Two Different Salt Forms as a Function of pH”, Pharm. Res; 2005,

Volume 22, Issue 4, pp 628�635.

TABLE 4.2 Physicochemical Properties of Miconazole Free Base and Salts

Salt pKa pHmax pH at saturation Salt solubility (M) Free base solubility (M)

Miconazole 6.9 � � � 2.43 1026

Miconazole camsylate � 4.17 3.43 1.273 1023 �
Miconazole mesylate � 1.44 1.47 6.883 1021 �
Miconazole nitrate � 4.75 4.37 3.363 1024 �
Miconazole phosphate monohydrate � 3.35 2.23 8.533 1023 �
Miconazole tosylate � 4.44 3.63 6.973 1024 �
Adapted from Hsieh YL et al. Salt stability—the effect of pHmax on salt to free base conversion. Pharm Res 2015;32(9):3110�8.
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It is important to consider the pH changes as the
drug transits through the gastrointestinal tract.
Following dissolution of the salt, precipitation and
redissolution may occur, depending on the properties
of the drug including pH-solubility profile, absorption
rate, dose, and particle size. These factors play a role
in the choice of salts versus their free forms. Ku89 pro-
posed that for highly soluble drugs (ie, BCS Class I
and III), salts may not be beneficial compared to the
free forms from a purely oral absorption perspective.
The importance of salts in overcoming dissolution and
absorption problems for poorly soluble drugs can’t be
overstated. When salts of free bases are administered,
dissolution readily takes place in acidic conditions in
the stomach. The chloride common-ion effect may
sometimes be observed with hydrochloride salts, or
the drug may convert to hydrochloride salt in the solid
phase. Upon transiting into the intestine, the portion of
the drug that is dissolved may remain in solution prior
to absorption, or it may precipitate as free base. The
undissolved portion of the salt is likely to convert to
the free base or dissolve. The salt forms are generally
beneficial for oral absorption of weak bases. Salts of
weak acids are expected to undergo rapid dissolution
and potentially precipitate as free acid in the stomach.
The dissolved drug is absorbed in the intestine, and
the undissolved drug undergoes dissolution prior to
absorption. Although the case for salts of weak acids
may not appear to be strong from an oral dissolution-
absorption perspective, the kinetics of supersaturation,
dissolution, and precipitation needs must be consid-
ered for the individual salt and free acid forms.

4.2.2.1.4 Toxicity of counterions

When a drug is administered in a solid dosage
form, depending on the salt form dosed, the in-vivo
solubility can be varied, thus influencing the pharma-
cokinetic and toxicological profile.90 The choice of
counterion can impact absorption through modifica-
tion of the dissolution rate. The potential toxicity of a
counterion is related to key factors such as dose, route
of administration, pharmacokinetics, and the thera-
peutic indication.

Some counterions may lead to the formation of toxic
impurities that may need to be controlled. For exam-
ple, sulfonic acid salts such as mesylate, tosylates, and
even sulfate salts can potentially lead to the formation
of alkyl esters, which are known to be genotoxic in the
presence of alcoholic solvents during processing. The
toxicity concern can be addressed by implementing a
good control strategy to monitor their levels in API
and DPs.91

Pfannkuch et al.10 has classified salt formers into
three categories based on their toxicity profiles. Class 1
includes counterions such as chloride and sodium that

are physiologically ubiquitous. Class 2 includes coun-
terions that have been widely used and have relatively
low toxicity and good tolerability, and Class 3 includes
those that may be used for special considerations, for
example, to provide some pharmacological effects.

In the case of cations, metal ions specifically such as
sodium, potassium, calcium, and magnesium, since
naturally abundant under physiological conditions, do
not pose toxicity concerns and are considered inert at
typical physiological levels. Similarly, nitrogen bases
that are essential amino acids are of no concern.
However, other cations such as lithium are used as
therapeutic materials and are not inert. Also, long-term
dosing of lithium in humans can cause irreversible
damage to the kidneys,92 while maleate salts have
been reported to cause renal damage in dogs even
after a single dose at 9 mg/kg.93 Anions such as chlor-
ides and phosphates are physiologically abundant and
well tolerated, while other anions such as bromide,
iodide, and nitrate need to be considered based on the
amounts used. Certain salts may cause local irritation
such as alprenolol HCl, which has an irritant effect on
the esophagus, but benzoate salt has no such effect.94

A more detailed review of toxicology considerations of
various counterions and the effect of dose and route
of administration for nonclinical and clinical use have
been reported by Thackaberry95 and Saal and Becker.90

Tables 4.4 and 4.5, adapted from Saal and Becker, cate-
gorize the commonly available and maximum doses
for various counterions for oral use. However, other
considerations such as special populations (pediatric/
geriatric/nursing women) should be considered if rele-
vant during salt selection. Additional details on toxi-
cology studies conducted for each pharmaceutical salt
can be found on the FDA websites.

While the choice of a counterion during salt
selection is mainly driven to enhance bioavailability or
stability, safety of these salts is a key criteria of selec-
tion. Given this, while counterions are typically con-
sidered inert, along with factors such as ionization
constants, solubility, and product stability, toxicity
considerations are a key element in counterion selec-
tion. Other factors such as thermodynamic stability,
disproportionation risk to free form, and super-
saturation phenomenon shown by salts all go into the
selection process and are discussed later.

4.2.2.1.5 Chemical stability considerations

The form of the API plays a significant role in influ-
encing the chemical stability of a drug. Salt formation
can lead to enhancement of the chemical stability of
drugs. The microenvironmental pH also plays a signif-
icant role in determining the chemical reactivity of the
DP. For example, for molecules that are acid labile, the
selection of an acidic salt will increase the propensity
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of a hydrolysis reaction. Among the strategies to influ-
ence the chemical reactivity of a drug is through the
modification of the microenvironmental pH. Badawy
et al. showed that by choice of the mesylate salt form
of the API or addition of acidic pH modifiers, which
lower the microenvironmental pH, the ester hydrolysis
reaction was successfully mitigated to enable a
stable DP.3,96 Similar to a stabilization effect, the use of
excipients that can destabilize a salt form, as in the

case of sertraline salts, was shown to induce conver-
sion to free base in the DP leading to oxidative insta-
bility.66 It is also possible that degradation may be
exacerbated by salt formation either due to unfavor-
able microenvironmental pH conditions or direct inter-
action between the drug and counterion (eg, Michael
addition between primary amine and fumaric acid).

4.2.2.1.6 Disproportionation of salts

In the case of salts, the physical stability related to
the risk of disproportionation both in the solid state in
DP and in vivo are key considerations, and kinetics of
supersaturation and conversion to free form need to be
assessed during salt selection. Disproportionation of
salts is dissociation of the ionic species into its neutral
and acidic or basic counterion, and this typically leads
to the loss of the improved solubility due to formation
of lower solubility free acid or base or alternately
poor physicochemical properties, including lower sta-
bility. In case of cocrystals, dissociation involves the
separation of the API molecules and the coformer.

The general rule of thumb to form stable salts is for
the counterion and the active molecule pKas to differ by
a unit of 2. However, this is not the only criteria
governing the disproportionation potential. Some criti-
cal factors include the microenvironmental pH (in solid
state) and the pHmax. The microenvironmental pH is
the pH of the microscopic layer that surrounds the solid
particles of API, where a saturated solution of the
solid exists due to adsorbed moisture. In oral solid
dosage forms, the pH of the excipients that are mixed
with the API dictate the microenvironmental pH.

TABLE 4.4 Identified Maximum Daily Dose of Anionic Salt
Formers Used in Oral Products

Salt former

Maximum daily dose

(counterion) Salt

Acetate 50 mg Flecainide acetate

Benzoate 14 mg Rizatriptan benzoate

Besylate 160 mg Mesoridazine besylate

Bromide 300 mg Pyridostigmine bromide

Carbonate 1500 mg Lithium carbonate

Citrate 5250 mg Piperazine citrate

Edisylate 20 mg Prochlorperazine
edisylate

Estolate 1450 mg Erythromycin estolate

Fumarate 120 mg Quetiapine fumarate

Gluconate 730 mg Quinidine gluconate

Hippurate 1120 mg Methenamine hippurate

Iodide 99 mg Potassium iodide

Malate 60 mg Diltiazem malate

Maleate 250 mg Acetophenazine
hydrogenmaleate

Mesylate 420 mg Nelfinavir mesylate

Methylsulfate 200 mg Diphemanil methylsulfate

Napsylate 170 mg Propoxyphene napsylate

Oxalate 5 mg Escitalopram oxalate

Pamoate 325 mg Hydroxyzine pamoate

Phosphate 380 mg Chloroquine
dihydrogenphosphate

Stearate 1500 mg Erythromycin stearate

Succinate 90 mg Loxapine hemisuccinate

Sulfate 380 mg Indinavir sulfate

Tartrate 3900 mg Cysteamine
hydrogentartrate

Tosylate 890 mg Lapatinib ditosylate

Chloride is not included in this table since it is an endogenous physiologically

ubiquitous ion.

Adapted with permission from Saal,C.; Becker,A. Pharmaceutical salts: A summary

on doses of salt formers from the Orange Book, European Journal of Pharmaceutical
Sciences 49 (2013) 614�623.

TABLE 4.5 Identified Maximum Daily Dose of Cationic Salt
Formers Used in Oral Products

Salt former

Maximum daily dose

(counterion) Salt

Calcium 672 mg Edetate calcium

Lithium 338 mg Lithium carbonate

Lysine 860 mg Ibuprofen lysine

Magnesium 4.9 mg Omeprazole
hemi-magnesium

Meglumine 8220 mg Diatrizoate meglumine

Olamine 21 mg Eltrombopag diolamine

Potassium 3575 mg Aminosalicylate
potassium

Tromethamine 2650 mg Fosfomycin
tromethamine

Sodium ion not listed since it’s an endogenous and physiologically

ubiquitous ion.

Adapted with permission from Saal, C.; Becker, A. Pharmaceutical salts: A summary

on doses of salt formers from the Orange Book, European Journal of Pharmaceutical
Sciences 49 (2013) 614�623.
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Hence, modification of the microenvironmental pH
of salts of drugs in solid dosage forms has been a
successful strategy to mitigate the risk of dispropor-
tionation.96,97 Similarly for acidic salts, the addition of
basic excipients can increase the microenvironmental
pH, thus resulting in conversion to free base, and
depending on the reactivity of the various forms, the
free base could be more reactive, leading to increased
chemical degradation. The choice of excipients used in
the DP will influence the microenvironmental pH,
which then dictates the extent of disproportionation
depending on the pH when compared against the
pHmax.

66,98 If the microenvironmental pH is greater
than the pH max, then the difference in solubility in
the saturated layer between the free form and salt will
govern the stability.

As described above, the pH solubility profile of a
weak acid or base is a function of the Ksp, pKa, and
intrinsic solubility. For a weak base molecule, in the
region above the pHmax, the free base solubility is
limiting, whereas in the region below the pHmax, the
salt solubility is limiting. At the pHmax, the salt and
acid are in equilibrium, and it represents the pH of
maximum solubility, as described in the earlier section.

The microenvironmental pH will dictate whether
thermodynamically disproportionation will be favored.
Based on the equation for the pHmax:

pHmax 5pKa1 log
S0ffiffiffiffiffiffiffi
Ksp

p
where S0 is solubility of the base, and

ffiffiffiffiffiffiffi
Ksp

p
is the

intrinsic solubility of salt. Consistent with this equa-
tion, it can be seen that the more soluble a salt, the
lower the pHmax, resulting in a narrower practical
operating pH range where the salt will be stable based
on the microenvironmental pH. Thus, it’s not only the
pKa that governs the disproportionation potential but
also the pHmax. This is demonstrated in Fig. 4.2 by
Hsieh et al., where a strong correlation is seen between
the extent of disproportionation and the pHmax for a
series of miconazole and sertraline salts.78 Additionally,
the buffering capacity of the salt may also play a role in
dictating the disproportionation potential.78,99

Stephenson et al.100 conducted a survey of around
203 active molecules and their counterions, which
shows that no salts were reported for weak bases with
pKas of less than 4.6.

Along with these concepts, another important factor
is the buffering capacity of the salt. As expected, salts
with a lower buffering capacity tend to disproportionate
more. The choice of excipients, for example magnesium
stearate or croscarmellose sodium, and their buffering
capacity influences the microenvironmental pH and are
also important in the disporportionation potential.99,101

This dependency on pHmax has led to building a
theoretical model to predict the salt disproportion-
ation78,102 in the solid state and correlates to experi-
mental data showing reasonable success. The key
assumption for this model was a solution-mediated
conversion, and the accuracy of predictions was found
to be related to water content for the various salts
and the buffering capacity provided by the API itself.
This figure shows how the moisture content influences
the equilibria for salt disproportionation:

½BH1A2�s��������-’���������
Sorbed H2O ½BH1�aq

1 ½A2�aq����������������������-’�����������������������
Disproportionation pH. pHmax

Salt formation pH, pHmax

½B�aq

1 ½H1�aq 1 ½A2�aq ������-’������ ½B�s

This relationship to pHmax also highlights that while
having a salt with high solubility is typically desirable,
the salt with highest solubility may not be the best
form,103 but rather the optimal salt balancing the solu-
bility with the disproportionation risk should go into
selection of a salt form.

Additional factors such as temperature, particle size,
RH, and drug-to-excipient ratios can also influence the
extent of disproportionation. Studies by Hsieh at al.
demonstrate that for three mesylate salts studied, dis-
proportionation kinetics in the presence of a base at
high humidity (57%) showed the disproportionation
curve to overlap with the weight gain curve, which was
indicative of the moisture uptake by the salts during
the study course.78,101 Similarly, an increase in surface
area and a lower drug-to-excipient ratio also results
in higher disproportionation, which is likely related to

FIGURE 4.2 Relationship between pHmax and the extent of dis-
proportionation for a series of miconazole and sertraline salts.
Reproduced from Hsieh YL et al. Salt stability—the effect of pHmax on salt
to free base conversion. Pharm Res 2015;32(9):3110�8 with permission.
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an increased surface area per unit mass that results in
increased water uptake or higher excipient contact,
resulting in conversion to free form. The effect of
temperature is opposite to that of moisture uptake, that
is, an increase in temperature causes reduced moisture
uptake but results in increased disproportionation.101

The increased propensity of disproportionation with
temperature is related to an increase in solubility of a
given salt, which results in a subsequent decrease in
the pHmax. This discussion highlights the importance of
formulation composition as well as process and storage
conditions considerations in the successful development
of salts of weak acids and bases.

4.2.2.1.7 Dosage form consideration

The selection of any API solid form, including salt
selection, needs to be done with the DP in mind. The
considerations of dose and dosage form are critical in
salt-form selection. Dose is an important consideration
in the development of drug candidates and is exempli-
fied in the BCS. It is possible that for some poorly
soluble ionizable drugs salt form is not advantageous
over the free form at low doses but could become
beneficial at higher doses. Such an example is pre-
sented as Case Study 1 in this chapter. The solid form
requirements for a controlled-release formulation is
different from the immediate-release dosage form.
Low solubility may be advantageous for controlled or
extended-release formulations, and, therefore, poorly
soluble salts may be advantageous. As described in
the above sections, the choice of salt form of weakly
ionizable drugs will likely influence the selection of
excipients and formulation composition as well as the
DP process.

4.2.2.2 Cocrystals

In recent years, similar to salts, another class of
molecules called cocrystals has advanced significantly
due to its ability to enhance solubility and dissolution
or to crystallize otherwise difficult-to-crystallize drugs
(eg, amorphous drugs with pKas not favorable for salt
formation). Fig. 4.3 depicts potential configurations
and molecular differences between cocrystals and salts.
A cocrystal is a molecular multicomponent complex
that contains two or more different molecules in the
same crystal lattice.104 Cocrystals differ from solvates
in that all components are solids at room temperature
and from salts based on the extent of proton transfer.
Cocrystals depend on noncovalent, nonionic inter-
actions, which include hydrogen bonding, π�π, and
van der Waals interactions. The properties of cocrys-
tals can be varied significantly by the choice of cofor-
mer and component stoichiometry. Similar to salts, the
physicochemical properties for cocrystals including

solubility, stability, dissolution rate, and melting point
are important to assess during form screen.

Enhancement of solubility is the one of the primary
drivers for cocrystal formation. As with salts, solubility
is defined based on the solubility product, Ksp. For a
cocrystal where A is a drug and B is a ligand, the
solubility is described by the chemical equilibrium of
solid cocrystal with solution and the corresponding
equilibrium constant given by105,106:

AαBβðsÞ"αAðsolnÞ1 βBðsolnÞ

Subscripts refer to the stoichiometric number of
molecules of A or B in the complex. The equilibrium
constant is given by

K"
aαAa

β
B

aAB

If the activity of the solids is equal to 1, and assum-
ing the activity coefficients (γ ) of A and B equal unity
for low-solute levels, cocrystal solubility can be
described by solubility product Ksp:

Ksp 5 aαAa
β
B � ½A�α½B�β

where [A] and [B] are the concentrations of components.

FIGURE 4.3 Possible multicomponent systems: cocrystals, salt
cocrystals, and salts along with their respective solvate/hydrate
forms. Reproduced from Schulthesiss N, Newman A. Pharmaceutical
cocrystals and their physicochemical properties. Crystal Growth Design
2009;9(6):2950�67 with permission.
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Two key factors influence the solubility behavior of
cocrystals. One is the crystal lattice energy and solva-
tion of the cocrystal components. Decreasing the crys-
tal lattice energy or increasing the solvent affinity both
lead to increased solubility of the cocrystal. In the case
of cocrystals, a poor correlation is seen of solubility to
melting point, but a reasonable correlation is seen with
coformer solubility, indicating that solvation is often a
greater parameter compared to lattice energy.105,107

4.2.2.2.1 Selection of coformer

The science of crystal engineering to form cocrystals
is growing, and a number of API characteristics
including hydrogen donor acceptor ability, pKa, con-
formational flexibility, and solubility are important
factors. An extensive review of cocrystals and cofor-
mers that existed prior to 2000 is compiled in the
article by Stahly.108

The solubility values of 25 cocrystals from combina-
tions of three drugs (carbamazepine, theophylline, and
caffeine) and seven coformers (malonic acid, nicotin-
amide, salicylic acid, saccharin, succinic acid, glutaric
acid, and oxalic acid) in four solvents (water, isopropyl
alcohol, methanol, and ethyl acetate) were studied and
ranked based on their solubility advantage over the
drug.26 The measured cocrystal solubility value ranged
from 0.1 to over 100-fold of their respective drug solu-
bility, and the coformer solubility spanned several
orders of magnitude. A plot of cocrystal-to-drug solu-
bility ratio against coformer-to-drug solubility ratio for
each cocrystal showed a linear dependence. The larger
coformer-to-drug solubility ratios showed a higher
cocrystal solubility relative to the drug. The work

demonstrated that cocrystal solubility enhancement
could be rationally selected based on knowledge of the
coformer solubility.

Since cocrystal solubility is dependent to a large
extent on the concentration of cocrystal components in
the solution phase, especially for highly soluble cocrys-
tals (relative to the drug), assessing the solubility
product Ksp is more reliable for cocrystal solubility
estimation. High-solubility cocrystals compared to the
parent drug can significantly impact equilibrium con-
centrations and may undergo solution (aqueous) medi-
ated transformation to the less soluble drug, making
solubility measurement a challenge.109 The true cocrys-
tal solubility is underestimated when transformation
occurs during a solubility measurement in which the
cocrystal is suspended in an aqueous solution. The
drug concentrations observed during these kinetic
measurements is highly dependent on the solution
conditions and cannot be extrapolated to other solution
conditions. Good et al.110 developed a method for the
determination of cocrystal solubility under equilibrium
conditions. This is based on developing phase solubil-
ity diagrams and measuring the solution composition
at the cocrystal transition or eutectic point. Shown in
Fig. 4.4 is a plot of a drug against the coformer concen-
tration. The cocrystal concentration decreases as a
function of coformer concentration and intersects the
drug concentration solubility curve at a point called
the eutectic point, where the two solid phases (cocrys-
tal and drug or coformer and the solution phase) are
all in equilibrium at a constant temperature and pH.
The eutectic point can be experimentally determined
and is a key parameter that establishes the regions of

FIGURE 4.4 Phase solubility curve as a function of coformer concentration for the formation of cocrystals showing the transition or eutec-
tic point.
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thermodynamic stability of a cocrystal relative to its
components. Similar to the pHmax in the case of salts,
the eutectic point for cocrystals is a point where all
phases, the solution, the solid cocrystal, and a solid
component (drug or coformer), exist in equilibrium.
This cocrystal eutectic point is an isothermal invariant
point base on the Gibbs phase rule.

Multiple eutectic points can exist depending on what
solid phases coexist at equilibrium. From the concentra-
tions of drug and coformer at the eutectic point, the
cocrystal solubility product Ksp can be calculated.

Cocrystal eutectic constant (Keu), is the ratio of
solution concentrations of cocrystal components at
the eutectic point and is shown to be a function of the
solubility ratio of cocrystal and drug in pure solvent.
Similar to cocrystal solubility, it is shown to depend on
solution chemistry including solvent, complexation,
and ionization.110 For a 1:1 cocrystal:

Keu 5
½B�eu
½A�eu

Typically cocrystals are formed with acidic, basic,
amphoteric, or zwitterionic coformers. Examples of
coformers include but are not limited to benzoic,
salicylic, maleic, glutaric, oxalic, fumaric, malic, and
caprylic acids, to name a few.111�113 Given the wide
range of coformers similar to salts, cocrystal solubility
can vary significantly based on ionization properties
of coformers.

Cocrystals are typically made using solvent-based
crystallization, mechanical grinding, or melt crystalli-
zation techniques. In solvent-based crystallization
methods, it is predominantly recommended to utilize
nonstoichiometric ratios of the components to create a
large thermodynamic driving force for cocrystal forma-
tion. This use of nonstoichiometric composition has been
termed a reaction crystallization method. Alternatively,
stoichiometric ratios of reactants could be dissolved in a
solvent of choice to achieve supersaturation either
through a temperature difference or through evapora-
tion of the solvent (solvothermal or evaporative meth-
ods). Further detail on screening strategies and cocrystal
engineering is not covered here but can be found in a
number of references.8,32,111�115 Pharmaceutical cocrys-
tals are becoming increasingly important as an alternate
way to improve bioavailability and/or potential stabil-
ity, mainly for weakly ionizable or nonionizable mole-
cules with multiple ongoing efforts in supramolecular or
crystal engineering to explore this.

4.2.2.3 Polymorphs, solvates, and hydrates

All crystalline forms such as neutral molecules,
salts, or cocrystals can exist as polymorphs,116 having
the same chemical composition but different internal

structures (lattice structures and conformations).46

Polymorphs have been characterized based on struc-
tural differences in the crystal lattice as packing poly-
morphism or conformational polymorphism.47 In the
case of packing polymorphism, rigid molecules assem-
ble into three-dimensional structures through different
intermolecular mechanisms,117 while in the other, flexi-
ble molecules are packed in different arrangements
and are packed differently into the crystal structure.118

When temperature is introduced as criteria, poly-
morphs can be classified as monotropic where the
same polymorph is stable regardless of temperature,
whereas for enantiotropic systems, there exists a tran-
sition temperature where the stability relationship
inverts.

Solvates and hydrates are referred to as pseudopoly-
morphs where the crystalline form includes a solvent
molecule such as water (hydrate) or any other solvent
(solvate) in the crystal lattice. From a US regulatory per-
spective, solvates, hydrates, and polymorphs belong to
the class of polymorphs.119 Based on the structure crys-
talline hydrates can be categorized as channel hydrates,
isolated-site hydrates or ion-associated hydrates.47

Channel hydrates can be nonstoichiometric where addi-
tional water molecules can enter the channels when
exposed to high humidity and dehydrate under low
humidity, expanding or contracting the crystal lattice.
Nonstoichiometric hydrates are of specific concern, if
chosen for development, due to changes in water con-
tent in the crystals.120

For polymorphs, the free energy temperature dia-
grams and the Burger�Ramberger thermodynamic
rules121 are common to assess stability relationships.
The relative thermodynamic stability of the forms at a
constant temperature and pressure is defined based
on the difference in the Gibbs free energy given as

ΔG5ΔH2TΔS

where ΔH is the enthalpy difference between forms as
it relates to the lattice energy difference and ΔS relates
to entropy difference or crystal disorder. A negative
free energy or decrease in the free energy indicates a
spontaneous process and is thermodynamically
favored, while a positive value indicates a thermo-
dynamically unfavored process. When ΔG5 0, the sys-
tem is at equilibrium, and the free energy of the two
phases is the same.

Fig. 4.5 shows a relationship of the Gibbs free energy
versus temperature for a solid that can exist in multiple
crystalline and amorphous states, showing the relative
thermodynamic stability of one related to the other.116

The intersection points represent crystalline solids in
equilibrium, with liquid denoted by Tm or transition tem-
peratures of crystalline-to-crystalline or crystalline-to-
amorphous transitions.116
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For polymorphs, the thermodynamics of conversion
or the stability of the various polymorphs is governed
by ΔG, the Gibbs free energy. For crystalline solids that
exist as multiple polymorphs, the polymorph with the
lowest Gibbs frees energy will be the stable one under a
specific set of conditions. The most stable polymorph
will have the highest crystal lattice energy and the low-
est solubility. All other intermediate solubility forms
will be metastable and may be kinetically favored, but
the thermodynamic stable form is still the one with the
least solubility.

Depending on the relative dependence of each
polymorph on temperature, it could be enantiotropic
or monotropic. For a G versus T plot for two poly-
morphs, the monotropic forms always exist with one
having a lower free energy than the other until the
melting point, while for the enantiotropic forms, at
some temperature on the G versus T curve, the stabil-
ity relationship switches. At the point of intersection,
the two forms are equally stable, and the ΔG5 0.
Van’t Hoff plots122 constructed using solubility or
melting point data provide information on the stability
of polymorphs, distinguishing between monotropic
versus ennatiotropic systems. Fig. 4.6 shows the Van’t

Hoff plot for forms I and II for flufenamic acid with
the transition temperature at 39�C.123 From a practical
consideration, during assessment of Van’t Hoff plots
using solubility measurements at various temperatures
(log solubility vs 1/T), care must be taken in the choice
of solvents and the potential formation of solvates
during solubility assessments. Also the phase purity of
two polymorphs being evaluated needs to be known as
well as any changes in the excess solid in the solubility
measurements to ensure meaningful relationships.

Another method reported by Gu et al. is based on
measuring the heat of a solution and solubility or
dissolution rates at any one temperature124 to estimate
the transition temperature and stability between poly-
morphs. They demonstrated good agreement for the
transition temperature of sulfamerazine polymorphs
I and II to be between 51�C and 54�C determined by
this method and confirmed experimentally. The choice
of the method depends on the applicability to the
system; for example, for thermally labile molecules
and solvates, the melting point method is not suitable.
Similarly, the method using solubility at various
temperatures is unsuitable for polymorphs that under-
go rapid transition in solution. All these methods are
based on the assumption that the heat capacity
difference between these is negligible.122,124

Solvates and hydrates can also have significantly
different solubility and dissolution rates compared to
each other and other neat forms. Incorporation of
water or solvent molecules into the crystal lattice
results in additional bonding with API molecules,
altering crystal lattice density, internal energy and
enthalpy, changing free energy, and the chemical
potential of the solid. This may result in changes in
physicochemical properties. Hydrate formation mainly
depends on temperature and water activity. In

FIGURE 4.5 Schematic of Gibbs free energy curves for a hypo-
thetical single-component system that exhibits crystalline and amor-
phous phase transitions. Monotropic systems (A and C, A and B),
enantiotropic system (A and B) with transition temperature Tt, and
an amorphous and supercooled liquid with a glass transition temper-
ature Tg. Melting points, Tm, for the crystalline phases are shown by
the intersection of the curves from the crystalline and liquid states.
Reprinted with permission Rodriguez-Spong B, et al. General principles of
pharmaceutical solid polymorphism: a supramolecular perspective. Adv
Drug Deliv Rev 2004;56:241�74.

FIGURE 4.6 Van’t Hoff plot showing monotropic and enantiotro-
pic systems for form 1 and form II of flufenamic acid.123 Reprinted with
permission. from Hu Y, et al. Estimation of the transition temperature for
an enantiotropic polymorphic system from the transformation kinetics moni-
tored using Raman spectroscopy. J Pharm Biomed Anal 2007;45(4):54651.
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mixed-solvent systems, the activity of water is the key
contributor for determining the phase transformation
between hydrates and anhydrates. At a given tempera-
ture, at a given activity of water, solubility curves of
the hydrate and anhydrates cross, and this is referred
to as the critical water activity. For hydrates and
anhydrates, to evaluate the risk of conversion, it is
important to assess the critical water activity, which
is the range of water activity where an anhydrate
form switches to the hydrate form or vice versa. For a
given drug at a given temperature, above the critical
water activity (RH), a hydrate form will be more
stable thermodynamically. The critical water activity
can be determined by measuring the solubility of the
anhydrate and the hydrate in a mixed-solvent system
where accurate water activity measurements can be
obtained and the solid phase monitored. Care needs to
be taken that the mixed-solvent system selected does
not have a propensity to form solvates. These studies
may be long and time-consuming, and care must be
taken to ensure that undesirable solvates are not
formed during these experiments.

An alternative method by Li et al. proposed the use
of this equation to estimate the critical water activity
that requires determination of solubility ratios of
hydrate and anhydrate125:

aT H2O½ �5
ffiffiffiffiffiffiffiffiffiffi
x½A�
x0½A�

m

s
a½H2O�

where, x[A] and x0[A] are the solubility of hydrate and
anhydrate, m is the number of moles of water, aT[H2O]
is the activity of water at the transition point, and a
[H2O] is the activity of water at a given composition.
Above the critical water activity for hydrate forma-
tion, hydrates typically are thermodynamically more
stable and have lower solubility.126,127 In an aqueous
system, typically the solubility decreases as the order of
hydrates increase, that is, an anhydrate form will have
higher solubility than the monohydrate followed by its
dihydrate. However, in a few cases, the hydrate may be
intrinsically more soluble128,129 than the anhydrate.

Estimates of the critical activity for systems that
form hydrates and neat phases are important in the
process design/control and in form selection.

4.2.2.4 Amorphous forms

During the form selection process, though crystal-
line forms are typically desired, some API solids may
not crystallize under multiple conditions evaluated
and only form amorphous solids. In other cases, none
of the crystalline forms identified provide the neces-
sary physicochemical properties such as solubility that
are adequate to provide the desired in vivo exposures.
In such cases where crystalline solid forms are not

achievable or where they do not provide desired
properties, an amorphous state may be considered.

Amorphous solids are defined as those that lack
any crystalline structure and are composed of only dis-
ordered regions. They are known to have short-range
molecular arrangements but lack long-range order.
Amorphous forms possess excess thermodynamic
properties such as enthalpy, entropy, and Gibbs
free energy compared to the crystalline forms. In addi-
tion to the excess thermodynamic properties, amor-
phous forms also have greater mobility. Due to their
high-energy state, amorphous forms could lead to
increased apparent solubility, dissolution, and absorp-
tion. However, the physical stability of amorphous
solids is a risk that requires characterization and
mitigation. One common way to improve the physical
stability is to make a solid dispersion with a polymer
where the drug is dispersed in the polymer matrix.

An important parameter to assess the stability of
amorphous systems is the glass transition temperature
or Tg, which is the temperature below which the material
is glassy or does not have molecular mobility and above
which the amorphous solid is said to be in a rubbery
state. Given that amorphous systems are high-energy
systems, they possess higher solubility and dissolution
rates compared to their crystalline forms and can pro-
vide a kinetic advantage when considering improved
physicochemical properties of low-solubility drugs, thus
providing higher in-vivo exposures. However, their
physical stability needs to be considered, and maintain-
ing the systems below their Tg ensures the material will
be amorphous throughout the shelf life of the DP.
Conversion of amorphous to crystalline is often known
to be promoted by the presence of water, which can
act as a plasticizer, lowering the Tg. This is another
important consideration when evaluating the solid-
state stability of amorphous systems when exposed to
high humidity, since amorphous systems can adsorb a
large amount of water, which can change the bulk prop-
erties. Since amorphous systems can adsorb large
amounts of water, the chemical stability of these also
needs evaluation, since larger amounts of water can be
available for chemical reactions that are mediated with
water.

Various processes are used to make amorphous
material, including quenching of melts, rapid pre-
cipitation by antisolvent addition, freeze-drying,
spray-drying, introduction of impurities, and solid
dispersions. Mechanical or chemical process stresses
such as grinding, milling, drying of crystalline
hydrates, or wet granulation can also lead to amor-
phous formation.130 Typical analytical methods used
to assess amorphous systems are XRD, differential
scanning calorimetry (DSC), solid state NMR, and
modulated DSC, to name a few.130
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It is well known in literature that polymers can
potentially inhibit crystallization of the amorphous sys-
tems by either increasing Tg or by improved ionic or
hydrogen bonding as well as potentially impacting the
kinetics of crystallization.131 Typically, it is assumed that
for polymeric amorphous dispersions the ratio of Tg/Tm

is around 0.75 or 0.8, and the dispersions are considered
to be potentially stable against crystallization. Tg is a
kinetic parameter. However, another important criteria
to consider for stability of polymeric dispersions con-
taining an amorphous drug is the thermodynamic
driving force for crystallization and the activation
energy for nucleation, which relates to the tendency of
crystallization of the pure drugs themselves.41,131,132

Sometimes it is difficult to crystallize, and an amorphous
solid may be chosen as a form in this case. A detailed
discussion on the selection, risks, and mitigation are
outside the scope of this chapter.

4.3 SCREENING SOLID-FORMS OF API

Screening includes a wide range of API forms
(polymorphs, hydrates, solvates, cocrystals, and salts) to
ensure a reproducible, stable form with the desired
physicochemical, biopharmaceutical, and powder prop-
erties can be obtained as part of this process. Typically,
a thermodynamically stable form is the preferred choice,

though in occasional cases, one may select a meta-
stable form for improved pharmaceutical properties.

Balancing various properties such as crystallinity,
hygroscopicity, stability and dissolution rate/solubility
is needed to find an optimal form. Either a tiered or
integrated approach is used toward screening. An inte-
grated approach looks at a comparison of all key attri-
butes across multiple forms, including crystallinity,
polyphorphism, chemical and physical stability, hygro-
scopicity, and manufacturability and selecting an opti-
mal form based on all these properties across multiple
forms. While this approach is robust with polymor-
phism built into the early screen, it is extremely
resource and material intensive. Fig. 4.7 shows an inte-
grated approach to form selection.

In contrast to this, a tiered approach includes
screening and eliminating various forms based on first
assessment of crystallinity and solubility, followed by
other properties such as thermal properties, hygro-
scopicity, stability scale-up feasibility, and bioavailabil-
ity and finally leading to polymorph screening only on
the lead candidates from the earlier tiered screens.
This approach, while resource and material sparing,
can result in eliminating some potentially useful forms
early without complete characterization. Striking a bal-
ance between these approaches depending on the
intrinsic properties of the molecule, key challenges,
material availability, phase of development, and any

FIGURE 4.7 Integrated strategy for form screening and selection.
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therapeutic area constraints as well as any formulation
considerations is important during form screening.

4.3.1 Screening techniques

Crystallization is the common technique used to
screen forms and is typically described by a nucleation
step followed by crystal growth. For a polymorphic
system, the polymorph that nucleates first has the fast-
est nucleation rate and the lowest free energy barrier
to nucleation. However, the polymorph that actually
crystallizes out depends on the combination of relative
rates of nucleation and crystal growth. Hence, at a
given time, multiple nuclei can exist, and if kinetic
factors prevent equilibrium, a mixture of forms may
be obtained. Various factors such as the degree of
supersaturation during the process, temperature and
cooling curves during the process, seeding, agitation,
solvent composition, pH, polarity, and the presence
of certain impurities or other additives that inhibit
nucleation process have all shown to influence crystal-
lization process and can be tailored to favor one form
over another. The more stable form is obtained under
thermodynamic conditions, while a metastable form
is obtained under kinetic conditions. Typically, crystal-
lization from solution (cooling or evaporative, slurry
conversion) and recrystallization from neat compound
(sublimation, thermal treatment, crystallization from
melt, grinding, thermal, and desolvation) are common
methods. The outcome of form from a crystallization
experiment is influenced by both composition and
process parameters, as shown in Table 4.6,8 and can be
tailored to obtain the thermodynamically stable or
metastable forms. Supersaturation and temperature are
the key driving forces that govern the kinetics of

nucleation and crystal growth, thus influencing the
form that crystallizes. Temperature, as discussed above,
can generate different types of polymorphs for enantio-
tropic versus monotropic systems. The selection of the
right solvent is also important and should cover a wide
range of properties, considerations of solvents used in
synthesis or formulation, and solvent water mixtures
for assessment of potential hydrates. Another important
factor that can play a role in solvent-based methods is
the solubility of the API, and for highly soluble materi-
als, an antisolvent addition may be a preferred way to
crystallize. For salts and cocrystals, the solubility of
the API and the counterion in the solvent both need to
be considered while designing crystallization studies.
To ensure better control on the crystallization process,
understanding both thermodynamics and kinetics is
important, and the conditions and parameters that
control the crystallization process need to determined.
Seeding with the desired form is often used to drive the
process quickly toward the more stable polymorph.

Early screens are more qualitative in nature and
may not translate into scalable processes, but they
serve as a guide for future robust screens to pursue
focused forms. These early experiments can also gener-
ate material for seeds for future manual assessments.
Typical screens include high-throughput crystalliza-
tions, manual screens, or alternate screens.

4.3.2 High-throughput screening

Given the number of experimental parameters
for form screening coupled with limited predictive
capabilities, high-throughput crystallizations using an
automated robotic setup offer an attractive option for a
large array of forms and conditions to be explored in

TABLE 4.6 Crystallization Composition and Processing Variables46,133

Composition type Process variables (applicable to all types of screens)

Polymorphs &

solvates Salts & cocrystals Thermal Antisolvent Evaporation

Slurry

conversion Other variables

• Solvent/
solvent
combinations

• Degree of
supersaturation

• Additive type
• Additive

concentration

• Counterion
type

• Acid/base
ratio

• Solvent/
solvent
combinations

• Degree of
supersaturation

• Additive type
and
concentration

• pH (aqueous)
• Ionic strength

• Heating rate
• Cooling rate
• Maximum

temperature
• Incubation

temperature(s)
• Incubation

time

• Antisolvent
type

• Rate of
antisolvent
addition

• Temperature of
antisolvent
addition

• Time of
antisolvent
addition

• Rate of
evaporation

• Evaporation
time

• Carrier gas
• Surface-

volume ratio

• Solvent type
• Incubation

temperature
• Incubation

time
• Thermal

cycling and
gradients

• Mixing rate
• Impeller design
• Crystallization vessel

design (including
capillaries, etc.)

Reprinted with permission Morissette SL, et al. High-throughput crystallization: polymorphs, salts, co-crystals and solvates of pharmaceutical solids. Adv Drug Deliv Rev
2004;56:275�300.
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parallel. These experiments can cover a wide range
of screens with limited material consumption given
the small scale. Typically, high-throughput screening
(HTS) screens are the first line of screens, and hits
obtained from these studies can then be used to inform
subsequent focused manual screens where material is
further scaled up. Typical HTS include a polymorph
screen, screening for acidic and basic counterions for
salts (if applicable), cocrystal screen, and potentially
even an amorphous dispersion screen if relevant.
Screening is done in a 96-well plate in which solid
(up to 10 mg) is dissolved in a suitable solvent, dis-
pensed using the automated liquid handling systems.
Supersaturation is varied by heating/cooling evapora-
tion and slurry evaluations. Common methods such
as thermal cooling crystallization, antisolvent, and
evaporative crystallization are used. Thermal cooling
crystallization includes the initial dissolution of API in
the solvent followed by temperature ramps and con-
trolled cooling to induce supersaturation and then
crystallization. Antisolvent addition relies on the fact
that an API is soluble to varying degrees in the
crystallization medium but is largely insoluble in a
particular solvent or solvents (eg, the antisolvent).
Evaporative crystallization can be carried out by
slowly increasing the concentration of API to achieve
supersaturation and increase the degree of supersatu-
ration (by preferential evaporation) in order to induce
crystallization. In this method, differential rates of
solvent loss from mixtures result in the unknown
composition of the crystallization medium during
nucleation, and the degree of supersaturation changes
over the course of experiment, resulting in appear-
ance of multiple crystal forms.8 HTS is then coupled
with optical image analysis and spectroscopic techni-
ques such as Raman or XRPD that can read the
high-throughput wells directly.8 The initial characteri-
zation is followed by grouping of samples based on
similar patterns for the wide number of crystalliza-
tions and provides a roadmap for further developing
the desired form.

The advantage of these screens lies in the high
throughput and wide range of the conditions analyzed.
However, since these screens are typically meant to be
fast screens and not always set under thermodynamic
conditions, they can lead to metastable forms or cases
with no crystalline hits. Considerations of form repro-
ducibility, poor signal-to-noise ratio, and preferred ori-
entation impact in spectra also need to be considered
and sometimes limit the predictive capability on scale-
up. There is literature supporting the use of proper
design of experiments, and appropriate analysis for
compounds with high-polymorphic states that HTS
methods can demonstrate comparable results compared
to the traditional intensive manual screens.134

4.3.3 Manual screens

Unlike the high-throughput automated screens, the
manual screens are prepared as individual samples.
They are conducted at a relatively larger scale than the
HT screens and further identify the most stable or
desirable form. A number of methods can be utilized
such as solvent-based methods (most common) or
solid-based methods such as subjecting the solid to var-
ious temperature or RH equilibration, grinding, com-
pression or sublimation of solids, and also cooling from
melt to assess the form that crystallizes out. Manual
screening involves samples set up in individual vials or
containers under a variety of conditions, including both
solvent and solid.

Solvent-based methods are most widely used due to
the large range of solvents and conditions that can be
utilized. Solvent-based methods include cooling a solu-
tion, evaporation, antisolvent addition, vapor diffusion,
and suspensions (slurries). Variations on these methods
can include changes in solvent, solvent mixtures, anti-
solvent, temperature, cooling rate, concentration, rate of
addition, and order of mixing, to name a few possi-
bilities.9 Nonsolvent methods consist of crystallization
from melt, heat-induced transformations, sublimation,
desolvation of solvates, salting out, and pH changes.

The goal of manual screens typically is to find the
most stable form, and these studies include running
under thermodynamic conditions such as slurrying for
a few days, slow evaporation, slow cooling, slow anti-
solvent addition, or a combination of these methods.
One of the common ways of ensuring the reaction
reaches equilibrium with respect to the most stable
form is seeding. Seeding is the addition of solids of
the desired form into the crystallization to promote
nucleation. For slurry conversion methods, solids
are slurried and kept stirring in a wide range of sol-
vents and aged for up to a few weeks, and the solid
phase is assessed over time. A few limitations of the
slurry method include the limitation of finding a
stable form only at the experimental temperature, the
presence of impurities that could prevent the
stable form to crystallize, or very low solubility of API
in solvents that could prevent transformations.
Monitoring both the wet and dry cakes from slurry
experiments ensures no transient solvates are missed,
which dehydrate upon drying.

In the case of hydrates, exposure to RH, water slurry,
temperature cycling of aqueous suspensions, mixed-
solvent systems, and vapor diffusion by exposure of
solid API to RH values ranging from 5% to 95% are
commonly used to probe hydrate formation. For mixed-
water-solvent systems, understanding the water activity
is critical, since different solvent aqueous mixtures at a
given mole fraction of water will have varying water
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activity. (A 0.2 mol fraction of water in methanol gives
0.25 water activity, while in isopropanol, it will give
0.45.) This can lead to the formation of different
stoichiometric hydrates or anhydrates at the same water
content in various solvents.9,135,136

4.3.4 Alternate screens

Recently, several alternate techniques such as
capillary crystallization, laser-induced crystallization,
and sonocrystallization that promote nucleation have
been explored to generate newer forms. More detailed
discussion on these screens can be found in the
references listed here.9,116

4.4 IDENTIFICATION AND ANALYSIS
OF FORMS

Various analytical techniques used for assessing solid
forms include a variety of physical, thermal, spectro-
scopic, and diffractometric methods. Typically, multiple
techniques are used for complete characterization of the
solid covering both molecular level (spectroscopic or
single-crystal XRD) and particulate level (XRD, ther-
mal methods, or microscopy). Thermal (DSC/TGA/
modulated DSC), spectroscopic (NIR, IR, Raman,
NMR), XRD, and microscopy-based techniques are the

most common used. In addition, DVS to assess hygro-
scopicity is also an important characterization tool.
Sometimes specialized techniques such as terahertz
pulsed spectroscopy (TPS) or terahertz time-domain
spectroscopy (THz-TDS), which is a vibrational spec-
troscopic technique, can be used to assess particulate-
level, small structural changes. Techniques typically used
for solid-state characterization are listed in Table 4.7.

Solubility/dissolution, stability, and hygroscopicity
are key characterization elements that have already
been described in detail in earlier sections. The next
sections briefly describe commonly used analytical
techniques during form selection process.

4.4.1 Single-crystal and PXRD

A single crystal is defined as a crystal consisting of
a noninterrupted repetition of the unit cell in three
dimensions. The single-crystal XRD method provides
information on the structure of the unit cell, bond
lengths and angles, molecular conformation, molecular
packing, hydrogen bonding pattern, density, and crys-
tal disorder. To acquire data from a single crystal, the
sample is mounted, and a narrow beam of X-rays is
passed through it and diffracts against the sample, and
this diffracted beam is collected on the detector.
Calculated powder-diffraction patterns from single-
crystal data provide information on preferred

TABLE 4.7 Solid-State Characterization Methods

Method Data measured Measurement use

X-ray diffraction (single-crystal and PXRD) Diffractogram Crystallographic properties

Infrared (IR) spectroscopy IR spectrum Chemical information

Raman spectroscopy Raman spectrum Chemical information

Terahertz pulsed spectroscopy Terahertz pulsed spectrum Chemical information, lattice photon modes

Near-infrared (NIR) spectroscopy NIR spectrum Chemical information (overtones and
combinations of IR vibrations)

Solid-state NMR Magnetic resonance Chemical information

Differential scanning calorimetry Heat flow vs temperature Thermal events

Thermogravimetry (TG) Change of mass vs temperature Solvate/hydrate studies

Microscopy, polarized light microscopy (PLM),
scanning electron microscopy (SEM)

Microscopy under the influence of
light or electron radiation

Morphology, surface examination,
dehydration, polymorphism (PLM)

Microcalorimetry Heat flow vs time Quantification of amorphous form

Solution calorimetry Heat flow during dissolution Quantification of polymorphs and amorphous
form

Moisture sorption/desorption isotherms Change of mass vs RH% Hygroscopicity, hydrate formation,
dehydration, amorphous crystallization

Solubility/dissolution Amount dissolved in different
solvents or temperatures/time

Solubility or dissolution rate measurement

Reprinted with permission from Aaltonen J, et al. Solid form screening—a review. Eur J Pharm Biopharm 2009;71:23�37.
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orientation and phase purity. Phase purity refers to the
presence of a single dominant crystalline phase, which
is a desirable attribute for an API. Phase impurities are
typically low levels of other forms that can be present
along with the desired form and impact the stability
and potentially the performance of the DP. Single-
crystal X-ray determination offers a powerful tool to
assess the phase purity.

Determining the crystal structure using this
approach is the most common and accurate way of
understanding the three-dimensional structure, and it
is important to understand the physical properties
of one crystalline form versus another. It also shows
the intermolecular interactions of the atoms within the
crystal. The XRD pattern obtained using the single-
structure analysis serves as a reference diffractogram
The technique does rely on obtaining high-quality
crystals of adequate size and hence needs crystals
grown to be able to get crystal structure.

PXRD is one of the most common bulk techniques
used for the analysis of powders and is similar in con-
cept to the single-crystal analysis, except the data is
generated on the bulk powder instead of a single crys-
tal. The diffractogram obtained for a given form con-
tains information about the unit cell and is extremely
sensitive to changes in the cell parameters, which
makes it a gold standard for screening polymorphs
during form selection and the drug development pro-
cess. Crystalline material shows sharp, intense peaks,
while amorphous material shows a broad peak or
peaks, called an amorphous halo. This also makes
PXRD a technique of choice to understanding the crys-
tallinity of a given sample.

4.4.2 Thermal techniques

The most common and routinely used thermal tech-
niques are DSC and thermogravimetric analysis
(TGA). The techniques are based on heating the solids
and monitoring changes in the physical properties. In
DSC the difference in temperature between the sample
and the reference as the temperature is changed is
monitored to provide information on enthalpy change.
TGA provides information on the change in mass of a
solid as a function of temperature.

The DSC technique measures heat absorbed or
released on heating, cooling, or maintaining a sample
at a constant temperature. Thermodynamic parameters
such as melting point, heat capacity, and heat of fusion
can be obtained by this technique in addition to transi-
tion events that occur due to phase transitions. The
endotherm represents a process where heat is
absorbed such as melting, solvent loss, or phase transi-
tions, while exotherm represents a process where heat

is liberated such as recrystallization or chemical reac-
tions where heat is involved. The area under the peak
is proportional to heat change and gives enthalpies of
transition. In the case of amorphous solids, the glass
transition temperature is seen on the DSC curve by a
change in heat capacity.

The method can be used for accurate melting point
and purity assessment where phase impurities can be
determined by additional shifts in endothermic peaks.
Additional experimental variables such as pan config-
uration (open or closed), heating rates, and sample
and particle size can also affect the shape of DSC
curves. For materials that are partially amorphous or
mixtures of crystalline and amorphous, glass transition
events could coincide with other endothermic or exo-
thermic events, and modulated DSC which separates
the thermodynamic and kinetic components, can be
used. In recent years, hyper-DSC or high-speed DSC
has become popular given its ability to scan at
extremely fast rates of 100�500�C/min range, which
have enabled more sensitivity to some transitions.20,137

DSC is a powerful tool to assess the relationship
between polymorphs (enantiotropic vs monotropic),
evaluate mixtures of polymorphs, physical stability of
amorphous dispersions, and quantify amorphous con-
tent.138,139 In some cases, traditional DSC scan rates are
too slow and may cause some materials to recrystallize
during the melting process or decompose immediately
after melting. In such cases, the HyperDSC (fast-scan
DSC) technique, which uses scanning rates as fast as
100�500�C/min in heating as well as cooling over a
broad temperature range, has been used.20,137,140,141

These fast scanning rates inhibit kinetically controlled
processes such as recrystallization during melting and
decomposition after melting, which are either
completely eliminated or significantly reduced by this
method. Thus, HyperDSC has been successfully used
to detect small amorphous contents in crystalline mate-
rial,137 study thermal properties between polymorphs
as in the case of carbamazepine,140 or understand poly-
morphic phase impurities in crystalline material.141

Another most commonly used technique is the ther-
mogravimetric analysis. TGA analysis that monitors
change in mass with temperature can be run in the iso-
thermal mode where the temperature is kept constant
or nonisothermal (dynamic) mode where the tempera-
ture is raised, typically linearly at a fixed rate. Similar
to the DSC, the TGA setup including heating pan
configuration, sample and particle size, and heating
rate can all affect the TGA curves. Typically a dry
nitrogen purge is used during the study to minimize
the impact of RH, atmospheric oxygen, or liberated
gases to further impact the sample. TGA curves run
in isothermal mode coupled with DSC curves can be
used to provide additional information on
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endothermic events such as melt versus decomposi-
tion or desolvation. Additionally, isothermal curves of
weight loss as a function of time can be used to deter-
mine reaction rates.

Another thermal technique is microcalorimetry,
which measures heat liberated or taken up during
various physical or chemical processes. For example,
heats of solution estimation to determine the thermo-
dynamic stability between polymorphs, amorphous-to-
crystalline transitions, or quantification of amorphous
in crystalline material can all be detected by this tech-
nique since it is very sensitive in small changes in the
heat taken up or liberated.142 In isothermal micro-
calorimetry, the sample and the reference are both
maintained at a constant temperature, and the heat
released or absorbed by the progression of the reac-
tion is quantitatively measured via thermocouples as
a function of time.21

4.4.3 Spectroscopic techniques

Various spectroscopic techniques are routinely
used to probe the solid state forms and short-range
structure in molecular solids. Raman and IR spectros-
copy probe the solid state predominantly on the
intramolecular level. XRD and the various thermal
analytical techniques predominantly probe the inter-
molecular level.23

Raman and IR spectroscopy are the most common
vibration spectroscopic techniques, and they provide
information on the structure and the molecular con-
formation in the solid state. In case of polymorphs,
these techniques are useful in distinguishing the differ-
ences in hydrogen bonding or crystal lattice energies
based on the differences in packing between various
polymorphs. Near infrared (NIR) is one of the most
advanced spectroscopic techniques used as a PAT tool.
Raman spectroscopy can be used to monitor crystalli-
zation process. Solid-state nuclear magnetic resonance
(SSNMR) is another powerful technique that provides
short-range information about the solid-state structure
primarily. Various nuclear isotopes are used such
as 13C, 1H, 15N, 19F, 23Na, and 31P. SSNMR spectros-
copy has been applied in a number of pharmaceutical
applications including studies of polymorphism,
understanding phase purity, amorphous content,
solvation, salts, cocrystals, and various types of
formulations.143

Initial assessments include single-crystal analysis to
determine crystalline structure, obtain phase purity
information, and understand polymorphism for a
given API solid. Once this has been determined,
additional spectroscopic techniques such as Fourier
transform infrared spectroscopy (FTIR), Raman, and
SSNMR can be employed to further characterize the

various solids. Alongside thermal methods such as DSC
and TGA, ITC can provide insights into assessing phys-
ical stability as in case of salts and cocrystals determine
transitions between metastable and stable forms, and
assess thermodynamic stability including enantio-
tropic/monotropic relationships between polymorphs.
As described above, a combination of these analytical
techniques are used during the form selection process
to completely characterize these forms.

4.5 CONCLUSIONS

Drug substance solid forms should be selected not
only to enable drug substance quality and manufactur-
ability but also DP considerations. Ideally, the selected
form possesses optimal physical, chemical, mechanical,
and biopharmaceutical properties. The formation of
salts, cocrystals, solvates, and hydrates as well as exis-
tence of polymorphs is rarely predictable. Therefore,
the selection process typically involves broad screening
for solid forms and characterization including thermo-
dynamics and kinetics as well performance assessment
with a view toward selecting a solid form that is not
only suitable as a drug substance but also an optimal
DP dosage form. Screening may be manual or auto-
mated in a high-throughput fashion and utilize a vari-
ety of techniques such as crystallization, precipitation,
and thermal techniques. The screening may be broad;
however, the experimental design is based on some
physical-chemical properties in choosing solvents and
concentrations as well as counterions and coformers.
Several solid-state techniques and solid/solution
experimental approaches are used to assess thermody-
namics and kinetic stability. Developing an under-
standing of thermodynamics of polymorphs, hydrates,
and solvates (in process-relevant solvents) is important
to completely avoid or minimize risks. In addition to
these characterization studies, the quality and perfor-
mance of a solid form is assessed by conducting accel-
erated stability testing, solubility/dissolution testing,
and, if necessary, in-silico and in vivo studies for
pharmacokinetics evaluation. A thorough solid-form
screening, characterization, and selection are essential
to maximize the potential of enabling a drug candidate
from patient, quality, and manufacturing perspectives.

4.6 CASE STUDIES

4.6.1 Case study 1: RPR111423144

RPR 111423 is a very weak base with a pKa of 4.25.
The strategy was to first carry out a comprehensive
screening of various counterions and solvent matrix to
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identify two crystalline salts: monohydrochloride and
a mesylate. The properties of these salts and the free
base were then studied and compared.

The results showed that both salts significantly
enhance solubility but exist in four to six different
polymorphs. They both readily convert to free base in
water and intestinal fluids. The corresponding results
for the free base indicated that it appeared to be the
better candidate. It showed no evidence of poly-
morphism, and it was not hygroscopic. A subsequent
study performed on samples of the drug substance
and on simple capsule formulations demonstrated that
the dissolution rates of the micronized free base were
equivalent or superior to those of the salts under the
same conditions. Thus, the free base was selected for
further development.

A few key observations can be drawn from this case
study. First of all, identifying what properties to
modify by forming a salt prior to any salt screening
can save time and resources; a salt may not always be
needed. In-vitro dissolution experiments and in-silico
simulation can be very useful tools to evaluate the
need for a salt from a PK point of view. Additionally,
a pharmacokinetic study in animals comparing a solu-
tion formulation to a suspension of the micronized free
base at the projected clinical dose can provide further
indication of whether a salt is needed. However, if the
projected dose gets much higher for this compound, a
salt would provide advantages. Sensitivity analysis
using GastroPlus software or the estimation of the
maximum absorbable dose can be good tools in under-
standing at what doses solubility and dissolution may
become rate-limiting to absorption.

4.6.2 Case study 2: LY333531145

The following case study is extracted from an
excellent article by Engel et al., which reported an inte-
grated, tiered-approach to select a salt form of a drug
candidate.

LY333531 is a weakly basic drug with low solubility
of the free base (,1 μg/mL). Although the pKa of the
drug is not reported by the authors, it is estimated to
be 9�11, based on the presence of a tertiary amine.
Based on the need for oral dosage form of this BCS
class II drug, the authors evaluated salt forms. They
crystallized small lots (,1 g) of hydrochloride, sulfate,
mesylate, succinate, tartrate, acetate, and phosphate
salts. Preliminary characterization using polarizing
microscopy, thermal analysis, PXRD and solubility
was conducted on all seven salts. Based on the poor
crystallinity, low solubility, and difficulty in chemical
purification, only two salts (namely, hydrochloride
and mesylate) were chosen for further consideration.
The two salts, hydrochloride and mesylate, were

subjected to further characterization including poly-
morphism, hydrate formation and hygroscopicity, sta-
bility, purification, filterability, and pharmacokinetics
in dogs. Although methanol/water was initially used
to prepare the mesylate salt, an alternate-solvent sys-
tem using acetone/water (9:1 v/v) was chosen to
avoid generation of methyl methanesulfonate, a muta-
gen. Three forms of hydrochloride forms with varying
degrees of hydration were identified: an anhydrate
form and two hydrates. The two interconverting
hydrates were tentatively assigned to be monohydrate
and tetrahydrate based on the vapor pressure isotherm
data, although the exact structures of these hydrates
were not determined. The anhydrate form did not
show significant hygroscopicity (water uptake) during
the vapor isotherm experiments and was considered
for further stability and bioavailability assessments.
Only a monohydrate form of mesylate salt was
reported, and it showed no significant water uptake
up to 90% RH. No change in PXRD pattern was seen
at the end of the vapor isotherm experiments, although
a small amount of hysteresis was seen during the
desorption phase. The aqueous solubility of mesylate
(0.5 mg/mL) was 5X higher than the hydrochloride
salt (0.1 mg/mL). The chemical stability of the two
salts as well as blends with three excipients was found
to be acceptable after 1 month of storage at 40�C/75%
RH and 50�C. Preliminary crystallization and filtration
studies on both salts indicated that while there was no
filtration advantage of one salt over the other, the
purification was a lot better with the mesylate salt
than the hydrochloride salt. The mesylate salt was
found to be 2.6X more bioavailable compared to the
hydrochloride salt when dosed as an oral suspension
at 20 mg/kg in dogs. The mesylate salt monohydrate
form was chosen as the API for further development.

4.6.3 Case study 3146

The following case study is summarized based
on the work of McNamara et al. The authors demon-
strated the screening, characterization, and evaluation
of glutaric acid cocrystal to improve oral bioavail-
ability of a low solubility API.

Compound 1 is a poorly soluble drug with
,0.1 μg/mL in aqueous media. Salt formation was not
possible even with strong acids such as hydrochloric,
sulfuric, or phosphoric acids because of the low pKa

(estimated to be �0.7). The authors made some
attempts to make amorphous forms but decided to
look at cocrystals because of the risk of crystallization
of the amorphous solid (low Tg). The authors screened
for cocrystals with 26 different carboxylic acid-based
coformers using the binary melt method on a hot-stage
microscope. Five different new solid phases
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(cocrystals) were obtained and analyzed by spectros-
copy. The authors selected the glutaric acid cocrystal2

for further evaluation because of the relatively high
melting point of the cocrystal and the expected high
water solubility of the cocrystal because of the
high water solubility of the coformer. A solvent-based
crystallization was developed to scale-up the process to
make gram quantities of cocrystal.

Single-crystal X-ray data showed that one carboxylic
group of the coformer hydrogen bonds to the amide
functionality in an eight-membered ring motif, and the
second acid group forms an interaction with a pyrimi-
dine acceptor site. DSC thermal scans revealed that the
cocrystal2 melts at 142�C, whereas compound 1 melts
at 206�C. The cocrystal2 showed a significantly higher
dissolution rate in water compared to compound 1.
The intrinsic dissolution of the cocrystal was 18 times
greater than compound 1.

The cocrystal2 was found to be nonhygroscopic as it
sorbed less than 0.08% even at 95% RH. Both chemical
and physical stability was good after 2 months of stor-
age at 40�C/75% RH and 60�C. Though the cocrystal2

did convert to compound 1 in 37�C liquid water after
24 hours, the cocrystal2 did not convert to compound 1
during the 90 minutes required for the dissolution test
or after 6 hours of exposure to 100% water vapor at
RT. A dog PK study showed a significant increase in
plasma concentration values after oral dosing of 2
relative to 1 at doses of 5 and 50 mg/kg. In summary,
the authors reported the viability of the cocrystal as a
crystalline solid form of a poorly soluble drug that was
not amenable to salt formation.
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5.1 INTRODUCTION

Degradation studies are an important aspect of
preformulation evaluation of the stability of drug can-
didates. These experiments aim to aid further formula-
tion development by evaluating the intrinsic stability
properties of a drug candidate in a timely manner by
deliberately applying stress to cause degradation. To
fulfill this purpose, preformulation scientists induce
degradation of test materials by raising temperature,
by increasing humidity when relevant (eg, solid-
state chemical and physical stability), by subjecting
materials to sheer or compressive forces (eg, solid-state
physical stability), by exposing the test materials to
various pH conditions or intensive ultraviolet (UV)�
visible light (eg, photostability) or by adding other
reactants (eg, acids, bases, and peroxides). Forced
degradation studies are sometimes described as stress
testing, and they are also performed to support analy-
tical method development.

Preformulation degradation studies and forced deg-
radation studies used to support analytical method
development share many common features. Analytical
chemists employ forced degradation studies as part of
their program to develop stability-indicating analytical
methods. Early drug degradation studies also serve to
identify and prepare degradants that are likely
to appear in the final drug product and limit its shelf
life. In addition, these studies aid in the elucidation of
degradation pathways, as well as the qualification
of materials used in toxicology experiments. Forced
degradation studies conducted to support analytical
method development often put more emphasis on
identifying the degradants. Preformulation degradation
studies, on the other hand, aim to predict the intrinsic
stability of a drug candidate in order to anticipate

problems that may arise down the development path.
Cost savings can be realized if these activities can be
coordinated.

Degradation studies can provide predictive informa-
tion. Under certain circumstances, such as hydrolysis in
solution, prediction of shelf life may be achieved with
reasonable accuracy. However, in other cases, extrapola-
tion of stability under stressed conditions (eg, oxidative
testing) to normal storage conditions is challenging.
Stress testing is, therefore, a more qualitative than
quantitative predictive tool; nevertheless, rank-order
comparisons are often not only possible, but also useful
for designing subsequent formulations. Early signs of
instability of a drug candidate help to identify potential
development issues, to foster development of potential
stabilization strategies, and to suggest ways to optimize
manufacturing processes.

This chapter will discuss the basic treatments of
drug degradation studies, including kinetics, path-
ways, important factors, and typical practices for
assessing both the chemical and physical stability of
pharmaceutical compounds.

5.2 CHEMICAL STABILITY

Chemical degradation probably represents the
most important stability aspect of pharmaceuticals.
Pharmaceutical scientists are responsible for examining
the chemical stability of new drug candidates, for asses-
sing the impact of stability issues on pharmaceutical
development and processing, and for designing strat-
egies to stabilize an unstable compound if necessary.
They must understand the kinetics of chemical deg-
radation, both in solution and in the solid state. They
must also understand the commonly encountered
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degradation pathways of active pharmaceutical ingre-
dients (APIs), as well as practical approaches for per-
forming degradation studies.

5.2.1 Solution kinetics

Chemical degradation reactions of pharmaceuticals
follow the well-established treatments of chemical kinet-
ics. A brief overview of chemical kinetics is presented
next, followed by a discussion of catalysis and rate-pH
profiles that are most relevant to the degradation of
pharmaceuticals.

5.2.2 Rate equations

When a chemical reaction starts, the concentrations of
reactants and products change with time until the
reaction reaches completion or equilibrium. The concen-
trations of the reactants decrease, while those of the pro-
ducts increase over time. Therefore, the rate of a reaction
can be represented either by the decreasing change in the
concentration of a reactant or the increasing change in
the concentration of a product with respect to time.

An arbitrary chemical reaction can be represented
as

aA1 bB-cC1 dD ð5:1Þ
Here, a, b, c, and d are the stoichiometric coefficients

indicating the molar ratio of the reactants and products
of the reaction. The rate of change of concentration of
each species can differ, depending on the stoichiometric
coefficients. Hence, a unified expression of the rate is
preferred, which can be obtained via normalization:

rate52
1

a

d½A�
dt

52
1

b

d½B�
dt

5
1

c

d½C�
dt

5
1

d

d½D�
dt

ð5:2Þ

A negative sign is used for reactants so that the rate
of a reaction is positive if it moves toward equilibrium
or completion.

The rate of a reaction often depends on the concen-
trations of the reactants/products when other
conditions are kept identical. Consider the hydrolytic
reaction of ethyl acetate under alkaline conditions:

CH3COOC2H51OH�-CH3COO�1C2H5OH ð5:3Þ
The rate of this reaction is proportional to the con-

centrations of each reactant species:

rate 5� d½CH3COOC2H5�
dt

5
d½C2H5OH�

dt

5 k½CH3COOC2H5�½OH��
ð5:4Þ

Here, k, the proportional constant, is called the
specific rate constant, or just the rate constant. This
hydrolytic reaction is first order with respect to either

ethyl acetate or hydroxide, and is an overall second-
order reaction. The terms first order and second order
will be defined later in this chapter.

In general, the rate of the arbitrary reaction (Eq. 5.1),
may be written as

rate5 k½A�α½B�β ð5:5Þ
Here, α and β are the reaction order with respect to

A and B, respectively. The order of the overall reaction
is n5α1 β. This rate equation can be expanded to
include more reactant/product species.

5.2.3 Elemental reactions and reaction
mechanism

The way a reaction equation is written merely repre-
sents the overall outcome of the reaction and does not
usually indicate how the actual reaction proceeds at a
molecular level. For example, the reaction of hydrogen
with bromine in the gas phase is usually written as

H2 1Br25 2HBr ð5:6Þ
As written, it appears as if one H2 molecule collides

with one Br2 molecule and generates two HBr
molecules in one step. However, the reaction actually
proceeds with a free radical chain mechanism, which
consists of the following steps:

Br2-2Brd ð5:7Þ
H2 1Brd-HBr1Hd ð5:8Þ
Hd1Br2-HBr1Brd ð5:9Þ

As shown previously, each step in a reaction
scheme representing how the reactant molecules col-
lide to form products is called an elementary reaction.
The reaction equation representing the overall out-
comes is called the overall reaction. The number of
molecules reacting in an elementary reaction is called
the molecularity of that elementary reaction, and this is
a different concept from reaction order. An elementary
reaction involving a single molecule is called
unimolecular, one that involves two molecules is
called bimolecular, and so on. Processes involving three
(termolecular) or more molecules in one step are rare.

An overall reaction may contain a number of ele-
mentary reactions. A complete scheme of these
elementary reactions represents the actual path of a
reaction, and this is called the mechanism of the reac-
tion. The beauty of the elementary reaction concept is
that its rate follows the law of mass action. In simple
words, the rate of an elementary reaction is directly
proportional to the concentration of each reactant spe-
cies involved in the elementary reaction, which is an
outcome that depends upon the statistical aspects of

114 5. DRUG STABILITY AND DEGRADATION STUDIES

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



the reaction. Therefore, the rate equation of an elemen-
tary reaction can be readily derived.

Among the elementary reactions comprising an
overall reaction, one of these steps usually proceeds
with the slowest rate. This slowest step is called the
rate-determining step of a reaction and determines
the rate of the overall reaction. Once the reaction
mechanism is known and the rate-determining step is
identified, the expression of the overall rate of the reac-
tion may also be readily derived.

5.2.4 Typical simple order kinetics

Simple order reactions described in the following
sections refer to reactions that are zero-, first-, and
second-order. These reaction orders are commonly
encountered in studies of the stability of pharmaceuti-
cals. Their mathematical treatments are also relatively
simple.

5.2.4.1 Zero-order reactions

In zero-order reactions, the rate of the reaction does
not depend on the concentration of the reactant; thus,
the rate is a constant:

rate5� d½A�
dt

5 k½A�05 k ð5:10Þ

Here, A is the reactant and k is the zero-order rate
constant. In this case, the decrease in concentration of
A is linear with time:

½A�t 5 ½A�0�kt ð5:11Þ
Here, [A]t is the concentration of A at time t, while

[A]0 is that at time zero, or the initial concentration.

5.2.4.2 First-order reactions

First-order reactions appear to be the most com-
monly encountered in pharmaceutical stability studies.
The rate of a first-order reaction is proportional to the
concentration of the reactant:

rate5� d½A�
dt

5 k A½ � ð5:12Þ

The concentration-time profile of the reactant for a
first-order reaction follows an exponential decay to a
limiting value, while that of the product follows an
exponential increase to a different limiting value:

A-C ð5:13Þ
½A�t5 ½A�0expð�ktÞ ð5:14Þ
½C�t 5 ½A�0½1�expð�ktÞ� ð5:15Þ

The half-life, t1/2, of the reaction is the time required
for the reactant concentration to decrease to 50% of its

original value; similarly, the times for the reactant con-
centration to decrease to 95% and 90% of its original
values are designated as t95, and t90, respectively.
These quantities can be obtained readily for a first-
order reaction if the rate constant is known:

t1= 25
ln 2

k
; t95 5

ln 0:95

k
; t90 5

ln 0:9

k
ð5:16Þ

A characteristic feature of first-order reactions is
that the time required to lose the first 50% of the mate-
rial (t1/2) is the same as the time required to drop from
50% remaining to 25% remaining, from 25% remaining
to 12.5% remaining, and so on.

5.2.4.3 Second-order reactions

Many apparently first-order reactions observed for
pharmaceuticals are actually second order. Usually, two
reactant molecules must collide in order to react.
However, in practice, one reactant (eg, water, hydrogen
ion, hydroxyl ion, buffer species, etc.) may be in great
excess so that its change in concentration is negligible,
and an apparent first-order reaction is therefore observed.

For a second-order reaction where two reactants are
involved,

A1B-C ð5:17Þ
The rate equation can be written as

rate5� d½A�
dt

5� d½B�
dt

5 k A½ � B½ � ð5:18Þ

The rate is first-order with respect to each reactant,
but the overall reaction is second order. The
concentration-time profile of a second-order reaction
can be represented as

1

½A�0�½B�0
ln
½A�t
½B�t
�ln ½A�0½B�0

� �
5 kt ð5:19Þ

When the initial concentrations of A and B are identi-
cal, the concentration-time profile can be simplified as

1

½A�t
� 1

½A�0
5 kt ð5:20Þ

The t1/2, t95, and t90 values for a second-order reac-
tion all depend upon the initial concentration of each
species.

Fig. 5.1 plots the reactant concentration-time profiles
for theoretical zero-, first-, and second-order kinetics.
Table 5.1 summarizes the rate equations, the formula
for calculating reactant concentration-time profiles,
and half-lives for these simple order kinetics. The rate
constants used to generate Fig. 5.1 were assumed to be
numerically identical in all cases. Identical initial reac-
tant concentrations were assumed for the second-order
reaction in both Fig. 5.1 and Table 5.1.
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5.2.4.4 Apparent pseudokinetic orders

Zero-, first-, and second-order kinetics have been
briefly discussed already in this chapter; these models
are likely to be the most frequently encountered in
drug stability studies. In practice, only the concentra-
tion of the API is usually monitored over time, while
other reactants such as hydrogen ion, hydroxyl ion,
and other buffer components are in great excess and
are usually kept constant by methods such as pH-
stating. Hence, a second-order overall reaction could
appear to be a first-order reaction (with respect to drug
concentration). The reaction is now said to be appar-
ently first-order or pseudo-first-order. This is the case
for most pharmaceutical hydrolytic reactions that are
catalyzed by various species of buffers.

Apparent zero-order kinetics arise in situations when
a source of the reactant exists that maintains the concen-
tration of the reactant during the reaction. For example,
the concentration of a drug in the solution phase of a
suspended formulation is kept constant (at its solubility
limit) if the dissolution rate of the drug from the solid
phase is faster than the rate of degradation. Supposing

that only the drug molecules in solution degrade signifi-
cantly, the overall degradation kinetics would be appar-
ently zero-order or pseudo-zero-order, although the
actual kinetics may be first-order or apparently first-
order in solution. Apparent zero-order kinetics may also
arise in other situations, such as degradation in a surfac-
tant solution where the overall concentration of the
surfactant is much higher than the critical micelle con-
centration, and degradation in the micellar phase is neg-
ligible. Finally, apparent zero-order kinetics occur when
the extent of degradation is so small that the dependence
of the reaction rate on the concentration of a reactant
cannot be demonstrated because of experimental errors
in measurement. Fig. 5.1 shows that, assuming a reaction
to proceed by a zero-order mechanism always predicts
the greatest degree of decomposition as a function of
time, other factors being equal. Thus, when the order of
a reaction is in doubt, the conservative choice is to
assume a zero-order kinetic model for the purpose of
predicting the maximum amount of degradation that
could be expected at some future time.

A distinction between true and apparent kinetic
orders can be made by changing concentrations of
other species (eg, buffer concentration, pH, or even dif-
ferent buffer components) or by changing the system
so that the solubility of a drug can be altered without
changing the reaction mechanism.

5.2.5 Complex reactions

Many reactions involve more than a single step and
are known as complex reactions. Depending on the reac-
tion schemes and the magnitude of respective rate con-
stants, the overall kinetics may be approximated by
zero-, first-, or second-order rate equations. However,
more often than not, the kinetic expressions are more
complicated. Some commonly encountered complex
reaction schemes are described next.

5.2.5.1 Reversible reactions

Essentially, all reactions are reversible to some extent.
However, the equilibrium constant may be so huge that
the overall reaction can be treated as virtually one-
directional. For the following simplest reversible reaction:

A ����,J����
k1

k�1
B ð5:21Þ

Here, k1 and k21 are the first-order rate constants for
the forwarding and reversing reactions, respectively.
The rate equation can be written as

rate5� d½A�
dt

5
d½B�
dt

5 k1 A½ ��k�1 B½ � ð5:22Þ

At equilibrium, the concentrations of species A
and species B do not change any further because the
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FIGURE 5.1 Reactant concentration-time profiles for theoretical
zero-, first-, and second-order reactions.

TABLE 5.1 Rate Equations, Reactant Concentration-Time
Profiles, and Half-Lives for Zero-, First-, and Second-Order
Reactions

Reaction

order

Rate

equation

Concentration-time

profile Half-life

Zero � d½A�
dt

5 k
[A]t5 [A]0�kt t1=2 5

½A�0
2k

First � d½A�
dt

5 k A½ � [A]t5 [A]0exp(2kt)
t1=2 5

ln 2

k

Second � d½A�
dt

5 k½A�2 1

½A�t
� 1

½A�0
5 kt t1=2 5

1

k½A�0
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rate of the forward reaction equals that of the reverse
reaction:

rate5� d½A�
dt

5
d½B�
dt

5 k1½A�eq�k�1½B�eq 5 0 ð5:23Þ

The subscript “eq” designates quantities at equilib-
rium. Therefore:

K5
½B�eq
½A�eq

5
k1
k�1

ð5:24Þ

K is the equilibrium constant and is equal to the
ratio between the rate constant of the forward reaction
to that of the reverse reaction. Thus, Eq. (5.24) provides
a connection between the thermodynamic chemical
equilibrium and the kinetics of a reversible reaction.
The concentration-time profile of a reversible first-
order reaction can then be obtained:

ln
½A�0�½A�eq
½A��½A�eq

 !
5 ðk1 1 k�1Þt ð5:25Þ

Fig. 5.2 shows the time-concentration profiles for a
theoretical reversible reaction, assuming K5 3, k15 0.3,
and k215 0.1.

5.2.5.2 Parallel reactions

Sometimes more than one reaction pathway exists
for degradation of a drug candidate. These pathways
might lead to identical degradants or, more commonly,
different degradants. Take for an example the follow-
ing simplest parallel reaction:

A
k2

k1

C

B
ð5:26Þ

Here k1 and k2 are the first-order rate constants for
reaction A-B and A-C, respectively. The corre-
sponding rate equation is:

rate5� d½A�
dt

5 k1 A½ �1 k2 A½ �5 ðk11 k2Þ A½ �5 kobs A½ �
ð5:27Þ

Here, kobs5 k11 k2 is the observed apparent first-
order rate constant. Mathematically, the concentration-
time profiles can be obtained as follows:

½A�t 5 ½A�0expð�kobstÞ ð5:28Þ

½B�t 5 ½B�01
k1
kobs
½A�0 1�expð�kobstÞ

� � ð5:29Þ

½C�t 5 ½C�01
k2
kobs
½A�0 1�expð�kobstÞ

� � ð5:30Þ

Fig. 5.3 shows the concentration-time profile for a
parallel reaction with k15 0.2 and k25 0.1.

5.2.5.3 Consecutive reactions

Consecutive reactions involve an intermediate
formed from the initial reactant that in turn is con-
verted to the final product. For a simple first-order
consecutive reaction from reactant A to product C via
intermediate B:

A-
k1

B-
k2

C ð5:31Þ
The rate equations may be obtained as

� d½A�
dt

5 k1 A½ � ð5:32Þ

d½B�
dt

5 k1 A½ ��k2 B½ � ð5:33Þ
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FIGURE 5.3 Concentration-time profiles for a theoretical parallel
reaction.
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FIGURE 5.2 Concentration-time profiles for a theoretical reversible
reaction.
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d½C�
dt

5 k2 B½ � ð5:34Þ

The concentration-time profiles can be obtained by
simultaneously solving the differential equations
(Eqs. 5.32�5.34), getting the following results:

½A�5 ½A�0expð�k1tÞ ð5:35Þ

B½ �5 k1
k2�k1

½A�0 expð�k1tÞ�expð�k2tÞg
 ð5:36Þ

C½ �5 ½A�0 1
1

k1�k2
½A�0 k2 expð�k1tÞ�k1 expð�k2tÞg


ð5:37Þ

The concentration-time profiles for a theoretical con-
secutive reaction are shown in Fig. 5.4 for a theoretical
consecutive reaction A-B-C with k15 0.2, and
k25 0.1. Note that the time profile of the intermediate
B shows a maximum.

5.2.6 Arrhenius equation, collision theory, and
transition state theory

5.2.6.1 Arrhenius equation

The rate of a reaction is usually affected by concen-
tration, solvents, and catalysis and, very importantly,
by temperature. The Q10 rule, attributed to pioneering
physical chemist Jacobus H. van’t Hoff, states that the
velocity of a chemical reaction increases approximately
twofold to threefold for each 10�C rise in temperature.
His student, Svante Arrhenius, expressed this more
formally as1

d lnðkÞ
dT

5
Ea

RT2
ð5:38Þ

This can be integrated to give the exponential form:

lnðkÞ5 lnðAÞ� Ea

RT
or k5Aexp � Ea

RT

� �
ð5:39Þ

Here, k is the rate constant, A is a constant known
as the Arrhenius frequency factor (where the limiting
rate as the absolute temperature is increased to infin-
ity), Ea is another constant called the activation energy,
R is the universal gas constant, and T is the absolute tem-
perature. The frequency factor determines the collision
frequency between reacting molecules, while the acti-
vation energy is the energy barrier that the molecules
must overcome in order to react and form products.
Experimentally, the frequency factor and the activation
energy can be obtained from the intercept and the
slope, respectively, of the Arrhenius plot of ln(k)
versus 1/T.

Connors et al. pointed out that most drug degrada-
tions have activation energies of 12�24 kcal/mol2;
however, higher activation energies have also been
observed.3 The Q10 rule assumes an activation energy
of 13�20 kcal/mol; therefore, it provides a conserva-
tive estimate of the effect of temperature on drug deg-
radation rates.

5.2.6.2 Classic collision theory of reaction rates

Reactant molecules must collide in order to react.
However, not every collision leads to a successful reac-
tion. The classical collision theory of reaction rates pos-
tulates that the reaction takes place only if the
involved molecules exceed a certain minimum energy
(the activation energy). Based on the abovementioned
assumptions, an expression of the rate similar to the
form in the Arrhenius equation can be derived.

The fraction of molecules with kinetic energies
exceeding Ea can be derived using the Boltzmann
distribution:

fðEk.EaÞ5 exp � Ea

RT

� �
ð5:40Þ

Here, f is the fraction reacting (or probability of
reaction), and Ek is the kinetic energy. Therefore, the
rate can be expressed as

rate5ZPCEk .Ea 5ZPCT exp � Ea

RT

� �
ð5:41Þ

Here, CEk .Ea is the concentration of the reactant
molecules with kinetic energy exceeding the activation
energy, CT is the total reactant concentration, Z is the
collision frequency, and P is the steric factor
(0,P, 1), because not every collision leads to a
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FIGURE 5.4 Concentration-time profiles for a theoretical conse-
cutive reaction.
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reaction. By comparison with the general rate law, one
can immediately see that the expression of the rate
constant, k, is similar to the Arrhenius equation:

k5ZP exp � Ea

RT

� �
ð5:42Þ

Here, ZP is identified with the Arrhenius frequency
factor A, while Ea is the activation energy.

5.2.6.3 Transition state theory

The classic collision theory assumes that the reaction
is possible when reactant molecules with sufficient
energies collide. It does not answer the question of how
they react. The transition state theory, developed
around 1935 by Eyring and Polanyi et al. (see the
review by Eyring4) postulates that in addition to colli-
sion, a transition state (or activated complex) must exist
in which the reacting molecules have an appropriate
configurational geometry for the reaction to occur; fur-
thermore, the transition state is in equilibrium with the
reactants. In order for the activated complex to form, a
certain energy barrier (the activation energy) needs to
be overcome. Once the activated complex is formed, it
can decompose to products. In principle, the transition
theory provides a means to calculate the rate of a reac-
tion once certain properties of the activated complex,
such as vibrational frequency, molecular mass, and
interatomic distances, are known. This theory is also
referred to as the absolute rate theory.

A simplified scheme can be represented as follows:

A1B ����,J����
K¼

½A. . .B�¼-C ð5:43Þ
The double dagger designates the transition state.
Transition state theory assumes that the decomposi-

tion of the activated complex is the rate-determining
step of the reaction. Among all the molecular motions
of the activated complex, there is one mode of vibra-
tion (frequency, designated as ν) that will lead to the
formation of the product. Combined with the equilib-
rium assumption, the rate of the reaction can be writ-
ten as

rate5
d½C�
dt

5ν½A���B�¼ 5 νK¼ A½ � B½ � ð5:44Þ

Thus, the rate constant of the reaction, k, has the fol-
lowing form:

k5 νK¼ ð5:45Þ
Once the vibration frequency ν and the equilibrium

constant are known, the rate constant can be calcu-
lated. For example, the equilibrium constant can be
obtained from statistical thermodynamic treatments of
chemical equilibrium, while the frequency of the

decomposition vibration can, as shown by Eyring, be
approximated by

ν5
kBT

h
ð5:46Þ

Here, kB is Boltzmann’s constant, h is Plank’s con-
stant, and T is the absolute temperature. The final rate
constant can be expressed as

k 5
kBT

h
K¼5

kBT

h
exp �ΔG¼

RT

0
@

1
A

5
kBT

h
exp

ΔS¼

R

0
@

1
Aexp �ΔH¼

RT

0
@

1
A

ð5:47Þ

ΔG‡, ΔS‡, and ΔH‡ are the free energy, entropy,
and enthalpy of activation, respectively. In comparison
with the Arrhenius equation, it is immediately obvious
that

Ea 5RT2 d ln k

dT
5RT1ΔU¼

5RT1ΔH¼�ΔðpV¼ÞDRT1ΔH¼

ð5:48Þ

A5
kBT

h
exp

ΔS¼

R

� �
ð5:49Þ

Δ(pV‡) is the change of pV when the activated com-
plex is formed, and this value is negligible for most
condensed phase reactions.

The transition state theory provides a better picture
of chemical reactivity, and it is still used today. It
accounts for the influences on reaction rate by various
factors, such as solvent, ionic strength, and dielectric
constant. In general, enhancement of the reaction rate
is expected if a factor stabilizes the transition state.
However, sometimes changing one factor might
change the effects of other factors. Therefore, caution
must be taken when such exercises are performed.

A schematic representation of the transition state
theory is shown in Fig. 5.5a. Fig. 5.5b describes the sit-
uation where an intermediate exists. The intermediate
is located at a local minimum on the potential energy
surface, and in this case, there are two separate activa-
tion energies.

5.2.7 Catalysts and catalysis

A catalyst is a substance that influences the rate of a
reaction without itself being consumed. Positive catal-
ysis increases the reaction rate, while negative cataly-
sis reduces the reaction rate. However, positive
catalysis is what is normally considered.

A catalyst changes the rate of a reaction by altering
the free energy of activation (or activation energy)
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without altering the thermodynamic aspects of the
reaction. In other words, the equilibrium of a reaction
is not changed by the presence of a catalyst. A positive
catalyst reduces the free energy of activation, while a
negative catalyst increases it. Fig. 5.6 describes the
reaction coordinate with a positive catalyst.

The activation energy decreases in the presence of
the catalyst; however, the thermodynamics, as indi-
cated by the ΔG of the reaction, are not altered.

5.2.7.1 Specific acid-base catalysis

Hydrogen ions and hydroxyl ions are often
involved directly in the degradation of pharmaceuti-
cals. In many cases, the concentration of hydrogen ions
or hydroxyl ions appears in the rate equation; the reac-
tion is then said to be subject to specific acid-base
catalysis.

For example, an ester drug is hydrolyzed in an
acidic buffer; the second-order rate equation is

rate5� d½D�
dt

5 k H1
� �

D½ � ð5:50Þ

Drug degradation studies are often carried out in
buffered solutions where concentrations of hydrogen
or hydroxyl ions are maintained as constant. In addi-
tion, the drug itself is usually the only species whose
concentration is monitored over time. As a result, the
degradation kinetics is pseudo-first-order when
the reaction is catalyzed by hydrogen or hydroxyl
ions, with the apparent rate constant, kobs:

kobs5 k½H1� or log kobs5 log k�pH ð5:51Þ
For a reaction subject to specific acid catalysis, a

plot of the logarithm of the apparent first-order rate
constant with respect to pH gives a straight line of
slope 21.

Similarly, for specific base catalysis, a plot of the
logarithm of the apparent first-order rate constant ver-
sus pH gives a line of slope of 11:

kobs 5 k½OH�� or log kobs 5 log k1pH ð5:52Þ
Hydrolysis of zileuton is subject to specific acid

catalysis, but not base catalysis.5,6 Hydrolysis of aspi-
rin shows both specific acid- and specific base-
catalysis.7

5.2.7.2 General acid-base catalysis

General acid-base catalysis occurs when the buffer-
ing components catalyze a reaction. Either the acidic or
basic components of the buffer, or both, can catalyze a
reaction.

General acid-base catalysis often causes deviation of
the rate-pH profile from the expected behavior. The
exact magnitudes of general acid-base catalysis can
often be obtained by varying buffer concentration
while keeping the remaining conditions (ionic strength,
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pH, etc.) constant. A plot of the apparent first-order
rate constant versus buffer concentration should be a
straight line whose slope corresponds to the catalytic
coefficient of the buffer at the studied pH. The intercept
of this plot corresponds to the specific rate constant in
the absence of general acid-base catalysis.

No distinction between the species responsible for
general catalysis can be made by this method.
However, it could be achieved if the reaction is studied
at different pH values with the same buffer species.

In general, the apparent first-order rate constant can
be written as follows, taking into account both specific
and general acid-base catalysis:

kobs 5 k0 1 kH½H1�1 kOH½OH��1 k1½buffer species 1�
1 k2½buffer species 2�1 . . .

5 k0 1
X
i

kiCi

ð5:53Þ
Here, k0 is the intrinsic first-order rate constant in

the absence of any catalysis, Ci is the concentration of
species i, and ki is the catalytic coefficient of species i.

The degradation of a number of pharmaceuticals has
been shown to be subject to general acid-base catalysis.
Degradation of thiamine was found to be catalyzed by
acetate ion, but not acetic acid, and is therefore an
example of general base catalysis.8 Citric acid, citrate
ions, and phosphate ions all catalyze the decomposition
of ampicillin, an example illustrating both general acid
and general base catalysis.9

5.2.8 pH-rate profiles

The pH-rate profile, sometimes called the pH-stability
profile or rate-pH profile, is the pH dependence of the spe-
cific rate constant of degradation of a compound; it is
conveniently represented by a log(k) versus pH plot. The
pH-rate profiles provide insights into the catalytic nature
of a reaction, and they can help in developing more
stable solution formulations and lyophilized products. In
addition, pH-rate profiles aid in the development of
more stable conventional solid oral dosage forms (eg,
tablets), although solution stability information is not
required to be as detailed in this case.

Many drug degradation reactions follow apparent
first-order kinetics and are subject to specific and gen-
eral acid-base catalysis. The apparent first-order rate
constants are usually plotted in a pH-rate profile. One
should correct for general acid-base catalysis by buffer
components by extrapolation to zero buffer concentra-
tion if the catalysis effect is significant.

Analysis of a pH-rate profile can be started by
assuming all possible pathways and writing down
the corresponding rate equations (eg, Eq. 5.53).

The presence or absence of a certain mechanism can
then be verified by analyzing the kinetic data. A brief
discussion of the more basic pH-rate profiles follows.

5.2.8.1 V-shaped, U-shaped, and other truncated
pH-rate profiles

Specific acid and base catalysis is common in the
degradation of carboxylic acid derivatives, such as
esters, amides, substituted ureas, etc. In the absence of
other more complicated mechanisms, the pseudo-first-
order rate constant can be written as

kobs 5 kH½H1�1 k01 kOH½OH�� ð5:54Þ
Here, k0 is the intrinsic apparent first-order rate con-

stant, and kH and kOH are the catalytic coefficients for
the hydrogen and hydroxyl ions, respectively. The
resulting rate-pH profile plot consists of a straight line
with slope of 21 in the acidic region, and another
straight line with slope of 1 in the basic region
(Fig. 5.7a). Atropine10,11 and diazepam12 are examples
of compounds with V-shaped pH-rate stability profiles.
When k0 is sufficiently large, the V-shaped pH-rate
profile may show a flat region and the resulting plot is
U-shaped (see Fig. 5.7b; hydrolysis of the β-lactam ring
in cephalothin13).

Degradation of some drug substances may show only
specific acid- or base-catalysis, but not both (eg, hydro-
lysis of echothiophate14). The plot (Fig. 5.7c or 5.7d) then
either has a slope of 21 in the acidic region joined to a
flat line extending into the basic region (specific acid
catalysis) or a flat line in the acidic region joined to a
line with slope 1 in the basic region (specific base cataly-
sis). In some cases, only specific acid-catalysis or specific
base-catalysis is observed; therefore, the rate-pH profile
consists of only a straight line (Fig. 5.7e and 5.7f; eg, lan-
soprazole15). Fig. 5.7 exhibits these rate-pH profiles
where only a single species is reactive with either spe-
cific acid- or base-catalysis, or both.

5.2.8.2 Sigmoidal pH-rate profiles

Sigmoidal rate-pH profiles usually arise from the dis-
sociation of the drug molecules. Many drug candidates
are weak bases or weak acids. In the vicinity of
pH5pKa, the species distributions of a weak base
or weak acid are sigmoidal when plotted as a function of
pH. Therefore, if both the acidic and basic species of the
compound can undergo degradation with differing rate
constants, the rate-pH profile is expected to be sigmoidal.
For example, for the decomposition of weak acid HA:

HA�!kHA
product ð5:55Þ

A� �!kA2 product ð5:56Þ
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When the drug concentration is measured, a distinc-
tion between the ionized and unionized species is usu-
ally not made. The apparent rate of the reaction is

rate5 kHA½HA�1 kA2½A2�

5
kHA½H1�1 kA2Ka

Ka 1 ½H1� HAgf ð5:57Þ

Here, Ka is the dissociation constant of HA, while
{HA} is the total concentration of HA. Therefore, a plot
of the apparent rate constant is sigmoidal with respect
to pH, so long as the rate constants are not identical.
The rate constant of each species can be estimated
from the limits of the apparent rate constant at low
and high pH, and that pKa5pH at the inflection point

of the sigmoidal pH-rate profile plot. If the change in
rate is due to ionization at a single site, the sigmoidal
curve will encompass slightly more than 61 pH units
of the expected pKa.

In this instance, 5-flurouracil is a weak diprotic acid
and has 2 ionization constants with pK15 7.3 and
pK25 11.3. Among the three species, A22 has the high-
est reactivity, while the neutral molecules H2A and
HA2 possess only slightly different rate constants.
Therefore, the sigmoidal pH-rate profile16 is rather
obvious in the pH range 10.5�12.5 (Fig. 5.8a). While
the change in rate from pH 6 to pH 8 is only minor,
the sigmoid shape can still be seen around the first
pKa.

16 Cycloserine is a zwitterion, with pK15 4.5 (acid)
and pK25 7.4 (base). The three species have different
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FIGURE 5.7 Schematic rate-pH profiles for reactions involving only a single reactive species with specific acid-, base-catalysis, or both.
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reactivity and follow the following order: AH21.
AH6 .A2. Therefore, a broad sigmoidal pH-rate
profile encompassing the pH range 3�9 (Fig. 5.8b) was
observed.17 Degradation of barbital18 and zileuton6 also
shows similar behavior.

5.2.8.3 Bell-shaped pH-rate profiles

Bell-shaped pH-rate profiles show a minima or
maxima. Different scenarios can lead to this kind of
pH-rate profile. The most intuitive scenario arises from
the existence of two ionizable functional groups in the
molecule. For example, for a diprotic acid, H2A, three
species are in solution: H2A, HA2, and A22, where the
concentration-pH profile of species HA2 is bell-
shaped. Depending on whether the monoprotic
species, HA2, is the most or least reactive, and the cor-
responding pH-rate profile could show either a max-
ima or a minima. Based on a similar argument, one can
also show that the reaction between an acid and a base
can lead to a bell-shaped pH-rate profile. In this case,
the two ionizations are on different reactant molecules.

The third scenario occurs when ionization is com-
bined with a change in the rate-determining step. For
example, consider a consecutive reaction: A-B-C,
where A is a monoprotic acid/base. The two species of
reactant A may have very different reactivities with
the rate constant of step B-C falling somewhere in
between. Therefore, in one pH region (below or above
its pKa), the step A-B is the slowest, whereas B-C
becomes the rate-determining step over another pH
range. A bell-shaped pH-rate profile then results, with
one side of the bell corresponding to the ionization
while the other corresponds to the switch of the rate-
limiting step. Hydrolysis of hydrochlorothiazide19,20

was proposed to be such a case (Fig. 5.9). Its profile
from pH 7 to 12 was probably caused by its two pKa

values of 8.6 and 9.9, respectively. However, the
change from pH 7 to 2 could not be explained by

ionization, and was hypothesized to be due to a switch
of rate-determining step in the hydrolysis.

5.2.8.4 More complicated pH-rate profiles

The presence of multiple ionization centers can
complicate the analysis of a pH-rate profile
(Fig. 5.10a). However, their construction is based on
similar principles. Depending on how far their pKa

values are isolated, some of the abovementioned fea-
tures may not be fully developed in a particular pH-
rate profile.

Additional features may be identified from a pH-
rate profile. The pH-rate profile of aspirin shows evi-
dence for specific acid-catalysis at pH, 2 and specific
base-catalysis at pH. 10. The sigmoidal portion (pH
2�9) is due to the different reactivity of the neutral
and ionized aspirin species.7 The broad shoulder at pH
4.5�9 corresponds to the reactivity of ionized aspirin
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species with water, which is due to intramolecular
catalysis:

O

O

O

CH3
O

O

H

H

Anderson et al.21 studied the hydrolysis of
methylprednisolone-21-esters in aqueous solutions.
Hydrolysis of methylprednisolone-21-acetate (Fig. 5.10b)
showed a V-shaped pH-rate profile, indicating
both specific acid- and specific base-catalysis. The
structurally similar compound, methylprednisolone-21-
succinate, however, showed quite a bit of deviation from
that expected in the pH range 2�7. The higher reactivity
in this pH range and deviation from the V-shaped pH-
rate profile was again caused by intramolecular catalysis:

O

H3C

CH3

HO

CH3

O

O

O�

O

O

Information like this not only provides significant
insights on the stability itself but is also helpful in
designing a stable drug candidate.

5.2.9 Solid-state reaction kinetics

Solid dosage forms are the most common because
they are easier to handle, more convenient to patients,
and do provide stability advantages in most cases.
Degradation of an API in solid state is more

complicated than in solution, and a large part of its
degradation behavior and kinetics can be attributed to
the characteristics of its solid form.

5.2.10 Solid-state kinetic models

Various solid-state kinetic models have been dis-
cussed in the research literature, most of which have
been applied to relatively simple systems, such as API
crystals. These reaction models could be useful in eluci-
dating the route and mechanism of solid-state reac-
tions. The degradation kinetics of an API in a solid
dosage form is even more complicated. However, zero-
or first-order kinetics may be approximated for the first
few percentage points of potency loss, which is most
relevant for assessing the stability of a pharmaceutical
product. Many so-called solid-state reactions might
actually be moisture- or solution-mediated.

The concentration term in solid-state reactions is less
clearly defined; therefore the extent of conversion, α, is
predominantly used. The quantity α is sometimes
called the fractional conversion or fraction converted.
Many different reaction mechanisms have been pro-
posed to describe solid-state reactions, some of which
are listed in Table 5.2. Models can be expressed in a dif-
ferential form f(αt,T), as well as an integral form g(αt,T)
or inverse integral form g21(kt,T).

5.2.10.1 Reactions involving nucleation

Most solids contain defects, high-energy spots that
can initiate physical and chemical changes. These
flaws play important roles when nucleation is the rate-
limiting step of a reaction.

5.2.10.2 Avrami�Erofeev equation

If the reaction involves random nucleation followed
by the growth of nuclei of a defined dimensionality,
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the Avrami�Erofeev equation can be derived and may
apply22�26:

½�lnð1�αÞ�1=n 5 kt ð5:58Þ
Here, n takes the value of 2, 3, or 4.
Avrami-Erofeev models have been observed for typ-

ical crystallization kinetics.

5.2.10.3 Prout�Tompkins equation

The Prout�Tompkins equation27 is derived based
on the assumption of linearly growing nuclei that
branch into chains:

ln
α

1�α
	 


5 kðt�t1=2Þ ð5:59Þ

Reaction kinetics of the type: solid-solid1 gas
often follow the Prout-Tompkins model.28

5.2.10.4 Reactions controlled by diffusion

In some solid-state reactions, reaction rates are con-
trolled by diffusion of the reactants or products. This
situation arises because mass transfer in the solid state
is usually slow. Examples include curing of polymeric
resins.

TABLE 5.2 Solid-State Reaction Mechanisms and Their Corresponding Kinetic Equations

Reaction mechanisms

Differential form
@α
@t

5kTfðαt;TÞ
Integral form
gðαt;T Þ5kTt

Inverse integral form
αt;T 5 g21ðkT ; tÞ

REACTION ORDER MODELS

(F0) Zero-order 1 α kTt

(F1) First-order (Mampel) 12α 2ln(12α) 12 e2k
T
t

(F2) Second-order (12α)2 (12α)212 1 12 (11 kTt)
21

(F3) Third-order (12α)3 1

2

� �
ðð1�αÞ�2�1Þ 12 (11 2kTt)

21/2

NUCLEATION MODELS

(P2) Power law 2α1=2 α1=2 k2Tt
2

(P3) Power law 3α2=3 α1=3 k3Tt
3

(P4) Power law 4α3=4 α1=4 k4Tt
4

P 3
2

� �
Power law 2

3α
21=2 α3=2 k2=3T t2=3

(A2) Avrami�Erofeev 2ð12αÞ½2lnð12αÞ�1=2 ½2lnð12αÞ�1=2 12 e2k2Tt
2

(A3) Avrami�Erofeev 3ð12αÞ½2lnð12αÞ�2=3 ½2 lnð12αÞ�1=3 12 e2k3
T
t3

(A4) Avrami�Erofeev 4ð12αÞ½2lnð12αÞ�3=4 ½2lnð12αÞ�1=4 12 e2k4Tt
4

(B1) Prout�Tompkins α(12α) kTt1/2 1 ln½α=ð12αÞ� ð11e
�kTðt�t1

/2
ÞÞ21

DIFFUSION MODELS

(D1) One-dimensional 1/2α α2
k
1=2
T t1=2

(D2) Two-dimensional [2 ln(12α)]21 [(12α)ln(12α)]1α 2

(D3) Three-dimensional (Jander) 3ð12αÞ1=2
2½12 ð12αÞ1=3�

½12ð12αÞ1=3�2 12 ð12k1=2T t1=2Þ3

(D4) Three-dimensional (Ginstling-Brouhnshtein) 3

2
ð12αÞ1=3 2 1
h i 12 2α

3 2 ð12αÞ2=3 2

GEOMETRICAL CONTRACTION MODELS

(R1) Linear contraction 1 α kTt

(R2) Contracting cylinder 2ð12αÞ1=2 12 ð12αÞ1=2 12 ð12kTtÞ2

(R3) Contracting sphere 3ð12αÞ2=3 12 ð12αÞ1=3 12 ð12kTtÞ3

No simple algebraic solution obtainable; solve by numerical approximation.
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If the diffusion-controlled process is one-
dimensional, then the one-dimensional equation may
be derived29:

α2 5 kt ð5:60Þ
Similarly, the rate may be controlled by two-

dimensional diffusion, as in a circular disk30 or in a
cylinder, or by three-dimensional diffusion as in
a sphere.31 The following equations can be derived for
each case in turn:

ð1�αÞlnð1�αÞ1α5 kt ð5:61Þ

1� 2

3
α�ð1�αÞ2=3 5 kt ð5:62Þ

A simplified three-dimensional diffusion equation
was developed by Jander32:

½1�ð1�αÞ1=3�25 kt ð5:63Þ

5.2.10.5 Reactions governed by phase boundaries

Some solid-state reactions involve two or more sub-
stances, where phase boundaries are formed between
the reactants and the products. In some cases, the
advance of the phase boundary so formed determines
the rate of such a reaction. When the advance of the
phase boundary is one-dimensional, then a zero-order
reaction is obtained:

1�α5 kt ð5:64Þ
The two-dimensional phase boundary equation

(contracting cylinder), and the three-dimensional
phase boundary equation (contracting sphere) can be
derived accordingly29:

1�ð1�αÞ1=n 5 kt ð5:65Þ
Here, n takes the value of 2 and 3, respectively.

5.2.10.6 Higher (nth)�order reactions

These kinetic equations have similar formats as in
solution kinetics. Most often, the first- and second-
order reactions are used. Higher orders are rare and
are difficult to interpret in solid-state reactions. In
most cases, these equations provide an opportunity for
curve-fitting rather than kinetic interpretation at the
molecular level.

5.2.10.7 Bawn kinetics

Sometimes the degradant is a liquid that serves as a
solvent for the reactant: solid-liquid1gas. As a
result, the reactant degrades both in the solid-state and
in the solution state. When the kinetics in both phases
is first-order, the Bawn kinetic model28,33 may be
appropriate:

lnð11BαÞ5Bkst ð5:66Þ
Here, ks is the first-order rate constant in the solid

state, and B is the ratio between the first-order rate
constant in solution state and that in solid state. Bawn
kinetics ceases to apply when the critical conversion is
reached, at which time all of the remaining reactant
dissolves.

5.2.10.8 Model-fitting versus model-free
approaches

Conventionally, kinetic models in solid-state reac-
tions are determined by a model-fitting approach,
where the data are fitted to a number of reaction mod-
els, and the best model is then selected using statistical
criteria. The process is often assisted by other experi-
mental observations, such as microscopy. Difficulties
arise for this model-fitting approach because solid-
state reactions are usually more complex, and in many
cases, a change of reaction mechanism occurs during
the course of the reaction. In addition, statistical dis-
tinction between models is not always achievable, such
as in nonisothermal studies. A different methodology,
called the model-free approach, has evolved within the
last few decades and found application more recently
in pharmaceutical systems.34�36

The idea of model-free approaches is evident upon
transforming the basic kinetic equation:

dα
dt

5 kðTÞ fðαÞ5A exp � Ea

RT

� �
fðαÞ ð5:67Þ

Here, dα/dt is the instantaneous rate of a reaction,
and k(T) is the rate constant at temperature T, which is
related to the activation energy Ea and frequency factor
A through the Arrhenius relationship. The term f(α)
represents the expression of the kinetic model (a func-
tion of the extent of conversion). For a reaction studied
under a series of different conditions (eg, different iso-
thermal temperatures and different heating rates), the
activation energy can be obtained at a specific extent
of conversion, αi, by transforming Eq. (5.67) into

ln
dα
dt

� �
αi

5 ln½AfðαÞ�αi
� Eαi

RTαi

ð5:68Þ

It is not necessary to assume an explicit form of the
reaction model f(α) because at the same conversion,
f(α) is a constant number. The Kissenger37 plot can be
considered a special case of model-free kinetics.

In the model-free treatment, the activation energy is
obtained as a function of the extent of conversion. If Ea

is constant within experimental error with respect
to the conversion, the reaction most likely follows a
single kinetic model; otherwise, a change of mechan-
isms is indicated. With this piece of information,
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construction of an underlying reaction model can be
achieved for reactions following a single mechanism,
while a change of mechanism can also be probed for
reactions where Ea varies with conversion. Prediction
using the model-free approach is also expected to be
more accurate for complex solid-state reactions.

5.2.11 Physical parameters affecting solid-state
kinetics

Solid-state reactions were hypothesized to consist of
four general steps by Paul and Curtin38:

1. Molecular loosening at the reaction site
2. Molecular change
3. Solid solution formation
4. Separation of the product phase

Similar steps have been suggested for physical
transformations.39 The four-step hypothesis can pro-
vide some insights to help us understand solid-state
reactions.

Like reactions in the solution phase, temperature
obviously influences the rate of a solid-state reaction,
which can be usually be described by the Arrhenius
relationship. Due to the constraint of the crystal lattice,
solid-state reactions usually require a higher activation
energy compared to solution reactions. The applicabil-
ity of the Arrhenius relationship to solid-state reactions
has been debated, but it has generally been observed
over narrow temperature ranges. However, a change of
temperature beyond that range could induce phase
changes, which could alter the validity of the
Arrhenius equation. For example, degradation of an
amorphous pharmaceutical is not expected to follow
the Arrhenius relationship when its glass transition
temperature is crossed.40 In addition, reaction mechan-
isms could change as temperature is changed.41

Therefore, caution must be taken when the effect of
temperature on solid-state degradation is studied.
Some types of reaction are known not to follow the
Arrhenius relationship. Free radical oxidative degrada-
tion, both in solution and solid states, is such an
example, due to the autocatalytic nature of the process.
Photolytic reactions are initiated by light absorption
and rarely depend on temperature. Indeed, some pho-
tochemical reactions can occur at temperatures near
absolute zero.

If one envisions the first step loosing of the mole-
cules at the reaction sites, then the site of initiation of a
solid-state reaction may have some amorphous charac-
teristics. Hence, the degree of crystallinity of a solid
phase is expected to affect the rate of a solid-state reac-
tion. Solid-state reactions are enhanced by crystal dis-
order, which is related to the fact that amorphous

regions have significantly higher molecular mobility,
and hence higher reactivity, than crystalline regions.
Even when the degree of crystallinity is not altered, a
solid-state reaction can be enhanced by increasing its
surface area (smaller particle size), and by increasing
defects because solid-state reactions are often initiated
by defects at the surface of the material. It is not
unusual that mechanical treatments such as milling
exacerbate a stability problem by increasing the level
of defects. However, there are exceptions to this gener-
alization, which will be briefly touched on in the topo-
chemical reactions described next.

Moisture greatly influences solid-state reactions,
which will also be discussed separately. Solid-state
reactions can also be affected by other factors. For
example, drug formulations may decompose faster in
a tablet form than in the powder form, primarily due
to more intimate contact.

5.2.12 The role of moisture

Water is ubiquitously present as atmospheric mois-
ture and has a profound effect on solid-state reactions.
On the one hand, water can act as a reactant and be
involved in the reaction itself, such as in hydrolytic
reactions. On the other hand, water is an excellent
plasticizer; it increases molecular mobility of reactants
and enhances drug degradation. In the worst case,
water can form a saturated solution phase and make
the solid-state reaction solution-mediated, which
adversely affects stability to a great degree.

Various mechanisms exist for water molecules to
interact with a solid. Water molecules can be incorpo-
rated into crystal lattice through hydrogen bonding,
van der Waal’s interactions, or both. Generally, lattice
water is not a cause of chemical instability. Some com-
pounds rely on the interaction of water to form a
stable crystal, thus improving their chemical stability.
Water can also be adsorbed onto the surface as a mono-
layer and as multilayers. Water molecules in a
monolayer may behave significantly differently than
those in the second or third layers, the latter of which
have properties that presumably resemble bulk water.
The concept of “bound” and “unbound” water has
been suggested to explain solid�water interactions;
however, it was found to be overly simplistic in some
cases. “Bound” water was perceived to be unavailable
for drug degradation, while “unbound water” was
viewed as the major source of instability of pharmaceuti-
cals. Various models have been applied to describe
water�solid sorption, and some success has been
achieved in describing the degradation kinetics resulting
from such sorption. However, pharmaceutical solids
usually contain various defects and, not uncommonly,

1275.2 CHEMICAL STABILITY

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



various degrees of disordered, amorphous regions.
Water molecules are preferentially absorbed into the
interior of these regions. Because water is an efficient
plasticizer, it significantly increases molecular mobil-
ity in the amorphous phase, which causes the drug
degradation process to resemble more that occurring
in the solution phase. Moisture adsorption onto crystal
surfaces only accounts for insignificant amounts (on
the order of 0.1% w/w) of total water content. Hence,
the moisture level (a few percent) that is usually seen
with bulk pharmaceuticals and formulations is pri-
marily from absorption (into the interior), instead of
adsorption (on the surface). In addition, at a relative
humidity higher than some critical value, the drug or
formulations containing the drug may undergo
deliquescence, whereby drug degradation occurs
primarily in the resulting solution phase (solution-
mediated degradation). A more thorough discussion
on water�solid interactions in pharmaceutical sys-
tems can be found elsewhere.42

The influence of moisture on degradation kinetics is
complex, and various models have been proposed. The
Leeson�Mattocks43 model hypothesized that a satu-
rated solution layer exists around solid particles,
which sheds some light on the importance of moisture.
However, very limited successes have been achieved
on the quantitative aspect of moisture effects. Genton
and Kesselring44 initially showed the following equa-
tion held for nitrazepam degradation in a solid state:

ln k5 ln A1
Ea

RT1B
URH ð5:69Þ

Therefore, the Arrhenius relationship holds if RH is
held constant. Furthermore, the logarithm of the rate
constant changes linearly with relative humidity when
temperature is held constant. This observation can be
understood in the context that the relative humidity
only affects molecular mobility in a reaction, but not
the reaction pathways. Waterman et al. and Waterman
and Adami45,46 have confirmed this relationship with a
number of additional pharmaceutical systems.
However, it should be emphasized that this relation-
ship is not universal, and there are many exceptions.

5.2.13 Topochemical reactions

A true solid-state reaction is a topochemical reac-
tion. This type of reaction can be identified if the
reaction does not occur in solution, is much slower in
solution, or if the reaction products are different than
those obtained in solution. True solid-state reactions
depend highly on the molecular arrangements (confor-
mations and configurations) or topologies in the
solid-state. Therefore, the crystal structure of a solid
phase determines its chemical reactivity. Different

solid-state forms (polymorphs, solvates, salts, cocrys-
tals) frequently exhibit different reactivity and demon-
strate true solid-state reactions.47

The first reported example for a topological thermal
reaction is the rearrangement of methyl p-dimethyla-
minobenzenesulfonate to the p-trimethylammonium-
benzenesulfonate zwitterion.48,49 The molecules in
monoclinic crystals are oriented almost ideally so as to
facilitate reactions in the solid state. On the contrary,
the reaction rate is much slower (25 times) in its
melt than in the solid state. A pharmaceutical example
is the deamidation of the asparagine residue of insu-
lin50; in this case, the amorphous state is far more
stable than the crystalline state. However, a clear inter-
pretation has not been provided, although it is reason-
able to believe that the greater reaction rate observed
with crystalline insulin should be related to the crystal
packing. There are other examples provided in the text
by Byrn et al.51 that different polymorphs lead to dif-
ferent reactivities; they provide other pharmaceutical
examples of topochemical reactions.

5.3 COMMON PATHWAYS OF DRUG
DEGRADATION

Despite the diversity of drug candidates, drug deg-
radation follows some common pathways. By examin-
ing structural features of a drug molecule, possible
degradation routes and products may be predicted to
a certain extent, which may aid the design and execu-
tion of degradation studies.

Common mechanisms of drug degradation include
thermolytic, oxidative, and photolytic. The term
thermolytic degradation refers to those that are driven by
heat or high temperature, which normally follows the
Arrhenius relationship. Any degradation mechanism
can be considered thermolytic if high temperature
enhances the rate; in this case, thermolytic is being used
loosely. Hydrolysis reactions form a subset of thermo-
lytic degradation reactions and are the most common
drug degradation pathways; they will be discussed
separately. Other thermolytic degradation pathways
include ester/amide formation, rearrangement, isomer-
ization/epimerization, cyclization, decarboxylation,
hydration/dehydration, dimerization/polymerization,
etc. Oxidation of drugs can proceed with different
mechanisms: autoxidation, electrophilic/nucleophilic,
and electron transfer reactions. Oxidative degradation
reactions do not usually follow the Arrhenius relation-
ship due to their complex nature. Photolytic degrada-
tion can occur when a drug or drug product is
exposed to light. Photolytic degradation is initiated by
light absorption; therefore, temperature has a negligi-
ble effect. Photolytic degradation is not uncommon,
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but it may be minimized during the manufacturing,
shipping, and storing of drug products in appropriate
packaging.

5.3.1 Hydrolysis

Hydrolysis is by far the most commonly encoun-
tered drug degradation mechanism, both in solution
and in solid state. Many drug molecules contain func-
tional groups derived from relatively weakly bonding
groups such as carboxylic acids. Hydrolysis of such
derivatives is expected both in solution and in solid
state, in the presence of water. In particular, the pres-
ence of hydrogen or hydroxyl ions likely catalyzes
hydrolytic reactions. In the presence of relevant func-
tional groups, such as alcohols, amines, esters, etc.,
either as solvent or solvent residuals, or more com-
monly, as excipients or impurities, the carboxylic acid
derivatives can undergo certain types of reactions,
such as alcoholysis and transesterification (eg, aspirin-
acetaminophen reaction52). These reactions follow sim-
ilar mechanisms to hydrolysis, and will not be treated
separately.

5.3.1.1 Hydrolysis of carboxylic acid derivatives

Functional groups derived from carboxylic acid are
common in pharmaceuticals. Examples include anhy-
drides, acyl halides, esters, amides, imides, lactams,
lactones, and thiol esters. Esters (including lactones)
and amides (including lactams) are among the most
commonly seen. Carboxylic acid derivatives are usu-
ally prepared by a condensation reaction wherein the
carboxylic acid is reacted with the corresponding func-
tional group (alcohol, amine, etc.) with the expulsion
of a molecule of water. Since this type of reaction is
reversible, the reverse reaction can occur in the pres-
ence of added water:

R1

O

R1

O

X
� H2O � HXOH

ð5:70Þ

Here X5OCOR, Cl, OR, NR2, and SR. Sulfonates,
sulfonamides, and other sulfonic acid derivatives fol-
low similar pathways. Due to the greater electronega-
tivity of oxygen atoms, the carbonyl group is polarized
such that the oxygen atom carries a partial negative
charge while the carbon atom carries a partial positive
charge. As a result, the carbonyl group can be attacked
nucleophilically (by attacking the carbon, using a
nucleophile such as OH2). The hydrolysis of carbox-
ylic acid derivative usually proceeds with a tetrahedral
intermediate, as shown here:

X� X

O
O

R1
R1

X� � �  X
R1

O

X X�

ð5:71Þ
In the presence of hydrogen ions, the carbonyl oxy-

gen is protonated, which enhances attack of the car-
bonyl carbon by weaker nucleophiles such as water.
This mechanism explains how the hydrolysis reaction
can be catalyzed by either hydrogen or hydroxyl ions
(specific acid-base catalysis), as well as by other
nucleophiles (general acid-base catalysis).

Insights into the relative hydrolytic stability of car-
boxylic acid derivatives can be obtained in two aspects:
nucleophilic attack of the carbonyl carbon and relative
leaving ability of the X group. Hydrolysis will be faster
if the nucleophilic attack by X0 is facilitated or if the
leaving of X is facilitated, given that other conditions
are similar. Electron-withdrawing groups in R1 increase
the electronegativity of the carbonyl group, thus
promoting nucleophilic attack on the carbon; electron-
withdrawing groups in X increase the basicity of X,
stabilize X, and enhance the leaving ability of the
X group. On the other hand, electron-donating groups
will generally slow down hydrolysis. The effect of
electron-withdrawing substituents on R1 can be seen by
comparing the relative hydrolysis rate of a series of
substituted benzoate esters, while that of the leaving
groups can be seen from the comparison of the hydroly-
sis rate of different carboxylic derivatives, such as anhy-
dride, ester, amide, and other substances, which usually
follows the following pattern: acyl halide. carboxylic
anhydride. ester. amide. As a specific example,
hydrolysis of phenol esters is much faster than that of
corresponding alkyl esters because the phenol anion is a
much better leaving group. Because of this, phenol esters
are generally more difficult to prepare than the corre-
sponding alkyl esters. More detailed discussion on this
topic can be found in a standard organic chemistry text-
book, such as Carey and Sundberg.53

5.3.1.2 Hydrolysis of acetals and ketals

Acetals and ketals are relatively uncommon in phar-
maceuticals; however, they are present in some pro-
drugs. Acetals and ketals are formed by condensation
reactions between alcohols and aldehydes and alcohols
and ketones, respectively, by removing a water mole-
cule. Due to the unfavorable equilibrium in aqueous
solution, and the relative facility of the hydrolysis reac-
tion, they convert back to aldehydes and ketones
quickly, particularly in acid solutions:

R2CðOR0Þ2 1H2O�!H
1

R2C
UUO1 2R0OH ð5:72Þ
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The mechanisms of these reactions are the reverse
of the formation of the acetals and ketals and are sub-
ject to specific acid catalysis, although general acid
catalysis is observed in some cases.

5.3.1.3 Hydrolysis of other carbonyl derivatives

A few other types of carbonyl derivatives, such as
imines, oximes, hydrazones, and semicarbazones,
although not very commonly encountered in drug
molecules, can undergo hydrolysis by reversal of the
reactions leading to their formation:

R2CQNR01H2O-R2CQO1R0NH2 ð5:73Þ
R2CQNOH1H2O-R2CQO1HONH2 ð5:74Þ

R2CQNNHR01H2O-R2CQO1NH2NHR0 ð5:75Þ

ð5:76Þ
Hydrolysis of imines is the most facile of these reac-

tions because the equilibrium constant of formation is
unfavorable. On the other hand, oximes, hydrazones,
and semicarbazones are usually more stable during
hydrolysis because the equilibrium constants for for-
mation are much higher, even in aqueous solution.
These hydrolysis reactions are usually catalyzed by
both general acids and general bases. Switching of
rate-determining steps has also been observed for
hydrolysis of imines at different pH values.

5.3.1.4 Miscellaneous hydrolysis reactions

In general, both alkyl halides and aromatic halides
are stable to hydrolysis. However, in certain situations,
usually when activated by strong electron-withdrawing
groups, halides can undergo hydrolysis. An example is
chloramphenicol54:

CHCHNHCCH(OH)2NO2

OH

CH2OH

O

+ 2HCl

CHCHNHCCHCl2NO2

OH

CH2OH

O
2H2O

ð5:77Þ

The two chlorine atoms are connected to the alpha
carbon of the carbonyl, which makes the alpha carbon
more nucleophilic, and thus susceptible to hydrolysis.

Ethers hydrolyze to the corresponding alcohols
via acidic catalysis. Aryl ethers are particularly
unstable under mild acidic conditions, due to the

stability of the oxyaryl cation intermediate. Thioethers
undergo hydrolysis in a manner similar to ethers. Both
ethers and thioethers are relatively stable at neutral or
basic pH.

Sulfonamides and sulfonylureas are susceptible to
acid hydrolysis. Sulfonamides hydrolyze to the corre-
sponding sulfonic acid and amine, while sulfonylurea
decomposes to the amine, carbon dioxide, and sulfon-
amide. Carbamic esters hydrolyze to the correspond-
ing carbamic acids, which in turn undergo
decarboxylation, finally forming the amines. And
thiols can hydrolyze to the corresponding alcohols
under both acidic and basic conditions.

Epoxides and aziridines are three-member rings,
and contain significant strain. Both are susceptible to
ring opening reactions via nucleophilic attack by water
or other nucleophiles.

5.3.2 Oxidative degradation

Oxidation presents an important drug degradation
pathway, second only to hydrolysis. Although its sig-
nificance to drug stability has been recognized, the
study of oxidative stability has not been well devel-
oped until more recently, partially due to its compli-
cated nature. This section will briefly discuss the
various mechanistic and kinetic aspects of oxidation.

5.3.2.1 Mechanisms of oxidation

Under normal conditions, the reaction between
molecular oxygen and an organic molecule, although
thermodynamically favorable, proceeds at an insignifi-
cant rate. The slow oxidation rate is due to the elec-
tronic configuration of molecular oxygen. The valence
electrons of the O2 molecule can be represented,
according to molecular orbital theory, as

ðσ2sÞ2ðσ�2sÞ2ðσ2pzÞ2ðπ2px Þ2ðπ2py Þ2ðπ�2py Þ1ðπ�2pz Þ1 ð5:78Þ

Here, � designates an antibonding orbital. Ground-
state molecular oxygen has two unpaired spin elec-
trons in its π�2py and π�2pz orbitals, and therefore it is in a
triplet state. Most organic compounds, in contrast, are
in a singlet ground state, with all spins paired. Direct
reactions between singlet and triplet molecules violate
the conservation law of spin angular momentum, and
are not favorable. Therefore, for the direct reaction
between oxygen and organic molecules to occur, one
of the molecules needs to be excited to a state so that
the spin states of both molecules match. Triplet ground
state oxygen can be excited to the first excited
singlet state (singlet oxygen) both chemically and pho-
tochemically. Oxidative reactions caused by singlet
oxygen will be discussed briefly in the section on pho-
tolytic degradation pathways.
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Oxidation of organic compounds occurs primarily
via one of three mechanisms:

• Nucleophilic/electrophilic processes
• Electron transfer reactions
• Free radical processes (autoxidation)

Nucleophilic/electrophilic processes typically occur
between peroxide and an organic reactant. For exam-
ple, peroxide anion formed under basic conditions can
attack drug molecules as a nucleophile. Under normal
conditions, a drug will more likely be subject to elec-
trophilic attack by unionized peroxide. Nucleophilic
and electrophilic reactions typically follow Arrhenius
behavior, and are accelerated at higher temperatures.
However, when peroxides are heated, radical pro-
cesses can be triggered, so non-Arrhenius behavior
may be observed above a certain threshold.

In an electron-transfer process, an electron is trans-
ferred from a low electron affinity donor to an oxidizing
species, which may be catalyzed by transition metals.
Single-electron transfer reactions may exhibit Arrhenius
behavior when the bond dissociation energy (BDE) of
the acceptor molecule is low, but breaking CH bonds
requires so much energy that single-electron transfer
reactions typically exhibit non-Arrhenius behavior.

The autoxidation process involves the initiation of
free radicals, which propagate through reaction with
oxygen and drug molecule to form oxidation products.
Because of the complexity of the reaction mechanism,
non-Arrhenius behavior may be observed. The three
stages of autoxidation can be represented as follows:

Initiation:

In�In-2Ind ð5:79Þ

Ind1RH-In�H1Rd ð5:80Þ

Propagation:

Rd1O2-ROOd ð5:81Þ

ROOd1RH-ROOH1Rd ð5:82Þ

Termination:

Rd1Rd-R��R ð5:83Þ

Rd1ROOd-ROOR ð5:84Þ

ROd1HOd-ROOH ð5:85Þ

In the initiation stage, a pair of free radicals is gen-
erated. A variety of processes can generate free radical
pairs by cleaving a chemical bond homolytically under
the influence of heat or light. Several categories of

organic compounds can be used to generate free radi-
cals readily, such as azo compounds, acyl peroxides,
alkyl peroxides, and hydrogen peroxide, some of
which have been routinely used as free radical initia-
tors in polymerization. For example, the initiation of
radicals can be achieved using 2,20- azobis (N,N0-
dimethyleneisobutyramidine)dihydrochloride (AIBN):

ðCH3Þ3C��NUUN��CðCH3Þ3-2ðCH3Þ3Cd1N2 ð5:86Þ
The facile dissociation of azo compounds is not

caused by the presence of a weak bond, as is the
case with peroxides. Instead, the driving force for
azo homolysis is the formation of the highly
stable nitrogen molecule.

The two steps at the propagation stage are distinct.
The first step, the reaction between the drug free radi-
cal with oxygen, is fast (on the order of 109 M21s21 at
300�K).55 The second step, in which a hydroperoxide is
formed and a drug free radical is regenerated, is 8�9
orders of magnitude slower, and it is the rate-
determining step. Therefore, the rate of autoxidation is
generally unaffected by the oxygen concentration
unless the concentration of oxygen becomes signifi-
cantly low.

The kinetics of autoxidation is complicated due to
the multiple steps involved in the process. The reaction
order with respect to substrate concentration varies in
the range of 0�1. The most noticeable feature of autox-
idation kinetics is the lag time, which corresponds to a
stage of gradual build up of free radicals.

Besides catalyzing electron transfer processes, tran-
sition metals can also react with organic compounds or
hydroperoxides to form free radicals:

Mðn11Þ11RH-Mn11Rd1H1Þ ð5:87Þ
Mn11ROOH-Mðn11Þ1 1ROd1HO� ð5:88Þ
Mðn11Þ11ROOH-Mn11ROOd1H1 ð5:89Þ

Typically, multiple mechanisms may occur simulta-
neously in an oxidative reaction, which introduces fur-
ther complications.

Stabilization strategies can be developed based on
the mechanisms of oxidative degradation for a particu-
lar compound.56,57

5.3.2.2 Prediction of oxidative stability

Oxidative stability of pharmaceuticals can be pre-
dicted to a certain extent by theoretical computations.58

The susceptibility of an organic molecule to nucleo-
philic/electrophilic and electron transfer oxidative pro-
cesses can be predicted using frontal molecular orbital
(FMO) calculations. According to FMO theory, the site
of reaction will occur between the lowest unoccupied
molecular orbital (LUMO) of the electrophile and
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highest occupied molecular orbital (HOMO) of the
nucleophile. Under normal conditions, the nucleophile
is usually the organic compound. Therefore, properties
of the HOMO of the organic reactant determine its
propensity to be oxidized. Computing the HOMO of a
reactant could thus yield useful information regarding
the most susceptible sites for oxidation by nucleo-
philic/electrophilic and electron transfer processes.

For oxidative degradation via the free radical pro-
cess, hydrogen abstraction is usually the rate-
determining step for propagation. Therefore, stability
of the corresponding free radicals should correlate
with their susceptibility to autoxidation. Hence, a BDE
calculation could provide insight into sites of potential
autoxidation.

5.3.2.3 Functional groups susceptible to oxidation

Amines are known to be prone to oxidation.
Primary and secondary amines oxidize to hydroxyla-
mines, which can dehydrate to imines or, after further
oxidation, to oximes. Oxidation of aryl amines usually
produces aryl hydroxylamines, which further oxidize
to aryl nitroso compounds. Tertiary amines undergo
oxidation, producing N-oxides, which are usually the
final degradants. Protonation of the amine reduces its
propensity to oxidation. However, protonation may
not effectively protect against oxidation during long-
term storage.

Nitriles are susceptible to oxidation by peroxides
under slightly alkaline conditions. Acetonitrile is oxi-
dized to unstable (and oxidizing) peroxycarboximidic
acid; this has been known to enhance the susceptibility
of organic compounds to oxidation by peroxide when
acetonitrile is used as a cosolvent.59

Primarily, alcohols can be oxidized to the corre-
sponding aldehydes, and then further to carboxylic
acids. Phenols and other aryl hydroxyls are particu-
larly susceptible to oxidation because conjugation in
the aryl systems enhances the electron density on the
oxygen atoms.

Pyrroles can be oxidized by peroxide to form pyrro-
linones. Compounds containing unsaturated double
bonds form epoxides by oxidation.

Thiol and thioethers are other examples of readily
oxidizable organic functional groups. Thiols can oxi-
dize to disulfide, sulfenic acid, sulfinic acid, and sul-
fonic acids under a variety of conditions, such as
nucleophilic processes (peroxide), autoxidation, and
electron-transfer reactions. Due to the affinity of thiols
with transition metals, most thiols get oxidized via the
metal-catalyzed electron-transfer process. Thioethers
undergo oxidation to sulfoxides, and finally to
sulfones, a process that also may be catalyzed by
transition metals.

A methylene (aCH2a) or methyne (aCHagroup is
activated when the corresponding free radical formed
by H-abstraction is stabilized by a neighboring group,
such as carbonyl, carbon�carbon double bond, aro-
matic ring, or a heteroatom such as O, N, or S. The
activated methylene or methyne group is a potential
site of autoxidation, due to the stability of the free rad-
ical formed. These sites can be predicted using BDE
calculation. Examples include phenylbutazone and
benzyl alcohols.

5.3.3 Photochemical degradation

5.3.3.1 Light

Light is a form of electromagnetic radiation, the
energy of which is given by

E5 hν5
hc

λ
ð5:90Þ

Here, h is Plank’s constant, c is the speed of light
(33 108 m/s), ν is the frequency, and λ is the wavelength.
Hence, red light (700�800 nm) corresponds to an energy
of 30�40 kcal/mol, while far UV light (about 200 nm)
corresponds to an energy of 140 kcal/mol. For compari-
son, the weakest single bonds commonly encountered in
organic molecules have a strength of about 35 kcal/mol
(such as an OaO bond), and the strongest single bonds
have strengths of about 100 kcal/mol (eg, a CaH bond).
This simple comparison demonstrates that the energy of
light is adequate to potentially lead to degradation
of drug molecules if it is absorbed.

No photochemical reaction can occur unless light is
absorbed (the Grotthuss�Draper law). The relevant
radiation bands that are most likely to be problematic
to pharmaceuticals are visible light (λ of about
400�800 nm), and UV light (λ of about 200�400 nm).
Sunlight in the wavelength range of 200�290 nm is
effectively absorbed by molecular oxygen and ozone in
the upper atmosphere, and therefore it is not consid-
ered to be important for photolytic degradation of
drugs, although many organic substances do absorb
strongly in this wavelength range.

5.3.3.2 Light absorption, excitation, and
photochemical reactions

Accompanying the absorption of UV-visible light by
a molecule is a change in its electronic configuration to
an excited state. The electrons in the outermost shells
of a molecule are the most susceptible ones because
these electrons are the least strongly bound to the mol-
ecule. From the point of view of FMO theory, electrons
in the HOMO will be excited by the absorption of light
energy into its LUMO, where they possess higher
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potential energy that could cause photochemical deg-
radation of the molecule.

Spin state is a characteristic feature for electron exci-
tation, and it plays an important role in photochemical
reactions. Most organic molecules have a ground-state
HOMO with paired electrons and are therefore in a
singlet state (denoted as S0, where the subscript 0
refers to the ground state). When one electron is
excited from the HOMO to LUMO, its spin can be
maintained (first excited singlet state, S1) or flipped
(first excited triplet state, T1).

The excited electron can drop back to the ground
state by giving up one photon; this is called a photophy-
sical radiative process. The allowed singlet�singlet
(S1-S0) emission is called fluorescence, while the for-
bidden triplet�singlet (T1-S0) emission is called
phosphorescence.

The excited electron can also drop back to the
ground electronic state without emitting a photon by
photophysical radiationless processes. In most cases,
the excited electron falls back to the ground electronic
state by releasing heat, which may result from colli-
sions between excited molecules and other molecules
(eg, solvent molecules) in their environment.
Transitions between states of the same spin (eg,
S1-S01heat) are allowed, and this process is called
internal conversion; transitions between states of differ-
ent spins, such as T1-S11heat or T1-S01heat, are
forbidden and are called intersystem crossing. The
energy state diagram shown in Fig. 5.11 describes
these photophysical processes.

Not all atoms of a compound absorb UV-visible
light, due to the mismatch of the energy of photon and
the energetic gap between the ground and excited elec-
tronic states. A chromophore is defined as an atom or
group of atoms that act as a unit in light absorption.

Typical chromophores for organic substances include
C:C, C:C, and aromatic groups.

Electronic excitation for C:C bonds involves π-π�

transitions between its electronic orbitals, while for
C:C, n-π� transitions are involved. Since the elec-
tronic occupancy of the excited state is different from
that of the ground state, their properties are also differ-
ent. For example, ethylene is planar in the ground
state, while the excited state is twisted. Other proper-
ties, such as dipole moments and acid/base dissocia-
tion constants, are also changed in the excited state.

Molecules in excited states may undergo chemical
reaction with themselves, due to their elevated energy
state. The excited molecules may also jump back to
ground state via photophysical radiationless routes.
The electronic energy is converted to vibrational energy
of the molecule in this case, which might be adequate to
overcome the activation barrier in the ground state
to bond dissociation and trigger chemical degradation.

From the photochemical point of view, most photo-
degradation reactions observed for pharmaceuticals
tend to involve intermediates, and are not concerted in
nature. The electronically excited state generated by
stretching a σ-bond or twisting a π-bond can result in
a diradicaloid structure, where the two half-filled orbi-
tals are nearly degenerate. The interaction of these two
degenerated orbitals can then lead to the diradical sin-
glet state, diradical triplet state, and two zwitterionic
states (where one degenerated orbital is completely
filled while the other is empty). The singlet π, π�

excited state, S1(π, π�), has a significant zwitterionic
nature and is expected to form a reactive intermediate
via proton or electron transfer reactions, nucleophilic
or electrophilic additions, or rearrangement. The triplet
T1(π, π�) state, on the other hand, is expected to gener-
ate diradical intermediates and undergo primary
photoreactions characteristic of radicals (eg, H-
abstraction, addition to unsaturated bonds, radicaloid
rearrangements, and hemolytic fragmentations). Both
S1(n, π�) and T1(n, π�) are diradical in nature, and lead
to qualitatively similar photochemical products. More
detailed discussion of this topic can be found in
Turro.60 Examples of photochemical degradation of
drugs can be found in Tønnesen.61

5.3.3.3 Photooxidation

Oxidation has frequently been observed in photo-
chemical degradation reactions. Photooxidation can
occur when excited triplet state molecules react
directly with molecular oxygen because an excited
triplet state matches the ground spin state of molecular
oxygen. In addition, another process appears to be
important in which singlet oxygen is involved, called
photosensitized oxidation. Photosensitization is a process

S1

S0

T1

Intersystem crossing

In
te

rs
ys

te
m

 c
ro

ss
in

g

In
te

rn
al

 c
on

ve
rs

io
n

S
in

gl
et

–s
in

gl
et

 a
bs

or
pt

io
n

S
in

gl
et

–t
rip

le
t a

bs
or

pt
io

n

P
ho

sp
ho

re
sc

en
ce

F
lu

or
es

ce
nc

e

FIGURE 5.11 Schematic energy state diagram for light absorption.
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whereby an initially light absorbing species (the donor)
transfers energy to and excites a second species (the
acceptor), provided that the acceptor has a low-lying
triplet state. The donor could be a different species
(such as a dye molecule), but could also be the drug
molecule itself. The acceptor is also called a quencher
because it quenches the excited state of the donor.
Photosensitization allows a nonabsorbing acceptor spe-
cies to be excited in the presence of a light-absorbing
donor molecule.

Two types of photooxidation exist. In Type I photo-
oxidation, the donor transfers an electron or a proton
to the acceptor (usually the drug), forming an anion or
neutral radical, which rapidly reacts with molecular
oxygen. A Type I process is also called an electron
transfer or free radical process.

Type II photooxidation involves singlet oxygen.
The first excited state of molecular oxygen, 1Δ, lies
22.5 kJ/mol (1270 nm) above its ground state (3Σ),
which is of much lower energy than the triplet states
of most organic molecules. Ground-state molecular
oxygen is generally an efficient quencher of the S1
and T1 states of organic molecules. The photosensi-
tized singlet oxygen matches the spin states of a
majority of organic molecules, which enhances their
direct oxidation. Singlet oxygen can be generated
using strongly light-absorbing dyes (eg, Rose Bengal,
methylene blue) via a photosensitization process.

5.3.4 Other degradation pathways

Hydration (ie, the addition of a molecule of water)
can occur at a double bond, which is well known in
the case of fumaric acid. Racemization of chiral centers
can occur via the formation of a planar intermediate,
usually a cation, but a radical or anion inter-
mediate can be involved as well. Decarboxylation often
occurs thermally for a β-keto carboxylic acid
(eg, norfloxacin62).

Amines are common functional groups in APIs, and
they are reactive in a variety of ways besides oxida-
tion. Primary and secondary amines can react with
counterions in a salt (eg, maleic acid,63 tartaric acid) or
acids/acid derivatives in excipients (eg, stearic acid
or magnesium stearate64) to form the corresponding
amides. Amines react readily with aldehydes (such as
formaldehyde, which may present at low levels as a
degradation product or impurity in excipients such as
polyethylene oxide, polyethylene glycol (PEG), poloxa-
mer, and carbohydrates) to form hemiaminals.
The complex series of reactions between a primary
or secondary amine and a reducing sugar causes
color changes, and is known as the Maillard browning
reaction.

Other types of degradation reactions have also
been observed, such as isomerization (fumaric
acid2maleic acid), rearrangements (cephalosporin),
dimerization and polymerization (eg, ampicillin and
other ß-lactam antibiotics65), cyclization (eg, aspar-
tame,66 moexipril67), and deamidation (eg, asparagines
residues in peptides and proteins).

5.4 EXPERIMENTAL APPROACHES TO
STUDYING THE CHEMICAL
DEGRADATION OF DRUGS

Drug degradation studies are a required component
of stability testing conducted to support registration of
new drug substances and drug products.68 However,
the design and execution of accelerated stability testing
methods, while well established in many industries,69

is still evolving within the pharmaceutical industry. In
this section, we survey the current best practices.

5.4.1 Solution thermal degradation studies

In conducting an accelerated thermal degradation
study, the investigator typically exposes samples con-
taining the test substance of interest to elevated tem-
perature storage, and then measures the concentration
or potency of the test substance remaining after vari-
ous times. In the past, some methods for the interpre-
tation of data obtained from such studies have focused
primarily on the estimation and prediction of reaction
rates; however, most users intend to employ these pre-
dicted rates to estimate concentrations or potencies at
future times at temperatures not tested or to estimate
the time until which the concentration or potency will
remain within specified limits with a specified proba-
bility (shelf life prediction). Although methods that
yield estimated rates may be used to obtain point esti-
mates of concentrations, they are incapable of provid-
ing useful confidence interval estimates, so this review
will focus on methods of obtaining and modeling
accelerated degradation experimental data that yield
concentration or shelf life estimates directly. Such
methods require nonlinear modeling. Because model-
ing by nonlinear regression is more of an art than a sci-
ence, previous experience in fitting nonlinear models
is helpful.

Chemical kineticists have employed the Arrhenius
model for years as a means to determine the energy of
activation of a chemical reaction from the temperature
dependence of the rate of reaction. Aside from a
few studies on biologically derived pharmaceutical pre-
parations,70 only since the late 1940s did tech-
nologists71�77 in the food and pharmaceutical industries
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begin to use the Arrhenius model to study degradation
processes. In the mid-1950s, after introductory studies
by Garrett, the use of the Arrhenius model to predict
the shelf life of a pharmaceutical product at a lower
temperature (eg, room temperature) from the kinetics of
its degradation studied at higher temperatures became
common.78�86 Prediction of shelf life became a primary
focus of thermal stress degradation studies in both the
pharmaceutical industry and the food industry, and,
over the years, a number of investigators have sought to
improve the statistical techniques used to treat the data
so as to obtain better estimates of the precision with
which shelf life could be predicted. In addition to the use
of thermal stress degradation studies to predict shelf life,
the time required to determine a reaction rate with a
given precision can be reduced by determining the rate
at an elevated temperature, where degradation occurs
more quickly87; thus, Arrhenius models have attracted
the interest of chemical engineers and physical chemists.

Early workers in the field of chemical kinetics relied
upon graphical methods and simple numerical analy-
sis techniques (such as point-by-point integration) to
obtain estimates of the rates of chemical reactions and
the effect of changing reaction temperature on these
rates. Graphical techniques are important to visualize
the data and to form initial judgments as to the overall
quality of the data and relevance of the kinetic model;
however, they are at best a crude way to obtain kinetic
parameters, and are subject to bias on the part of the
graphic artist in obtaining the best representation of
the data. In addition, graphical methods offer no way
to estimate the precision of fitted parameters.
Numerical methods based upon point-by-point inte-
gration introduce an insidious form of serially corre-
lated error into the final results, as each observation
(except the first and last) is used twice. Typical kinetic
experiments were run at only a few temperatures, one
of which was usually close to ambient. Extraordinary
measures to control temperature, and to select
very precise analytical methods, are required to
employ these methods effectively; in particular, mea-
surement of the energy of activation of a reaction from
determination of the rate at only two temperatures
about 10�C apart requires temperature control of
60.03�C and analytical precision of 60.1% to obtain
an error of 60.5% in the energy of activation. These
methods have been described in detail.88

The application of statistical methods, based on
modeling by regression analysis to the evaluation of data
obtained from accelerated chemical degradation studies
in solution, was first applied to a study of the decompo-
sition of a nitrogen-containing compound in 1954 by
McBride and Villars.78 These workers used a two-stage
graphical approach, first estimating the rate constants at
different temperatures and then plotting the logarithms

of the estimated rate constants versus reciprocal absolute
temperature in a second step to obtain estimates of the
Arrhenius model parameters. Garrett popularized this
approach in the pharmaceutical industry in several stud-
ies.77,79,83,84 The use of estimated reaction rates as if they
were data reduces the large number of degrees of free-
dom inherent in the actual data to just a few degrees of
freedom in the final model, enormously exaggerating the
uncertainty with which interval predictions can be made
outside of the time and temperature region studied.
Since making such interval predictions is, perhaps, the
most important purpose of conducting thermal stress
degradation studies, the two-stage modeling approach is
wholly unsatisfactory.89

Garrett and his followers usually made measure-
ments at linearly spaced time intervals (eg, daily) for a
fixed duration (eg, a month or two); measurements at
the higher temperatures were terminated when the
amount of drug remaining became too low to measure
accurately. Most workers also made the same number
of measurements at each temperature for each sam-
pling time. This type of design can be called a
“Garrett” design. It is not efficient.

Later, Tootill showed that a more efficient design con-
sisted of obtaining measurements at roughly the same
extent of decomposition.90 He was probably the first
author to devise a method to use potency remaining at
each time and temperature to directly fit an Arrhenius
model to kinetic data; however, he did so by imposing
strict design constraints. Tootill’s 1961 design was actu-
ally an extension of the earlier design work of Box and
Lucas,91 who showed that the most efficient design
(when percent potency remaining could be measured,
the reaction was known to be first order, and the
Arrhenius model was known to be correct), was to mea-
sure the potency at such a time that 36.8% (100%/e) of
the substance remained at both the highest and lowest
temperatures that could be studied; this design has prop-
erties that statisticians call d-optimal. Davies and cowor-
kers92,93 showed that the most efficient measurements
for the estimation of reaction rates were only obtained
after allowing the decomposition reaction to proceed for
1�2 half-lives (50�75% decomposition), in agreement
with the finding of Box and Lucas. This recommendation
was based solely upon the statistical properties of the
data, and ignored potential complications arising from
changes in the major reaction pathway caused by the
accumulation of degradation products as the reaction
proceeds. Thus, Davies and Hudson93 also recom-
mended designs for which degradation was to be moni-
tored until the same extent of degradation had occurred
at each temperature, as previously recommended by
Tootill,90 and by Box and Lucas.91 Subsequently, such
designs will be referred to as “Box-Tootill-Davies”
designs. These isoconversional designs are efficient.
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Since rates are seldom measured directly, the
Arrhenius model can be further integrated to yield, for
pseudo-zero-order reactions:

Phij 5P0�tijAe
�
Ea

RTj 1 ehij ð5:91Þ
For pseudo-first-order reactions:

Phij 5P0e
�tijAe

�
Ea

RTj
1 ehij ð5:92Þ

Here, Phij is the hth measured potency at time tij and
temperature Tj, P0 is the estimated initial potency at
time t5 0, and ehij is the error in measuring Phij.
Carstensen and Su introduced this technique in the
pharmaceutical field as a method for directly fitting an
Arrhenius model to potency data.94 Nonlinear direct
fitting of an Arrhenius model to concentration or
potency data was further advanced by the work of
Davies and Budgett,92 who specifically addressed
proper weighting of the data. Davies and Hudson later
proposed standard methods for the statistical analysis
of potency data obtained in the course of degradation
studies based on this error analysis.93 These authors
reparameterized the Arrhenius models to explicitly
account for the fact that it is the logarithm of estimated
rate constants that is approximately normally distrib-
uted. Thus, for a pseudo-zero-order reaction:

Phij 5P0�tije
lnðAÞ� Ea

RTj 1 ehij ð5:93Þ
For a pseudo-first-order reaction:

Phij 5P0e
�tije

lnðAÞ� Ea

RTj
1 ehij ð5:94Þ

Instead of using the logarithm of the rate expected
in the limit as the absolute temperature increases to
infinity (the Arrhenius frequency factor A), the rate at
any other temperature T can be used instead. Thus,
one can substitute the following:

lnðAÞ5 lnðkestÞ1
Ea

RTest
ð5:95Þ

Furthermore, the rate at any particular temperature
is inversely proportional to the time required to
achieve a particular fractional degradation f. Thus, for
a pseudo-zero-order reaction:

kTest 5
Pt50ð1�fÞ
t100 f%;Test

ð5:96Þ

And for a pseudo-first-order reaction:

kTest
5
�lnðfÞ

t100 f%;Test

ð5:97Þ

King et al.95 independently recommended repara-
meterization with this additional substitution to esti-
mate shelf life directly. Thus, for a pseudo-zero-order
reaction, the Arrhenius model becomes

Phij 5P0�ð1�fÞP0tije

Ea

R

1

Test
� 1

Tj

� �
�ln t100 f%;Test

� �
1 ehij

ð5:98Þ
And for a pseudo-first-order reaction, it becomes

Phij 5P0e
tij lnðfÞe

Ea

R

1

Test
� 1

Tj

� �
�ln t100 f%;Test

� �
1 ehij ð5:99Þ

Here, f is the fraction of undegraded drug remain-
ing at time t100f% at temperature Test.

Simulation studies using a realistic assumed distri-
bution of experimental errors in conjunction with a
Box-Tootill-Davies design with fmin5 0.8 (correspond-
ing to 20% degradation) give remarkably precise esti-
mates of the logarithm of the projected shelf life when
either of the abovementioned model equations are
used. However, such a design is impractical to execute,
since one might need to follow degradation at the low-
est temperature included in the accelerated design for
a period of time longer than needed to execute a real-
time stability study at the temperature of interest Test.
Despite this shortcoming, abbreviated studies, in
which degradation is not allowed to proceed as far at
the lower temperatures, can still give useful results,
especially if one’s interest is only in projecting whether
the projected shelf life at Test is greater than some
required minimum (eg, 2 years at Test5 25�C).

It is convenient to design accelerated thermal degra-
dation studies so that the temperatures used are
selected from a series of equally spaced values on the
reciprocal absolute temperature scale (eg, 5�C, 15�C,
25�C, 37�C, 48�C, 61�C, 75�C, 90�C) at temperatures
above the final temperature of interest Test. Thus, to
project the shelf life at 25�C, one might choose to use
the three highest temperatures (eg, 61�C, 75�C, 90�C).
If we are only interested in determining whether a
drug substance will be stable in solution for 2 years at
25�C, then even this much work is unnecessary.
Assuming any reasonable range of expected activation
energies, testing at only the two highest temperatures
should provide an answer to this question. Of course,
the further removed the actual temperatures selected
are from the temperature of interest, the larger the
error in prediction of the extrapolated value for
the logarithm of the shelf life. Nevertheless, reasonable
precision is still obtainable using this approach.

It is feasible to design experiments that can be com-
pleted in a short period of time (weeks) to determine if
the shelf life will be sufficiently long to permit
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commercial development of a solution dosage form
with storage at either controlled room temperature or
under refrigerated storage conditions. All that is
needed to design an appropriate experiment is knowl-
edge of the precision achievable by the analytical method
that will be used to determine the fraction f remaining
undegraded, the allowable extent of degradation f, and
the desired storage temperature Test. The design can be
validated by simulation prior to execution, and the simu-
lated results can be used to confirm that an adequate
number of samples are taken at each temperature. Since
most real degradation reactions are pseudo-first-order,
sampling times at each temperature should increase
exponentially (eg, 0, 1, 2, 4, 7, 14, 28, . . . days) so that the
change in the fraction remaining will be approximately
constant between sampling times. Sufficient samples
should be obtained at each temperature to estimate rate
constants with equal precision. If one was confident of
the order of the reaction, and anticipated degradation
rates at each temperature, then the most efficient design
would eliminate all intermediate time points, and simply
measure the fraction present initially and after some
fixed interval storage at each elevated temperature,
reducing the analytical workload even further. However,
thermal stress degradation studies are usually performed
early in the development process, when little is known
about the overall stability of the drug substance, so pru-
dent experimenters will want to include samples at inter-
mediate time points to ensure that sufficient usable data
is obtained. A pilot experiment, with single samples
taken at four temperatures selected from this list on days
0, 1, 2, 4, and 7 (20 samples altogether), will often provide
enough information to determine whether additional
work is needed. Poorly stable materials can be rejected
out of hand, and materials showing no degradation at
even the highest temperature require no further study,
since no practically achievable activation energy would
be consistent with long-term instability if the Arrhenius
model holds, and no degradation can be detected after a
week of storage at more than 60�C above the intended
real-time storage conditions.

Waterman et al. recently extended this concept even
further, to incorporate the effects of humidity
(Eq. 5.69).45 These workers have demonstrated that,
provided one can design experiments such that the
same extent of decomposition is achieved under each
of the conditions of temperature and humidity studied
(so-called isoconversional conditions), one can estimate
both the Arrhenius model parameters and the effect of
humidity on the kinetics of decomposition of a drug,
either as the API itself or as a component of a formula-
tion, using a small number of measurements with
good accuracy. This approach is especially useful for
studying solid-state degradation, as isoconversional
methods are independent of mechanism.

5.4.2 Solid-state thermal degradation studies

The design of solid-state degradation studies is com-
plicated by the fact that many solid-state degradation
reactions do not follow Arrhenius kinetics outside a
restricted range. Phase changes (glass transitions, crys-
talline melting, solvation/desolvation) are expected to
radically alter degradation pathways. One must have a
thorough understanding of the thermal behavior of the
material to be studied prior to undertaking the design
of a thermal stress degradation study of a solid mate-
rial. In most cases, the objective of thermal stress stud-
ies on solids is to determine whether moisture will
induce hydrolytic degradation. That being the case, the
simplest approach is to just add water, stir, and heat.

Isothermal microcalorimetry can be used to study
the potential reactivity of solids to water, either alone
or in combination with excipients, in relatively short
periods of time (days to weeks). Typically, a mixture of
the solids and 20% by weight added water is heated to
50�60�C and monitored for thermal reactivity.
Hydrolysis reactions are characteristically exothermic
and result in the generation of detectable heat signals
within the first few days, even for slowly reacting sub-
stances. It is prudent to confirm degradation by chemi-
cal analysis of any mixture (eg, by high-performance
liquid chromatography or liquid chromatogra-
phy�mass spectrometry) that exhibits the generation
of heat. Isothermal microcalorimetry is a completely
nonspecific technique that can be used to detect and
monitor even the most complex reactions, such as the
Maillard reaction between a primary or secondary
amine drug and a reducing sugar such as glucose or
lactose. This approach is most useful for establishing
relative chemical reactivity, such as comparing differ-
ent potential drug candidates as part of candidate lead
selection or for selecting potential excipients to be used
in formulation.

A less drastic measure is to store samples of solid
materials under conditions of high humidity. Saturated
solutions of NaCl maintain essentially 75% relative
humidity over a wide range of temperatures, so it is
possible to store samples in humidistats (sealed vessels
containing a small amount of a saturated solution of
NaCl in water) in ovens at different temperatures (eg,
40�C, 60�C, 80�C), provided that no phase changes
(such as melting, formation of hydrates, etc.) occur
when the samples are heated. Dynamic moisture sorp-
tion gravimetric analysis and thermal gravimetric anal-
ysis can be used to confirm the absence of hydrate
formation at the selected temperatures. Prudent experi-
menters, not having sufficient test material to perform
a thorough characterization of its thermal properties,
will opt to begin studies at a lower temperature (eg,
40�C), and progress to studies at higher temperatures
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only if it is justifiable to do so when more material
becomes available. The very first activity that should be
undertaken in the characterization of any new drug
substance is to set up a thermal stress degradation
experiment for the solid drug substance. This should
be started before any other work is undertaken and
takes only a few milligrams of material. Samples can be
removed from thermal stress conditions at programed
times, and stored at low temperature until an analytical
method can be developed, assuming larger quantities
of material can be obtained later. Often, visual inspec-
tion will reveal stability problems, such as color
changes and deliquescence, that may dictate storage
requirements for the substance being studied. The
approach of Waterman and coworkers follows this
strategy.45

5.4.3 Oxidative degradation studies

Oxidative degradation of drugs is usually caused by
impurities (such as peroxide, transition metals, and
free radicals) present in the final products. Levels of
these impurities are low, variable, and often difficult to
control. Hence, oxidation screens are normally con-
ducted in the presence of higher levels of oxidants, cat-
alysts, and other probing reactants. Oxidative testing
under these conditions is only prognostic, but not
definitive in nature, and quantitative extrapolation to
normal storage conditions is challenging and, in most
cases, should be avoided. Hydroperoxides, the pri-
mary oxidative reagents, may further degrade at ele-
vated temperatures. Therefore, most oxidative tests are
carried out at relatively mild temperatures (eg, ambi-
ent to 40�C).

As outlined in the section on oxidative degradation,
three primary oxidative mechanisms exist: free radical
autoxidation, nucleophilic/electrophilic processes, and
electron transfer processes. A practical oxidative
testing strategy should aim to pinpoint the intrinsic oxi-
dative stability, and the possible oxidative mechanisms.
Understanding of oxidative mechanisms allows for
stabilization strategies to be developed. Identification of
the primary/secondary oxidative degradants also aids
in the elucidation of the degradation pathways.

A free radical initiator is frequently used to probe
susceptibility of a compound to autoxidation. As men-
tioned previously, AIBN is a commonly used imitator
for this purpose. Its homolytic decomposition half-life
in toluene is 10 hours at 65�C, and does not change sig-
nificantly in different solvents. Tests can be made with
molar ratios between AIBN and drug molecule rang-
ing from 0.2 to 1.0. Experiments are often done at 40�C
in order to preserve the primary degradants. However,
AIBN is not water-soluble. Organic cosolvents, such as

acetonitrile and lower alcohols, are necessary for most
drug candidates with limited aqueous solubility. Each
cosolvent may produce side reactions and has its pros
and cons. Water-soluble free radical initiators are avail-
able, which have slightly different decomposition
kinetics. Examples include 4,40-azobis(4-cyanopenta-
noic acid) (ACVA), and 2,20-azobis(2-amidinopropane)
dihydrochloride (AAPH). Antioxidants known to act
as free radical trapping agents can also be used to
demonstrate radical oxidation in the absence of an
added initiator by suppressing oxidation triggered by
environmental stress.

Hydrogen peroxide, typically in the concentration
range of 0.3�30%, is used to probe the electrophilic/
nucleophilic oxidative stability of organic compounds at
ambient temperature. Amines, thiols, thioethers, pyr-
roles, and indoles are functional groups that can be
readily oxidized by peroxides. Baertschi96 stated that, in
his experience, a compound is particularly sensitive and
could require special efforts for development if a 0.3%
solution of hydrogen peroxide induces .20% degrada-
tion in 24 hours at room temperature. Alternatively,
,5% degradation in 24 hours indicates a relatively
stable compound that will likely not present significant
challenges to development. Peroxides are present as
impurities in many excipients, and some antioxidants
are known to be particularly effective as suppressors of
peroxide-mediate oxidation. Addition of such antioxi-
dants can help to confirm that peroxide mediated oxida-
tion is responsible for observed degradation.

Many so-called autoxidative degradations may actu-
ally be caused by catalysis due to heavy metals, which
usually present at very low levels. This is particularly
believed for thiols and thioethers, due to their strong
interactions with transition metals. In addition, metal
ions may react with peroxides, forming reactive
hydroxyl radicals. Although levels of heavy metals are
low in modern drug substances, their levels may be sig-
nificant at the early stages. In addition, sensitivity
toward metal catalyzed oxidation may be high for cer-
tain compounds. Therefore, a transition metal catalysis
test still provides valuable information. Compounds
that are highly sensitive to these tests may require spe-
cial processing precautions to avoid metal contamina-
tion. Fe31 and Cu21 can be incorporated routinely in
oxidative screening at ambient conditions. Chelating
agents, such as EDTA, are particularly effective as sup-
pressors of metal-ion catalyzed oxidation. If the addition
of chelating agents reduces or prevents oxidative degra-
dation in otherwise untreated samples, metal-ion cataly-
sis due to low levels of contaminating metals is likely to
be responsible for the degradation observed.

As an alternative, Tween 80 (or another excipient
containing polyoxyethylene moieties), in combination
with Fe31 or other transition metals (eg, Mn31), can be
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used to screen the overall oxidative stability of a com-
pound.96,97 Excipients containing polyoxyethylene moi-
eties, such as Tweens and PEGs, always have low
levels of peroxide contaminants. These peroxides react
with Fe31, and produce peroxy radicals that cause the
escalation of free radical levels and further oxidation
of the excipients. Therefore, the oxidative reaction
mechanism in this system could be a combination of
all three mechanisms.97 The Tween test may well be
suitable as a first-line oxidative screen. Compounds
resisting oxidation in this test could be considered as
stable with respect to all three mechanisms of oxida-
tion. For compounds that are susceptible to the Tween
test, a further mechanism screen should be carried out
using the individual tests.

Susceptibility to singlet oxygen can be tested as a
supplement to these oxidative screens, but it is usually
not a routine test. A dye (eg, Rose Bengal) can be
selected to generate singlet oxygen under light expo-
sure. However, appropriate controls should be applied
because many organic compounds are themselves sen-
sitive to photolytic degradation.

In addition to solution tests, a solid-state oxidative
screen may provide useful information. Unlike the
solution state, reactivity of molecules in the solid state
is limited by their crystal packing, and is therefore con-
trolled by their topochemistry. A particular solid form
may be stable to oxidative degradation as a solid, even
though it is not when dissolved in solution, which can
provide criteria to select appropriate polymorphic and
salt forms for development. The hydrogen peroxide
solvate of urea serves as a convenient source of vapor
phase hydrogen peroxide when gently heated, and
may be used to supply hydrogen peroxide vapor expo-
sure to solid samples in a manner analogous to the use
of saturated salt solutions to supply water vapor at a
constant relative humidity.

5.4.4 Photodegradation studies

Photochemical instability is almost never a barrier to
successful drug product development. Photochemically
labile materials such as sodium nitroprusside are rou-
tinely manufactured, distributed, sold, and used to treat
patients. The only issue to be resolved experimentally is
whether protective packaging may be required, and
whether protective lighting systems may be required in
laboratory and manufacturing areas.

Photostability testing is required for regulatory
approval, and a standard testing protocol for assessing
photochemical stability has been established.98

Pharmacopoeial methods for testing the light resis-
tance properties of proposed packaging materials have
also been established.

Commercially available test chambers equipped with
an ICH Type I light source, such as a xenon arc lamp,
are recommended for initial photochemical stress deg-
radation studies. Chambers equipped with xenon
sources typically irradiate samples with more than 23
the required ICH dose of UV radiation when samples
are exposed to 13 the required ICH dose of
visible light. Unless the test sample absorbs light in
the visible region of the electromagnetic energy spec-
trum, setting the chamber to provide 13 exposure to
visible light should provide more than adequate radia-
tion exposure.

In a typical experiment, replicate samples packaged in
clear glass containers, clear glass containers wrapped
in aluminum foil to exclude all light, and samples in rep-
resentative colored glass (eg, amber) containers are
exposed to the Type I light source following the ICH test
conditions. After the exposure has been completed
(which may take a few hours, but typically less than
1 day, depending on the intensity of the xenon lamp
radiation), the samples are assayed, and any degradation
noted. Colored glass containers differ in light transmis-
sion properties, so the test should be performed with the
least effective (generally the least intensely colored)
container being considered. The test may need to be
repeated with additional containers having lower speci-
fied light transmission.

For the purpose of evaluating laboratory and
manufacturing lighting conditions, plastic filter material
with defined light transmission properties can be used.
A variety of fluorescent lamp tube shields are avail-
able commercially that meet this requirement. UV-filter
tube shields made of polymethyl methacrylate are avail-
able with a cutoff frequency of 395 nm that effectively
block all UV light; these are typically sold for use in
museums, art galleries, and establishments selling tex-
tile products, where fading due to UV light exposure is
a potential problem. So-called gold tube shields,
designed for use in photolithography manufacturing
facilities, effectively block both UV and blue light.
Avoid the use of decorative tube shields sold for nov-
elty lighting; many of these transmit some UV light
even while blocking almost all blue, green, and yellow
visible light. Prepare samples in clear glass containers;
place some inside the selected filter tube. Wrap addi-
tional samples in aluminum foil to serve as controls.
Expose all samples to a Type I light source until the
requisite dose of radiation has been achieved. After
the exposure has been completed, the samples are
assayed. If samples exposed in the clear glass containers
show evidence of degradation, but those packaged
inside the plastic filter tubes do not, then the plastic fil-
ter tubes provide an adequate engineering control that
will protect against degradation if installed on lighting
fixtures used in production and laboratory areas.
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To test for photochemical oxidation, sample contain-
ers can be purged with oxygen. Containers purged
with an inert gas, such as nitrogen or argon, can serve
as controls. A photosensitizing dye, such as Rose
Bengal, can be added to test solutions.

Nearly all organic chemicals undergo photochemical
degradation if exposed to high-intensity short-wave
UV light, such as may be obtained using a high-
pressure mercury arc lamp. The degradation products
so produced hardly ever reflect those obtained using
longer-wave UV or visible light radiation. The use of
exotic light sources not likely to be encountered in nor-
mal handling and storage is not recommended.

5.5 PHYSICAL STABILITY AND PHASE
TRANSFORMATIONS99

Physical stability refers to the ability of a solid phase
to resist transformation under various conditions.
Although in some cases tautomerism may be involved,
this section encompasses phase transitions where the
chemical entity of APIs remains the same.

As demonstrated in chapter “Crystalline and
Amorphous Solids,” various solid forms of a chemical
entity may have different physicochemical properties.
Some of these properties are very relevant to pharma-
ceutical development, such as solubility/dissolution
rate, hygroscopicity, melting point, chemical stability,
etc. Extensive efforts are invested early on into the
selection of an optimum solid form as an API for
downstream development. The understanding of the
physical stability of the selected API solid form is mini-
mally necessary to realize the benefit of the selected

solid form, to ensure the control during the
manufacturing processes, and ultimately to ensure the
quality of the finished products.

Transformations among solid forms, mainly as a
pure substance, are discussed in detail in chapter
“Crystalline and Amorphous Solids,” where the appli-
cations of these transformations in understanding the
interrelationships among the various forms are demon-
strated. However, pharmaceutical products consist of
many other ingredients, each serving its unique func-
tion. Many processing steps are therefore required to
bring these ingredients together in a reproducible fash-
ion to achieve certain quality attributes for the finished
products. In light of the importance of phase transfor-
mations during pharmaceutical processing to prefor-
mulation/formulation scientists and processing
engineers, the discussions on physical stability in this
chapter are biased toward the conditions encountered
during pharmaceutical processing.

5.5.1 Types of phase transformations

Various solid forms exist for a certain chemical
entity, as categorized in chapter “Crystalline and
Amorphous Solids.” Many possibilities exist for trans-
formations among these forms. Some phase transfor-
mations are thermodynamically favored and are
therefore spontaneous. Some phase transformations
are thermodynamically disfavored, occur only under
stress, and require energy input from the environment.
Many phase transformations proceed through a series
of individual phase transformations induced by the
changes in the environment. Table 5.3 lists the major
types of phase transformations.

TABLE 5.3 Major Types of Phase Transformations

Type Explanation of phase transformation

A Polymorphic transition: Transition between the polymorphs. The crystalline phases include all types of crystalline solids. The
composition of the solid remains the same

B Hydration/dehydration: Transition between anhydrates and hydrates or hydrates of different stoichiometry. The compositions of the
solids differ by the number of water molecules

C Solvation/desolvation: Transition between solvent-free crystal forms and solvates, solvates of different stoichiometry or solvates of
different nature (ie, different solvents are incorporated into the crystalline lattice). The compositions of the solids differ by the nature
and number of solvent molecules

D Salt/parent conversions or salt/salt exchange: Transition between the salts (ionic adducts), and the parent unionized compounds (free acids
or free bases), between the salts of different stoichiometry or between the different salts. The compositions of the solids differ by the
nature and number of counterions

E Cocrystal/parent conversions or cocrystal/cocrystal exchange: Transition between the cocrystals (molecular adducts), and the parent
compound (unionized compounds or salts), between the cocrystals of different stoichiometry or between the different cocrystals. The
compositions of the solids differ by the nature and number of cocrystal formers

F Amorphous crystallization/vitrification: Transition between crystalline and amorphous phases. The crystalline phases include all types of
crystalline solids. Since the compositions of the amorphous phases are usually less well defined, the compositions of the solids change
in most cases

140 5. DRUG STABILITY AND DEGRADATION STUDIES

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



5.5.2 Mechanisms of phase transformations

The four underlying mechanisms for phase transfor-
mations, and the types of transitions for which these
mechanisms could be operating, are listed in Table 5.4.
Each of the mechanisms is discussed in further detail.

5.5.2.1 Solid-state transitions

Some phase transitions occur in the solid state with-
out passing through intervening transient liquid or
vapor phases. Solid-state reactions have been described
previously in Section 5.2.10 and can be mechanistically
categorized into four classes: nucleation, geometrical
contraction, diffusion, and reaction order models.100�105

Each model includes several slightly different mechan-
isms. These mechanisms and their corresponding kinetic
equations were summarized in Table 5.2. Recently, a
model-free kinetic treatment has been applied to amor-
phous crystallization,35 and to dehydration36 of pharma-
ceuticals. This new approach is described in detail in
Section 5.2.10.6. In summary, this approach provides
flexibility in describing the kinetics, and therefore
affords better predicting power. Moreover, this approach
facilitates the elucidation of the reaction mechanisms,
especially those complex ones. In general, the kinetics of
phase transition via a solid-state mechanism is
influenced by many factors such as the environment
(temperature, pressure, relative humidity/partial pres-
sure, etc.), the ideality of the solid phases (the presence
and distribution of defects and strains), the physical
characteristics of the solid particles (size and distribu-
tion, morphology), and the presence of impurities.

5.5.2.2 Melt transitions

When a solid is heated above its melting point and
subsequently cooled back to the ambient temperatures,
the original solid phase may not be regenerated.
Therefore, through this heating/cooling cycle, a phase
transition may occur. Among the factors determining
the final solid phase are the composition of the melt, rela-
tive rates of nucleation, crystal growth, and cooling.
Impurities or excipients are also likely to affect the course

of crystallization, and thereby the phase transformation.
Formulations consist of many components, including API
and excipients of different functions. Therefore, it is not
only the melting of the API, but also the melting of the
excipients that could give rise to phase transitions. In
such multicomponent and multiphase systems, it is
important to keep in mind phenomena such as melting
point depression, eutectic formation among the various
components, and the decrease in crystallinity (therefore
the melting point) by some upstream pharmaceutical
processing.

5.5.2.3 Solution transitions

Very often, the solid API will be dissolved, or par-
tially dissolved, in a solvent (typically water) during
processing. If subsequent solvent removal induces a
transformation, this transformation mechanism is con-
sidered a solution mechanism. It is important to note
that the transition can be from a metastable phase to the
stable phases or vice versa. For instance, the drug may
partially dissolve in water during wet granulation or it
may completely dissolve in water during freeze-drying
or spray drying. Once the solvent is removed, the solid
drug will be regenerated from the solution. The regen-
erated solid may not be the same crystal form as the
original phase, and it may consist of a mixture of
phases. Thus, through solvent removal, a phase transi-
tion may occur. It is also important to realize that only
the fraction of drug that is dissolved is capable of
undergoing transformation through this mechanism.

The final solid may be a single phase or a mixture of
amorphous and crystal forms, depending on the rate
of solvent removal, the ease of nucleation and crystal
growth of the possible crystal forms under the proces-
sing conditions, and the presence of other material in
the solution. The undissolved solid drug may serve as
seeds and direct the crystallization toward the original
crystal form. It may also, together with the insoluble
excipients, provide surfaces for heterogeneous nucle-
ation of a different phase. Soluble excipients may have
profound effects on the nucleation and crystal growth
of the drug, as many crystallization studies have
demonstrated.106

5.5.2.4 Solution-mediated transitions

As opposed to the solution mechanism, the
solution-mediated mechanism only allows the transi-
tion from a metastable phase to the stable phases. This
type of transformation is driven by the difference in
solubility between the two phases. In contrast to
the solution mechanism where transformation occurs
during drying, the solution-mediated mechanism oper-
ates when the metastable phase is in contact with the
saturated solution.

TABLE 5.4 Underlying Mechanisms of Phase Transformations99

Mechanism Types of phase transformationsa

Solid-state A2F

Melt A, B and C (dehydration/desolvation only), D, E, F
(vitrification only)

Solution A2F

Solution-
mediated

A2E, F (amorphous crystallization only);
transitions occur only from the metastable phases to
the stable phases under the defined conditions

aSee Table 5.3 for definitions of types of phase transformations.
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Three consecutive steps are involved in a solution-
mediated transformation107�109:

1. Initial dissolution of the metastable phase into the
solution to reach and exceed the solubility of the
stable phase

2. Nucleation of the stable phase
3. Crystal growth of the stable phase coupled with the

continuous dissolution of the metastable phase

Step 2 or 3 is usually the slowest step. When step 2
is rate-determining, any factor that affects nucleation
will influence the overall transformation. These factors
include speciation in solution, solubility and solubility
difference between the phases, processing temperature,
contact surfaces, agitation, and soluble excipients/
impurities. When step 3 is the rate-controlling step, the
kinetics of the conversion are determined by solubility
difference, solid/solvent ratio, agitation, processing
temperature, particle size of the original phase, and
soluble excipients/impurities.

5.6 PHASE TRANSFORMATIONS
DURING PHARMACEUTICAL

PROCESSING99

5.6.1 Processes for preparing solid dosage forms
and associated potential phase transformations

A comprehensive description of the processes used for
preparing solid oral dosage forms can be found in many
references and textbooks,110�112 as well as chapters in
Section III, design, development and scale-up of formula-
tion and manufacturing process, of this book. Commonly
used methods and associated unit operations are summa-
rized in Fig. 5.12. The impact of these processes on solid
phase transformations and associated challenges are dis-
cussed next.

5.6.1.1 Size reduction

The first step during solid product processing often
involves size reduction. Size reduction facilitates sub-
sequent processing and may enhance product perfor-
mance (eg, through improved morphology/flow
properties, minimized segregation, enhanced unifor-
mity, increased surface area, etc.). The principal means
for accomplishing size reduction is by milling, which
involves shearing/cutting, compressing, and impacting
or attrition of drug particles. Impact mills (eg, hammer
mills) and fluid-energy mills (eg, jet mills) are widely
utilized in the pharmaceutical industry. Other methods
for size reduction, such as supercritical fluid technol-
ogy,113 are less frequently employed and will not be
included in this discussion. Since impact milling typi-
cally imparts mechanical stress and often generates

heat, it may induce phase transitions, such as polymor-
phic transitions, dehydration and desolvation, or vitri-
fication via solid-state or melt mechanisms. The rate
and extent of these phase transitions will depend on
characteristics of the original solid phase, the type of
mill, and the milling conditions (such as the energy
input). Digoxin, spironolactone, and estradiol are
reported to undergo polymorphic transformations dur-
ing the comminution process.111 In most cases, the
drug substance is milled prior to being mixed with
excipients; consequently, the nature and extent of pos-
sible phase transformations can be detected more eas-
ily relative to the formulation.

5.6.1.2 Granulation/size enlargement

Before a powder can be compressed into a tablet or
filled into a capsule, it must possess a number of
physical characteristics including flowability, cohesive-
ness, compressibility, and lubrication. Since most
pharmaceutical materials seldom possess all of these
properties, granulation methods are frequently used to
impart the required characteristics. Wet and dry granu-
lations are the two most commonly used methods of
preparing granules for tablet compression or capsule
manufacture. Other granulation processes include spray
drying and melt granulation, such as high shear melt
pelletization, spray-congealing, and melt-extrusion.

5.6.1.2.1 Wet granulation and drying

Wet granulation is most widely used due to its ver-
satility, and the greater probability that the resulting
granules will meet the physical requirements for fur-
ther processing. Wet granulation methods commonly
used include low or high shear mixing, fluid-bed mix-
ing, and pelletization (eg, extrusion/spherization).110

Typical drying methods for the wet granules are tray
drying, fluid-bed drying, and vacuum drying. Other
methods include microwave drying, tunnel drying,
and rotary current drying.112 Although versatile, wet
granulation is especially likely to induce phase transi-
tions. The potential for phase transition of a substance
will depend not only on its properties, but also on
the conditions and the methods used for granulation
and drying.

Conditions such as the amount of liquid used for
granulation, the exposure time of the solid to the
liquid, airflow, drying temperature, etc., vary with
granulation and drying methods. The drug loading,
solubility of the drug substance in the granulation liq-
uid, and the procedure for incorporating the drug into
the granules will determine whether the starting solid
phase is partially or completely dissolved during the
granulation process. The subsequent solvent removal
rate, which also depends on the method used for gran-
ulation and drying, the nature and the concentration of
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the excipient dissolved, may influence the phase
formed in the dried granules. Thus, in addition to
the properties of the API and the composition of
the formulation, the granulating and drying methods
and conditions will determine whether solution or
solution-mediated phase transformations, such as
polymorphic conversion, hydration/dehydration, salt/
parent conversion or salt/salt exchange, cocrystal/

parent conversion or cocrystal/cocrystal exchange, and
vitrification/crystallization will occur. If the drug is
completely dissolved in the granulation fluid, the
method of drying, as well as the type of excipients
used, will determine whether transformation via the
solution mechanism will occur. When less soluble
drugs are suspended in the granulating fluid, a
solution-mediated transformation may occur, leading
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to a phase transition from an anhydrous phase to a
hydrate, from a salt/cocrystal to its parent, from an
amorphous phase to its crystalline counterpart. The
ability to detect phase transformations, as well as the
number of analytical techniques that can be used for
detection, will depend on the drug load in the granules
and potential interference from the excipients.

5.6.1.2.2 Dry granulation

Dry granulation is typically used when the formula-
tion ingredients are sensitive to moisture or when they
are unable to withstand an elevated drying tempera-
ture. It is also used when the formulation ingredients
have sufficient inherent binding or cohesive properties.
Dry granulation is also referred to as precompression or
as the double compression method.110 Slugging and roller
compaction are the two most commonly used dry
granulation methods. The stresses applied during slug-
ging may be lower than those applied by roller com-
paction because of the differences in dwell time. Since
granulating solvent is not used during dry granulation,
solution or solution-mediated phase transformations
are eliminated, thus the probability of phase transi-
tions with this granulation unit operation is reduced.
However, the applied mechanical stresses during
processing may lead to phase transformation via the
solid-state or melt mechanism. As is the case in the
wet granulation process, the ability to detect phase
transformations, as well as the number of analytical
techniques that can be used, will depend on the drug
loading in the granules and on the potential for inter-
ference from the excipients.

5.6.1.2.3 Melt granulation

The melt granulation process consists of partially or
completely melting solid excipients, and then granulat-
ing with the API and other excipients, followed by
reducing the mixture to granules by chilling and con-
gealing. During this process, the API is subjected to
heat and may be partially or completely dissolved in
the molten excipients. If the melting point is relatively
low or the heating temperature is sufficiently high, the
API may also melt during processing. Partially or
completely melted APIs may also serve as binders or
congealing carriers. Subsequent cooling could induce
phase transitions through the solid-state or melt mech-
anism. In fact, this process is sometimes used by
design for preparing crystalline or amorphous solid
dispersions, thus taking advantage of phase transfor-
mation through the melt mechanism.

In a spray-congealing process, a low-melting-point
carrier is employed to provide the fluidity necessary
for spraying. At high temperatures, all or a fraction of
the drug may be solubilized in the molten carrier.
During spray-congealing, the hot droplets cool rapidly

and solidify. Since rapid cooling/congealing is
required for the formation of small particles with a nar-
row size distribution, it is possible that the drug may
precipitate as an amorphous phase or as a
metastable crystal form, following Ostwald’s Rule of
Stages.114,115 In a high-shear-melt granulation, the tem-
perature, extent, and duration of heating, as well as the
rate of cooling, are often significantly lower relative to
the spray-congealing process. Thus, this process is less
likely to initiate phase transitions. Similar to spray-
congealing, the melt-extrusion process also requires
complete melting of the carrier excipients. Although
the rate of cooling is slower, this process is still likely to
induce phase transitions.

5.6.1.2.4 Spray drying and freeze-drying

Spray drying produces powder particles that are
homogenous, porous, and uniform in size and shape.
The technique may also be used for encapsulating or
coating drugs to provide protection or release rate con-
trol. The process consists of bringing together a highly
dispersed liquid and a sufficient volume of hot air to
produce uniform droplets. Subsequent evaporation of
the liquid leads to particle formation.110 The feed liquid
can be a solution, suspension, or emulsion. This process
requires complete or partial dissolution of the drug in a
solvent, and thus increases the likelihood for phase
transitions involving solution mechanism. Solvent
removal from droplets occurs in seconds, and this may
lead to rapid crystallization of a metastable phase or
the formation of an amorphous phase through the solu-
tion mechanism.

Freeze-drying is often used to produce amorphous
materials. In this case, extremely low temperatures are
used to limit molecular mobility and to prevent nucle-
ation of the drug and the excipients. The conditions for
freeze-drying can have a major influence on the solid
phase of the drug in the product. Although it is not a
commonly used process for manufacturing solid oral
dosage forms, freeze-drying has been used to prepare
tablets for specific functions (eg, Zydis tablets for rapid
dissolution).116,117

5.6.1.3 Granulation milling/sizing and blending

A granulated solid is often subjected to milling, and
at this stage, the intensity and energy exerted on the
API is generally lower than those exerted during initial
particle size reduction. Although the risk of phase tran-
sition at this stage is less compared to that during API
milling and granulation, the presence of excipients
makes the detection of phase transitions difficult.

Prior to tablet compression or to encapsulation,
granules are directly blended with lubricants and other
excipients (eg, lubricants, glidants, and disintegrants)
without modifying their physical properties. There is
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minimal risk of phase transitions occurring during the
blending process.

5.6.1.4 Compression and encapsulation

Lubricated granules are either compressed into
tablets or filled into capsules. During tableting, gran-
ules may be subject to compression forces as high as
40 kN, with dwell times on the order of a few millise-
conds. An energy impact of this magnitude may cause
solid phase changes in either the API or the excipients
via the solid-state mechanism. For example, caffeine,
sulfabenzamide, and maprotiline hydrochloride have
been reported to undergo polymorphic transforma-
tions during compression.118 Phase transitions are sel-
dom encountered during the capsule filling process
because the solid is experiencing minimal thermal and
mechanical perturbations.

5.6.1.5 Coating

When manufacturing finished on the tablet dosage
form, a film coating is often applied to each tablet as an
aqueous or solvent-based polymer system in coating
pans or in a fluid-bed. The function of the coating may
be to improve esthetics, mask taste, or modify drug
release. Less common coating techniques such as sugar
coating, compression coating, or microencapsulation,
will not be discussed here. The film coating process
involves the application of a thin, polymer-based coat-
ing solution to an appropriate substrate (tablets, gran-
ules, or crystals) using a spray-atomization technique.
To permit uniform distribution of the coating materials
and to prevent coating problems (picking, roughness or
mottling), film coating parameters are optimized to cre-
ate a balance between coating solution delivery rate
and drying capacity. Rapid drying typically takes place
during the application of the film coating. A highly effi-
cient air exchange ensures that there is only a short
time between the impingement of the coating liquid
onto the tablet surface and the subsequent solvent evap-
oration. Thus the interaction between the core material
and the coating liquid is generally minimal during film
coating. In most cases it is unlikely that a phase transi-
tion will occur via the solution mechanism during film
coating. When necessary, prior to application of the
film coat, a polymer-based seal coat may be applied to
the surfaces of the tablet cores first. This will prevent
extended solid�liquid interactions during the subse-
quent film coating process.

For some modified release products, a portion of the
total dose may be applied as a drug-coating layer. This
coat may provide immediate release for fast onset in a
biphasic extended release system, or it may provide
immediate release in a pulsatile delivery system. The
drug layer is typically applied by spraying a drug solu-
tion or a drug suspension onto the tablet surface,

depending on the drug solubility and dose. Dissolving
or suspending the drug in a liquid increases the poten-
tial for phase transitions to occur through the solution
or solution-mediated mechanism. When a drug solution
is used for coating, the probability that such operations
will alter the solid phase of the drug is high, similar to
that observed in the spray-drying process discussed ear-
lier. That is, rapid solvent removal in this coating pro-
cess may lead to a transformation to a metastable crystal
form or an amorphous phase in the drug layer via the
solution mechanism. When a drug suspension is used
for coating, if there is a more stable phase in an aqueous
medium, the probability that such operations will alter
the solid phase of the drug through a solution-mediated
mechanism is high. The anticipated risk is higher than
that observed in the wet granulation process, and is a
result of the following:

• The coating process is usually a much longer
process than wet granulation.

• The suspension is usually made with drug particles
that are very small (for better suspension, coating
uniformity). This leads to faster dissolution to reach
supersaturation and, therefore, more time for
nucleation of the stable phase to occur.

• The suspension provides a much higher specific
solution medium and is usually constantly stirred to
ensure the uniformity of the suspension. If
nucleation of the stable phase occurs, the conversion
to the stable phase will proceed at a much faster
rate.

5.6.2 Anticipating and preventing phase
transformations in process development

To anticipate and prevent solid phase transitions
during manufacturing, it is critical to have a thorough
understanding of crystal forms and the amorphous
phase of the API and excipients, as well as the inter-
conversion mechanisms and processing options. This
integrated knowledge is essential for the rational selec-
tion of the physical form of the API, the excipients, the
manufacturing process, and for the selection of appro-
priate handling and storage conditions. In certain
cases, even after the solid form and the preferred pro-
cess are defined, it is advisable to monitor the crystal
form of all incoming raw materials and the physical
forms present in the final dosage unit. This monitoring
is especially important in cases where dissolution or
stability of the product is very sensitive to solid phase
changes. The rigor used in monitoring will depend on
the API, formulation, process, and analytical method.
For a highly soluble, stable, and bioavailable molecule,
the risk of process-induced phase change on stability
and bioavailability may be relatively low. However,
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process-induced phase changes in the APIs, excipients,
or both may affect manufacturability or disintegration
of the dosage form.

In selecting the crystal form of an API for develop-
ment, the physicochemical, biopharmaceutical, and
processing properties must all be taken into consider-
ation. In some cases, it may be necessary to select an
alternate crystal form to eliminate stability issues, dis-
solution rate differences or process-induced phase
transitions. It is desirable to choose the crystal form
that is least susceptible to phase transformations
induced by heat, moisture, and mechanical stresses,
provided that the biopharmaceutical and processing
characteristics of the API are acceptable. Sometimes an
alternate salt having fewer crystal forms may be cho-
sen to minimize process-induced transitions. For
example, the authors have encountered a scenario
where a new salt form was selected following Phase I
studies due to clinical considerations. This change
helped us to overcome manufacturing hurdles pre-
sented by the complexity of polymorphic phase transi-
tions associated with the original salt form. This
change in salt form drastically reduced the number of
crystal forms (a single crystal form as opposed to
seven processing relevant crystal forms for the original
salt, and four processing relevant crystal forms for the
parent). This new salt minimized the risk of phase transi-
tions occurring during manufacturing, leading to greater
processing flexibility in the development of a solid dos-
age form for Phase II clinical trials and beyond.

Phase transitions in crystalline excipients, as well as
their impact on product performance, also cannot be
ignored. For example, process-induced age-hardening
in tablets may lead to a decrease in dissolution rates
during storage of formulations containing a high level
of crystalline excipients such as mannitol. If process-
induced hardening is anticipated, variable product
dissolution can be minimized through the use of intra-
and extra-granular super disintegrants or by selecting
alternative excipients.

In designing manufacturing processes for solid dos-
age forms, process-induced phase transformations can
be anticipated based on preformulation studies. These
transformations can be controlled and circumvented by
selecting the appropriate process. If a solid phase is sen-
sitive to moisture or to solvent, a dry or melt granula-
tion may be used. If a drug substance undergoes an
undesirable transition during milling or compression,
melt granulation through melt-extrusion may be more
desirable provided the drug is thermally stable. It may
be possible to avoid milling the drug substance if parti-
cle size and shape can be controlled during crystalliza-
tion. A capsule may be used in place of a tablet dosage
form should compression be deemed undesirable.
Polymorphic conversion during drying of an

enantiotropic polymorph can be avoided by maintain-
ing the drying temperature below the transition temper-
ature. During film coating, solid�liquid interactions at
the surface of moisture sensitive cores can be mini-
mized or eliminated by first applying a seal coat that
uses a solution of low viscosity at a slow spray rate.
Alternatively, an organic solvent-based polymer system
can be used for rapid solvent evaporation.

These are just a few examples that illustrate how
knowledge of solid-state properties of the APIs and
excipients can be applied to formulation design
and process selection. Rational formulation and pro-
cess design can reduce the risk of unpleasant incidents
during late stage development and increase the effi-
ciency during new product development. Ultimately,
the quality of a solid product manufactured using the
chosen process must be confirmed by real-time tests.
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Excipient Compatibility and Functionality
A.S. Narang, R.V. Mantri and K.S. Raghavan

Drug Product Science & Technology, Bristol-Myers Squibb, New Brunswick, NJ, United States

6.1 INTRODUCTION

Excipients are pharmacologically inert ingredients
added intentionally to a drug product (DP) for various
functional roles, such as to enhance dosage form volume
or size, disintegration of solid dosage forms, binding of
particulates, lubrication during processing, taste mask-
ing, or modifying drug release. Excipients play a central
role in the design and development of dosage forms.1

The selection of excipients is vital in the design of a qual-
ity DP and is based not only on their functionality, but
also on the compatibility between the drug and the exci-
pients. Excipient-compatibility testing and formulation
development studies are used in the selection of the
excipient type, grade, and concentration in formulation.
The formulation development and optimization studies
also help in identifying the critical material attributes
(CMAs) of excipients and active pharmaceutical ingredi-
ents (APIs), which is extremely valuable in management
of excipient variability and ultimately the robustness of
the DP. Excipients are selected to impart a specified
function in the oral solid dosage form. Excipients
obtained from a wide range of chemical classes may be
produced by varied manufacturing processes either in
batch or continuous mode, and could be sourced syn-
thetically or from natural products. Excipients can also
have multiple functions in the dosage form. These func-
tions are based on the physical and chemical attributes
of excipients that impart functionality specific to a dos-
age form and application. A thorough mechanistic
understanding of excipient functionality and its basis is
important in deciding on the grade, vendor, and quality
attributes (QAs) of selected excipients.

An incompatibility may be defined as an undesirable
drug interaction with one or more components of a
formulation resulting in changes in physical, chemical,
microbiological, or therapeutic properties of the dosage

form. Excipient compatibility studies are conducted to
mainly predict potential physicochemical incompatibili-
ties of the drug in the final dosage form. These studies
also provide justification for selection of excipients and
their concentrations in the formulation as required in reg-
ulatory filings. Excipient compatibility studies are often
thought to be routine and cumbersome. However, these
studies are important in the drug development process,
as the knowledge gained from excipient compatibility
studies is used to select the dosage form components,
delineate stability profile of the drug, identify degrada-
tion products, and understand the mechanisms of
reactions. If the stability of the drug is found to be unsat-
isfactory in the presence of certain excipients, strategies
to mitigate the instability of the drug can be adopted.
These strategies can consist of avoidance of a particular
excipient, inclusion of a stabilizer (eg, antioxidant for
oxidation instability), modifying the process to minimize
drug-excipient interaction (eg, extragranular addition of
a disintegrant in a wet-granulation formulation), or mod-
ifying the kinetics of degradation (eg, by reducing water
activity in the dosage form). The excipient compatibility
studies are usually carried out in the worst-case scenario
of potential proportion of drug-excipient combination
in the DP and exposure to the environment (eg, in
terms of both temperature and relative humidity (RH)).
Thus, kinetic control of incompatibilities to allow an
acceptable shelf-life is often feasible.

Methodical and carefully planned and executed com-
patibility studies can lead to savings in terms of
resources and time delays associated with stability issues
arising during late-stage product development. The
results from these studies can also be useful in determin-
ing the causes of stability issues if and when they surface
at later stages of development. From a drug develop-
ment process perspective, these studies are usually con-
ducted after gaining some understanding of solution
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and solid-state stability characteristics of the drug sub-
stance (API), but before the formulation development
activities. An incompatibility in dosage form can result
in any of the following: change in color/appearance, loss
in mechanical properties (eg, tablet hardness), changes
to dissolution performance, physical form conversion,
loss through sublimation, decrease in potency, and
increase in degradation products.

Additionally, the regulatory expectations have
increased significantly over time. This trend is expected
to continue as “Quality by Design” initiatives continue
to be advocated. Drug-excipient compatibility data is
required to justify the selection of formulation compo-
nents in development reports that go into filings. There
has also been an increased regulatory focus on the
“Critical Material Attributes” of excipients and their
control strategy because of their impact on the DP for-
mulation and manufacturing process. A thorough
understanding of the potential variability in the excipi-
ent characteristics and attributes that could potentially
affect the DP performance is critically important for the
lifecycle of the product.

This chapter will focus on the role of excipient func-
tionality, drug-excipient incompatibility, and material
(excipient) variability in the design, development, and
control of a robust DP.

6.2 EXCIPIENT FUNCTIONALITY

The choice of excipients in the design of a DP is based
on several criteria, including salient elements of the
quality target product profile, such as the rate and site of
drug delivery; stability/target shelf life, packaging, and
storage temperature; and appearance, target patient popu-
lation, and palatability. These combined with input mate-
rial properties, including the physicochemical and
biopharmaceutical properties of the API, and the
manufacturing process help determine the selection of
excipients. In the process of DP development, QAs of the
DP are determined to identify those that may be critical
quality attributes (CQAs). Material attributes (MAs) of
selected excipients that help realize this goal are enlisted
as target material properties. The dependence of CQAs on
MAs and manufacturing process parameters helps deter-
mine critical material properties (CMPs) and critical prod-
uct profiles. These, combined with in-process controls and
end-product testing protocols, define the control strategy
of a DP. During the course of pharmaceutical develop-
ment, prototype formulations are processed and tested for
various DP QAs to finalize the composition of the DP.
Once the composition has been identified, aspects such as
excipient variability, identification and control of CMAs,
definition of DP CQAs, DP specifications, and DP control
strategy are put in place to ensure reproducible and

robust manufacture of the DP. Identification, assessment,
and control of the functionality determining attributes of
excipients form an important cornerstone of this process.

Excipients are added to DP formulations based on
their function to aid in large-scale manufacture, stabil-
ity, consistent appearance, patient compliance, and
drug delivery and bioavailability. Excipients used in
oral solid dosage form have been classified based on
their function into groups such as diluents, disinte-
grants, binders, glidants, lubricants, release-controlling
polymers, stabilizers (such as antioxidants, chelators,
and pH-modifiers), film-coating polymers, plasticizers,
surfactants, colorants, sweeteners, and flavors.

6.2.1 Compendial standards

The reliable use of excipients in dosage form requires
reproducible and robust performance in terms of
identity, purity, and functionality. The compendial
monographs provide specifications that ensure the iden-
tity and purity of the excipient, but not necessarily
describe the standards for functionality of the excipi-
ents. There has been considerable discussion and debate
on the excipient functionality, performance, and the role
of compendial monographs.2,3 USP 34 - NF 29 chapter
,1059. summarizes a list of several functional catego-
ries, along with a general description of mechanisms by
which excipients may achieve their function. It also
provides a list of physical and chemical properties that
could potentially affect the functionality of an excipient.

The European Pharmacopeia (Ph.Eur.) has begun to
introduce nonmandatory, functionality-related charac-
teristics (FRCs) in each of the excipient monographs
based on the function (or application) to help in identi-
fying the right excipient QA for a specific purpose.
The FRCs are defined as controllable physical or chemi-
cal characteristics of an excipient that affect its
functionality, and they may be understood as the con-
trol parameters for a specific use of an excipient. The
control of excipient FRCs is intended to help provide
an assurance of consistent quality and performance of
excipients, as well as of the DPs using those excipients.

Table 6.1 provides a limited list of commonly used
excipient functionality categories, with commonly
used excipients and a summary of recommended proper-
ties from the United States Pharmacopeia (USP) and Ph.
Eur. compendial agencies as characteristics of excipients
that could provide information regarding the functional-
ity of excipients.

6.2.2 Determining FRCs

Excipients can be multifunctional, and the physical and
chemical attributes that afford them their functionality
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differ based on the application. For example, polyvinyl-
pyrrolidone (PVP) may be used as a binder during wet
granulation in one application or may be used for stabili-
zation of amorphous API in a solid dispersion application.
The physical, chemical, and mechanical attributes of PVP
that contribute to its functionality are different for these
two applications. For example, hydrophilicity may be
counterproductive to the role of PVP in increasing the
physical stability of an amorphous drug in the solid dis-
persion of a poorly soluble drug, whereas this same attri-
bute helps promote particle adhesion when PVP is used as
a binder in wet granulation.

Similarly, the functionality determining attributes
of hypromellose (hydroxypropylmethyl cellulose, or
HPMC) may differ by the application. The Ph.Eur.
proposes different FRCs for two different applications of
HPMC—namely, (1) viscosity, degree of substitution,
molecular mass distribution, particle-size distribution,
and powder flow when applied as matrix polymer for
extended release dosage forms and (2) only viscosity and
degree of substitution when used as a binder, viscosity-
increasing agent, or film-former. Similarly, FRCs for the
use of povidone as a solubilizer and stabilizer in liquid
dosage form include viscosity and molecular mass, while

TABLE 6.1 Excipients, Their Functional Categories and Properties/Characteristics That May Potentially Affect Functionality
Based on Compendial Guidance

Functional category

Excipient properties that may affect the

functional category (extracted from USP

34 - NF 29 chapter ,1059.) Examples of excipients

Functionality-related characteristics (FRCs)
for the specific excipient and function

(extracted from nonbinding parts of the

monographs listed in Ph.Eur.)

Diluent Particle size and size distribution,
particle shape, bulk/tapped/true
density, specific surface area,
crystallinity, moisture content, powder
flow, solubility, compaction properties
for tablet dosage forms; chemical
properties, composition, including minor
concomitant components and
undesirable components

Lactose anhydrous Particle-size distribution
Hausner ratio (bulk and tap density)
α-lactose and β-lactose: ratio
Loss on drying

Lactose monohydrate Particle-size distribution
Hausner ratio (bulk and tap density)

Microcrystalline cellulose Particle-size distribution
Powder flow

Binder Surface tension, particle size, shape and
distribution, solubility, viscosity (nature
of the polymer structure, molecular
weight, and molecular weight
distribution)
Chemical properties: polymeric structure,
monomer properties and sequence,
functional groups, degree of substitution,
and cross-linking, variations in their
sources (for natural polymers)

Povidone Molecular mass (viscosity, expressed
as K-value)

Hydroxypropyl cellulose
(HPC)

Viscosity
Degree of substitution
Powder flow (as matrix polymer)
Particle size (as matrix polymer)

Pregelatinized starch Cold water-soluble matter
Particle-size distribution
Powder flow

Disintegrant Particle size distribution, water
absorption rate, swelling ratio or
swelling index, the characterization of
the resulting product whether it is still
particulate or a gel is formed.
Chemical composition and influence of
dissolution/disintegration pH and ionic
nature of APIs (for anionic disintegrants)

Crospovidone Hydration capacity
Particle-size distribution
Powder flow
Settling volume (for suspensions)

Croscarmellose sodium Settling volume
Degree of substitution
Particle-size distribution
Hausner ratio

Sodium starch glycolate N/A

Glidant Particle size distribution, surface area,
hygroscopicity, chemical composition

Colloidal silicon dioxide Specific surface area

Lubricant Particle size, surface area, hydration
state, polymorphic form; solid-state/
thermal behavior, purity (eg, stearate:
palmitate ratio) moisture content
Chemical properties: composition

Stearic acid Particle-size distribution
Specific surface area

Magnesium stearate Particle-size distribution
Specific surface area
Thermogravimetry
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molecular mass has been considered sufficient as an FRC
when povidone is used as a binder in tablets and
granules.

The compendial monographs can be used as the start-
ing point in developing an understanding of the excipient
properties that may be relevant from their functionality
perspective, but not as prescriptive tests that define the
performance of the excipient in a dosage form. In some
cases, the same excipient can affect the performance of
the dosage form by multiple functions. For example,
microcrystalline cellulose (MCC) is generally used in oral
solid formulations as a diluent and to promote disinte-
gration. Nevertheless, there are other characteristics of
MCC that contribute to the overall performance of the
MCC in the DP, including moisture sorption and flow.
The former can contribute to the degradation of
moisture-sensitive compounds, while the latter can be
particularly important for direct compression formula-
tions. Responding to these needs, the excipient industry
routinely provides different particle sizes and moisture
grades of MCC with relevant specification controls.

Another example of different MAs affecting DPs
through different pathways is evident with the
lubricant magnesium stearate (MgSt). While a higher
specific surface area of MgSt could be useful in
lubrication efficiency, it may also negatively affect
disintegration or compaction of the solid dosage form.

In many cases, selection of the MgSt quantity in the
dosage form and the manufacturing process (number
of blending revolutions) needs to balance the adverse
impact on compactibility or disintegration with the
lubricity needed for flow and to avoid picking and
sticking during DP manufacturing. In addition, con-
trols on MgSt specific surface area are often required
to provide an assurance of reproducible DP manufac-
ture within a predefined design space.

In a perspective paper, Hlinak et al. (2006) proposed
a list of powder properties that could qualify as
CMAs, along with their potential impact on product
attributes and processing (Table 6.2).4

Although this list is not comprehensive, it is instructive
to show that many physical attributes of a given material
could affect the quality and performance of the DP.

6.2.3 Identification of CMAs

The functional role of excipients in a dosage form is
based on the underlying chemistry and the functionality
that determines attributes of an excipient. In several
cases, chemical attributes such as the degree of substitu-
tion on a polymeric excipient affects functionality. For
example, the degree of substitution of HPC can affect
the wetting of drug particles in a solid dosage form and

TABLE 6.2 Potential Impact of Material Properties on Quality Attributes and Processing Behavior4

Physical property Impact Flow Blending Wetting Drying Mechanical Dissolution Stability

Particle size distribution 3 3 3 3 3 3 3

Particle shape distribution 3

True density 3 3

Bulk density 3 3 3

Pore size distribution 3 3 3

Surface area 3 3 3 3 3 3 3

Surface energy 3 3 3

Flow 3

Cohesiveness 3 3

Internal friction 3 3

Wall friction 3 3

Amorphous content 3 3

Elastic modulus 3

Compactibility 3

Brittleness 3

Static charge 3 3

Hygroscopicity 3 3 3

Reproduced with permission from Hlinak et al. (2006) Understanding critical material properties for solid dosage form design. J Pharm Innov. 1(1) 12�17.
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drug release or dissolution. The ratio of crystalline α
and β forms of lactose could affect the flow and com-
paction properties. However, it is difficult to specify, a
priori, a list of all the functional attributes that will be
relevant for the specified dosage form. What is of
greater importance for a given product is
the identification of critical and performance-indicating
attributes of excipients that must be assessed and
controlled to achieve a consistent and robust product.

A property of an excipient could be considered to be
critical when a realistic change in the excipient property
leads to a significant impact on DP performance.5

Identification of these CMAs is accomplished by devel-
oping product and process understanding through
systematic studies and extending these studies to
study the impact of excipient attributes on the product
and the interaction of excipient attributes and the
manufacturing process. These studies help in devising
an appropriate control strategy to ensure conformance
of the DP to prespecified criteria in a quality-by-design
(QbD) paradigm. Therefore, the formulation scientist
must understand the formulation, manufacturing pro-
cess, and MAs of the API and excipients before the CQAs
are identified and controlled. For example, an oral tablet
dosage form of the drug brivanib alaninate (BA) was
developed using a wet-granulation process.6�8 QbD for-
mulation and process robustness studies identified the
impact of wet-granulation process parameters on tablet
dissolution. The effect of API particle size on tablet disso-
lution was investigated at the worst-case scenario of the
combination of wet-granulation process parameters with
respect to tablet dissolution to identify appropriate
control limits for the API particle size distribution
and specification limits for tablet dissolution. This study
highlighted the importance of studying the interaction of
process parameters and MAs. In addition, the impact of
excipient attributes, such as the degree of substitution
of the disintegrant, croscarmellose sodium (CCS), were
determined within this design space. The role of the
degree of substitution of CCS was identified in affecting
drug-excipient binding (Fig. 6.1a), which in turn affects
the amount of drug absorbed depending on the drug
dose and the drug-CCS binding affinity (Fig. 6.1b). This
case study highlights that the degree of substitution of
CCS could be a CMA in one scenario, but not in another.
The simulations further identify the cases (combination
of drug dose and the drug-excipient binding affinity) in
which the degree of substitution could be a CQA.

In conducting QbD studies to elucidate the
impact of excipient attributes on DP CQAs, it
should be recognized that the physicochemical
properties of an excipient that might qualify as
CMAs may sometimes be different from the proper-
ties conventionally characterized or reported on the
vendor certificate of analyses or those suggested by

the compendial monographs. Risk assessment and
prior experience can be utilized to prioritize the
MAs that need to be studied during the develop-
ment studies so that the criticality of these attri-
butes toward the DP quality and performance can
be established.

6.3 EXCIPIENT COMPATIBILITY

6.3.1 Chemistry of drug-excipient interactions

The most common reactions observed in pharma-
ceuticals are hydrolysis, dehydration, isomerization,
elimination, cyclization, oxidation, photodegradation,
and specific interactions with formulation components
(excipients and their impurities). The main factors that
affect these reactions are temperature, pH, moisture in
solids, RH of the environment, the presence of cata-
lysts, light, oxygen, physical form, and particle size of
the drug and excipients.

A comprehensive discussion on chemistry of drug
stability is out of the scope of this chapter. However, it
is important to consider why excipients may alter the
stability of drug substances that are prone to certain
types of degradation. Some of the common ways by
which excipients may affect drug stability in the dos-
age form are by altering moisture content in the
dosage form, changing microenvironmental pH in
the dosage form, acting as general acid/base catalysts,
directly reacting with a drug, or becoming the source
of impurities that can either react directly with drug
substances or participate as catalysts in the drug deg-
radation. The excipients can also alter the physical or
the chemical form of the drug through, for example,
ion-exchange, transformation of polymorphs, and the
formation eutectic or solid solutions. The changes in a
physical or chemical state may in turn alter the chemi-
cal stability of the drug.

In the context of solid-state compatibility testing,
two attributes of excipients are especially important to
formulation stability and compatibility testing: (1) their
ability to absorb water at variable humidity and (2) the
pH that the excipients impart.

6.3.1.1 Influence of water and
microenvironmental pH

Most drugs and excipients contain water, which may
be either bound or unbound. The bound water is the
water of hydration or crystallization, which is so tightly
incorporated in the physical form of the material that it
is practically immobile and is not available for reactions.
This is exemplified by the stability of crystalline hydrates
of hydrolytically unstable β-lactam antibiotics, wherein
the water is incorporated in the crystalline matrix and is
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not available for reaction. As expected, the stability of
these compounds is highly dependent on their crystal-
line state.9 In contrast, unbound water usually exists
in equilibrium with the atmosphere in an absorbed or
adsorbed state by the solid components and has more
molecular mobility. The variation in the content of water
of an excipient with humidity reflects changes in the
unbound water content.

The physical state of water in an excipient or the
drug-excipient mixture determines its potential role
in drug-excipient interactions. The water sorption-
desorption properties of excipients are well docu-
mented.10,11 Presence of water in the solid-state

systems has a significant impact on the stability not
only in causing the hydrolysis of drugs (eg, of acetyl-
salicylic acid),12 but also its role as a reaction
medium and in increasing the plasticity and molecu-
lar mobility of the system. Excipients that strongly
sorb water may prevent drug degradation by scav-
enging water in a closed system (eg, colloidal silica13

and silica gel).14 Excipients with higher adsorption
energy can decrease the reactivity of water in the
system more than those with lower adsorption
energy, as was shown in the case of nitrazepam.15

On the other hand, water in excipients such as MCC
is highly reactive because it is weakly adsorbed.16
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FIGURE 6.1 (a) Pharmacokinetic modeling of the impact of drug-excipient binding on drug absorption from the gastrointestinal (GI) tract;
(b) simulation of the effect of drug-excipient binding on oral drug absorption with different degrees of substitution of the excipient, croscar-
mellose sodium (CCS), affecting pharmacokinetics of the drug, brivanib alaninate (BA), depending on drug dose and binding affinity. The
results of simulating the effect of BA-CCS binding on plasma concentration profiles of BA after a single oral dose in the form of a 400-mg tab-
let using the pharmacokinetic parameters of BA (Vd5 5.4 L, ka5 0.31 hour21, k12520.11, k215 112, and ke5 0.08) and (A) weak binding
(ym5 0.5 mmol BA/mmol CCS and b5 1 mM21), (B) binding parameters observed using Langmuir isotherm (ym5 0.85 mmol BA/mmol CCS
and b5 8.34 mM21), or (C) strong binding (ym5 2 mmol BA/mmol CCS and b5 50 mM21). The sub-figures A1, B1, and C1 represent the
plasma concentration-time profile. Sub-figures A2, B2, and C2 represent the amount of drug absorbed as a function of time.
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This was the reason for the higher rate of hydrolytic
degradation of aspirin in the presence of MCC ver-
sus microfine cellulose.17 A study of water sorption-
desorption of a system as a function of environmental
humidity can indicate the strength of sorption of
water and its mobility within the system. The mobility
of water molecules in a system can be directly mea-
sured by nuclear magnetic resonance (NMR) and
dielectric relaxation spectroscopy. The mobility of
water in the system have been correlated to drug
stability in drug-excipient mixtures in several cases;
for example, degradation of trichlormethiazide in
gelatin gel18 and of cephalothin in its mixture with
MCC.19

In addition, water activity is a direct indicator of
the amount of free, mobile water in the system. Water
activity is proportional to the RH in a closed envi-
ronment produced in equilibrium with the solid
excipient or drug-excipient mixture. Several authors
recommend the use of water activity determination
for DP stability correlation over the total moisture
determination by Karl-Fisher titrimetry, water uptake
by weight gain, or both.20,21 Thus, Burghart et al. cor-
related the water activity of solid oral dosage forms
of levothyroxine and lyothyronine with their chemical
stability.22

Unbound, weakly adsorbed water contributes to
molecular mobility within the system, which is a pre-
requisite for chemical reactions. Sorbed water plasti-
cizes amorphous solids by reducing the glass
transition temperature, Tg.23,24 The Tg of an amor-
phous solid represents transition from a highly rigid,
less mobile, glassy state to a rubbery, mobile state with
higher free volume. Water sorption leading to a reduc-
tion in Tg is known in excipients such as starch, lac-
tose, and cellulose,25 and amorphous drugs such as
indomethacin.26 Molecular mobility of drugs and exci-
pients in the solid state directly correlates with their
reactivity.

The pH imparted by the excipient on the microen-
vironment of the solid state interfaces can have a sig-
nificant impact on the chemical stability of the drug.
For example, the degradation of a fluoropyridinyl
drug in a capsule formulation was a function of the
pH of the microenvironment facilitating a nucleo-
philic substitution reaction whereby the fluorine
substituent of the pyridine ring was replaced with
hydroxyl groups.27

Excipients can have an acidic or basic surface pH
depending upon their chemical nature and composi-
tion. For example, Glombitza et al. measured the sur-
face pH using pH indicator dyes and found that the
surface of dicalcium phosphate was more acidic than
that of MCC.28 For soluble excipients, the pH of the
excipient solution is a simple indicator of the pH

imparted by the excipients in solid state. For insolu-
ble excipients, the pH of 5�20% excipient slurry in
water could be used as an indirect indicator. The
selection of excipients with compatible pH profiles,
based on preformulation solubility and stability
studies as a function of pH, is helpful in the design
of excipient compatibility experiments. For example,
acid labile drugs are expected to be unstable in the
presence of acidic excipients such as HPMC phthal-
ate and HPMC-acetate succinate. Similarly, MgSt
imparts a basic pH in its microenvironment and may
contribute to the instability of base-labile drugs.
Stanisz found that the chemical stability of quinapril
hydrochloric acid (HCl) in binary drug-excipient
mixtures was significantly better with acidic excipi-
ents than basic MgSt.29 This study indicated that
both the microenvironmental pH and humidity were
significant factors in drug degradation. Thus, the
presence of mobile water accelerates the surface pH
effects of excipients by creating microenvironmental
conditions of dissolved drug on the interacting
surfaces.

Most drugs are salts of organic acids or bases,
which may exist as free acid or base forms at acidic or
basic pH, respectively. Since a minuscule amount of
drug may be dissolved in the free water, pH-
modifying excipients may result in the formation of
the free acid/base form of the drug. If the free acid/
base form is more unstable than the salt form, this
would lead to enhanced degradation. It may also be
volatile and be lost by sublimation from the dosage
form, leading to mass balance issues in terms of loss of
drug not being accounted for by the presence of degra-
dation products.30

6.3.1.2 Reactions with excipients
and their impurities

Although generally considered inert, pharmaceuti-
cal excipients are organic compounds with functional
groups that may undergo chemical reactions in the
dosage form, especially with the reactive functional
groups of the APIs. Furthermore, pharmaceutical exci-
pients carry trace-level reactive impurities that can
either catalyze or directly participate in drug
degradation.

A brief review of excipient synthesis, isolation, and
purification can give vital clues about their potential
impurities and other characteristics that may pose pro-
blems in the formulation. However, due to their pro-
prietary nature, the availability of this information is
difficult to come by and restricted to informal vendor
discussions and perusal of the patent databases in
most cases. Several examples of the presence and
implication of reactive impurities in pharmaceutical
excipients are known in the literature and can be used
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as a guiding reference (Table 6.3). Listed here are a
few illustrative examples:

• Reactions of reducing sugars (eg, lactose) with
primary and secondary amine drugs via Maillard
reaction, followed by Amadori rearrangement to
produce a multitude of colored products, is well
known. The general mechanism of these reactions
involves the addition of the amine compound to the
open form of the carbohydrate to form an iminium
ion intermediate, which can either undergo a ring
closure to a glycosamine compound or deprotonate
to form the enol version of the Amadori
rearrangement product56 (Fig. 6.2a).

• Even a nonreducing sugar can contain trace levels
of reducing sugar. In the case of starch, the terminal
glucose was reported to have reacted with
hydralazine in the formulation (Fig. 6.2b).45

• Formaldehyde and other aldehydes are known
impurities in several excipients and packaging
components, such as in polyethylene glycol (PEG);
see Fig. 6.3. Formaldehyde is known to react with
amine drugs to form N-formyl adducts (hemi-
aminals) that can further react to form dimers
(Fig. 6.2c). Adefovir is known to react with
formaldehyde to produce the reactive imine, which
can further undergo nucleophilic addition with
another amine molecule to form a dimer.21 Nassar
et al., showed that BMS-204352 formed an adduct
(hemiaminal) with formaldehyde impurity in the
solubilizers polysorbate 80 and PEG 300.22 The
impurity of lactose, 5-hydroxymethyl-2-
furfuraldehyde, has been reported to react with the
carbonyl (ketone) group of haloperidol to form a
condensation product (Fig. 6.2d).31

• The formyl species could react with amines to form
N-formamide. For instance, Waterman et al.
reported that varenicline, a secondary amine can
undergo N-methylation and N-formylation by
reactive impurities (formyl and acetyl) found in the
polymers used to manufacture osmotic tablets
(Fig. 6.2e).58 Formation of the stearoyl derivative of
norfloxacin is attributable to the stearate component
of MgSt. Similar to the mechanism shown in
Fig. 6.2e, it can be conceived that the secondary
amine in norfloxacin would undergo nucleophilic
addition to form the stearoyl amide. Seproxetine
undergoes a Michael addition reaction with its
counterion to form two addition products59

(Fig. 6.2f).
• The degradation of fosinopril sodium55 in tablet

formulations containing MgSt was attributed to
chelation by the magnesium ions.

• Drugs with alcohol groups can form esters
with acids (eg, formic acid) or undergo

trans-esterification with esters (eg, parabens).
Similarly acidic drugs can esterify with excipients
containing alcohol groups such as PEGs.

• Trace levels of peroxides and metal ions in
formulations are known to accelerate oxidation of
drugs. Residual peroxides are also present in PVP,
cross-linked PVP, and HPC. Moreover, their content
shows both batch-to-batch and manufacturer-to-
manufacturer variation.60 In addition, peroxide
levels can change as a function of storage
temperature and humidity (Fig. 6.4).61 The
peroxides can cause free radical�initiated oxidation
reactions, undergo nucleophilic addition reactions
with tertiary amine to N-oxide, secondary amine to
hydroxylamines, and sulfide to sulfoxide. For
example, the hydroperoxide impurity in PVP has
been shown to react with a piperazine ring to form
N-oxide (Fig. 6.3g).

• Sodium glycolate is a residual reactant in the
manufacture of the superdisintegrant sodium starch
glycolate, and it has been known to cause
degradation of drugs like duloxetine.62

• Silicon dioxide may contain significant levels of
heavy metal impurities, which may act as catalysts
in certain oxidative degradation reactions.

6.3.1.3 Stabilizing excipients

Although the focus of compatibility studies is on
the identification of potential or seriously destabilizing
aspects of drug-excipient interactions, excipients are
often also utilized to improve formulation stability. For
example, complexation with cyclodextrins has been
shown to reduce drug instability in several cases.63�65

Cyclodextrins internalize the labile drug inside their
hydrophobic cavity and shield it from common degra-
dation mechanisms such as hydrolysis, oxidation, and
photodegradation.

Stabilization of oxidation-sensitive drugs by the
incorporation of antioxidants in the formulation is a
well-known strategy. The chosen antioxidants could be
water soluble (eg, propyl gallate and ascorbic acid) or
water insoluble (eg, butylated hydroxy anisole (BHA),
butylated hydroxy toluene (BHT), or α-tocopherol).
The choice of antioxidants is based not only on their
solubility properties, but also on the mechanism of oxi-
dation. Thus, compatibility studies often involve inves-
tigation of the relative efficacy of different antioxidants
in mitigating drug degradation.

In addition, the heavy metal�catalyzed degradation
reactions in formulations can often be mitigated by the
use of chelating agents such as ethylene diamine tetra-
acetic acid (EDTA) or ethyleneglycol tetraacetic acid
(EGTA). For example, EDTA was used to mitigate the
oxidative degradation of dextromethorphan in its com-
plexes with the ion exchange resin, divinyl benzene
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TABLE 6.3 The Method of Manufacture of Common Pharmaceutical Excipients and Their Potentially Reactive Impurities

Examples of

excipients Method of manufacture

Potentially reactive

impurities

Examples of known

incompatibilities

Lactose Lactose is a natural disaccharide consisting
of galactose and glucose and is present in
the milk of most mammals. Commercially,
lactose is produced from the whey of
cows’ milk, whey being the residual liquid
of the milk following cheese and casein
production. Cows’ milk contains 4.4�5.2%
lactose, and it is 38% of the total solid
content of milk.10

Lactose may contain
glucose,
furfuraldehyde, formic
acid, acetic acid, and
potentially other
aldehydes.

Maillard reactions, Claissen-Schmidt
condensation reaction of its impurity
-hydroxymethyl-2-furfuraldehyde,31

and catalysis of hydrolysis.32,33

Microcrystalline
cellulose

Microcrystalline cellulose is manufactured by
the controlled hydrolysis, with dilute mineral
acid solutions of α-cellulose, obtained as a
pulp from fibrous plant materials. Following
hydrolysis, the hydrocellulose is purified by
filtration and the aqueous slurry is spray-
dried to form dry, porous particles of a
broad-size distribution.10

The impurities in
microcrystalline
cellulose are glucose,
formaldehyde, nitrates,
and nitrites.

Water sorption resulting in increased
hydrolysis,17 Maillard reaction with
residual glucose,34 adsorption of basic
drugs,35 and nonspecific
incompatibilities due to hydrogen-
bonding capability.36

Povidone and
crospovidone

Pyrrolidone is produced by reacting
butyrolactone with ammonia. This is
followed by a vinylation reaction in which
pyrrolidone and acetylene react under
pressure. The monomer, vinylpyrrolidone,
is then polymerized in the presence of a
combination of catalysts to produce
povidone. Water-insoluble, cross-linked
PVP (crospovidone) is manufactured by a
polymerization process where the cross-
linking agent is generated in situ.10

Povidone and
crospovidone contain
significant levels of
peroxides. Povidone
may also contain
formic acid and
formaldehyde.37

Oxidation attributable to peroxides,38

nucleophilic addition to amino acids
and peptides,39 and hydrolysis of
sensitive drugs due to moisture.

Hydroxypropyl
cellulose (HPC)

HPC is a water-soluble cellulose ether
produced by the reaction of cellulose with
propylene oxide.10

HPC may contain
significant levels of
peroxides.

Oxidation of sensitive drugs due to
residual peroxides.

Croscarmellose sodium To produce croscarmellose sodium, alkali
cellulose is prepared by steeping cellulose,
obtained from wood pulp or cotton fibers,
in sodium hydroxide solution. The alkali
cellulose then reacts with sodium
monochloroacetate to obtain
carboxymethylcellulose sodium. After the
substitution reaction is completed and all
the sodium hydroxide has been used, the
excess sodium monochloracetate slowly
hydrolyzes to glycolic acid. The glycolic
acid changes a few of the sodium
carboxymethyl groups to free acid and
catalyzes the formation of cross-links to
produce croscarmellose sodium. The
croscarmellose sodium is then extracted
with aqueous alcohol and any remaining
sodium chloride or sodium glycolate
removed. After purification,
croscarmellose sodium of greater than
99.5% purity is obtained. The
croscarmellose sodium may be milled to
break the polymer fibers into shorter
lengths and hence improve its flow
properties.10

Monochloroacetate,
nitriles, and nitrates.
Monochloroacetate can
react with
nucleophiles.

Weakly basic drugs can compete with
the sodium counterion, thus getting
adsorbed on the surface of the
disintegrant particles.40,41 Drug salt
form conversion has also been
reported.42

(Continued)
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TABLE 6.3 (Continued)

Examples of

excipients Method of manufacture

Potentially reactive

impurities

Examples of known

incompatibilities

Sodium starch
glycolate

Sodium starch glycolate is a substituted
and cross-linked derivative of potato starch.
Starch is carboxymethylated by reacting it
with sodium chloroacetate in an alkaline
medium, followed by neutralization with
citric, or some other acid. Cross-linking
may be achieved by either physical
methods or chemically, by using reagents
such as phosphorus oxytrichloride or
sodium trimetaphosphate.

Monochloroacetate,
nitriles, and nitrates
are potentially reactive
impurities.

Adsorption of weakly basic drugs
and their salts due to electrostatic
interactions.43,44 In addition, the
residual monochloroacetate may
undergo SN2 nucleophilic reactions.

Starch Starch is composed of amylose and
amylopectin, polymers of glucose
connected by α 1,4 glycosidic linkages (in
contrast to cellulose β1,4 linkages).
Amylopectin has occasional branch chains
connected by α 1,6 glycosidic linkages.
Starch is extracted from plant sources
through a sequence of processing steps
involving coarse milling, repeated water
washing, wet sieving, and centrifugal
separation. The wet starch obtained from
these processes is dried and milled before
being used in pharmaceutical
formulations.
Pregelatinized starch is a starch that has
been chemically or mechanically processed
to rupture all or part of the starch granules
and so render the starch flowable and
directly compressible. Partially
pregelatinized grades are also
commercially available.

Starch may contain
formaldehyde, nitrites,
and nitrates.

Terminal aldehydes in starch have
been known to react with the
hydrazine moiety of hydralazine
HCl.45 Starch may also be involved in
moisture-mediated reactions, may
adsorb drugs, and may react with
formaldehyde, resulting in reduced
functionality as a disintegrant.46,47

Colloidal silicon
dioxide

May contain heavy
metal impurities.

May act as a Lewis acid under
anhydrous conditions and may
adsorb drugs.48,49

Stearic acid Stearic acid is made via hydrolysis of fat
by continuous exposure to a
countercurrent stream of high-temperature
water and fat in a high-pressure chamber.
The resultant mixture is purified by
vacuum-steam distillation and the
distillates then separated using selective
solvents.
Stearic acid also may be made via
hydrogenation of cottonseed and other
vegetable oil; by the hydrogenation and
subsequent saponification of oleic,
followed by recrystallization from alcohol;
and from edible fats and oils by boiling
with NaOH, separating any glycerin and
decomposing the resulting soap with
sulfuric or hydrochloric acid. The stearic
acid is then subsequently separated from
any oleic acid by cold expression.

Stearic acid is incompatible with most
metal hydroxides and may be
incompatible with oxidizing agents.
Insoluble stearates are formed with
many metals; ointment bases made
with stearic acid may show evidence of
drying out or lumpiness due to such a
reaction when compounded with zinc
or calcium salts. A number of
differential scanning calorimetry
studies have investigated the
compatibility of stearic acid with drugs.
Although such laboratory studies have
suggested incompatibilities (eg,
naproxen), they may not necessarily be
applicable to formulated products.
Stearic acid has been reported to cause
pitting in tablets coated using an
aqueous film-coating technique; the
pitting was found to be a function of
the melting point of the stearic acid.
Stearic acid could affect the hydrolysis
rate of API if the degradation is pH
dependent. It could also potentially
react with an API containing a primary
amine to form a stearoyl derivative.50,51

(Continued)
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sulfonic acid.66 EGTA has a much higher affinity for
calcium and magnesium ions than EDTA.

Stabilization of hydrolysis-sensitive drugs intui-
tively disallows the selection of excipients with high
residual moisture content and high water sorption
capacity. Nonetheless, excipients with affinity for
water might mitigate moisture sensitivity of the formu-
lation by preferentially taking up the moisture perme-
ating through the package during shelf-life and
accelerated storage. For example, edible silica gel,
Syloid, was used to stabilize extremely moisture sensi-
tive potassium clavulanate in oral solid dosage
forms.67 An interesting case was presented by Perrier
and Kesselring of the stabilization of nitrazepam in
binary mixtures with excipients as a function of their
nitrogen adsorption energy.15 The authors assumed
that the binding energy for water followed the same
rank-order correlation as that of nitrogen. The use of
excipients with higher binding energy was hypothe-
sized to sequestrate any available moisture and act as
a stabilizer. Similarly, it can be hypothesized that the
use of excipients that act as sorbents (eg, MCC and
amorphous silica) might sequestrate reactive trace
impurities (eg, formaldehyde and formic acid and vol-
atile residues such as methanol, ethanol, and isopropyl
alcohol) from the formulation.68 These strategies may
be tested in applicable cases by spiking studies in
the binary compatibility experiments or the use of

mini-formulation designs that combine the offending
and the protecting excipients.

Exposure to light can cause drug degradation by
various mechanisms such as addition reactions in
unsaturated systems, polymerization, isomerization,
photo-oxidation, and substitution reactions. The use of
light-resistant packaging, for example, amber glass and
opaque high-density polyethylene bottles, are standard
practices for photolabile drugs. In addition, to protect
the drug during processing and packaging operations,
light-resistant film coatings and the use of excipients
such as cyclodextrins, dyes, and colored additives is
often helpful. In addition, photolabile excipients can be
used in the formulation of photosensitive drugs just as
antioxidants are used for oxidation-sensitive drugs. In
this case, substantial overlap of the ultraviolet (UV)
absorption spectrum of the excipient with the drug has
been shown to improve the drug stability in several
cases (eg, stabilization of nifedipine by using ribofla-
vine or curcumin and the stabilization of sulphisomi-
dine by using oxybenzone).68

6.3.2 Current practices

Compatibility studies involve a series of activities
designed to identify key drug-excipient incompatibilities
and their causes (Fig. 6.5). Compatibility studies on new

TABLE 6.3 (Continued)

Examples of

excipients Method of manufacture

Potentially reactive

impurities

Examples of known

incompatibilities

Magnesium stearate Magnesium stearate is prepared either by
chemical reaction of aqueous solution of
magnesium chloride with sodium stearate,
or by the interaction of magnesium oxide,
hydroxide, or carbonate with stearic acid
at elevated temperatures.
The raw materials used in manufacturing
of magnesium stearate are refined fatty
acids, which is a mixture of palmitic and
stearic acid with certain specifications. A
fatty acid splitting (hydrolysis) process
takes place first, where glycerin and fatty
acids are separated. The fatty acids are
then further refined to yield tallow acid.
Magnesium stearate can be prepared
through two processes:1. Fusion—Simple
acid-base interaction between tallow acid
and magnesium hydroxide2.
Saponification—Tallow acid is saponified
first with sodium hydroxide, making a
sodium tallowate (salt), then magnesium
sulfate is added to the sodium tallow
solution, followed by pH adjustment,
dilution with water, washing, and drying.

Magnesium oxide is a
known reactive
impurity.

Magnesium stearate can form
hydrates with water and exists in four
hydration states—monohydrates,
dehydrates, and trihydrates.52 MgO
impurity is known to react with
ibuprofen.53 In addition, magnesium
stearate provides a basic pH
environment and may accelerate
hydrolytic degradation.54 The
magnesium metal may also cause
chelation-induced degradation.55
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molecular entities invariably start with the evaluation of
existing information and paper chemistry of the drug
candidate to identify “soft spots” in the molecule. The
presence of reactive or unstable functional groups, pKa

value, and known reactivity of similar compounds pro-
vides useful information for the selection of excipients. In
addition to the general literature, several computational
programs have recently become available that can help
predict potential degradation pathways of a drug candi-
date (eg, CAMEO, SPARTAN, EPWIN, and Pharm D3).

Many pharmaceutical companies also have internal data-
bases and software programs. Furthermore, preformula-
tion studies on the physicochemical characterization and
forced-degradation of the drug molecule are used to
modulate the design of compatibility studies to detect the
presence and extent of known reactivity.

The design of compatibility studies might involve
the use of mixtures of drugs with one or more excipi-
ents. These mixtures may be incubated at different
stress conditions as physical mixtures per se or after
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FIGURE 6.2 Examples of reactions of drugs with pharmaceutical excipients and their reactive impurities; (a) reaction of primary amine
with a reducing sugar; (b) reaction of hydralazine with terminal aldehydes of starch residue; (c) reaction of an amine with an formaldehyde;
(d) reaction of haloperidol with the impurity 5-hydroxymethyl-2-furfuraldehyde (HMF) found in lactose; (e) addition of formic acid to (f)
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compaction. Often water is added in these systems to
evaluate its role in accelerating drug-excipient interac-
tions. The addition of other ingredients, such as hydro-
gen peroxide to induce oxidative stress, is based on
the background information of the molecule’s sensitivi-
ties. The compatibility study samples are typically
stored at elevated temperatures and analyzed for phys-
ical and chemical changes in the drug at predeter-
mined time intervals. In addition, binary mixtures of
drug and excipients are analyzed by thermal methods

such as differential scanning calorimetry (DSC) and
isothermal microcalorimetry (IMC) for rapid assess-
ment of potential incompatibilities. In short, compati-
bility studies involve several choices for each stage of
testing depending on the drug candidate, available lit-
erature, and the goals of the study. The following sec-
tions of this chapter will highlight the basis for some
of these decisions.

6.3.2.1 Experimental design

Compatibility studies are commonly carried out by
accelerated stress testing and evaluation of its effect on
the binary or multicomponent drug-excipient mixtures.
The design of experiments (DoE) is governed by the
potential formulation choices and excipient prefer-
ences. These decisions are made in conjunction with
all the other available preformulation data, API charac-
teristics, and marketing preferences. These also
determine the types of pharmaceutical excipients that
are evaluated. For example, compatibility studies for a
liquid formulation of an insoluble compound would
differ widely (eg, include excipients such as surfac-
tants and suspending agents) from the studies
designed for a highly soluble compound.

6.3.2.1.1 Two-component or multicomponent systems

Proactive preformulation compatibility studies are
traditionally carried out as binary or ternary systems.
Binary mixtures of drug and common pharmaceutical
excipients such as diluents, or ternary mixtures of drug,
a diluent, and excipients used in lower proportions
such as disintegrants and lubricants are incubated at
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1636.3 EXCIPIENT COMPATIBILITY

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



11% RH
32% RH

50% RH
60% RH

25°C

40°C0

20

40

60

80

100

120

140

P
er

ox
id

e 
le

ve
l (

pp
m

)
FIGURE 6.4 Effect of storage temperature
and humidity (under open-dish conditions)
on peroxide levels in povidone (initial
level5 80 ppm).61

(a) Compatibility testing

Proactive/
exploratory

Retrospective/
investigative

Mini-formulations N-1 designBinary and
ternary mixtures 

(b)

Physical mixtures
Compaction
Effect of water
• Incubation in RH chambers
• Addition in sealed container

Physical (color) changes
Thermal changes by DSC
Drug degradation by HPLC
Form change by PXRD

Binary, ternary mixtures or
mini formulations or n-1 design

Temperature
Humidity
UV for photostability
Oxidizing agents

Background information and literature review

Study design

Sample preparation

Incubation at stressed conditions

Analyses and data interpretation

FIGURE 6.5 Typical modalities of compatibility testing (a) and the study execution (b). Various stages of the compatibility testing are
highlighted in ovals, and the key decisions and variables involved in each stage are in square boxes.
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accelerated conditions of temperature and humidity for
extended periods of time, using the drug alone and the
excipient alone as controls. Additional aggravating
conditions, such as light and peroxides, are incorporated
in the study design depending upon the characteristics
of the drug molecule. Incompatibilities are physically
identified by visual observation for color or physical
form changes and spectroscopic and calorimetric
methods, and chemically quantified by analytical assays
for drug content and impurities.

Wyttenback et al. used binary design to study the
excipient compatibility of acetylsalicylic acid or fluoxe-
tine HCl in binary mixtures with 7 excipients using
bilevel factors of temperature (40�C and 50�C), humid-
ity (10% and 75% RH), and time (1 and 4 weeks), for a
total of 56 experimental runs for each drug.69 The total
impurity content of each run was measured by
high-performance liquid chromatography (HPLC) to
determine the effect of each excipient on drug stability.
In addition, they grouped together all excipients as a
factor and interpreted the data by analysis of variance
using F-ratio to test whether the means of normally
distributed populations are equal, and then calculated
the P-value. The data presented interesting insights
into the relative stability of the two drug substances as
a function of these factors and their interactions.

6.3.2.1.2 The n2 1 design and mini-formulations

Compatibility studies are often aimed at solving
formulation stability issues. In such cases, studies are
carried out with the exclusion of only one component in
each sublot to identify the source of incompatibility.
Often, mini-formulations are prepared with the exclu-
sion of noncritical, quantitatively minor, or easily
interchangeable ingredients (eg, colors and flavors from
solutions and suspensions). Compatibility studies for the
development of liquid formulations are invariably mini-
formulation studies since they require prior pH solubil-
ity and stability evaluation to use the appropriate buffer
system in compatibility testing and base formulations.

The Plackett�Burman design may be used to design
studies involving mini-formulations, although it is
rarely used in practice. This design minimizes the
number of experimental runs and is capable of finding
the excipients that cause major incompatibilities. It can
examine n excipients in n1 1 experimental runs.70 This
design was utilized by Durig and Fassihi to investigate
the compatibility of pyridoxal HCl with 11 excipients
at two temperature (25�C and 55�C) and humidity
(11% and 75% RH) conditions using only 16 experi-
mental runs.71 In this study, they included eight
experiments over the minimum required to study the
effect of “pseudovariables” to account for random
experimental variation. This approach, however, does
not take into account the variation in the concentration

of excipients depending upon the number of compo-
nents present in the mixture.

6.3.2.2 Sample preparation and storage

Sample preparation for compatibility studies
depends on the physical nature of the ingredients and
the conceptualization of the final formulation. The
selection of appropriate drug-to-excipient ratios for
binary compatibility studies is often carried out on a
weight or molar basis of their expected usage in the
final formulation. In the absence of a defined dose of
the drug, as is often true of new molecules in the early
stages of development, the worst-case scenarios of the
lowest drug-to-excipient ratios are tested.

The lowest drug-to-excipient ratio is expected to
provide the highest rate of possible drug-excipient
interactions. For example, the amorphous calcium salt
of the Merck compound L-649,923, a leukotriene D4

antagonist, degraded by intramolecular esterification to
form a γ-lactone. Its degradation rates were higher at
lower drug doses with both MCC and pregelatinized
starch as excipients.72 These observations are in line
with the hypothesis that reactions happen at the inter-
face of the drug and the excipients. A higher rate of
drug degradation with lower-particle-size excipients
further supports this hypothesis. Thus, hydrolysis of
acetylsalicylic acid in tablets containing dibasic calcium
phosphate dihydrate showed a rank-order correlation
with the particle size of the excipient.73 Similarly,
powdered MgSt showed higher levels of drug degrada-
tion than its granular form.54

6.3.2.2.1 Sample preparation

Binary mixture designs for solid-state samples often
involve only physical mixing. Attention must be paid to
the use of fine particles of both the drug and the excipient,
as well as deagglomeration of either component, if
needed. Often, coscreening through a mesh is utilized to
effect intimate mixing. Compaction of drug-excipient
mixtures is carried out in solid-state compatibility testing.
Milling and compaction of crystals can lead to the forma-
tion of an amorphous state.74 Process stresses such as
compaction, grinding, and drying may also lead to
release of bound water from actives and excipients. For
example, grinding was shown to dehydrate the crystal
water of theophylline hydrate75 and affected the solid-
state stability of ampicillin trihydrate76 and sodium pras-
terone sulfate.77 Similarly, cifixime trihydrate showed a
reduction in crystallinity and dehydration upon grinding
in a ball mill.78 Thus, compatibility studies involving
grinding and compaction are helpful for moisture-
sensitive and low-melting compounds, as is also the case
for drug substances for which milling is envisaged for
particle-size reduction.
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The presence of water often accelerates degradation
kinetics. In addition, sorbed moisture can accelerate
isomerization, crystallization, or both. One of the impor-
tant goals of preformulation compatibility testing is to
determine the feasibility of processing conditions such
as wet granulation and the moisture resistance need for
packages. Thus, it becomes important to determine
the case and extent of moisture sensitivity of the drug in
the presence of excipients. To this end, water is often
added to drug-excipient binary mixtures in closed sys-
tems to create a high-RH environment.78 Alternatively,
the compatibility mixtures are stored in open containers
at different temperature and RH conditions. Care must
be exercised in comparing the data across these designs
since the potential volatilization and escape of reactive
components in the open-container storage conditions
might give an indication of stability that may not hold
true in the final dosage form.

Compatibility study experiments tend to be labor
intensive due to their exhaustive design. Automation of
compatibility studies is often undertaken during the
early development stages.79 The automated systems can
be used for determining drug solubility, forced degrada-
tion, and compatibility testing. Reactor blocks, consisting
of an array of samples, can be prepared using automated
liquid handlers and powder dispensers such as
Autodose and Gilson liquid handler. The blocks can be
stored in different stress conditions. Automated sam-
pling at predetermined time points can be accomplished
using robotic systems such as Jaba. These operations also
may be performed with fully automated systems such as
the Symyx Automated Forced Degradation System. This
system can accurately weigh given quantities of excipi-
ents and actives in blocks of vials. The blocks are then
robotically transferred to controlled environmental
chambers and removed at a predetermined time for
analysis. The use of automated systems improves effi-
ciency and broadens the experimental space, allowing
the execution of exhaustive, statistically robust experi-
ments and generation of knowledge. This, when coupled
with scientific rigor, could significantly reduce or even
avoid the appearance of drug-excipient incompatibilities
during later stages of DP development.

The selection of accelerated environmental storage
conditions for compatibility testing is based upon the
nature of the API and the expected stresses during
the storage of the finished dosage form. These include
storage at elevated temperatures, higher humidity, and
exposure to UV irradiation, peroxides, etc. While the
International Council on Harmonization (ICH) and the
regulatory authorities provide guidelines on the selec-
tion of accelerated storage conditions for the finished
dosage form for confirmatory stability studies based
on the target label storage requirements, the selection
of accelerated conditions for compatibility studies is at
the formulator’s discretion.

6.3.2.2.2 Thermal stresses

Isothermal stress testing (IST), or incubation of sam-
ples at constant higher temperatures as stress condi-
tions, is almost universal for compatibility studies. It is
based on the underlying assumption that the kinetics
of degradation reactions follows Arrhenius kinetics.
The Arrhenius equation states the reaction rate depen-
dence on temperature:

k5A3 e2Ea=RT

where T is the temperature (in Kelvin), R is the gas
constant with a value of 8.314 J/(K3mol), Ea is the
activation energy in KJ/mol, k is the reaction rate con-
stant, and A is the Arrhenius constant.

The selection of higher temperatures is designed to
accelerate reaction rates significantly so that even rela-
tively slow reactions become evident in a short period of
time. For example, assuming the mean activation energy
for solid state reactions to be 105 kJ/mol,80 the amount
of drug degradation observed at 25�C in approximately
5 years would be evident in about 3 weeks at 60�C.
Certain implicit assumptions of IST include:

• Temperature independence of activation energy and
reaction mechanism

• Absence of equilibrium or autocatalytic reactions
• Activation energies for different reactions of

pharmaceutical relevance in a relatively close range
• Stability of API per se under the stress conditions.

The temperature is often maximized to increase
reaction rate and decrease testing time. However, care
must be exercised in the judicious selection of tempera-
ture since above a certain temperature, the system may
exceed the activation energies of alternative degradation
pathways, resulting in nonrepresentative data. A shift in
the primary degradation processes is often indicated by
the appearance of additional impurity peaks in the
HPLC chromatogram. For example, while exploring
accelerated degradation conditions for an experimental
compound, Sims et al. observed that while temperatures
up to 80�C resulted in the formation of the same impuri-
ties as controlled room temperature and 60�C, samples
stressed at 100�C showed many unrelated peaks.81

Therefore, usually more than one stress condition is
chosen to determine if the degradation reactions
observed at elevated temperatures might be the ones
that have such high activation energies that they occur
only under pharmaceutically irrelevant conditions.

6.3.2.2.3 Humidity and water content

The use of high moisture content for compatibility
studies is intended to uncover not only the reactions in
which water participates directly (eg, hydrolysis), but
also to investigate whether water increases reactivity
in the solid state. Water adsorption on solid surfaces
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can enhance reactivity by acting as a medium or a
plasticizer for the reacting species. The presence of
water in the solid component mixtures provides the
molecular mobility required for reactions to occur
between the two solid components.

Water can be incorporated in the excipient compati-
bility samples in several ways: (1) preparation of a
slurry or suspension; (2) addition of water, usually
20% of solids, in a closed system81; and (3) exposure of
the system to controlled humidity conditions.

Each of these methods has advantages and disadvan-
tages. While the slurry experiments provide useful
information for the simulation of suspension dosage
forms and rapid assessment of aqueous sensitivity of
the drug substance, they often do not simulate condi-
tions in solid dosage forms, which could be important
to data interpretation in retrospective or investigational
compatibility studies. The addition of a fixed propor-
tion of water to the drug-excipient mixture in a closed
system controls the initial amount of water in the sys-
tem and partly simulates wet-granulation conditions.
Nevertheless, the water content in a sample changes
depending on the water uptake kinetics and equilib-
rium moisture content of the sample at the storage tem-
perature. Moreover, the same amount of water in the
air results in lower RH at elevated temperatures. In con-
trast, incubation of samples under controlled humidity
conditions ensures consistent maintenance of equilib-
rium moisture levels in the solid system, enabling the
investigation of degradation reactions where water acts
as a medium or just to increase the molecular mobility
of reacting species.81 However, the open-container
studies may lead to loss of reactive volatile impurities
from the mixture, possibly altering the reaction path-
ways. In addition, storage of samples in constant
humidity chambers (eg, open dish) can lead to
increased induction times compared to water addition
(or slurry experiments), thereby complicating kinetics.

Given the pros and cons of each modality of testing,
the formulation scientist must select appropriate condi-
tions for each compatibility study design based upon
the available preformulation data.

6.3.2.2.4 Mechanical stress

Mechanical stress is often an unavoidable part of DP
processing conditions (eg, milling and compaction).
These stresses may lead to the formation of amorphous
pockets of drug or crystal defects in the crystalline drug
molecule, or simply increase the intimacy and surface
area of contact between the drug and the excipients
in the mixture. Thus, mechanical stresses may lead
to increased rates of degradation reactions. For exam-
ple, milling of Procaine Penicillin G almost doubled its
rate of degradation in compatibility studies with
Emcompress and Avicel as compared with the

unmilled drug-excipient mixtures.82 Similarly, Badawy
et al. observed more than threefold higher hydrolytic
degradation of an investigational compound DMP-754
in compacts with anhydrous lactose as compared to
uncompacted binary mixtures.83

In addition to chemical reactivity, compaction may
have an effect on the physical form of the drug. Thus,
Guo et al. observed a loss of crystallinity of quinapril
hydrochloride, whose crystalline form exits as an
acetonitrile (ACN) solvate, with ACN loosely incorpo-
rated into the crystal lattice channels. Loss of ACN
was observed upon compaction, with concomitant loss
of crystallinity and increase of the cyclized degradant.
This was attributed to the significantly reduced
activation energy for the cyclization reaction in the
amorphous state than the crystalline state.84

Investigations of the effect of mechanical stresses are
undertaken when instability is suspected in the investi-
gational drug (eg, in situations such as the use of a
metastable polymorphic form or known chemical reac-
tivity of the molecule). Simulation of mechanical stres-
ses in compatibility studies involves such procedures as
grinding using a ball mill and comilling of drug-
excipient mixtures. In addition, a Carver press for the
preparation of compacts is often utilized to simulate the
compaction during tableting and dry granulation.

6.3.2.2.5 Oxidative stress

Oxidation is one of the most common causes of drug
degradation in pharmaceutical systems. Oxidative deg-
radation often presents unique patterns of drug degra-
dation (eg, rapid growth of impurities following an
induction period and sensitivity to trace amounts of
free radicals). If preformulation or API characterization
studies reveal sensitivity to oxidation, the compatibility
studies may be designed to comprehensively assess the
extent of oxidation sensitivity as well as to find ways to
mitigate the same. These methodologies include, for
example, one or more of the following:

• Spiking drug-excipient mixtures with different
levels of oxidizing agents, such as hydrogen
peroxide; metal impurities (copper and iron salts);
or free radical initiators commensurate with the
levels seen in excipients85

• Comparing drug degradation in compatibility
samples stored under air, oxygen, and nitrogen or
argon in hermetically sealed containers

• Incorporation of free-radical scavengers and heavy
metal chelating agents85

• Packaging configurations that include the
incorporation of oxygen scavenger inserts and the
minimum permeability materials of construction86

• Use of different batches of excipients known to have
residual peroxide content (eg, PVP, cross-linked
PVP, HPC, polysorbate 80, and PEG 400)38
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• Studies with different antioxidants (eg, BHA, BHT,
α-tocopherol, propyl gallate, and ascorbic acid)87

For these studies, sample preparation conditions,
such as compaction, should be carefully controlled.
Furthermore, peroxide impurities in excipients usually
show batch-to-batch variation, thus necessitating the
testing of batches with high- and low-level impurities.
Spiking experiments are often carried out to quantify
the acceptable limits of peroxide impurities in excipi-
ents, which may then be used to set incoming material
specifications.38

6.3.2.3 Sample analysis and data interpretation

The desired tests for a given set of compatibility
studies and the key outcome measures depend not
only on the envisaged final dosage form and product
configuration, but also on the background data avail-
able on the chemistry and preformulation studies on
the drug candidate. Most compatibility studies include
visual inspection for any color changes, compact/tab-
let integrity, and deliquescence; and quantitative
chemical analysis for monitoring drug degradation. In
addition, form changes of the active are monitored in
samples of short-listed excipients.

6.3.2.3.1 Monitoring for drug degradation

Physical observation of stressed compatibility sam-
ples involves the observation of changes in color, odor,
deliquescence, powder/compact flow characteristics,
and other characteristics. The inherent subjectivity in
these observations is partly overcome by making rank-
order correlations with control, refrigerated, samples.
Furthermore, UV-visible spectroscopy may be utilized
to quantify changes in color. This method, however,
suffers from the limitation that small changes in absor-
bance may not appear to be significantly different and
the degradants may retain the chromophores of the
drug, leading to negligible or no change in absorbance
even in the presence of degradation. Nevertheless,
when significant differences are seen, these observa-
tions are often a good indicator of incompatibility
between the components.

Several drugs show such evidence of discoloration
as an indication of instability, incompatibility, or both,
including promethazine, phenylephrine, potassium
clavulanate, cefuroxime axetil, and terbinafine. A com-
mon example is the discoloration (often browning) of
formulations containing primary or secondary amines
with reducing sugars such as lactose.88 This is associ-
ated with the Maillard reaction, whose end products
can undergo Amadori rearrangement to form several
colored intermediates and end products.56

HPLC with UV detection is by far the most com-
monly used method to quantify drug degradation by

measuring drug potency, total impurities, or the
growth of a selected impurity over time and as a func-
tion of the storage conditions. Measurements of
growth of a single impurity or all impurities are often
preferred over the quantification of loss in potency.
This is because a small change in a large number
reduces the sensitivity in the interpretation of the data;
for example, a potency drop from 99.5% to 99.2%
would likely be considered insignificant, but not an
impurity level increase from 0.02% to 0.32%.

It is important that the sample extraction, along with
the analytical methodology, is sound. Particular atten-
tion should also be paid to the lack of mass balance
issues, which can arise either due to poor extraction or
retention of degradation products on the column or due
to reduction in the response factor of the degradation
products. When extraction problems are suspected,
alternate solvents and agitation techniques should be
utilized. To ensure that the column retention is not an
issue, HPLC systems with a wide polarity range and
longer run times can be employed. If the mass balance
issue is severe, the relative response factors of drug and
impurities may be assessed by taking the ratio of absor-
bance of the degraded sample to that of the initial (ref-
erence) sample measured by UV alone. This ratio
should be identical to the ratio of total area counts for
the degraded and initial sample as determined by
HPLC-UV. The main disadvantage of this method is
that it is useful only when there is a severe mass bal-
ance issue. Although not used in routine analyses, alter-
native detectors such as evaporative light scattering
detector, refractive index detector, mass spectrometry,
Corona charged aerosol detector, chemiluminescent
nitrogen detector, or LC/NMR can be used when UV
detection is not effective.

6.3.2.3.2 Thermal methods

The use of a quantitative, stability-indicating analyt-
ical method such as HPLC may not be feasible during
the early stages of drug development. In such cases,
thermal methods may provide a quick, nonspecific,
and less labor-intensive screening tool. It must be
noted that results obtained from thermal methods are
often not conclusive and must be confirmed by
another independent observation.

Thermal methods for compatibility testing rely on
exothermic or endothermic energy changes in the sam-
ple. The most commonly applied thermal technique
for compatibility studies is DSC. It involves heating or
cooling the sample in a controlled manner and mea-
suring the heat released or absorbed by the sample as
the temperature of the sample and a reference stan-
dard are equally changed over time. IMC, on the other
hand, measures heat flow from the sample compared
to a reference vessel as the two are maintained at a
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constant temperature. IMC can be applied to detect
extremely slow reactions since this technique allows
the measurement of very low amount of heat changes.
This allows the ability to monitor reactions in drug-
excipient mixtures at room or low temperatures. Thus,
reactions that are relatively slow and affect the forma-
tion of impurities in DP over prolonged shelf-life stor-
age (ie, reactions of real-life significance) can be
monitored using IMC.89,90

DSC analyses for compatibility evaluation involves
recording the thermograms of the individual excipient,
the drug, and their physical mixture at a standard
heating rate, usually under a nitrogen atmosphere. A
simple superimposition of these curves is then inter-
preted to determine whether the thermal properties of
the mixture are a sum of the individual components,
an assumed fundamental property of noninteracting
components. An interaction is, thus, identified as
changes in the appearance or disappearance of a tran-
sition peak and through changes in transition tempera-
ture, peak shape, and peak area. Nonetheless, caution
should be exercised in interpreting the results of DSC
for determining excipient compatibility and it should
be in conjunction with simultaneous application of
other techniques such as infrared (IR) spectroscopy
and IST. For example, Verma and Garg utilized physi-
cal observations, IR spectroscopy, and IST in conjunc-
tion with DSC to determine excipient compatibility.91

IMC can measure thermodynamic events in powder
mixtures at real-time storage conditions, thus poten-
tially pointing to the degradation reactions that are of
relevance in the long-term stability studies of the DP.
For example, it can pick up reactions that may lead to
only 1�2% degradant accumulation over a year of
storage at room temperature. The high sensitivity of
this technique necessitates careful control of sample
preparation (eg, the uniformity of particle size of dif-
ferent samples, adequate mixing, and the effects of
moisture). Schmitt et al. used IMC to study the com-
patibility of an experimental compound ABT-627 in
binary mixtures with excipients.92 Selzer et al. reported
IMC studies on drug-excipient mixtures as powders,
granules, and compacts.93,94

6.3.2.3.3 Monitoring for form changes

The drug discovery and early-stage development
work is aimed at selecting not only the right molecule,
but also its most preferred solid form. The physical
form of the drug, polymorphic and salt form, has a sig-
nificant impact on the physical, chemical, mechanical,
and biopharmaceutical properties of the drug candi-
date. For example, a state with higher thermodynamic
activity (eg, the amorphous phase) generally has high-
er apparent solubility and diffusion-controlled dissolu-
tion rate, as well as higher hygroscopicity and

chemical reactivity. It also has a tendency to crystallize
to a more stable form. The mechanisms underlying
phase transformations have been discussed in the liter-
ature.95,96 It is important to ensure that dosage form
composition and processing conditions do not alter or
destabilize the physicochemical form of the drug. It
must be noted that although these investigations are
not a routine part of compatibility testing, they become
very important if a metastable form is taken up for
development or if there is data on the API stability
that warrants monitoring for form changes.

Several analytical techniques can be utilized for the
characterization of drug’s form in the solid state, for
example, powder X-ray diffraction (PXRD), single crystal
X-ray diffraction, IR and near-infrared (NIR) spectros-
copy, Raman spectroscopy, solid-state NMR spectros-
copy, solvent sorption, polarized microscopy, and hot
stage microscopy. An example of the application of
instrumental techniques to identify the impact of excipi-
ents on potential form change of the drug during wet
processing was presented by Airaksinen et al. using
nitrofurantoin as a model drug.97 Nitrofurantoin exists
in two anhydrous (designated α and β) and two mono-
hydrous (designated I and II) forms. High-humidity stor-
age and processing conditions (eg, wet granulation) may
lead to the conversion of the anhydrous to the monohy-
drate form. The authors used PXRD and NIR spectros-
copy to investigate form transformation of
nitrofurantoin in physical mixtures with selected excipi-
ents. Their interpretation of PXRD data focused on the
appearance of a peak specific to the monohydrate form
that indicated form conversion. Similarly, NIR data was
interpreted for the appearance of the absorption maxima
for the water of crystallization in the monohydrate form.
Such data sets help in establishing the rank order rela-
tionships of the tendency of excipients to support or
inhibit form conversion of the drug. The authors corre-
lated the water sorption capacity and the amorphous/
crystalline nature of the excipients with their role in
moisture-induced form change of nitrofurantoin during
processing. Their work demonstrates the utility of these
techniques in investigating drug form changes as a part
of the compatibility studies.

6.4 EXCIPIENT VARIABILITY

The drug-excipient and excipient�excipient interac-
tions in dosage forms can significantly affect both the
stability98 and the bioavailability99 of the drug substance
or the API.100 The mechanistic basis of such effects
could be a direct interaction between the drug and the
excipient, reaction of an API with the reactive impuri-
ties that may be present in excipients,101,102 or indirect
effect of excipients on DP attributes such as the water
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activity of the dosage form103 and its densification.104,105

Variability in excipient properties that contribute to
their effect on DP attributes can, therefore, lead to
batch-to-batch variability in DP QAs. To obviate these
possibilities, as a rule of thumb, simple formulations
that minimize the use of excipients to essential func-
tional ingredients is preferred.106 In addition to a thor-
ough mechanistic understanding of physicochemical
interactions in a DP, identifying relevant excipient prop-
erties that contribute to critical product attributes and
delineating their normal acceptable and generally
observed variation is critical to robust DP design.

QAs of excipients do vary—not only between differ-
ent grades and types of excipients, but also within the
same excipient. Variability of excipient attributes could
be source-to-source variability or lot-to-lot variability for
the same grade and source of excipients. These have also
been termed intersource and interlot variability, respec-
tively. Intersource variability is much easier to control. It
is usually done by establishing and controlling the
source of raw materials. Interlot variability, however,
can be difficult to identify, understand, and control,
especially when these are outside the types of material
properties reported on the vendor’s certificate of analysis
(CoA). Such properties may include, for example, com-
pression properties of Elcema G250, an α-cellulose prod-
uct,107 lubrication properties of MgSt,108�110 and
compaction properties of starch.111 The extent of lot-to-
lot variability could be different from one supplier to
another. For example, when Williams et al.112 studied
different particle-size grades of MCC using six different
suppliers and two lots per supplier, they observed
greater lot-to-lot differences with the material supplied
from some suppliers than others. This section primarily
focuses on the interlot variability of excipients and sug-
gests a set of approaches that can be proactively adopted
to understand and account for the lot-to-lot variability
encountered with excipients when designing robust DPs
and input material control strategies.

Addressing excipient variability during DP develop-
ment has the following components113:

1. Identification of critical excipients in a given DP
2. Understanding of the mechanistic basis of

functional role of the critical excipients
3. Identification of CMAs of the excipient that affect

DP performance
4. Developing an understanding of the range of

excipient QAs that are or may be routinely
encountered during DP development

5. Building a DP design space or QbD strategy that
incorporates the observable differences in excipient
QAs

6.4.1 Identification of critical excipients

Pharmaceutical development of new DPs routinely
address the effect of formulation composition (both
qualitative and quantitative) and process parameters on
DP QAs.6 Excipients are utilized in the DPs to aid in
the bioavailability, stability, or manufacturability of a
dosage form. Most functional excipients utilized in the
DP fulfill one or more of these roles. At the same time,
the criticality of an excipient is usually assessed with
respect to the influence of variability in excipient attri-
butes on the patient-centric QAs. Certain excipients,
such as colloidal silicon dioxide, are added to oral solid
dosage forms as functional excipients that help with the
flow and prevention of sticking of the granulation dur-
ing manufacture. These excipients are important for
developing a robust DP manufacturing process. At the
same time, they may not directly affect a patient-centric
QA of the DP. Therefore, it is important to determine
the excipients that are critical with respect to patient-
centric QAs and differentiate these from the excipients
that may be critical from the process robustness or
manufacturability perspectives. Early identification of
excipients critical to the DP manufacturability (such as
process robustness) can influence the selection of for-
mulation components to not only build robust pro-
cesses, but also reduce the impact of excipient
variability on formulation QAs or manufacturability.

6.4.2 Understanding the mechanistic
basis of functional role

Functional excipients are typically added to the DP
for a well-defined objective. For example, immediate
release tablet dosage forms typically include a disinte-
grant to promote rapid tablet and granule disintegra-
tion to facilitate drug release. Sustained release tablets
may have a hydrophobic core matrix to slow the rate
of drug release. Formulation and process development
studies are typically carried out to determine the effect
of excluding or replacing a particular excipient (quali-
tative composition change) or the concentration of an
excipient (quantitative formulation change) in con-
trolled, often statistical, DoE studies. These studies
result in a robust definition of factor-response relation-
ships with an additional delineation of two-way or
three-way interactions. Such studies, however, do not
provide adequate information about the critical attri-
butes of the excipient that is important to its
functionality.

The mechanistic basis of the functional role can be
better understood using excipients in the same
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functional class, but with well-controlled and -defined
differences in material properties. For example, certain
excipients can show noncovalent interactions with
drugs in the dosage form that can affect drug release in
the dissolution medium. The effect of drug-excipient
binding on a drug’s bioavailability, however, would
depend on the strength and extent of binding of the
drug. For example, CCS, a common superdisintegrant
in immediate-release oral solid dosage forms and an
anionic polyelectrolyte excipient, can form noncovalent
interactions with basic amine drugs. A source of interlot
and intervendor variability in CCS stems from the
degree of cross-linking within the polymer network. A
comprehensive set of modeling and experimental
studies8 indicated that the relevance of drug-excipient
binding to a drug’s bioavailability depends on the
drug’s dose and the affinity of binding (Fig. 6.1b).

6.4.3 Understanding the range of variability
of excipient attributes

A DP manufacturer has very little control over the
intrinsic lot-to-lot variability within a single grade of
each excipient in a given formulation, as the source of
this variability is dictated by the degree of process con-
trol implemented by each excipient vendor.114 Several
lots of excipients are typically used during formulation
design, formulation and process development, process
scaleup, and clinical DP manufacture, which sample
the range of typical variability expected in the excipient
attributes. In addition, several lots of commonly used
excipients are routinely procured and utilized by the
pharmaceutical industry. The exposure to different lots
and manufacturers of excipients provides opportunities
to test the range of variability observed in different lots
of excipients for a particular product QA. The quantita-
tion of the range of excipients’ QAs encountered during
the development of a DP may be used to build a base-
line database of excipient attribute experience-space115

that can be helpful for establishing formulation and
process robustness, and to study the effect of potential
deviations from this experience space in the future
batches. Risk assessment may be used to shortlist the
attributes to be monitored in building the database of
excipient attribute experience-space.

A common approach is collating data, and establish-
ing statistical parameters, from the information pro-
vided in the CoA by the vendor. This approach can
sometimes be combined with Bayesian statistical meth-
ods, which can enable continuous development of a
statistical database as representative batches of the DP
are manufactured over a period of time. For example,

Kushner et al. reported discernible variability of Avicel
PH 102 manufactured at two different sites although
all data was within specifications.116

Developing an understanding of the effect of excipi-
ent attributes on DP MAs represents an inherently
multivariate to potentially more than one response.
The use of chemometric methods with statistical multi-
variate analyses tools such as principal component
analysis and multiple linear regression have been pro-
posed for this purpose.117 These tools can allow better
understanding of the effect of MAs on in-process mate-
rial properties, which are ultimately linked to DP
CQAs, and process outcomes—thus enabling the
development of a robust multivariate advanced pro-
cess control strategy.

6.4.4 Generating or obtaining excipient
lots with a range of known MAs

A traditional approach to determine the impact of
excipient QAs on DP performance is to select the known
MAs that may affect product performance based on liter-
ature, functional role of the excipient in the formulation,
or prior experience, and to investigate the effect of a
range of those excipient attributes on product CQAs in
controlled experimental studies. Such an experimental
investigation of the effect of selected potential CMAs of
excipients on predefined DP CQAs relies on the ability
to obtain excipients with a wide-enough range of those
potential CMAs. For example, to examine the impact of
excipient material property variability for three common
excipients on the performance and manufacturability of
an immediate-release, dry granulated, solid oral dosage
form, Kushner et al. selected the material QAs that were
known to affect product performance.114 These were the
particle size of MCC, spray-dried lactose, and MgSt, as
well as the polymorph and specific surface area of MgSt.
The authors obtained samples of different batches of
these excipients from vendors with differences in
selected QAs for this study. The authors observed that
the particle size of MCC and lactose affected blend parti-
cle size, blend flow, granulation particle sizes, roller
compaction ribbon tensile strength, and tablet hardness.
Specific surface area of MgSt affected ribbon tensile
strength and tablet hardness. The authors concluded
that despite the observation of statistically significant
effects, the range of particle sizes examined were not suf-
ficiently large to adversely affect the CQAs studied.114

This conclusion highlighted that even though variation
in an MA had a statistically significant impact on in-
process MAs during DP manufacture, it did not
adversely affect the CQAs of the finished DP.
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A frequently cited limitation of this approach is the
availability of a given excipient with sufficiently large
variation in the QAs that can cover the range of vari-
ability listed as a specification on the official CoA pro-
vided by the vendor. The manufacture of excipients in
bulk using highly controlled processes results in a few
batches of excipients manufactured annually and those
batches being very tightly controlled in terms of the
QAs under investigation. Two approaches are sug-
gested when such limitations make experimental veri-
fication of excipient variability impact on DP CQAs
challenging:

• Using different grades or suppliers of excipients
that would represent greater variation in the
selected MAs than within grade, thus qualifying as
a worst-case scenario for the selected MA

• Spiking or using storage conditions that result in
modifications to the MAs under investigation

6.4.4.1 Different grades or suppliers of excipients
as a worst-case scenario

When it is difficult to obtain samples of different
batches of an excipient with adequately wide differences
in selected MAs and such MAs vary across different
grades of an excipient, different grades of the excipient
can be selected for an experimental investigation of the
role of selected MAs on potential DP CQAs and manu-
facturability as a worst-case scenario.

A caveat of this approach is that the range of varia-
tion in the MA examined may be wide enough to
significantly affect DP CQA or manufacturability when
the range of variability routinely expected within a
grade of an excipient may not have affected DP CQA or
manufacturability. For example, Alvarez-Lorenzo et al.
described interlot (ie, two lots) and intersource (ie, two
suppliers) variability in the properties of HPC and its
implications on drug release from theophylline swella-
ble matrix tablets.118 The authors compared two lots of
a high-viscosity grade of HPC, which showed differ-
ences in the molecular weight, molecular structure,
particle size distribution, particle shape, and water
affinity. These parameters were seen to affect the rate of
drug release from tablets, with the impact of interlot
variability being lower than intersource variability. In
another study, Doelker et al. investigated the tableting
characteristics of 16 different lots of MCCs produced
by 7 different manufacturers.119 These grades were
compared with respect to moisture content, particle size
distribution, bulk and tap densities, flow properties,
and sensitivity to lubricant. The authors found greater
intersource than interlot differences. These studies
indicate that the results of studies conducted with dif-
ferent grades or suppliers of excipients as a surrogate

for the extent of lot-to-lot variability within a grade or
supplier should be interpreted with caution. This
approach (intersource or intergrade variability as a
worst-case scenario for interlot variability) is generally
more valuable for ruling out a potential MA as a CMA
than identifying a particular MA as a CMA.

6.4.4.2 Mixtures of different grades of excipients

A modification of the approach of using different
grades of excipients to delineate the impact of wide
variations in MAs on product QAs is to use the mix-
tures of excipients that provide material properties
within the range of the specifications of target material.
This approach was utilized by L’Hore-Gaston et al.,120

who prepared physical mixtures of different grades of
polyethylene oxide excipients to simulate product vis-
cosities across the range of the standard product
specification of the target material the authors were
planning to use. The authors used two standard poly
(ethylene oxide) polymers (POLYOX 205 NF Water-
Soluble Resin and POLYOX N-12K NF Water-Soluble
Resin) to develop a series of samples across the viscos-
ity specification range of another standard product
(POLYOX 1105 NF Water-Soluble Resin), which has a
viscosity between these two grades.

For this study, the authors had preidentified the
MAs to study (polymer viscosity and particle size dis-
tribution), the DP of interest (an extended release
matrix system), and the product QAs as responses
(tablet mechanical strength and drug dissolution).120

The approach of mixing the two different grades of
excipients as producing results similar to an intermedi-
ate viscosity grade was verified by comparing drug
dissolution profiles from matrix tablets. Utilizing this
approach, the authors were able to make reasonable
inferences of the properties of the polymer on drug
release from the matrix extended release tablet. Where
feasible, such an approach can be a valuable tool to
study the acceptable range of variation in material
properties that can result in a truly QbD raw material
control strategy.

6.4.4.3 Spiking or using storage conditions
to modify MAs

Reactive impurities in excipients that react with the
drug substance or API in a formulation can lead to
safety concerns about the drug degradants. This sec-
tion describes potential methodologies to test the effect
of variability in excipient impurities on DP stability
when excipients with different concentrations of reac-
tive impurities are not readily available from the ven-
dor. These approaches consist of storing excipients
under particular conditions or spiking excipients with
known reactive impurities. For example, reactive
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formyl impurities in PEG increase upon storage at
high temperature (Fig. 6.2).57,121 Reactive peroxide
impurities in povidone increase upon storage under
low-RH and high-temperature conditions.61 Thus, stor-
age of excipients under conditions that lead to an
increase in the reactive impurities under investigation
can be useful to experimentally study the effect of
reactive impurities in excipients on DP stability in a
controlled manner, using the same lot of excipient
stored under different conditions.

The strategy of spiking known reactive impurities in
excipients has been utilized in certain cases such as
spiking hydrogen peroxide in povidone and crospo-
vidone or formic acid and heavy metals in PEG, poly-
vinyl alcohol (PVA), or coating materials comprised of
these polymers (eg, Opadry II from Colorcon). Spiking
strategies, however, have inherent limitations. For
example, the reactive impurities’ species present in the
excipient resulting from natural formation under rou-
tine manufacture and storage conditions can be very
different and diverse compared to the spiked species.
For example, spiking of formic acid in PEG or Opadry
II coating material may not reproduce the variety and
extent of formyl esters present in the polymer net-
works when the impurities are formed inherently.
Spiking of formaldehyde has practical limitations, in
that formaldehyde is a gas available as a 37% aqueous
solution. Spiking of hydrogen peroxide in povidone
does not address the organoperoxide impurities that
are present inherently. In addition, the uniformity of
distribution of minor quantities of spiked impurities
within the excipient sample and how well or deeply the
spiked impurities are embedded within the polymer
network is always questionable.

6.4.5 Controlled experiments with a range
of known MAs

Once different lots of excipients have been obtained
with differences in MAs of interest, experimentation is
undertaken to investigate the impact of the known dif-
ferences in MAs on the selected product QAs.

6.4.5.1 MA comparison at target formulation
and process parameters

Investigation of the effect of MAs—of one or more
components of a formulation—is typically carried out
without studying the interaction with the formulation
composition or process parameters. In most cases, the
effect of changes in the MAs are studied at the center
point of the target formulation composition and process
parameters. These experiments seek to compare the
responses due to potential excipient lot-to-lot variability,

while keeping all other formulation and process para-
meters constant. A limitation of such experiments is
lack of information about the implications of interac-
tions of variability in more than one excipient or the
interaction of excipient variability with process para-
meters. These studies can sometimes incorporate the
variability in more than one excipient to study their
interactions. In certain cases, focused experiments are
carried out to study the impact of two or three vari-
ables simultaneously. For example, the effect of sur-
face area or particle size of MgSt in two different lots
can be studied concurrently with the number of revo-
lutions during the lubrication mixing operation in a
22 full-factorial design to identify the interaction
between the formulation (lot-to-lot variability) factor
and the process factor.

6.4.5.2 Statistical DoE studies that combine MAs
with formulation and/or process parameters

Generating an extended experimental space using
systematic statistical DoE with different lots of several
excipients combined with some formulation and or pro-
cess variables, although feasible, becomes prohibitive in
material, time, and effort requirements. The feasibility
and challenges encountered in such a study were
highlighted by the work of Gabrielsson et al.,122 who
used multivariate design to study the robustness of a
tablet formulation. The authors investigated the impact
of lot-to-lot variability in excipients in a formulation
consisting of 10 ingredients (9 excipients and 1 API).
These studies were conducted at two different drug
loads. Utilizing 3�7 lots of each of the 10 ingredients,
the authors manufactured and characterized 50 DP
batches in a first multivariate characterization study.
Another multivariate characterization was performed
on 30 batches, 3 from each of the 10 components of the
formulation. The results of this study were subject to
principal component analyses to determine the princi-
pal properties. A Plackett�Burman design was applied
to the principal properties. Regression analysis was
used to study the relationship between design factors
and two selected DP responses (mean disintegration
time and mean crushing strength). The relatively lean
saturated statistical study design allowed the delinea-
tion of only the main effects. These studies allowed the
authors to generate multivariate characterization mod-
els for each of the main effects studied in the design.

Another example of multivariate statistical DoE study
that incorporated excipient attributes with formulation
and process variables is provided by Kushner et al.,123

who studied within grade and intergrade variations in
excipient particle size along with API type, API particle
size, drug loading, manufacturing method, and a range
of diluent to lubricant particle size ratios in a 25�1
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fractional factorial statistical design. The authors con-
ducted 28 experimental runs with a variety of response
measurements, and noted that the variation in excipient
particle size distribution parameter, reported d[4,3]
value, had the greatest impact on the blend and granula-
tion particle size and flow responses.

DoE studies that encompass formulation and pro-
cess variables along with the excipient attribute differ-
ences can be relatively large and demanding in terms
of material, time, and effort requirements. At the same
time, these studies also tend to be limited in terms of
the variables that can be investigated. The investigator
needs to select the most pertinent formulation and pro-
cess variables for study, as well as the excipients
within the formulation and their range of variables
that can be studied.

To design a robust DP formulation, pharmaceutical
scientists need to take into account the physicochemical
properties and variability of the API; the performance
advantages, limitations, and variability of the excipients;
the advantages, limitations, and variability of the unit
operations; the influence of input and in-process material
storage conditions and DP packaging components; and
interactions among these variables.124 Thus, a holistic
understanding of influence of excipient impurities on DP
QAs can allow the development of a control strategy with
the DP focus. For example, for excipients that show
increase in the concentration of impurities during storage,
such as PEG57,121 and povidone,61 the packaging configu-
ration and storage conditions may be more fruitful than
tight specifications on reactive impurity concentration in
the initial input material. An increase in reactive impuri-
ties in excipients during storage stability in a DP can
sometimes be mitigated by avoiding the concurrent use of
excipients that can increase the rate of formation of certain
reactive impurities through excipient�excipient interac-
tions, as, for example, the use of PVA and PEG in
conjunction in a drug product.125,126

Process parameters may interact with excipient attri-
butes to generate reactive impurities in DP that can be
controlled by establishing adequate process control strate-
gies. For example, Reed et al. reported on increase in
organoperoxide-mediated degradation in a DP that corre-
lated with fluid bed granulation process parameters127

and the photosensitivity of a drug that correlated with
light exposure during manufacturing and packaging pro-
cesses in addition to the concentration of iron in the exci-
pients.128 Hemenway et al. demonstrated that, in certain
cases, the rate of drug degradation in a DP may be a func-
tion of water activity of the DP,103 which can be kineti-
cally controlled using packaging strategies such as the
use of desiccants.

These studies highlight the need to quantitatively
understand the variability in excipients and holistically
address their impact on DP QAs taking into account

the mechanism and kinetics of interactions between
excipients, other formulation ingredients, packaging
components, and DP manufacturing process. A robust
control strategy can then be developed with the DP
focus. Development of a control strategy for DPs and
excipients to address potential effects of excipient vari-
ability needs to take into account the interaction of
process with the excipient attributes.

Establishing tight specification controls on excipi-
ents is inherently challenging. A majority of pharma-
ceutical excipients are supplied by the food and
chemical industry.129 Excipients not only originate
from diverse sources and constitute diverse material
types (liquids, solids, semisolids, and gases), they are
also used in diverse dosage forms and routes of
administration. The varied uses create different perfor-
mance expectations for each excipient. Compendial
specifications for excipients are focused on safety and
purity. With the increasing recognition of the
functionality-related tests and the variability in excipi-
ents, the pharmacopeias have started to add elements
of functionality testing to the excipients. As discussed
earlier, the Ph.Eur. has included an FRC section to cer-
tain monographs, although compliance with these
FRCs is not mandatory. The USP has included an
Excipient Performance Chapter (,1059.) as an infor-
mational monograph that provides an overview of typ-
ical MAs associated with certain functional categories
of excipients.130 Moreton has published a series of arti-
cles discussing the functionality and performance of
excipients in a QbD world124,131,132 that address excipi-
ent attributes from the perspectives of excipient manu-
facturers. These articles highlight practical
considerations that play a role in the design of excipi-
ent control strategies and the options available to the
pharmaceutical scientists in understanding and incor-
porating excipient attribute variability within DP for-
mulation design and development. Moreton and
Carlin affirmed that tighter raw-material control is
unlikely to be viable in practice and propose strategies
such as robust formulation design and end-point
adjustments within the manufacturing process that
encompass the natural range of variability expected
within excipients.133

6.5 RISK ASSESSMENT OF DRUG-
EXCIPIENT INCOMPATIBILITIES
AND MITIGATION STRATEGIES

Drug-excipient interactions can complicate and
compromise a development program or the viability of
a commercial product. Many of these interactions can
take a long time to manifest and are not always pre-
dicted by stress and preformulation studies. However,
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it is possible to reduce the probability of occurrence of
such undesirable and costly scenarios by a careful risk
assessment. This should be based on sound knowledge
of the degradation pathways of the drug. A good
awareness of excipient reactivity based on knowledge
of reactive impurities that takes into account the
nature, variability, and fate of these impurities is
important. A well-designed and -executed drug-
excipient compatibility study based on API properties
such as reactivity and solid form, environmental fac-
tors of pH and moisture, formulation, and process
design is essential. Early identification of drug-
excipient incompatibilities followed by designing a DP
that can tolerate excipient variability is the best
approach to avoid undesirable surprises late in devel-
opment and commercialization of the product.

There are several mitigation strategies one can
adopt on a case-by-case basis to address the impact of
drug-excipient incompatibilities. The reactive impuri-
ties in excipients may either be residues from excipient
manufacturing process or degradation products of
excipients and very often, the manufacturing process
used by excipient vendors is a trade secret.
Additionally, the pharmaceutical industry is relatively
a smaller customer base for these excipients relative to
the food and cosmetic industries, where demand is
high and stringency requirements are relatively low.
So the ability to influence the excipient vendor to mod-
ify the manufacturing process to suit the needs of
pharmaceutical product manufacturers is limited
requiring strong interaction. Changing the source of
the excipient is another option, but it is often challeng-
ing. Where possible, avoiding the excipient is the best
option. Many times that is not a viable option. In such
situations, one can take other measures such as modi-
fying the API form, formulation, and manufacturing
process depending on where the issue resides. These
can be through the use of stabilizers, pH modifiers
that affect the microenvironmental pH, the solid form
of the drug, or the formulation process, just to mention
a few. Modifying packaging and storage conditions
without modifying the formulation is another option.
For example, desiccants such as silica gel can be
copackaged with the dosage form. There are predictive
models such as the sorption desorption moisture trans-
fer model to simulate the effects of desiccants and
determine the appropriate level of desiccant usage.

When changes to the formulation and packaging
cannot be made, setting acceptance criteria for incom-
ing material is another approach because it is not
reasonable to expect compendial limits to address
product-specific requirements. This can be done by an
understanding of how changes in the reactive impurity
level affects DP stability. There are challenges to this
as well—for example, obtaining excipient samples

with different levels of impurities from vendors is not
easy. Analytical methods of these trace level impurities
are another challenge. Finally, there are the cost
considerations.

6.6 CONCLUSIONS

This chapter highlighted the cornerstones of excipient
compatibility, functionality, and variability. Excipient
compatibility studies are conducted with the primary
goal of selecting dosage form components that are
compatible with the drug. Methodically conducted
experiments also provide additional information on
stability profile of the drug, identify degradation
products and mechanisms. Furthermore, if the stability
of the drug is found to be lacking, strategies to mitigate
the instability of the drug can be adopted. The guidelines
and principles presented in this chapter would be useful
in the appropriate design, conduct, and interpretation of
compatibility studies to help accelerate formulation
development activities and prevent or minimize
surprises in drug development. Additionally, a clear
understanding of excipient functionality in a DP, the
underlying material properties that dictate the desired
functionality, and the variability encountered in
common excipients is expected to further enable the effi-
cient development of DPs with sound control strategy
and scientifically based specifications.
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7.1 INTRODUCTION

The introduction of polymer excipients has been
crucial in advancing modern formulation design and
solid oral drug delivery technologies over the past
50 years. Polymeric materials are widely used in a
broad range of pharmaceutical products and constitute
essential components of modern solid oral dosage
forms. Therefore, it is important to understand
polymer properties and characterization methods in
order to enable rational design and development of
oral solid drug delivery systems and manufacturing
processes.

The word “polymer” is derived from the Greek πoλυ
(polu) for “many” and μ�ερoς (meros) for “part,” meaning
a long-chain consisting of many parts. The combination
of repeating units to form long chains with widely
variable length and structure is essential in determining
the properties and applications of the resulting poly-
mers, as the diversity of polymer properties is attributed
to the simple fact that each polymer molecule consists
of many parts with individual variations in sequence of
repeating units and chain length.

In contrast to substances comprised of small mole-
cules that are well defined and identified by a set of
system variables, including basic physical properties,
states, or characteristics with unique and discrete
values, polymers are less well defined or characterized
in the conventional sense. This applies to even the sim-
plest of polymeric systems. For example, substances
comprised of small molecules have a distinct molecular
weight, with each molecule having exactly the same
nominal mass, neglecting, for the moment, the multiple
natural isotopes possible for the atomic constituents.
Polymers, on the other hand, are characterized
by a diverse population in which there is a broad

distribution of molar masses across the entire chain
population. This is well known and clearly understood,
since polymers are simply chains of many monomeric
residues covalently linked together. For small mole-
cules, it can be clearly defined if a molecule is in
solution or not. Such a clear distinction may not be
applied to polymers. It is quite possible for extended
segments of a long polymer chain to effectively reside
in bulk solution, while other parts still reside in a bulk
polymer solid phase. Conceptually, the polymer chain
is not completely in solution, yet the behavior of this
system is clearly very different from the one where an
unswollen polymer sample is sitting unsolvated in a sea
of solvent. The state of an unswollen polymer is not a
fluid or solution by traditional definition. Distributions
in properties, states, and characteristics are what set the
behavior of many polymers apart from small molecules
in general. Understanding the operational impact of this
difference is the first step in rational characterization
and applications of polymeric materials.

This chapter will emphasize some of the pragmatic
consequences of continuous distributions in composi-
tion, molecular weight, and molecule state in the use
of polymeric materials and the impact on their
functionality. Since the basic literature of polymer
chemistry is readily available,1�6 we will strive not to
duplicate that information here. Rather, this chapter
should be viewed as an operational entry point into
the practical utilization of polymeric materials. While
we will attempt to maintain a firm foot in fundamental
science, each of the major subsections of this chapter
could constitute a monograph in its own right. As
such, the approach taken is to cover the information
that will be of immediate value to a user of polymeric
excipients. This necessitates a somewhat limited but
focused scope of coverage. In addition, we do not wish

181
Developing Solid Oral Dosage Forms

DOI: http://dx.doi.org/10.1016/B978-0-12-802447-8.00007-8 © 2017 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-802447-8.00007-8


to be distracted by equations that only approximately
describe the major features of polymeric systems
and often obscure important underlying operational
principles. Where possible, we will resort to experi-
mental rather than theoretical examples to illustrate
specific points. Our objective is to provide the user
and formulator of polymeric materials an operational
and pragmatic guide upon which to base formulation
decisions and understand the molecular origins of
these performance metrics.

In this chapter, we will consider basic structural
issues surrounding polymeric materials. One general
aspect to appreciate is that two samples with identical
average molecular weight and composition may display
very different behavior in specific applications. Since a
polymer is comprised of chains of monomer units, the
total number of monomers per chain (ie, the molecular
weight), the gross topology of the chain (linear vs
branched), and the microstructural monomer sequence
within and across the chains (ie, block A�B copolymer
vs random A�B copolymer vs a physical mixture of
polymers A and B, see Fig. 7.1) all impact the final
properties of the material.

Determination of the average monomer composition
and molecular weight of a polymeric sample are
experiments routinely carried out using a variety of
well-known techniques. Other attributes of polymeric
materials, for example, branching or large-scale compo-
sition heterogeneity across chains, may require some
level of experimental finesse but can be addressed in

broad terms. However, detailed questions regarding
monomer sequencing within chains can be all but
impenetrable in most instances and often require
appeal to indirect challenge/response using experimen-
tal probes to even qualitatively address them. This fine
detail is of significant importance in current research,
since key performance properties can often be directly
related to this elusive structural parameter.

7.1.1 Definition, structure, and nomenclature

The gross architecture of a polymer chain can be
readily assessed by asking whether the chain or chain
assembly can be mapped onto a one- (linear), two-
(branched), or three- (cross-linked network) dimen-
sional object (Fig. 7.2). In general terms, these distinc-
tions reflect the natural spatial connectivity imparted by
these chains when placed into a volume element, either
in formal solution, a melt, or the solid state.

How a polymeric chain mechanically couples to and
transports within a medium comprised of either other
polymeric materials or low molecular weight solvent is
determined in part by the gross topology of the chain
system. Ultimately, the key physical attributes are
the length, scale, and nature of connectivity between
volume elements in solution, gel, melt, or solid states
and how that connectivity propagates through space.

If one takes a linear chain and stretches it, a simple
line is obtained. By the same token, the lowest

FIGURE 7.1 Examples of AB type copolymers in which the composition is the same (50:50 A:B), but the sequence of A and B monomers
differ. Prototype copolymer structures shown top to bottom represent random, block graft, multiblock, diblock, and alternating AB copolymer
systems. As a specific chemical example, consider the case of a 50:50 copolymer comprised of ethyl acrylate and acrylic acid as either an alter-
nating, or diblock, architecture. The solution properties of these two materials, which have equal composition and molar mass, would be
expected to be vastly different, as would solid state and melt properties.
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dimensional object that a simple branched structure
will yield under deformation, in the simplest case, is a
two-dimensional planar object. A cross-linked network
will yield a three-dimensional volume element under
any applied deformation. In this sense, these three
classes of chains are topologically and dimensionally
distinct. As in any discussion involving polymeric
species, the evolution between types is continuous
rather than discrete even when involving dimensional
extent; simple characteristics, lengths, scales along
principle axes are critical.

For example, as a simple linear chain is grafted
with an increasingly long side chain in the midsection
of the molecule, the evolution from a purely linear to
a branched planar structure occurs in a continuous
fashion. Likewise, as multiple chains having a two-
dimensional architecture receive additional grafts on
side chains, a similar transition from two- to three-
dimensional character occurs. It is critical to appreciate
that even aspects that appear firmly rooted in discrete
representations, dimensionality in this example, may
take on some attributes of a continuous variable if
viewed from specific contexts.

The chain types shown in Fig. 7.2 are assumed to
represent covalently linked permanent structures.
Polymeric materials of a given intrinsic topology may
also assume a higher apparent dimensionality via
dynamic self-association. This association can involve
either similar or compositionally distinct partners. Both
types of examples exist in use, with self-association of
a hydrophobically modified polymer7 reflecting the
former case, while the interaction of xanthan and
locust bean gum or sodium carboxymethyl cellulose
and hydroxyethyl cellulose are examples of the latter.8

Finally, simple physical entanglements at high polymer
concentrations can be viewed as a type of dynamic
cross-link, since many of the essential properties of
cross-linked systems (structural robustness, high elas-
ticity, slow transport of polymer, and/or constituent

polymer) will be achieved, particularly at relatively
short timescales (minutes to hours).

Gross chain topology has an influence on the flow
and mechanical properties of polymer melts and
solutions, as well as over the timescales of structural
relaxation. In general, as a system transitions from
pure linear to highly cross-linked, the balance between
the viscous and elastic nature of a solution or melt
tends towards more elastic. This transition is similar in
kind to that observed as the molecular weight of a
polymer is increased. In terms of gross phenomenol-
ogy, the basic causes are tied to similar origins, with
the understanding that in a cross-linked or branched
polymer sample permanent covalent linkages domi-
nate the situations, while with high-molecular-weight
linear polymers dynamic interchain entanglements,
which can be akin to a transient cross-link, control
system response.

In addition to extensively cross-linked pure polymer
systems, an intermediate type of system is exemplified
by cross-linked swellable microparticulates—the most
common of these being provided by cross-linked
acrylic acid-based systems prepared in a microparticu-
late form. These are often used to control the flow
properties of systems by simply encapsulating substan-
tial fractions of the total system volume but keeping
it segregated into rather small length scale packets
(see Figs. 7.3 and 7.4). With large swelling ratios,
relatively small amounts of particulate mass can basi-
cally encapsulate large volumes of liquid. This is often
useful to build in a yield stress while maintaining a
relatively low-shear viscosity, since the propagation
of shear forces is basically constrained to simple soft
sphere hydrodynamic effects (vs chain entanglement
for a molecular dissolved system), with a net length

FIGURE 7.2 Diagrammatic examples of prototype chain architec-
tures. A linear chain has been depicted as a random coil, although
rigid or semirigid rods are also possible. The branched example is
comprised of a main backbone with two extended long-chain
branches, while more extensive branching and linking to other main
backbones have been used to depict a typical cross-linked polymeric
system.

FIGURE 7.3 Depending upon the length and the flexibility of
chain segments between covalent cross-links, a cross-linked polymer
may be a very rigid and nonswelling solid (short, rigid segments
between cross-links) or very highly swelling (low cross-link density
between very flexible and solvent compatible segments) under the
appropriate solvent conditions. In some cases, for example with a
change of pH from highly acid to neutral or basic for a cross-linked
polyacrylic acid system, conversion between collapsed and highly
swollen states is readily and reversibly accomplished.

1837.1 INTRODUCTION

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



scale established by the dimensions of the swollen
particle. In general, our attention will be restricted to
linear polymers, since they comprise the majority of
systems of direct interest.

7.1.2 Types of homopolymers and copolymers

In dealing with polymeric materials, cautious delin-
eation of whether a material is a homopolymer or a
more complex copolymer is an extremely critical initial
step in understanding the range of properties that
can emerge in everyday use. In general, most of the
polymeric materials that we deal with are much more
profitably handled and understood if it is explicitly
recognized that they are copolymeric in reality, and the
detailed sequence of the various residues is an impor-
tant variable that can influence application properties
in use. In some cases the distinctions are clear, while in
others they are not.

As a specific example of the potentially significant
impact that a sequence can have on a material, consider
a simple AB copolymer that possesses equal molar
amounts of A and B (Fig. 7.1). For the same average
chemical composition, molecular weight, and gross
architecture, a significant range of structural archetypes
can be prepared by manipulating only the sequence
of the monomer units. That sequence can run from

purely random to somewhat blocky, from multiblock
to diblock, and to purely alternating structures. If the
monomer residues possess differing solution proper-
ties, for example consider a case in which one residue
is relatively hydrophobic while the other is very
hydrophilic, the sequence can have an overwhelming
influence on properties such as solubility, phase
behavior, and packing in the solid state. As a specific
case, consider poly(co-ethyl acrylate-methacrylic acid)
(Fig. 7.1). The alternating and diblock architectures will
yield vastly different physical properties (solubility,
mechanical properties) and performance traits despite
the equivalence of molecular weight and average com-
position. Naturally, the argument can be extended to
include a physical mixture of the two homopolymers,
which provide the same average molecular weight
and composition values. Again, one has a system of
near-identical molecular weight and composition,
but the performance is anticipated to be distinctly
different. In fact, the component polymers would likely
be immiscible in the melt state and prone to segregate
if deposited from the solution state in, for example,
a coating application.

As a second example, consider the simple case
of sodium carboxymethylcellulose with an average
degree of substitution (DS) of one. In total, carboxy-
methyl substitution can occur at up to three hydroxyl
positions on any anhydroglucose residue (Fig. 7.5).

FIGURE 7.4 In addition to bulk cross-linked systems, the swelling of cross-linked microparticulate polymeric systems provides interesting
opportunities for rheology control. As the particles swell, they first occupy a significant volume fraction of the dispersed phase and then
reach a point at which all discrete swollen particles start to overlap and touch. Diameter ratios of 1:10:20, yielding a net 8000-fold volumetric
swelling, is depicted.

FIGURE 7.5 Representative structure of sodium carboxymethyl cellulose. For graphic convenience, only substitution at the six-position
is explicitly shown. However, all three hydroxyl positions are available for substitution, and a real polymer will be comprised of a mixture of
primarily unsubstituted, monosubstituted, or disubstituted monomer residues. This example is an idealized DS5 1 sodium carboxymethyl cellulose.
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In principle, a sodium carboxymethylcellulose chain
can be comprised of unsubstituted anhydroglucose,
have monosubstitution at either the two, three, or six
hydroxyl positions, disubstitution at the 2/3, 2/6, or
3/6 positions, or be a fully trisubstituted monomer.
Even if the added detail of positional substitution is
ignored and we consider only unsubstituted, monosub-
stituted, disubstituted, and trisubstituted monomers as
distinct entities, the system has to be considered as an
ABCD copolymer. As noted, the detailed sequence dis-
tribution of the A, B, C, and D monomer residues can
have an impact on the final properties of the material if
the intrinsic properties of those constituent monomers
(polarity, hydrophobicity/hydrophilicity, charge state,
propensity to participate in interchain hydrogen bond
association) differ significantly. Obviously, the solution
and solid-state behavior of a neutral sugar (anhydro-
glucose) will be different from a trianion salt (sodium
tricarboxymethyl anhydroglucose) due to the ionic
charge and steric packing requirements of the latter
and the facile possibility for hydrogen bond formation
for the former.

As illustrated by the examples, one expectation is
that microstructural sequence variations will impact
the local chemical nature of subsections within a
polymer chain. In the case of poly(co-ethyl acrylate-
methacrylic acid), we see a transition from a nominally
hydrophilic alternating copolymer to a system with
distinct hydrophobic and hydrophilic blocks. In terms
of expected solubility in water, the hydrophobic block
will not find an aqueous environment amenable.
Depending on the net balance of segment lengths and
position along the backbone, this may manifest itself
as anything from partial insolubility with a high pro-
pensity to swell, complete solubility with a tendency
to adsorb onto surfaces, a tendency to self-associate
in solution, or as gross insolubility in pure solvents
with a decided need to employ binary solvent mix-
tures to achieve complete dissolution. A reality with
polymeric materials is that all of these possibilities
can, in principle, be expressed by materials of the
same average composition via adjustment of molecular
weight and chain microstructure sequence.

The case with synthetic copolymers is fairly obvious
and readily understood on the basis of the respective
behavior of the constituent monomers. It is a less obvi-
ous situation with derivatized cellulosics, even though
the underlying issues are identical and similar trait
differences for nominally similar compositions are
possible, although the underlying physical phenomena
are somewhat distinct. With cellulosic derivatives,
aside from the cases of cellulose esters and ethyl
cellulose, the possible constituent monomers are all
fairly hydrophilic. However, similar issues remain
and tend to be tied to the potential formation of

hydrogen bonding junction zones in structurally regu-
lar domains of the material. These structurally regular
domains can be due to short runs of contiguous
unsubstituted anhydroglucose or uniformly substi-
tuted contiguous run lengths. In both cases, the under-
lying feature is a structurally regular domain that can
be annealed into a highly ordered domain for which
the primary events of dissolution (solvent penetration
and separation of the packed chains) are kinetically
unfavorable due to cooperative multipoint hydrogen
bond association.

This added level of complexity, which is intrinsic
with derivatized cellulosic excipients but an important
operational detail for many polymeric samples, needs
to be appreciated in order to understand why materi-
als that possess very similar average compositions can
display rather diverse end use performance attributes
in different applications.

7.2 BASIC CONCEPTS AND
CHARACTERIZATION OF POLYMERIC

MATERIALS

Some specific example polymers were described
in Section 7.1, as were some of the key traits used to
characterize these polymers. In this section we’ll delve
somewhat deeper into the measurement of these traits
and the interrelationships between them.

At the most basic level, a polymeric material
is defined by the average molecular weight distribution
and average composition. As has already been seen
with molecular weight, the net range in molecular
weight sampled is enormous. This can have important
consequences. Traits that are dependent on properties
showing variation, take molecular weight as a specific
example, may display particular sensitivity to specific
portions of the molecular weight distribution. What
this means is that those traits that are molecular-weight
dependent may differ between materials with nomi-
nally the same average molecular weights. A specific
example would be the complete shear rate dependent
flow curve of a blend of high and low molecular
weight materials with that which is a pure intermediate
molecular weight.

7.2.1 Polymer composition

At the basic level, polymers are characterized
by average composition variables that reflect either
the total level of secondary substitution for deriva-
tized systems (eg, cellulose ethers) or the level of
constituent monomers for a synthetic or natural
copolymer system.
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For example, cellulosic derivatives are composi-
tionally characterized by the percent weight of the
functional group attached to the backbone, the degree
of substitution (DS) per anhydroglucose, or the total
molar substitution (MS) per anhydroglucose residue.
These three modes of characterization are largely inter-
changeable with the preferred quantity often depen-
dent on historical legacy and whether the substituent
can form an oligomeric pendant group. In the latter
case, the DS would not fully characterize the net
amount of substituent on a chain.

It is important to recognize that the definition of an
operational functional group may include contributions
from both the anhydroglucose residue and the added
functional reagent, leading to apparent percentage of
weight function groups that may appear inordinately
high. A good example of this would be ethyl cellulose,
in which the average composition is typically expressed
as the percentage of ethoxyl content. In this case, the
ethyl portion of the ethoxyl group is derived from the
derivatizing reagent (ethyl chloride), while the oxygen
atom is provided by the anhydroglucose residue. For a
typical N or standard type ethylcellulose, a DS of 2.5
corresponds to a weight percentage of ethoxyl of 48.5.
However, the actual percentage of mass imparted by
the added ethyl group is 31.3%, with the remainder
contributed by the oxygen atom that is already a part
of the main backbone polymer.

The second manner to characterize the composition
of cellulosics is to speak of the DS. Each anhydroglucose
residue along a cellulosic backbone possesses three reac-
tive hydroxyl groups, located specifically at the C2, C3,
and C6 positions. The average DS of a material quanti-
fies the average number of hydroxyl groups that are
derivatized per anhydroglucose. The maximum DS of
any cellulosic material is 3, at which point all reactive
hydroxyl functionality will have been consumed. The
C2 and C6 positions are the most reactive sites and will
generally carry the bulk of the substituents.

When the derivatization reagent effectively caps the
reactive hydroxyl functionality (eg, methyl, ethyl, or
carboxymethyl functionality), the amount of bound
functionality quantifies both the degree of hydroxyl
substitution and total MS. However, as already noted,
if the substituent is able to oligomerize, as is the case
with hydroxyethyl or hydroxypropyl substitution,
the connection between DS and MS starts to diverge.
Furthermore, in principle, the net MS provided by an
oligomerizing functional group is not bound to an
upper limit determined by the number of backbone
reactive sites, although steric constraints and reaction
efficiency do provide a pragmatic limit. Of all available
cellulosics, hydroxypropyl cellulose (HPC) is the most
highly substituted system, with MS levels routinely in
the vicinity of four.

In the case of synthetic copolymers, composition is
typically determined by the average mole percent or
weight percent of the various copolymer constituents,
and/or the charge state for a titratable functionality.
In general, this is controlled by the charge composition
of the reaction mixture used to prepare the product.

In either case, there are a variety of experimental
techniques that can be used to quantify the mean
composition of the material. These techniques include
direct functional group analysis, in the case of the
derivatized cellulosics, while the average monomer
composition is generally the target for synthetic copoly-
mer systems. In part, this is related to the potential
complexity with cellulosics that possess chain-extended
pendant groups.

One significant compositional difference between
polymers and low-molecular-weight materials is that
the detailed sequence distribution of the constituents at
equivalent average compositions can have a significant
impact on the final solution and solid-state properties
of the polymer.

In contrast to the situation that exists with the
determination of the average material composition,
there is a dearth of direct experimental techniques that
provide information on the sequence of monomers
in a copolymer system. In general, one is left with
fairly indirect experimental probes to assess monomer
sequence.

In broad strokes, these indirect probes fall into two
general classifications. First, there are the techniques
that degrade the polymer to an oligomeric species and
then analyze the compositional heterogeneity of these
oligomeric materials. While this approach provides
insight into the compositional heterogeneity of the
system, ascribing the difference observed between
interchain and intrachain sequence variations is some-
times quite ambiguous, since one is unable to trace the
fragments back to the originating polymers.

The second strategy is to examine the response of
the system to the applied challenges. Specific examples
would include examining the solubility behavior in a
variety of pure and mixed solvent systems, character-
izing solubility as a function of temperature (cloud
point) or using site-directed cleavage as an approach
to probe specific structural motifs. An example of
the latter would be enzymatic degradation, which is
selective to the presence of short runs of contiguous
unsubstituted anhydroglucose. Both approaches have
appeared in the literature.9�13

In each case, an indirect response is used to provide
qualitative insight into the presence or absence of
specific run sequences. The utility of this approach is
that it provides insight into the origins of observable
performance differences between materials that have
the same average composition and molecular weight.
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At this stage, the information derived from these types
of measurements remains semiquantitative.

7.2.2 Molecular weight

Owing to the dispersity in chain lengths and poten-
tially number of substituents per residue of an assembly
of polymeric molecules, molecular weights must be dis-
cussed in terms of distribution averages. Three distinct
types of averages are generally considered: the number,
the weight, and z-average molecular weights.

Defining relationships for these three quantities are
as follows:
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wi 5 niMi

where:

wi is the mass of the fraction of polymer chains with
molecular weight Mi;
ni is the number of these chains.

For a perfectly monodisperse polymer sample,
Mw5Mn. One more frequently speaks of the popula-
tion polydispersity or Mw/Mn, which is equal to 1.0
for a perfectly monodisperse sample, since all the
chains in that sample have precisely the same molecu-
lar weight. For the materials being discussed here,
sample polydispersities will generally fall in the range
of 10�20, dropping down to values of 3 or so for
rather low-molecular-weight materials, and occasion-
ally rising above 20 if the systems of differing viscos-
ity grade have been blended. In understanding the
performance of polymeric materials, high-molecular-
weight polydispersity can often be a decided benefit.
The most extreme example of this would be a syn-
thetic polymer in which a residual monomer serves as
an integrated plasticizer of the polymeric solid to help
control mechanical properties of the system. To vary-
ing extents, most low-molecular-weight constituents

(including moisture and low-molecular-weight oligomers)
can serve this type of role.

While the three molecular weight averages may
appear to be a simple mathematical construct to charac-
terize a polydisperse population, the origin of these
relations resides in the different classical methods that
one can employ to experimentally determine the abso-
lute molecular weight of a polymer and the distinct
averaging schemes operative in these methods. The var-
ious techniques used to measure polymer molecular
weight are well described in the literature.14�16

Colligative property measurements of absolute
molecular weight (vapor pressure lowering, boiling
point elevation, osmotic pressure) are sensitive to the
number average molecular weight. Techniques such
as light scattering can, under certain circumstances,
yield the weight-average molecular weight. Finally,
ultracentrifugation-based methods yield z-average
molecular weight. In other words, the differing physi-
cal response for each of the measurement approaches
provides intrinsically different forms of averaging
within the polydisperse population. In addition to
these absolute methods for determining molecular
weight, any physical observable that possesses a
molecular weight dependence, for example, solution
viscosity at a fixed concentration can be used as an
indirect proxy for a molecular weight determination,
with operational correlation methods providing the
needed link to the actual molecular weight.

In recent years, size exclusion chromatography (SEC)
has largely replaced these classical approaches for
routine absolute molecular weight determination. SEC
has a distinct advantage over the classical measure-
ments in that it is able to provide direct information on
the complete molecular weight distribution via a direct
separation based on the hydrodynamic size of the mole-
cules in solution. There are some additional pragmatic
issues that potentially improve the robustness of the
SEC-based measurement including:

• Since a separation is performed, contamination of
the sample with low-molecular-weight impurities
has an inconsequential impact on the final result,
since their contribution can be ignored at the data
processing step.

• As a corollary, the sample concentration does not
need to be accurately known in order to obtain a
viable measurement. This can be of enormous help
when dealing with in-process or formulated product
samples.

• There are minimal sample requirements. Typical
injected samples are 100�200 μL with a net
concentration in the mg/mL range. This can be
advantageous when a sample is limited (say in
debugging processing details), but it can have a
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negative side with respect to preparing a
representative sample for analysis, as the material
is very heterogeneous. Naturally, subsampling
of a large parent solution can readily address
this issue.

The hydrodynamic size of a chain in solution
with fixed topology (ie, linear or branched) will scale
with molecular weight, so the operational separation
is effectively one of molecular weight and provides
for estimation of the various distribution quantities.
Since the common detection schemes are generally
concentration sensitive, the ith weight fraction (wi) is
the experimentally determined quantity, thus Mw

is based on the actual analytical measurement results.
In contrast, Mn and Mz rely on derived calculations
from the acquired analytical with heavy weighting at
either the low- or high-molecular-weight wings of the
distribution, which significantly lowers the precision
of their determination. For a well-controlled and
calibrated system, long-term variability of Mw determi-
nations are generally better than B5% relative with
Mn, and Mz often B10�15% precision. Note that these
are rough results. Observed precision is composition
dependent. Sample requirements, such as the need to
employ a binary mobile phase to obtain a fully soluble
form, can impact precision. Finally, shear forces in an
analytical SEC column can be quite high. SEC system
flow rates suitable for low- and moderate-molecular-
weight materials (1.0 mL/minutes for typical B7�8 mm
inner diameter SEC columns) may yield in situ shear
degradation of the higher-molecular-weight grade
materials available. The obvious approaches of either
lowering the flow rate (to 0.25�0.50 mL/minutes) or
using SEC packing materials with a larger particle size
will remedy this problem.

By and large, routine SEC-based molecular weight
determinations generally yield molecular weight averages
that refer to chemically distinct narrow molecular weight
distribution calibration standards used in calibrating
the chromatographic system elution volume�molecular
weight relationship. As such, reported molecular weights
are often referred to as relative or equivalent molecu-
lar weights. Values provided by many laboratories
adhere to this methodology. Finally, while most
materials mentioned (aside from sodium carboxy-
methyl cellulose) are nominally nonionic, it is always
strongly recommended that users employ some level
of dissolved indifferent electrolyte in the SEC mobile
phase. The reason for this is that even nominally
nonionic polymers may possess low levels of carbox-
ylate functionality due to adventitious oxidation
events during preparation or aging. In the absence of
screening indifferent electrolytes, chains that possess
even a low level of charge may be electrostatically

excluded from the internal pore volume of the
packing material. In the absence of molecular weight-
sensitive detection, this occurrence can yield incorrect
molecular weights, since the elution of the sample is
now influenced by factors outside of size alone.

More recently, SEC separations have been combined
with molecular weight-sensitive detection schemes
(online light scattering, online viscometry) to enable
integrated development of operational absolute molecu-
lar weight�elution volume calibration of the system and
online determination of absolute molecular weight
information. The potential compositional complexity
of the copolymeric systems used as pharmaceutical
excipients renders light scattering determinations of
molecular weight rather more complex than simple char-
acterization of typical synthetic homopolymer systems.
While the absolute nature of light scattering molecular
weight determinations are often touted, that ideal is often
not completely realized with the complex copolymeric
systems discussed here. Furthermore, absolute molecular
weight determinations are quite dependent upon the
determination of an accurate, specific refractive index
increment (dn/dc). Inspection of the literature for
tabulated values of this quantity often shows a wide
range of values in rather similar solvent systems.
Ultimately, the accuracy of absolute molecular weights
often relies on the quality of this secondary quantity.
Under well-controlled conditions using purified samples,
dn/dc can be determined with high precision. The usual
secondary issue associated with this is how strongly
dn/dc varies with composition and to what extent com-
position of the samples also varies.

While productive use of molecular weight-sensitive
detection relies on judicious understanding of all the
factors required to generate quality data, one overrid-
ing value of the approach is that if adsorption of
the analyte occurs on the stationary phase packing
material, the result is unaffected to the degree that
elution zones may overlap with genuinely low-
molecular-weight material. In routine SEC, which relies
on the use of a secondary calibrant to allow creation
of a MW/elution volume calibration curve, there is
no direct indication if analyte is adsorbing to the
stationary phase, and this will naturally have an
enormous impact on any calculated results.

Although SEC is certainly one of the most used
approaches to polymer molecular weight determination,
the batch classical methods are still used.

Colligative property measurements include both vapor
pressure and membrane osmometry. While both mea-
surements rely on colligative effects, in a practical
sense, they complement one another rather well.

Owing to the physical limitations of membranes,
membrane osmometry is ill suited for relatively
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low-molecular-weight polymers (Mn ,25,000 Da), and
finds its main utility with relatively high-molecular-
weight materials and, under carefully controlled
conditions, polyelectrolytes. Since low-molecular-weight
contaminants are able to equilibrate across the membrane,
membrane osmometry is insensitive to low-molecular-
weight contaminants. It is also insensitive to chemical
heterogeneity, which is a major advantage in the analysis
of copolymeric materials.

In contrast, vapor pressure osmometry tends to excel
in the lower-molecular-weight region (Mn ,20,000 Da),
for which membrane osmometry is ill suited. However,
the technique is very sensitive to the presence of any
low-molecular-weight impurities, which requires the
use of highly purified samples and is inapplicable to
polyelectrolyte systems.

Although colligative property measurements have
a well-founded physical basis, any methodology that
allows an experimentalist to count molecules in an
assembly can be used to provide an estimate of Mn.
Other techniques that have seen utility in the literature
include end group analysis, in which unique functional-
ity or reactivity or end groups are used as a mechanism
to count the total population of chains in a sample.

At the other end of the spectrum, analytical ultracen-
trifugation can be used to quantify the Mz of a sample
population. While this technique has seen substantial
use in the analysis of proteins and other biologically
derived polymers and has had a recent resurgence
with the commercial rerelease of the Beckman Coulter
Optima XL-A series of instruments, it remains some-
thing of a niche technology despite the appreciable
technical benefits (lack of a potentially adsorptive
stationary phase as in SEC, wide range of solution con-
ditions possible, ability to assess complicated equilibria,
and ability to handle ultrahigh molecular weight and
colloidal systems under conditions of very low sample
shear).

The measurements of Mw averages tend to dominate
molecular weight characterization of polymers. For the
sake of this discussion, we will consider methods
that directly measure Mw together with methods such
as viscometry, which yield a response that generally
tracks Mw.

For the determination of an absolute Mw, light
scattering, either alone or in conjunction with SEC, is
the primary experimental approach. The use of SEC
with either narrow distribution molecular weight
standards or inline viscometric detection with univer-
sal calibration transformation, provides results that can
range from a simple relative molecular weight, if the
calibration standards are chemically distinct from
the analyte, to near absolute Mw results.

Potential pitfalls of light scattering include the
possible impact of dust or suspended precipitates for

batch-style measurements, association phenomena that
result in the inflation of the experimental results,
the use of binary solvents to improve polymer solubility
or the lack of strict adherence to constraints required
to guarantee that absolute results are obtained
(chemical homogeneity of the chain populations,
maintaining constant chemical potential of counterions
for polyelectrolyte samples (often approximated by the
use of “swamping” electrolyte in large relative excess),
accurate values of dn/dc).

Pairing light scattering with a prior SEC separation
adds substantial power to both techniques. While SEC
provides a means to separate material according to its
hydrodynamic volume in solution, it also provides
an excellent means to filter the analytical sample
to eliminate dust and other artifacts from the light
scattering signal.

While the underlying fundamental physical quan-
tity of interest is the molecular weight of a material,
and most performance traits are related to the molecu-
lar weight, most materials are classified in a more
operational manner via grade classification according
to a viscosity measurement under specified condi-
tions. Naturally, viscometry or rheology can be used
as a method to quantify polymer molecular weight, as
well as to provide other insights into the nature of the
material.

7.2.3 Rheological properties

Rheology is the study of the deformation and flow
of a material when subjected to an applied force.
The practical consequences of rheology play out in
everyday experiences: in the kitchen as one thickens a
water-based fluid with starch or forms a jelly through
the use of gelatin dissolved at high temperature.
In both extremes, the mechanical properties of the final
preparation are manipulated through the judicious
addition of a polymeric material. The science of
rheology attempts to quantify the material changes
exemplified by these systems. Detailed treatments of the
complete scope of rheology are readily available.17�20

Dealy has also prepared a convenient summary of offi-
cial nomenclature and basic terms related to rheological
science.21

In assessing the response of a material to an applied
force, it is critical to appreciate that the applied force
can span many orders of magnitude, ranging from
simple gravity acting upon a particle suspended in a
fluid medium to the very high shear rates experienced
in high-speed mixing or high deformation rates experi-
enced in high-speed conveyance and manufacture of
solid products. Depending upon the particular details
in manufacture and of usage, this entire range of shear
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or deformation rates may be sampled at various points
in routine usage.

Rheology considers not only the viscous flow of
liquids but the elastic and plastic deformation of
solids. In terms of the essential mechanics, the physical
situations are quite similar (see Fig. 7.6). Real materials
possess both elastic and viscous traits, with the key
feature being the timescale over which the shear force
is applied relative to the intrinsic relaxation time for
the material.

In most cases, the response of a system is quantified
by measuring the shear stress (σ, Pa) that develops in a
system under the conditions of a controlled and speci-
fied shear rate ( _γ, second21) for viscous flow or shear
strain (γ) for pure elastic deformation. Typically, one
speaks of the viscosity (η) of a fluid, which is simply
the ratio of the shear stress divided by the shear rate:

η5
σ
_γ

or the shear modulus (G):

G5
σ
γ

in the case of solids.
If we restrict our attention to liquid systems for the

moment, in the simplest case, which experimentally
applies to simple, low-molecular-weight, nonassociat-
ing liquids, flow is directly proportional to the applied
force. Equivalently, the ratio of the shear stress to
applied the shear rate is a constant independent of the
applied shear rate (see Fig. 7.7). Systems that behave in
this fashion are termed Newtonian. Although it is not

explicitly noted, Newtonian fluids will also display a
time invariant viscosity. If the shear rate is maintained
constant over time, the temperature is maintained con-
stant, and chemical degradation of the sample does
not occur, the shear stress that results, and hence the
measured viscosity, is also constant. Although most
common Newtonian liquids are also low viscosity,
these two traits are not inexorably tied together.
For example, concentrated sucrose solutions possess
substantial viscosity and also exhibit Newtonian flow.

When a polymer is dissolved in a low-molecular-
weight Newtonian solvent, the rheological response
can become decidedly more complex. The most
significant effect is that one observes that the solution
viscosity is no longer independent of the applied shear
rate under all conditions. One will generally observe
that at vanishingly small shear rates, there will be a
limited low-shear Newtonian plateau over which the
solution viscosity appears independent of the applied

FIGURE 7.6 The basic mechanics of the flow of viscous liquids and deformation of elastic solids. In viscous flow, the energy input into
the system is dissipated, while it is stored in the pure elastic deformation of a solid. Real materials are viscoelastic in nature, displaying both
viscous and elastic character, with the balance determined by both the magnitude and duration of the applied force.

FIGURE 7.7 The simplest case for fluid flow is provided by
a simple Newtonian liquid. In this case, the fluid viscosity is inde-
pendent of the applied shear rate. Common low-molecular-weight
unassociated liquids and solutions are Newtonian.
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shear rate. As the applied shear rate is increased,
one will enter a shear-thinning regime in which the
apparent viscosity drops as the shear rate is increased
(see Fig. 7.8). Finally, at very high shear rates, one may
observe the reestablishment of a regime in which the
apparent viscosity is again independent of the applied
shear rate, yielding a limited high-shear Newtonian
plateau.

An example with actual data is provided in Fig. 7.9.
This profile shows the shear-thinning behavior of various
viscosity grades of 2.0 wt.% hypromellose in water. Note
that even at rather low effective shear rates, achievement
of a well-defined low-shear Newtonian plateau is not
assured. Finally, the fairly strong shear rate dependence

in the measured viscosity of a polymeric solution can
have very practical consequences. As can be observed
from the estimated shear rates for a determination of
viscosity using a simple Brookfield rotational viscometer
under rotational speeds commonly employed in labora-
tory work (3, 6, 12, and 60 rpm), for a shear-thinning
fluid, precise adherence to specified conditions is a clear
requirement if the direct comparison of results is desired.
For example, the apparent viscosity of the 100,000 cP
(grade designation based on 2% Ubbelohde viscosity
using the USP methodology) would appear to be
roughly 75,000 cP if measured at with a cylindrical
spindle at 3 rpm, while the apparent viscosity is less
than 20,000 cP if measured at 60 rpm. This is the reason
that the shear rate of the measurement needs to
be known in assessing viscometric results, particularly
when the sample is in the semidilute regime.
Furthermore, while factors such as spindle rotation rates
obviously impact the shear rate applied to a system, less
obvious factors such as vessel size (if small relative
to the rotational fixture in a Brookfield viscosity
measurement) can also contribute to the actual shear rate
applied to the sample.

In addition to the pronounced shear rate dependence
in the apparent viscosity, the concentration dependence
can be broken into two regimes for nonelectrolyte
polymers, with some added complexities apparent in
the case of polyelectrolytes. If one views the state of a
discrete polymer chain as the concentration of a system
is increased, the solvated chain will rotationally sweep
out a distinct and large volume element of the solvent.
In a dilute solution, on average, all of the chains will be
able to rotationally average their motions without any
hindrance from neighboring polymer chains. However,
as the concentration is increased, one will reach a point
at which the rotationally averaged volume elements
first touch, then overlap. Once these volume elements
start to overlap, the chains start to entangle with one
another. When this occurs, the concentration depen-
dence of the apparent viscosity at constant shear
rate increases substantially. This regime, under which
polymer chains overlap and entangle with one another,
is referred to as the semidilute concentration regime.
If one were to examine the profile of apparent viscosity
against concentration in log�log coordinates, two
distinct power law regimes are generally apparent in
the dilute and semidilute regimes. Power law exponents
are generally close to 1 in the dilute regime and increase
to 3�4 as one transitions to the semidilute regime
(see Fig. 7.10). From a fundamental basis, characteriza-
tion of the apparent viscosity dilute and semidilute
regimes is best done using results extrapolated to zero
shear rate (ie, reflective of the low-shear Newtonian
plateau). However, operationally, these analyses and
general guides also apply with reasonable fidelity under

FIGURE 7.8 Most solutions of polymers exhibit some degree of
non-Newtonian flow behavior. Simple shear thinning is the most
straightforward case. In this example, the system is Newtonian until
a critical shear rate is achieved. Above this critical shear rate, the
apparent viscosity drops with further increases in shear rate.

FIGURE 7.9 Typical shear-thinning behavior exhibited by 2 wt.%
hypromellose solution in water. The minor apparent upturn in the
apparent viscosity of the 4000 cP nominal viscosity sample is an
instrumental artifact due to a low analytical signal. The vertical lines
indicate (left to right) the effective shear rate applied in a Brookfield
rotational viscometer equipped with a cylindrical fixture at 3, 6, 12,
and 60 revolutions per minute (rpm).
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conditions of finite shear. The distinction is important,
since most workers will have access to a Brookfield
rotational viscometer to characterize these materials,
with this style of measurement generally being prac-
ticed at effective shear rates well above that needed to
observe the low-shear Newtonian plateau.

In the case of polyelectrolyte, additional complica-
tions exist due to the strong dependence of the
expansion of a solvated chain on the net ionic strength
of a solution. Fig. 7.11 depicts the dependence of the
intrinsic viscosity of a sodium carboxymethyl cellulose
sample as a function of ionic strength in dilute
solution. As one would anticipate, the addition of an
indifferent electrolyte screens the repulsion of like
charges along a polyelectrolyte backbone, allowing the
chain to adopt a more relaxed random coil configura-
tion in solution. The net result is a drop in viscosity
in the system. As depicted in Fig. 7.11, the drop in
viscosity can be relatively large for modest changes
in ionic strength.

In a solution with no added indifferent electrolyte,
the general viscosity behavior of polyelectrolytes is
similar to nonelectrolytes, with the added feature of
the progressively increasing screening of bound charge
sites yielding an apparent lowering of power law
exponents in both the dilute and semidilute regimes,
since the apparent ionic strength increases with poly-
mer concentration. This complexity can be suppressed
by the addition of an indifferent electrolyte to maintain
a nearly constant net ionic strength in solution.
Naturally, this can further suppress viscosity build in
the system.

Finally, in addition to solution shear thinning due
to alignment of chains by the applied shear field,
the presence of labile association aggregates can yield a
time-dependent apparent viscosity that is dependent on
the recent shear history of the sample (see Fig. 7.12).
This characteristic is termed “thixotropy,” and it arises

FIGURE 7.10 Example of the concentration dependence of viscosity for sodium carboxymethyl cellulose (DS B 0.7, 7H type) as concen-
tration is varied from roughly 0.10 to 2.0 wt.%. Clear distinction of the dilute and semidilute regimes is apparent. The solutions represented
in this example were prepared using pure water as the solvent, hence the ionic strength of the solution is not held constant as the polymer
concentration is increased. This results in a slight lowering of the power law slope in both the dilute and semidilute regimes.

FIGURE 7.11 Impact of an added electrolyte on the intrinsic vis-
cosity of a typical polyelectrolyte, in this case sodium carboxymethyl
cellulose (NaCMC). (Original data from Pals, D. T. & Hermans, J. J.
(1952). Rec. Trav. Chim. Pays-Bas, 71, 433�443.) At low ionic
strength, the NaCMC chains adopt a relatively rigid, rod-like confor-
mation due to electrostatic repulsion between adjacent chain-bound
anionic charges. As the ionic strength is increased, this repulsive
interaction is screened, and the polymer adopts a less rigid
conformation.
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from the association-dissociation of aggregates, which
is much slower than the timescale of the measuring
experiment.

Although relating solution rheology to molecular
weight is best pursued using extrapolated zero shear
values, the use of power law relationships in the semi-
dilute concentration regime at finite shear typically
yields operationally useful relationships for the quick
estimation of molecular weight. Owing to pragmatic
instrumental limitations, these experiments generally
involve data acquired over a range of shear rates.
This can lower the overall quality of the correlation,
but it is still useful for routine estimates.

Power law relationships of the form:

logðMwÞ5 a1 b � log η
cα

h i
are often found to operationally model the data. In the
equation above, Mw is the average molecular weight,
while η is the solution viscosity at concentration c.
The constants a, b, and α can be viewed simply as
mathematical fitting constants, although α is related to
the power law concentration exponent in the semidi-
lute regime. An example of this treatment is shown
in Fig. 7.13 for three types of cellulosic derivative.
The specific relationships shown are as follows:

HPC:

logðMwÞ5 5:081 0:305 � log η
c3:2

h i
Hydroxyethyl cellulose:

logðMwÞ5 5:001 0:306 � log η
c3:1

h i

Sodium carboxymethyl cellulose:

logðMwÞ5 4:781 0:356 � log η
c3:1

h i
where:

Mw is the nominal material molecular weight;
η is the solution Brookfield viscosity;
c is weight percentage polymer concentration.

Naturally, these relations can be rearranged to yield
initial estimates of the concentration of any specific grade
of polymer required to achieve a target of viscosity.

There are a few key points related to rheology and
polymers that are worth noting:

1. Since the rheology of a polymer solution is
molecular-weight dependent, rheology/viscometry
can be used as an indirect proxy to monitor
molecular weight.

2. Although, strictly speaking, one should use the
apparent viscosity extrapolated to zero shear in
modeling the molecular-weight dependence of
polymer solution viscosity, reasonably good master
curves obtained at finite shear rates and at variable
concentration can be used to provide decent
pragmatic estimates of the molecular weight of
a polymer sample.

FIGURE 7.12 Polymeric systems in which reversible interpolymer
association is possible display a characteristic known as thixotropy.
Basically, the mechanical stress applied to the system causes revers-
ible disassembly of the aggregate network. Under conditions of
steady shear, this yields a slow decrease in the apparent viscosity
over time. The extent of disassembly is dependent on the net force
applied to the system, hence the drop in viscosity can occur from
either a quiescent state or if a sheared system is subjected to a higher
shear rate. By the same token, on a decrease in applied shear rate,
the apparent viscosity exhibits recovery. The magnitude of the effect
is generally quantified by measuring the disparity in flow curves
obtained in a simple experiment in which the shear rate is ramped
up then down with continuous recording of the viscosity.

FIGURE 7.13 Polymer master viscosity/concentration/Mw pro-
files for cellulose ether excipients using Brookfield viscosity values at
variable concentration and assuming a simple power law relation-
ship. Separate curves for HPC, hydroxyethyl cellulose, and sodium
carboxymethyl cellulose are shown. These curves span the entire
product range viscosity for the derivative types shown and listed in
Table 7.8, later in this chapter.
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3. Owing to the very strong concentration
dependence, the actual polymer concentration
needs to be accurately known. Since the power law
exponent of viscosity�concentration curves in the
semidilute region have a log�log slope of 3�4,
an x% error in specifying the concentration yields
a 3x%�4x% error in the calculated viscosity.

4. Solution viscometric experiments generally provide
information related to the average Mw of a system.
No information on the breadth of the molecular
weight distribution is provided.

5. The magnitude of the exponent in the power law
dependence in viscosity as a function of
concentration, as seen in Figs. 7.10 and 7.13, is the
origin of typical rules of thumb used to estimate
viscosity at different concentrations. For example,
a doubling in weight percentage concentration
often yields an increase in viscosity of roughly
10-fold, which follows directly from the type
of power law behavior shown in Fig. 7.10.

7.2.4 Polymers in solution

Understanding the unique solution behavior of
polymers mainly resides primarily in appreciating a
few key points.

First, the high molecular weight of a polymeric
solute significantly lowers the entropy of mixing
for a polymer solvent binary system, lowering this
component of the net free energy of solution. This was
treated some time ago by Flory6 and more recently
by Sanchez and Lacombe,22�24 which captures the
essential results.

At an ideal level, taking a solution as a simple
lattice model, we find:

ΔSmix 52Rðn1 lnðϕ1Þ1 n2 lnðϕ2ÞÞ
or

ΔSmix 52R
ϕ1

DP1
lnðϕ1Þ1

ϕ2

DP2
lnðϕ2Þ

� �

As is apparent from the inverse dependence of the
prelogarithmic factor of each term on the degree of
polymerization (DP) or, equivalently, the molecular
weight of the components in the mixture, if either
one or both of these components is a high-molecular-
weight material, the magnitude of the entropy is
lowered as the molecular weight is increased. In broad
strokes, as the molecular weight increases, the free
energy driving force for dissolution is lowered, since
the gain in entropy by the polymer on dissolution is
quite low.

One direct consequence of the lowered entropy
of solution is that in a chemically homogeneous

system precipitation of a polymeric solute, as solvent
conditions transition from good to poor, it starts
with the high-molecular-weight portion of the distri-
bution and proceeds with decreasing molecular
weight. This provides a relatively facile manner to
perform crude molecular weight-based preparative
isolation. It also suggests that for a partially soluble
material (again, assumed to be chemically homoge-
neous), the undissolved fraction is typically enriched
in the high-molecular-weight fraction.

Secondly, most polymers under consideration here
are copolymeric materials, for which the various
component monomers have rather different intrinsic
solubility. For example, in the case of HPC, a single
unsubstituted anhydroglucose moiety is quite hydro-
philic, while a heavily hydroxypropylated anhydroglu-
cose residue is rather hydrophobic. The constituent
monomers in a real sample will span a wide range in
hydrophobic nature, thus their distinct distribution
across chains (interchain heterogeneity), and within
chains (intrachain heterogeneity). The net result is that
at any specific solvent composition a situation can
arise in which subpopulations of entire chains may be
soluble or insoluble, or discrete subsections of single
chains may be solvated or unsolvated.

Thirdly, the linear array of monomer groups
provides a spatial template upon which relatively
low-energy intermolecular forces can operate in a
cooperative fashion to yield fairly strong interchain
associations. A specific example of this would be the
interchain association of unsubstituted anhydroglucose
runs in sodium carboxymethyl cellulose to yield
textured solutions and thixotropic rheology.

With respect to gross solution behavior, the same
basic rules that guide the dissolution of low-molecular-
weight species also apply to polymers. As with
low-molecular-weight materials, “like dissolves like.”
This is captured somewhat more quantitatively in the
extended solubility parameter approach,25�27 in which
the cohesive energy of a material is divided into contri-
butions arising from distinct types of intermolecular
interactions (dispersive, polar, hydrogen bonding).
While the usual admonishment that “like dissolves
like” is somewhat more quantitatively expressed within
the solubility parameter approach as a matching of
the cohesive energy densities of the two materials
(solubility is maximized when the cohesive energy den-
sities of the solvent and solute are equal and decreases
as they become increasingly disparate), the categoriza-
tion of the extended solubility parameter approach
places a rationale around the basic picture in terms
of discrete interaction mechanisms that exist between
molecules.

Unlike the situation with low-molecular-weight
liquids, one cannot experimentally determine the molar
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energy of vaporization of polymers and using the
molar volume calculate a direct cohesive energy den-
sity (δ5 (Evap/V)

0.5). However, one can perform
challenge�response experiments to assess the solubility
behavior of a polymer in a number of low molecular
weight liquids (insoluble, partially soluble/swellable,
soluble) and use those observations to construct solu-
bility parameter-based maps, which can aid in the
selection of optimum solvent systems for dissolving a
polymeric material. As a specific example, consider
HPC.28,29 Fig. 7.14 contains the qualitative solution
behavior of HPC in a variety of solvents presented as a
two-dimensional solubility map in terms of the polar
and hydrogen bond solubility parameters. As is appar-
ent, there is a reasonably clear demarcation between
the insoluble and partially or completely soluble
regions. Note that the partially soluble and soluble
regions exhibit a substantial overlap. This is largely
a consequence of the two-dimensional nature of the
plot, which neglects the explicit contribution of disper-
sive interactions to solubility. The specific solvents
for which HPC exhibits good solubility at low polar
and/or hydrogen bond solubility parameters tend
to be high refractive index liquids (aromatic or haloge-
nated), which increases the dispersive contribution of
the net solution energy.

The dissolution characteristics of the polymeric
species become complicated when the constituent
monomers have vastly different solvation requirements.

In that case, the usual recommendation of “like dis-
solves like” may only apply to a portion of a given
polymer chain. In this case, the use of binary and/or
ternary solvent mixtures can often yield solutions not
possible from any of the pure solvent components.

One other aspect of polymer solubility is the
existence of upper and lower critical solution tem-
peratures, referred to as UCST and LCST, respec-
tively, seen in aqueous solutions of many of these
polymers. The situation is diagrammatically shown in
Fig. 7.15. In the case of an LCST, the system splits
into a two-phase system comprised of polymer-rich
and polymer-lean compositions at high temperature.
As the temperature is lowered, the composition of
these two phases approaches one another and then
merges into a single phase at the LCST. Similar
behavior occurs with the UCST, except that the
transition from a two-phase to a one-phase system
occurs as the temperature is raised.

In the current application settings, one typically
observes an LCST from the perspective of a cloud point,
which is simply due to performing the experiment in
reverse—starting with a homogeneous solution in the
single-phase region and raising the temperature until
the solution splits into two phases. This occurs
uniformly throughout the volume of solution, which
typically yields small droplets of the polymer-rich phase
dispersed in the polymer-lean phase. This generates
a high level of scattered light, rendering the fluid
opaque, and is the origin of the term “cloud point.”

FIGURE 7.14 Solubility characteristics of hydroxypropyl cellu-
lose as a function of polar and hydrogen bond solubility parameters.
In this solubility map, the solid curve is the soluble/insoluble phase
boundary presented in reference.28 The dashed line is an interpolated
boundary taking into account water solubility characteristics. Points
shown represent the specific solvents listed in references27�29 as
yielding solutions, described as clear and smooth/soluble (’), mod-
erately granular and/or hazy/partially soluble (◆) or insoluble (x),
or uncharacterized systems of unknown solubility (e).

FIGURE 7.15 Schematic representation of upper and lower criti-
cal solution temperatures, UCST and LCST respectively. A UCST
exists when a polymer transitions from partially soluble to soluble as
temperature is raised, while an LCST occurs when a single homoge-
neous phase splits into two phases with the same increase in
temperature. An LCST is often seen with relatively hydrophobic
materials, while UCST behavior tends to be observed with systems
involved in specific self-association phenomena.
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Fig. 7.16 provides an example of two chemically similar
systems, HPC and hypromellose, both as 1% solutions
in water. The substantial difference in cloud points is
related to the substantially different hydrophobicity of
these two materials. As is typical for marginally soluble
hydrophobic materials, the addition of an electrolyte will
move the cloud point to a lower temperature, as would
an increase in the hydroxypropyl content of either system
or the methoxyl level of the hypromellose sample.

7.2.5 Polymer morphology and physical
properties

Polymers may consist of both crystalline and
amorphous regions; the degree of crystallinity is usu-
ally expressed in terms of a weight fraction or volume
fraction of the crystalline portion. The crystallinity
of polymers is characterized by their degree of crystal-
linity and, in principle, can range from zero for a
completely noncrystalline or amorphous polymer to
one for a theoretical completely crystalline polymer;
however, it typically ranges from 10% to 80% in real
polymers.30 Therefore, such crystalline polymers are
often called semicrystalline. The properties of semi-
crystalline polymers are determined by the degree of
crystallinity and by the size and orientation of the
polymer chains. Polymers containing microcrystalline
regions (ie, semicrystalline polymers) are generally
tougher (can be bent more without breaking) and more
impact-resistant than totally amorphous polymers.

The term melting point, when applied to crystalline
polymers, suggests a transition from a crystalline
or semicrystalline phase to an amorphous melt phase.
Although abbreviated as simply Tm, it may be more
properly called the crystalline melting temperature.
Among synthetic polymers, crystalline melting is only
associated with linear thermoplastic polymers, as highly
cross-linked thermosetting polymers will decompose at
high temperatures rather than melt.

In an amorphous state, the arrangement of the
polymer chains is completely random. There is no
restriction to chain movement from the lattice ordering
of partially crystalline polymers. Therefore, amorphous
polymers do not have sharp melt points; instead
they soften gradually with increasing temperature.
The physical properties of amorphous polymers are
related to the extent of their molecular mobility in the
material, which is governed by the chain flexibility
and the temperature of the system.

On cooling, rubbery materials undergo a liquid-glass
transition, which has also been called a rubber-glass
transition. The temperature at which this transition
occurs is termed the glass transition temperature (Tg),
which describes the temperature at which amorphous
polymers undergo a second-order phase transition
from a rubbery, viscous amorphous solid to a brittle,
glassy amorphous solid. Drastic changes in the physical
properties, such as hardness and elasticity, can be
observed during this transition as it reflects the onset
of changes in the cooperative thermal motion of the
polymer backbone segments. These changes are
completely reversible, since the transition is a function
of molecular mobility rather than polymer structure.
At temperatures above Tg, the polymer chains are in
relatively rapid thermal motion. The chain movement
becomes progressively slower as the temperature is
lowered. At Tg, the polymer chains are essentially
locked in the conformation they possessed before
reaching Tg. Below Tg, the polymer is virtually frozen
in a glassy state with a completely random structure.
The Tg of a polymer depends largely on the chemical
structure of the polymer chain. The glass transition
temperature may be modified by altering the chain
flexibility, monomer structure and copolymer compo-
sition, degree of branching or cross-linking in the
polymer, or by the addition of plasticizers. Long-
chain branches may increase polymer strength, tough-
ness, and the Tg due to an increase in the number of
entanglements per chain. Increasing chain length
tends to decrease the chain mobility and increase the
glass transition temperature (Tg). This is a result of an
increase in polymer chain interactions such as van
der Waals attractions and entanglements associated
with increased chain length. These interactions tend
to immobilize individual chains more strongly in situ,

FIGURE 7.16 Cloud point curves for typical high-viscosity grades
of hydroxypropyl cellulose and hypromellose (hydroxypropylmethyl
cellulose). The major difference in cloud points between these two
materials is reflective of the differing hydrophobicities (determined
by a combination of hydroxypropyl and methoxyl groups for hypro-
mellose). In addition to the native polymer composition, addition of
an indifferent electrolyte can lower the cloud point by a few degrees
for typical physiologically relevant ionic strength.
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resulting in better resistance to deformation and
matrix breakup, both at higher stresses and higher
temperatures.

The glass temperature of a polymer can be character-
ized experimentally by measuring basic thermodynamic,
physical, mechanical, or electrical properties as a
function of temperature. Thermal method such as
differential scanning calorimetry (DSC) is used rou-
tinely for this purpose. A typical DSC scan is shown in
Fig. 7.17 where the heat flow is plotted against the aver-
age temperature. In addition to sharp peaks corre-
sponding to crystallization and melting events, the
change of slope of this scan occurs at the glass transition
temperature, which can be related to the enthalpy
change associated with this transition.

7.2.6 Structure�property relationships

In polymer chemistry and materials engineering, it is
common to design novel materials and formulated
systems with improved functional properties based on
detailed study and understanding of how the structure
of a material impacts the physical and chemical proper-
ties that are critical to the end use. In the pharmaceutical
industry, it is common to apply this type of approach to
the design of drug molecules. For example, quantitative
structure�activity relationships are studied to enable
the design of drug molecules with optimal therapeutic
efficacy. A further example is the optimization of
drug solubility and stability through the selection
of appropriate salt and crystal forms. Similarly, a good
appreciation of structure�property and structure-
function relationships is also essential if formulators
are to make rational, science-based choices when select-
ing polymers and other excipients as formulation
components. Structure�property and structure�function
relationships can be defined as understanding how
the chemical or molecular structure of a polymeric
excipient impacts the physical and chemical properties

that are critical to the end use functionality. These
concepts are gaining increasing significance in the
context of quality by design (QbD). QbD is defined as a
systematic, scientific, risk-based, and holistic approach
to pharmaceutical development that begins with
predefined objectives and emphasizes product and
process understanding and process control. A require-
ment of QbD is to identify critical material attributes
(CMAs), which are defined as the physical, chemical,
and biological properties of an input material that
should be within specific limits to ensure desired
quality. For polymeric excipients, this essentially
requires the understanding of structure-function and
structure-property relationships.

The following section will attempt to illustrate some
of the major, generally applicable structure�property
relationships that are of practical use and specifically
relevant to pharmaceutical polymers and their use
in solid oral controlled-release dosage forms. These
include the impact of MW, substitution, and copoly-
merization on solution, gel, mechanical, and thermal
properties. While the general principles are applicable
across a wide range of polymers, many of the exam-
ples given here will focus on cellulose derivatives
and vinylpyrrolidone polymers, as these are the most
commonly used classes of polymers in oral solid
dosage form design.

7.2.6.1 Molecular weight effects

7.2.6.1.1 Effect of molecular weight on solution
viscosity

Many polymer properties are molecular-weight
dependent, including solution and melt viscosity, glass
transition temperatures, mechanical properties, and gel
strength. Perhaps the most important and frequently
applied structure�property relationship is the correla-
tion between dilute solution viscosity and molecular
weight. As a longer polymer chain gyrates in solution,
it can be visualized to occupy a larger volume of the
solvent, collide, and overlap more frequently with
other long polymer chains as compared to shorter
polymer chains. The initial fundamental observation
and prediction that solution viscosity is proportional
to polymer molecular weight was made by Staudinger
and Heuer.31 For linear polymers, the Mark�Houwink
equation provides an empirical model for this is
relationship:

η5 kMa

where:

η is the specific viscosity;
M is the weight-average molecular weight;
K and a are polymer, solvent, and temperature
dependent.

FIGURE 7.17 Typical differential scanning calorimetry (DSC) scan.
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Generally, a varies between 0.5 and 1. For poor
solvents in which the polymer remains coiled, a5 0.5.
For good solvents, a varies between 0.65 and 0.8.
For stiff, asymmetrical molecules in good solvents,
a may approach 1. It should be noted this specifically
applies to linear polymer molecules. Highly branched,
bush-shaped polymer structures may have a large
molecular weight but occupy proportionally smaller
volumes in their solvated state.

7.2.6.1.2 Effect of molecular weight on mechanical
and thermoplastic properties

Many physical properties of amorphous polymers,
including mechanical and thermoplastic properties,
show strong molecular-weight dependence. Frequently,
a general relationship applies where molecular weight
changes in the lower middle molecular weight range
result in large changes in the physical property of inter-
est. However, as shown in Fig. 7.18, after reaching a
threshold level in molecular weight, further molecular
weight increases result in only minor changes in the
physical property of interest.

Often these phenomena can be explained on the basis
of chain end concentration, that is, lower-molecular-
weight polymer chains are shorter, and thus for the
same amount of material, there is a proportionate
increase in the number of molecules and thus chain
ends. The chain ends tend to be associated with a
greater degree of mobility and free volume as compared
to the middle segments of a polymer chain.
Consequently, lower molecular weight is generally asso-
ciated with greater plasticity and lower glass transition
temperatures. In contrast, longer polymer chains (lower
chain end concentration) are generally associated with
increased elasticity and flexibility.

7.2.6.1.3 Mechanical strength of films

One of the most useful mechanical tests for poly-
meric and pharmaceutical materials in general is to
determine its tensile strength and the accompanying
stress�strain curve. This is generally done by using
a mechanical testing machine and continuously
measuring the force developed as the material is
elongated at a constant rate of extension. Fig. 7.19
illustrates a typical stress�strain curve. Important
mechanical properties of a material include the mod-
ulus (slope of the initial curve), which is a measure of
the material stiffness; yield stress; strength; ultimate
strength; elongation at break; and toughness (area
under the curve).

For practical purposes, it is often useful to divide
polymeric materials into five common classes depend-
ing on their stress�strain behavior. These common
classes are illustrated in Table 7.1.

For polymer films, an increase in molecular weight
tends to increase film tensile strength, elongation,
and flexibility. This can be explained on the basis that
longer polymer chains exhibit greater flexibility and
elasticity. They can thus be extended further before
rupture, as compared with short polymer chains.

FIGURE 7.18 General relationship between polymer chain length
(molecular weight) and physical properties such as tensile strength
and Tg.

FIGURE 7.19 Typical tensile stress�strain curve for a polymer
specimen tested in tension.

TABLE 7.1 Common Classes of Materials Based on Their
Stress�Strain Curve Characteristics (Ref. 32)

Class Modulus

Yield

stress

Ultimate

strength

Elongation

at break

Soft and weak Low Low Low Moderate

Soft and tough Low Low Moderate High

Hard and brittle High None Moderate Low

Hard and strong High High High Moderate

Hard and tough High High High High
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A general relationship describing this behavior is
given by the following equation:

Tensile strength5 a2
b

Mn

where a is the tensile strength threshold, beyond which
further molecular weight increases become ineffective;
b is a material-dependent constant; and Mn is number
average molecular weight.32 An example of this is
given in Fig. 7.20, which shows the viscosity (MW)
dependence of ethyl cellulose film properties.

Film strength is of significance in membrane reservoir
controlled-release dosage forms such as multiparticu-
lates or tablets coated with ethyl cellulose controlled-
release films. It has been shown that the drug-release
kinetics of such systems are directly proportional to the
film strength and, by inference, polymer molecular
weight (Fig. 7.21). This is due to the fact that the drug
release from membrane�reservoir systems is osmotic
pressure dependent. As the water enters the dosage
forms via osmosis and builds up hydrostatic pressure in
the core, it increasingly exerts a stress on the membrane
until fissures and cracks open up, resulting in the release
of the drug due to osmotic pumping.33�35

Similar examples of increasing film strength with
molecular weight are known for the majority of phar-
maceutical polymers. A further example is the report
by Prodduturi et al., describing the increased mechani-
cal strength of drug-loaded buccal films with increasing
molecular weight of HPC used.36

7.2.6.1.4 Mechanical strength of tablets

As previously indicated, longer polymer chains
impart greater elasticity, while the greater chain-end

concentration found with decreasing molecular weight
results in greater plasticity and molecular mobility.
For directly compressed tablets, lower polymer molec-
ular weight, therefore, results in less postejection
elastic recovery and greater permanent deformation.
For example, low-molecular-weight HPC grades have
been reported to yield stronger tablets than high-
molecular-weight HPC due to greater plasticity and
lower postcompaction ejection.37 However, this disad-
vantage of high-molecular-weight polymers can be
partly neutralized by using fine-particle-size HPC
(Fig. 7.22).38 Similar observations have also been made
for ethyl cellulose matrix tablets.39

FIGURE 7.20 Ethyl cellulose film properties as a function of solu-
tion viscosity (molecular weight). All solutions viscosity values reflect
5 wt.% ethyl cellulose in an 80:20 blend of toluene:ethanol. Courtesy of
Ashland Specialty Ingredients Wilmington, DE.

FIGURE 7.21 Drug release from metformin HCl pellets coated
with various molecular weight grades of Ashland N Pharm ethyl
cellulose (EC).33 N7, N10, N22, and N50 refers to different molecular
weight grades with 7, 10, 22, and 50 cps solution viscosity (5 wt.%
solution in 80:20 toluene:ethanol), respectively.

FIGURE 7.22 Compactability for various molecular weight and
particle size types of hydroxypropyl cellulose. Klucelt EXF Pharm
HPC (80 kDA, 70 μm average particle size) Klucelt EF Pharm HPC
(80 kDA molecular weight, 200 μm average particle size), Klucelt
HXF Pharm HPC (1000 kDA molecular weight, 70 μm average parti-
cle size), Klucelt HF Pharm HPC (80 kDA, 200 μm average particle
size); 300 mg pure polymer tablets were compressed on a Manesty
BetaPress using 7/16v round flat-faced tooling.
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7.2.6.1.5 Glass transition temperature, melting point,
and melt index

The glass transition temperature (Tg), melting point
temperature, and melt index are fundamental charac-
teristics related to thermoplastic behavior. Similar
to mechanical properties, a negative inverse relation-
ship has also been postulated for Tg and molecular
weight40:

Tg 5TN
g 2

k

Mn

where TN
g is the glass transition at infinite molecular

weight, and k is a constant. The greater flexibility and
lower Tg of lower-molecular-weight polymers are
attributed to the greater concentration and mobility of
polymer chain ends versus the chain middle. Due to
their greater mobility and the effective defect in mate-
rial packing that they create, chain ends are associated
with greater excess free volume. In a series of equally
substituted polymers, lower-molecular-weight poly-
mers will thus have a greater concentration of chain
ends, resulting in greater excess free volume, greater
molecular mobility, and a lower Tg. A good example
of this is provided by poly(vinyl pyrrolidone) (PVP),
a simple, linear, polymer molecule with additional
side chains or cross-linking. Table 7.2 Illustrates the
inverse relationship between Tg and molecular weight.
Additionally, Fig. 7.23 shows the change in Tg as a
function of solution viscosity (as an indirect proxy
for molecular weight) for a series of ethyl cellulose
polymers.

Tg is an important fundamental property of amor-
phous and semicrystalline polymer systems, and it
is frequently correlated with properties such as plas-
ticity, ductility, film-forming ability, and stickiness.
While polymer molecular weight is a major factor
determining Tg values, numerous other structural fac-
tors will impact molecular rigidity and order, and, by
implication, Tg. Some of these factors are summarized
in Table 7.3.

Similarly to Tg, melting point temperatures and
melt viscosity increase with increasing molecular

weight. Operationally, polymer flow is typically char-
acterized using a melt flow index, which is an inverse
measure of melt viscosity. These properties are
especially critical in modified-release dosage form
design in the context of thermal processing, such as
melt extrusion and injection molding. Frequently,
higher melt flow index polymers are required for
thermal processing in the range at or below 100�C
in order to avoid thermal degradation of drug
and acceptable throughput rates. Fig. 7.24 shows the
variation of melt flow indices for different molecular
weight grades of HPC, a thermoplastic polymer that is
commonly used in melt extrusion processes, such as
the manufacture of oral film strips and other extruded
drug delivery devices.

7.2.6.1.6 Effect of molecular weight on gel strength

The relationship between gel strength and polymer
molecular weight is of particular importance in the
field of modified-release dosage form design. For
hydrophilic matrix tablets, the gel strength will deter-
mine the erodibility of the matrix system. Erosion can

TABLE 7.2 Different Molecular Weights of PVP and Their Glass
Transition Temperatures (Tgs)

Product K value Mw
a Tg (

�C)

Plasdone K12 10.2�13.8 4000 120

Plasdone K17 15.5�17.5 10,000 140

Plasdone K25 2.14�26 34,000 160

Plasdone K29/32 29�32 58,000 164

Plasdone K90 85�95 1,300,000 174

aWeight average molecular weight.

FIGURE 7.23 Glass transition temperature (Tg) as a function of
solution viscosity (an indicator of molecular weight) for a series of
Ashland ethyl cellulose polymers. In all cases, substitution was
between 49.8 and 51 wt.% ethoxyl content.

TABLE 7.3 Factors Affecting Glass Transition Temperature (Tg)
Values

Molecular structural feature Impact on Tg

Increased molecular weight Higher

Increased symmetry Higher

Increased length of flexible side chain Lower

Addition of chain-stiffening units Higher

Addition of polar groups Higher

Increased cross-link density Higher
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be described as polymer dissolution or the disentan-
glement of polymer chains from the gel surface and
transfer of the polymer to the bulk solution. Erosion
can be used to the formulator’s advantage when
designing a delivery system for insoluble drugs. Here,
erosion is the main mechanism facilitating transfer of
the insoluble drug out of the tablet matrix and into the
dissolution medium. However, poor release character-
istics such as variable burst release and dose dumping
may be expected for a highly soluble drug that is
formulated in a highly erodible dosage form.

For hydrophilic polymers such as hypromellose and
HPC compressed into matrix tablets, the disentanglement
concentration of the polymer follows a nonlinear, inverse
relationship with molecular weight.41 Furthermore, the
polymer matrix erosion rate has also been shown to vary
with the molecular weight in a nonlinear, inverse
manner42:

Erosion rate5 kM2a
n

It should be noted that the opposite relationship
applies to matrix swelling, that is, swellability increases
with molecular weight up to a limiting threshold level.
The rate and extent of polymer matrix swelling and
erosion and the drug solubility and concentration
are the dominant compositional factors determining
drug-release kinetics from matrix tablet systems.
Figs. 7.25�7.27 show the impact of the polymer molec-
ular weight on the matrix tablet erosion, swelling, and
drug release for a typical sparingly soluble compound,
nifedipine.

7.2.6.2 Side-chain substitution effects

The structure of the side-chain substituents on the
polymer backbone is a major compositional factor

FIGURE 7.24 Melt index, I2, as a function of temperature and
Klucelt hydroxypropyl cellulose molecular weight. The melt index is
defined as the grams of molten material that is extruded under
standard American Society for Testing and Materials (ASTM)-defined
conditions in 10 min at a given temperature and applied load.

FIGURE 7.25 Effect of Klucelt Pharm HPC molecular-weight
grade on erosion and swelling behavior of nifedipine matrix tablets
subjected to dissolution testing for 4 h. Formulation: 20% nifedipine,
30% HPC, 49.5% microcrystalline cellulose, and 0.5% magnesium
stearate.

FIGURE 7.26 Effect of Klucelt HPC molecular-weight grade on
matrix erosion. Nominal molecular weights for Klucelt EXF, JXF,
GXF, MXF, and HXF Pharm HPC are 80, 140, 370, 850, and
1100 kDA, respectively. Formulation: 20% nifedipine, 30% HPC,
49.5% MCC, and 0.5% magnesium stearate.

FIGURE 7.27 Effect of Klucelt HPC molecular-weight grade on
nifedipine dissolution. Nominal molecular weights for Klucelt EXF,
JXF, GXF, MXF, and HXF Pharm HPC are 80, 140, 370, 850, and
1100 kDA, respectively. Formulation: 20% nifedipine, 30% HPC,
49.5% MCC, and 0.5% magnesium stearate.
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impacting polymer functionality. Important aspects
of substitution are the chemical structure of the substi-
tuents, the extent of backbone substitution, and the
uniformity of substitution. In this section, we will
mainly focus on the impact of substituent type and the
extent of substitution on the functionality in modified-
release systems.

7.2.6.2.1 Side-chain structure (substituent type)

Effect of side-chain structure on polymer solubility.
In most cases, substitution of less polar groups for
hydrogens or hydroxyls on a polymer chain leads to a
reduction in crystallinity and, usually, also a reduction
in melting points. Such changes are thus generally
expected to improve thermoplasticity and polymer
solubility. A good example is presented by cellulose,
a naturally occurring polymer comprised of anhydro-
glucose units. Native cellulose has considerable
microcrystalline character. When the free hydroxyls on
the anhydroglucose backbone are substituted with
hydroxyalkyl side chains, for example, hydroxypropyl
or hydroxyethyl groups, the crystallinity of the resul-
tant hydroxypropyl or hydroxyethyl cellulose is below
the limit of reliable quantification (,10%). Moreover,
unlike microcrystalline cellulose, the derivatized
cellulose ethers are freely gelling and soluble in water.
Polymer water solubility can be further enhanced
by deliberate inclusion of highly polar, ionizable sub-
stituents. Sodium carboxymethyl cellulose (NaCMC) is
an example of this.

Unlike small drug molecules, it is not useful to
describe the solubility of a polymer in a given solvent
system in terms of saturation concentration values
(eg, g/mL). Among the more useful methods, solubility
parameters can be used to evaluate the solubility and
compatibility between a polymer and solvent or other
additives with solvent-like properties. Additionally, for
water solubility, equilibrium moisture content (hygro-
scopicity) and cloud point are useful indirect measures
of water solubility. The solubility parameters for a
series of differently substituted cellulose ether mole-
cules and other materials of interest to formulators are
shown in Table 7.4.

For many polymers including cellulose, the relation-
ship between water solubility and the nature of the
side chain or substituent chemistry can be understood
in terms of hydrogen bonding between the hydrogen
atoms of water and the polar oxygen atoms present
in the polymer backbone and on the side chains.
Studying a series of alkali celluloses of similar molecu-
lar weight, Klug43 showed that polymer hydrophilicity
increases as the oxygen content of the derivatized
cellulose increases due to either the type or the extent
of substitution. Sodium carboxymethyl cellulose is an
exception due to its ionic character. The increased

hydrophilicity impacts numerous important properties
such as hygroscopicity, cloud point, matrix tablet
swelling ability, and matrix gel strength. The general
relationship is shown in Fig. 7.28.

Effect of side-chain structure on gel strength, swelling,
and erosion in matrix systems. From Fig. 7.28, it can be
seen that the differently substituted cellulose derivatives
can be ranked in the following order of ascending
hydrophilicity: HPC,MC,HPMC,HEC and CMC.
The difference in hydrophilicity due to substitution on
the polymer backbone is particularly important for the
functionality of hydrophilic matrix systems. As shown
in Fig. 7.29, polymer hydrophilicity, in combination

TABLE 7.4 Solubility Parameters for a Series of Cellulose Ethers
and Other Materials of Interest

Polymer or drug molecule
Average solubility parameter,a

δ (MPa
1/2)

EC (2.7 DS) 19.2

HPC (3.8 MS) 23.2

HPMC (1.9 MS) 23.6

HEC (2.5 MS) 25.0

NaCMC (0.7 DS) 28.9

Cellulose 31.1

PVA 30.2

PEO 19.3

Metformin HCl
(highly water-soluble drug)

27.2

Itraconazole
(low water-soluble drug)

19.5

aCalculated as the Average of the Hildebrand, Hansen, Fedors, and van Krevelen
Solubility Parameters.

FIGURE 7.28 Effect of oxygen content on the equilibrium moisture
content of a series of cellulose derivatives. HPC, hydroxypropyl cellu-
lose; MC, methyl cellulose; HPMC, hydroxypropyl methylcellulose;
HEC, hydroxyethyl cellulose; CMC, sodium carboxymethyl cellulose.
Adapted from Klug, E.D. Some properties of water soluble hydroxyalkyl
celluloses and their derivatives. J Polym Sci Part C 1971;36:491�508.
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with molecular weight, has a major impact on matrix
swelling and erosion behavior. For medium and low-
soluble drugs, these factors are the main determinants
of release mechanism and release kinetics (Fig. 7.30).

Effect of side-chain structure on mechanical proper-
ties. The nature of the side-chain substituent type also
significantly impacts mechanical and thermoplastic
properties. HPC and ethyl cellulose (EC) are signifi-
cantly more thermoplastic than HPMC and HEC.
The compactibility of matrix-forming cellulose ethers
has been reported to increase in the following rank
order: HEC,HPMC,HPC.44

7.2.6.2.2 Extent of side-chain substitution

In addition to the identity of the side-chain struc-
ture, the amount of side-chain substitution on the
polymer backbone can also exert a significant effect on
physical and chemical properties of the polymer.

7.2.6.2.3 Effect of extent of substitution on
solubility

When highly polar hydroxyl groups on crystalline
cellulose are substituted with hydroxyalkyl groups to
manufacture HPC or HEC, water solubility initially
increases due to a reduction in crystallinity and hydro-
gen bonding between the cellulose backbone chains.
However, as the amount of hydroxyalkyl substitution
continues to increase, the polymer becomes increasingly
hydrophobic. As shown in Fig. 7.31, the equilibrium
moisture content steadily decreases as MS increases
from 2.0 to 5.0 for both HEC and HPC. A similar
relationship has also been demonstrated for the cloud
point.43 An exception to this behavior is polymers with
ionic groups in their side chains. In this case, increasing
the level of highly polar substituents will increase
water solubility. For example, when the DS for sodium
carboxymethyl cellulose is increased from 0.7 to 1.2, the
equilibrium moisture content at 50% relative humidity
increases from 13% to 18%.43

7.2.6.2.4 Effect of extent of substitution on
amorphous solid dispersion properties

As explained, the amount of side-chain substitution
or the ratio of different substituents will affect the rela-
tive hydrophilic-hydrophobic balance of the polymer.
When using polymers as carriers for amorphous solid
dispersion of poorly soluble drugs, this has the poten-
tial to affect the polymers’ ability to undergo hydrogen
bonding with drug molecules in the solid state, as well
as to undergo hydrophobic interaction with drug
molecules in the saturated solution state. For example,
as shown in Fig. 7.32, HPMCAS is available in three
different acetyl/succinyl substitution ratios.

FIGURE 7.29 Matrix tablet swelling and erosion behavior as a
function of hydrophilicity (cellulose ether substitution) and molecu-
lar weight.

FIGURE 7.30 Drug release from matrix tablets as a function of
cellulose ether chemistry and molecular weight.

FIGURE 7.31 Effect of substitution level on the equilibrium
moisture content of hydroxypropyl and hydroxyethyl cellulose at
50% relative humidity. Adapted from Klug, E.D. Some properties of water
soluble hydroxyalkyl celluloses and their derivatives. J Polym Sci Part C
1971;36:491�508.
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These different substitution grades can stabilize
amorphous solid dispersions to varying degrees,
depending on drug properties. Fig. 7.33 shows that H
grade is significantly better at preventing recrystalliza-
tion of rapid recrystallizer ezetimibe in the solid
amorphous state than M and L grade, both of which
have higher succinoyl content. This can be related to
the ability of HPMCAS H grade to undergo better
hydrogen bonding.45

In addition, the acetyl/succinyl substitution level
also affects precipitation inhibition in saturated drug
solutions that occurs after the amorphous dispersion
is dissolved. Fig. 7.34 shows that HPMCAS with
high acetyl, that is, greater hydrophobicity, is more
effective at preventing ezetimibe precipitation from sat-
urated solutions. This can be related to an improved
hydrophobic interaction and drug-polymer binding
capability.46

7.2.6.2.5 Effect of extent of substitution on
mechanical properties

In addition to increased hydrophobicity, an increase
in the amount of less polar substituents generally also
results in an increase in polymer plasticity. As shown
in Fig. 7.35, in the case of tensile film strength, this
manifests in lower ultimate tensile strength but greater
elongation and film flexibility. In contrast, increasing
the amount of highly polar, ionic side chains tends to
result in an increased Tg, a markedly less thermoplas-
tic material. As a result, films will tend to exhibit
relatively high tensile strength but will be very brittle
and inflexible, with minimal elongation at break.
Sodium carboxymethyl cellulose shows this behavior
and, as a result, requires high levels of added
plasticizer if useful, defect-free films suitable for tablet
or particle coating are to be achieved.

FIGURE 7.32 (a) Idealized chemical structure of HPMCAS.
(b) Schematic showing acetyl and succinoyl substitution ranges and
effect on hydrophilic/lipophilic balance for different commercial
grades of Aquasolvt HPMCAS.

FIGURE 7.33 DSC thermograms for ezetimibe: Aquasolvt
HPMCAS solid dispersions aged for 65 h in open dish conditions at
40�C and 75% relative humidity.

FIGURE 7.34 Nonsink condition dissolution profiles of amor-
phous ezetimibe and ezetimibe-Aquasolvt HPMCAS solid disper-
sions equivalent to 500 μg/mL ezetimibe in 20 mL FaSSIF media at
37�C and 300 rpm using fiber-optic dissolution profiler, μDISS Profiler.
At 30, 60 and 120 min, samples (n5 4) were centrifuged at 3700 rpm
for 5 min, and the supernatant was analyzed for drug concentration.
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For polymers compressed into tablets, increasing the
number of nonpolar substituents generally results
in increased plasticity, lower elastic recovery after
compression and ejection, and consequently denser
compacts with higher diametral crushing strength
(tensile failure). Similarly, decreasing the number of
more polar substituents will have the same effect.
The compaction behavior of a series of hypromellose
and methyl cellulose grades with varying levels of
methoxyl (less polar, hydrophobic substituent) and
hydroxypropyl (more polar, more hydrophilic substitu-
ent) groups illustrates this.47 As can be seen in Table 7.5,
as the percentage of methoxyl in the polymer increases
and the percentage of hydroxypropyl decreases, for a
series of similar viscosity polymers, the tablet strength
significantly increases.

An additional example of the significant effect that
an increase in the number of nonpolar substituents
can have is provided by ethyl cellulose (EC). It has
been reported that a higher compactability of EC
was associated with high ethoxyl content and low
molecular weight (low viscosity) (Fig. 7.36).92

High substitution and low molecular weight were
also correlated with significantly higher crystallinity

and higher melting points, while the amorphous
regions had lower glass transition temperatures
(Table 7.6). Compaction simulator studies showed that
the net effect of this unique solid-state structure is a
marked reduction in postcompaction elastic recovery
of the polymer (Fig. 7.37). Less energy of compaction
was therefore lost due to postcompaction axial
expansion, resulting in denser compacts with lower
porosity. This had a significant effect on drug diffusion
from nonswelling, porosity-controlled matrix tablets.
Additionally, the reduced viscoelasticity resulted in
lower strain rate sensitivity (10% vs typically 20�25%
for other EC types).

7.2.6.3 Copolymerization

7.2.6.3.1 Thermal properties of copolymers

When the monomers of two crystalline homopoly-
mers are combined, the degree of crystallinity and the

FIGURE 7.35 Effect of amount of substitution on the tensile
strength and percentage elongation of a hydroxyethyl cellulose film
at constant thickness, 50% relative humidity and 25�C. Adapted from
Klug, E.D. Some properties of water soluble hydroxyalkyl celluloses and
their derivatives. J Polym Sci Part C 1971;36:491�508.

TABLE 7.5 Tablet Tensile Strength for a Series of Hypromellose
and Methyl Cellulose Samples of Similar Viscosity When Compressed
at 15 kN47

Polymer

type

Methoxy

(%)

Hydroxy propyl

(%)

Tensile strength

(MPa)

HPMC 2208 10�24 4�12 1.5

HPMC 2910 28�30 7�12 1.6

HPMC 2906 27�30 4�7.5 2.8

MC 27.5�31.5 0 3.5

FIGURE 7.36 Effect of ethoxyl content and viscosity (molecular
weight) on compactibility of ethyl cellulose (EC). Maximum tablet
strength is achieved for high ethoxyl, low viscosity EC.

TABLE 7.6 Effect of Ethoxyl Content and Viscosity on Selected
Solid-State Properties of Ethyl Cellulose

Ethoxyl
(wt.%)

Viscosity
(cps)

Crystallinity
(%)

Melting
point (�C)

Tg

(�C)
Crushing
force (kP)a

50.4 9 24.6 257.0 122.1 20.9

50.8 9 28.5 261.1 124.6 18.8

50.0 50 15.3 246.6 130.7 14.6

49.6 94 17.8 261.0 129.5 16.1

48.0 10 9.1 210.0 131.0 14.7

48.5 94 7.9 224.3 133.5 11.5

47.5 10 8.2 178.6 135.1 12.3

a275 mg pure ethyl cellulose tablets compressed on a Manesty BetaPress at 25 kN.
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melting point are usually depressed. The following
relationship frequently applies:

1

Tm
5

1

T0
m

2
R

ΔHm
lnðnÞ

where:

n is the mole fraction of crystalline constituent;
Tm is the melting point of the copolymer;
T0
m is the melting point of the pure homopolymer;

ΔHm is the heat of fusion.2

In contrast, the glass transition temperature, Tg, of
random copolymers usually falls into the range
between that of the two corresponding homopolymers.
This difference between how Tm and Tg of a copoly-
mer are affected can be attributed to the fact that
crystal structure disruption is not relevant to Tg of the
amorphous polymer domains. Frequently, a simple
weight-average mixing rule of the following type can
be applied to get an approximate idea of the resultant
Tg of the copolymer:

a1w1ðTg 2Tg1Þ1 a2w2ðTg 2Tg2Þ5 0

where:

Tg1 and Tg2 refers to the individual homopolymers;
w1 and w2 are weight fractions of monomers 1 and 2;
a1 and a2 depend on monomer type.48

The 60:40 random copolymer of vinylpyrrolidone
and vinyl acetate (copovidone) is a good example of
this phenomenon. As shown in Fig. 7.38, the addition of
vinyl acetate to vinylpyrrolidone results in a Tg of
105�C, which intermediate between polyvinylpyrroli-
done (povidone) of similar molecular weight (165�C)
and polyvinyl acetate (70�C) and a significant Tg reduc-
tion when compared to polyvinylpyrrolidone alone.

7.2.6.3.2 Mechanical properties of copolymers

The decrease in Tg, and Tm as a result of adding a
comonomer to an amorphous or crystalline generally
results in an increase in copolymer plasticity and flexibil-
ity. Therefore, copolymers are frequently better film
formers and tablet binders than the initial homopolymer.
Povidone (PVP) and copovidone, the 6:4 random copoly-
mer of vinylpyrrolidone and vinyl acetate (VP�VA copol-
ymer) present a relevant pharmaceutical example. PVP,
although frequently used as a tablet binder, is relatively
stiff, brittle, and hygroscopic. The brittleness and stiffness
are reflected in the relatively high Tg of approximately
164�C. In contrast, the VP�VA copolymer has a signifi-
cantly lower Tg of approximately 110�C, is a lot more flex-
ible and plastic, and has lower moisture uptake than PVP.
This results in a significantly improved compactibility, as
seen in Fig. 7.39.

7.3 COMMONLY USED POLYMER
EXCIPIENTS IN SOLID ORAL PRODUCTS

Polymers are widely used as excipients or some-
times even active ingredients in pharmaceutical
applications. The selection of excipients for a particular

FIGURE 7.37 Effect of ethoxyl content and viscosity on postcom-
paction axial recovery. High ethoxyl, low-viscosity Ashland T10 EC
has the lowest axial recovery.

N

CHCH2

O N O

n n mCHCH2 CH2 CH

O
C

CH3

O

Povidone Copovidone
(n:m = 60:40)

Pyrrolidone ring imparts solvent and
surfactant-like properties for good
adhesion and interfacial activity.

The addition of vinyl acetate 
reduces Tg from 164ºC to 
110ºC and adds hydrophobicity.

FIGURE 7.38 Schematic structures of povidone and copovidone.

FIGURE 7.39 Load�deformation plots for the pure polymer
tablets of povidone (TgB161�C and copovidone (TgB101�C) subjected
to diametral compression.
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application will depend on the therapeutic target, route
of administration, dosage forms, and drug-release pro-
file, in addition to the cost, availability, and complexity
of related pharmaceutical unit operations.

The basic architecture of polymeric excipient
materials to be considered consists of a relatively
simple linear polymer structure. This includes cellu-
losic derivatives and most major synthetic polymers
used as formulation components. Aside from a limited
number of cross-linked polymers such as croscarmel-
lose, lightly cross-linked poly (acrylic acid) (Carbopol),
and crospovidone, most polymeric materials used as
excipients are not branched or cross-linked. However, a
number of materials do participate in reversible self-
association that can result in the formation of dynami-
cally branched or physically cross-linked system, and
this secondary association equilibrium can exert an
influence on the usage properties of the material.

Polymeric excipients are numerous and very diverse
of natural, semisynthetic, or synthetic origin, depend-
ing on the source and method of preparation. They can
be classified according to their source of origins: natu-
ral polymers and synthetic polymers. They can also
be classified alternatively according to their chemical
composition, chain shape, comonomer sequence, and
their performance.

Biopolymers or natural polymers refer to polymers
of natural origin, such as polysaccharides. They are
produced by living organisms or from biomass
derived from monomers such as sugars for polysac-
charides. Natural polymeric materials such as shellac,
amber, and natural rubber have been in use for
centuries. A variety of other natural polymers exist,
such as cellulose and hydrocolloids. Natural polymers
can also be chemically modified to produce semisyn-
thetic polymers. Commercially important semisynthetic
polymers include ethyl cellulose (EC), hydroxypropyl
cellulose (HPC), hydroxypropyl methylcellulose
(HPMC), hydroxypropyl methylcellulose phthalate
(HPMCP), hydroxypropyl methylcellulose acetate
succinate (HPMCAS), and methyl cellulose (MC) for
pharmaceutical applications.

Synthetic polymers are man-made by chemical
synthesis from monomers. Polyacrylates, polyvinyl-
pyrrolidone (PVP), polyvinyl alcohol (PVA), poly(lactic-
co-glycolic acid) (PLGA), poly(ethylene glycol) (PEG),
and polyethylene (PE) are typical examples of synthetic
pharmaceutical polymers. Synthetic and semisynthetic
polymers have a potential advantage over
natural polymers due to their consistency and reproduc-
ibility in quality and functional properties.

Rather than presenting a comprehensive coverage
of the molecular properties of all classes of polymeric
excipients used in pharmaceutical formulations, we
will focus our attention primarily on an overview of

those typically used in solid oral drug products.
These polymeric excipients are used to fulfill a variety
of functions in solid oral dosage forms such as binders,
disintegrants, coatings, and drug-release, rate-controlling
polymers.

The chemical structure and applications of a number
of important pharmaceutical polymer excipients for
oral dosage forms are shown in Table 7.7.

7.3.1 Cellulose and cellulose derivatives

Cellulose is abundant in nature and exists in
plant-based foods. It is a safe material for oral drug
formulations based on a long history of human
consumption. Cellulose and its derivatives (ether and
ester) (Fig. 7.40) are among the excipients most fre-
quently used in solid oral dosage forms. A number of
overviews of polysaccharide chemistry in general,49

and cellulose derivatives in particular,50 are readily
available, and these classic references remain worth-
while resources towards understanding key aspects of
the chemistry.

The simplest modification of cellulose is size reduc-
tion. Powdered cellulose is produced by the purification
and mechanical size reduction of α-cellulose obtained
as a pulp from fibrous plant materials. It occurs as a
white or almost white, odorless, and tasteless powder
of various particle sizes, ranging from a free-flowing
fine powder or granular dense powder to a coarse, fluffy,
nonflowing powder. Powdered cellulose is used as a
tablet diluent and filler in two-piece hard capsules.51,52

Powdered cellulose has acceptable compression proper-
ties. Low-crystallinity powdered cellulose has exhibited
properties that are different from standard powdered
cellulose materials, and it has shown potential as a
direct-compression excipient. In soft gelatin capsules,
powdered cellulose may be used to reduce the sedi-
mentation rate of oily suspension fills. It is also used
as the powder base material of powder dosage forms
and as a suspending agent in aqueous suspensions for
peroral delivery. It may also be used to reduce sedi-
mentation during the manufacture of suppositories.

In order to improve the compactability of cellulose
and make it useful as dry binder for roller compaction
and tableting by direct compression, cellulose is modi-
fied by controlled hydrolysis with dilute mineral acid
solutions of α-cellulose, obtained as a pulp from
fibrous plant materials. Following hydrolysis, the
hydrocellulose is purified by filtration, and the aque-
ous slurry is spray dried to form dry, porous particles
of a controlled size distribution and moisture content
for different applications. This process converts
cellulose to microcrystalline cellulose (MCC). MCC is
purified, partially depolymerized cellulose that occurs
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TABLE 7.7 List of Polymeric Excipients for Oral Dosage Forms

Polymers Major functionality Applications

Typical use

levels (%)

IID or IIG

limita

WATER-INSOLUBLE NATURAL/MODIFIED POLYMERS

Cellulose, microcrystalline (MCC) (C6H10O5)n, n
B220

Binder/filler Tablet and capsules 10�90 789.6 mg

Cellulose, powdered (C6H10O5)n Filler Tablet and capsules 5�40 391.7 mg

Cellulose, silicified, microcrystalline (SMCC),

(C6H10O5)n. SiO2

Binder/filler Tablet and capsules 10�90 N/A

Cellulose acetate (CA) (C6H7O2(OH)3)n Coating for osmotic pump Osmotic pump 1�20 47.49 mg

Ethyl cellulose (EC) C12H23O6(C12H22O5)nC12H23O5 Coating/binder Extended-release coating/
matrix former

1�30 308.8 mg

Croscarmellose sodium (NaCMC) (C8H16O8)n Disintegrant Tablet and capsules 0.5�25 180 mg

Sodium starch glycolate (SGS) (C24H44O6Na)n Disintegrant Tablet and capsules 2�8 876 mg

WATER-INSOLUBLE SYNTHETIC POLYMERS

Crospovidone (C6H9NO)n Disintegrant Tablet and capsules 2�30 340 mg

Polyacrylic acid (carbomer; Carbopol), (C3H4O2)n Rheology modifier/controlled release Tablets, suspension 0.1�30 90 mg

Polymethacrylate, cationic Coating/binder Extended-release coating/

matrix former

5�50 161 mg

Polymethacrylate, neutral Coating/wet binder Extended-release coating/
matrix former

5�50 187.3 mg

WATER-SOLUBLE NATURAL/MODIFIED NATURAL POLYMERS

Hydroxyethyl cellulose (HEC)

[C6H7O2 (OH)x (OC2H5)y [O(CH2CH2O)mH]z]n

Coating/rheology modifier Tablet, suspension, pellets 2�50 400 mg

Hydroxypropyl cellulose (HPC) (C36H70O19)n Binder/coating/controlled-release

matrix, extrusion aid

Tablet, capsules, pellets 1�50 240 mg

Hydroxypropyl methylcellulose (HPMC or
hypromellose) (C56H108O30)n

Binder/coating/controlled-release
matrix

Tablet, capsules, pellets 1�75 480 mg

Methyl cellulose (MC) C6H7O2(OH)x(OCH3)y Coating/binder/rheology modifier Tablet, suspension,
capsules

0.5�20 30 mg

Sodium alginate (C6H7O6Na)n Coating/controlled-release matrix/

rheology modifier

Tablet, capsules, pellets 1�40 350 mg

Sodium carboxymethyl cellulose (NaCMC)
(C8H15NaO8)n

Binder/coating/controlled-release
matrix/rheology modifier

Tablet, capsules, pellets 0.1�90 2000 mg

WATER-SOLUBLE SYNTHETIC POLYMERS

Polyethylene glycol (PEG), C2nH4n12On11 Plasticizer, solubility enhancer Coating, tablet, softgel,

capsules

1�40 960 mg

Polyethylene oxide (PEO), C2nH4n12On11 Mucoadhesion, tablet binder, matrix

former, thickener

Tablets, coating 5�50 393.46 mg

Polyvinyl alcohol (PVA), (C2H4O)n Film former, thickener Tablets, coating,

microspheres

0.5�20 79.4 mg

Polyvinylpyrrolidone (PVP), (C6H9NO)n Coating, binder, solubility enhancement Tablet, capsules, pellets 0.5�90 853.8 mg

POLYMERS WITH pH-DEPENDENT WATER SOLUBILITY

Cellulose acetate phthalate (CAP) Enteric coating Tablet and capsules 0.5�9 75.6 mg

Hydroxypropyl methylcellulose acetate succinate

(HPMCAS)

Enteric coating, solubility enhancement Tablet and capsules 0.5�90 560 mg

Polymethacrylate, anionic Enteric coating, solubility Enteric coating, solubility 0.5�30 430.8 mg

aFor the latest IID or IIG Limit: http://www.accessdata.fda.gov/scripts/cder/iig/index.Cfm.

208 7. POLYMER PROPERTIES AND CHARACTERIZATION

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS

http://www.accessdata.fda.gov/scripts/cder/iig/index.Cfm


as a white, odorless, tasteless, crystalline powder com-
posed of porous particles. The properties and applica-
tions of MCC depend on the particle sizes and
moisture grades of MCC.53�55 MCC is widely used in
pharmaceuticals, primarily as a binder/diluent in oral
tablet and capsule formulations where it is used
in both wet-granulation and direct-compression pro-
cesses. In addition to its use as a binder/diluent, MCC
also has some lubricant and disintegrant properties
that make it useful in tableting. A comparison of ten-
sile strength of tablets made from different materials at
various solid fractions is shown in Fig. 7.41 where it
can be seen that microcrystalline cellulose is the most
compactable filler. Therefore, it is not surprising that
MCC has been a widely used excipient for tablets.56�60

Cellulose can also be mixed with other ingredients
to form coprocessed excipients. One of the most widely
used coprocessed cellulose is silicified microcrystalline
cellulose (SMCC).62�64 Silicified microcrystalline cellu-
lose is a synergistic, intimate physical mixture of two
components: microcrystalline cellulose and colloidal
silicon dioxide. It is manufactured by cospray drying
a suspension of microcrystalline cellulose particles and
colloidal silicon dioxide such that the dried finished
product contains 2%w/w colloidal silicon dioxide.
The colloidal silicon dioxide appears physically bound
onto the surface and inside the silicified microcrystal-
line cellulose particles. Extensive studies using different
spectroscopic methods have not detected any form of
chemical interaction.

Cellulose has also been coprocessed with lactose,
mannitol, and sodium carboxymethyl cellulose for appli-
cations in direct compression for tablets as binder/filler
and in oral suspensions as a suspension vehicle.

In order to improve the chemical and physical
properties of cellulose for food and pharmaceutical
applications, chemical modifications have been applied

to cellulose to produce a diverse range of cellulose
derivatives for pharmaceutical applications.

As the name implies, cellulose derivatives are
all based on cellulose provided by a variety of starting
furnishes (wood pulp, chemical cotton). The starting
biopolymer, cellulose, is a β-1�4 linked linear polymer
of anhydroglucose (Fig. 7.40). Due to the relatively stiff
main chain backbone, the array of available hydrogen
bonding sites per monomer residue, and structural
order inherent in the natural system, cellulose mole-
cules form crystalline microfibrils that are mechani-
cally strong and highly resistant to enzymatic attack.
Cellulose is, therefore, insoluble in water and indigest-
ible in the human body. Dissolution of cellulose
normally requires exotic solvent systems or in situ
derivatization to cap self-associating hydroxyl groups.

The reaction chemistry used in the production of
cellulosic derivatives50 is based on removing that
hydrogen bond-mediated order from the system via
activation of purified cellulose with a strong caustic,
followed by reaction with appropriate alkylating
agents (typically alkyl halides) and/or etherifying
agents (eg, propylene oxide or ethylene oxide) to
introduce various hydrophilic and/or hydrophobic
substituents. This derivatization reaction introduces
point-packing defects along the main backbone and
prevents the reestablishment of the higher level of order
that was present in the native cellulose. The overall
result is that the material is rendered soluble in a

FIGURE 7.40 Basic structure of cellulose, which is used as the
starting material for any cellulosic derivative. Each anhydroglucose
residue possesses three potentially reactive hydroxyl groups. These
are indicated and numbered in the second residue according to the
associated carbon on which they reside. For most reaction schemes,
the 2 and 6 positions are more reactive than the 3 position.

FIGURE 7.41 Comparison of tensile strength of tablets made
from different materials at a solid fraction of 0.85, an average value
for commercial tablets. Adapted from Amidon, G.E. Compaction and the
properties of mixtures, presented at Compaction Simulation Forum,
Cambridge, MA, November 13�14, 2012, http://people.clarkson.edu/
Bccetinka/CompactionPresentation/1%20Amidon%20UMichigan.pdf.61
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variety of solvents, with the preferred solvents being
dependent on the substituents bound to the backbone.
The overall molecular weight of the cellulose deriva-
tive is largely controlled by the specific selection of
starting cellulose furnish for the higher-molecular-
weight grades, with either in situ or post-derivatization
oxidative or hydrolytic glycosidic chain scission being
used to prepare the lower-molecular-weight members
of a given chemical class (Table 7.8).

Much of the solution chemistry of cellulose deriva-
tives can be organized by understanding the interplay
of the substituent as a defect in the native cellulose
packing structure to increase solubility with the
use of substituent hydrophobicity and/or charge to
tailor compatibility with nonaqueous or binary water/
nonaqueous solvents.

Cellulose derivatives can be further classed accord-
ing to whether or not the substituents can undergo
a chain extension oligomerization (either in free solu-
tion or once grafted onto the cellulose backbone).
Hydroxypropyl and hydroxyethyl substituents are able
to undergo chain extension through the inherent
hydroxyl group, whereas carboxymethyl, methyl, and
ethyl substituents effectively cap the reactive hydroxyl
site when they are grafted onto the chain. In cases
where the substituent is able to undergo chain
extension, the degree of substitution (DS5number of
substituent capped hydroxyls per anhydroglucose)
and total molar substitution (MS5number of substitu-
ent moles per mole of anhydroglucose) will differ
with MS.DS. Note, for any cellulose derivative, the
maximum value for DS cannot exceed three, as each

anhydroglucose unit only has three hydroxyl groups
available for reaction (ie, DS, 3), whereas the MS can
be greater than 3. For example, for most water-soluble
cellulose ethers, the DS values are in the range of
0.4�2, whereas for water-insoluble polyether such as
ethyl cellulose, the DS values are between 2.3 and 2.8.
On the other hand, typical MS values for hydroxyalkyl
ethers of cellulose are between 1.5 and 4.0.

Cellulose derivatives are generally graded according
to their viscosity under defined concentration condi-
tions, which is ultimately tied to their molecular weight
and substitution levels as expressed by the DS, MS, or
percent mass of grafted substituent. Note that in some
cases (ethyl cellulose would be a specific example),
the substituent used to quantify the mass loading
of derivatizing reagent on the polymer, aOCH2CH3,
reflects the combination of the oxygen atom from anhy-
droglucose with the ethyl group from the ethyl chloride
used in the derivatization reaction. Typical data of the
various grades of cellulose ethers shown in Table 7.9
indicate that the range in average molecular weight
represented in these polymers is extremely large—
ranging from 50,000 Da on the low side to 1,200,000 Da
for the highest molecular weight materials available.
This is a factor of 24 in net molecular weight. Owing to
the variable content in residue formula weight pro-
vided by the pendant groups, a direct comparison of
the differences in the DP will differ slightly. In this
case, net degrees of polymerization, basically the
number of discrete monomer residues on average
per chain, range from a low of roughly 215 for
low-molecular-weight sodium carboxymethyl cellulose
to a high of about 4700 for the highest molecular
weight grade of hydroxyethyl cellulose. Again, the total
dynamic range that chain length varies is by about a
factor of 20.

The broad range in the average molecular weight, or
equivalently, the DP, tells only part of the story. These
ranges reflect the wide variability in the population
average values. Within a given population, in other
words, for a given molecular weight, there is also a
very disparate population of overall chain lengths pres-
ent. For example, in a size exclusion chromatographic
characterization of any of the high-molecular-weight
cellulosics, the net range of molecular weights encom-
passed by the population of a given moderate- to
high-molecular-weight sample will typically span a
range from a few hundreds to thousands up to a few
million. In other words, the net diversity in chain
lengths is extremely broad and easily spans a net range
of two to three orders of magnitudes as the high- and
low-molecular-weight portions of the distribution are
accounted. A typical example is shown in Fig. 7.42.
More typically, the polydispersity of a polymeric mate-
rial is quantified by the ratio Mw/Mn. In cellulose

TABLE 7.8 Structure of Cellulose and Its Derivatives Based on
Fig. 7.40

Cellulose derivatives R groups

Cellulose aH

Methyl cellulose (MC) aH andaCH3

Ethyl cellulose (EC) aH andaCH2CH3

Hydroxyethyl cellulose (HEC) aH andaCH2CH2OH

Hydroxypropyl cellulose (HPC) aH andaCH2CHOHCH3

Hydroxypropyl methylcellulose
(HPMC)

aH andaCH3 and
CH2CHOHCH3

Hydroxypropyl methylcellulose
acetate succinate (HPMC AS)

aH andaCH3 and
CH2CHOHCH3,aC(O)CH3,
aC(O)CH2CH2COOH

Cellulose acetate aH,aC(O)CH3

Cellulose acetate phthalate aH,aC(O)CH3,
aC(O)C6H4COOH

Sodium carboxymethyl cellulose
(Na CMC)

aH andaCH2COONa
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derivatives, depending on type and viscosity grade,
this ratio can range from 3 to values of 20 or so.

Typical examples of commonly used cellulose ethers
and esters include the following65:

7.3.1.1 Hydroxypropyl cellulose

HPC is an ether of cellulose where some of the
hydroxyl groups on the cellulose backbone have been
hydroxypropylated (Fig. 7.43).

TABLE 7.9 Viscosity Grade Molecular Weights for Various Cellulose Derivatives

Viscosity grade (cP, at listed

concentration)

Concentration

(wt.%)

Viscosity measurement

conditions

Approximate molecular weight

(Mw, Daltons)

HYDROXYPROPYL CELLULOSE (HYDROXYPROPYL MS B3.4�4.1)
1500�3000 1 Brookfield (30 rpm/spindle 3) 1,150,000

4000�6500 2 Brookfield (60 rpm/spindle 4) 850,000

150�400 2 Brookfield (60 rpm/spindle 2) 370,000

150�400 5 Brookfield (60 rpm/spindle 2) 140,000

75�150 5 Brookfield (30 rpm/spindle 1) 95,000

300�600 10 Brookfield (30 rpm/spindle 2) 80,000

HYDROXYETHYL CELLULOSE (HYDROXYETHYL MS B2.5)

3500�5500 1 Brookfield (30 rpm/spindle 4) 1,300,000

1000�2500 1 Brookfield (30 rpm/spindle 3) 1,000,000

4500�6500 2 Brookfield (60 rpm/spindle 4) 720,000

250�400 2 Brookfield (60 rpm/spindle 2) 300,000

75�150 5 Brookfield (30 rpm/spindle 1) 90,000

HYDROXYPROPYL METHYLCELLULOSE (K TYPE (19�24 WT.% METHOXYL), E TYPE (28�30 WT.% METHOXYL),
7�12 WT.% HYDROXYPROPYL)

160,000�240,000 2 Ubbelohde, too high for reliable
measurement

1,200,000

80,000�120,000 2 Ubbelohde 1,000,000

19,200�36,000 2 Ubbelohde 675,000

11,250�21,000 2 Ubbelohde 575,000

3000�5600 2 Ubbelohde 400,000

SODIUM CARBOXYMETHYL CELLULOSE (NOMINAL CARBOXYMETHYL DS LEVELS OF 0.7, 0.9, 1.2)

1500�3000 1 Brookfield (30 rpm/spindle 3) 725,000

1500�3100 2 Brookfield (30 rpm/spindle 3) 395,000

400�800 2 Brookfield (30 rpm/spindle 2) 250,000

25�50 2 Brookfield (60 rpm/spindle 1) 90,500

50�200 4 Brookfield (60 rpm/spindle 2) 49,000

ETHYL CELLULOSE (STANDARD OR N TYPE (48.0�49.5 WT.% ETHOXYL), T TYPE (49.6�51.0 WT.% ETHOXYL))A

80�105 5 Ubbelohde 2C 215,000

40�52 5 Ubbelohde 2 160,000

18�24 5 Ubbelohde 2 140,000

12�16 5 Ubbelohde 1B 120,000

8�11 5 Ubbelohde 1B 75,000

6�8 5 Ubbelohde 1C 65,000

aEstimated, based on viscosity data.
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As mentioned earlier, because each of the added
hydroxypropyl group introduces a secondary hydroxyl
group, this can also be etherified during the prepara-
tion of HPC, giving rise to additional chain extension.
When this occurs, the number of moles of hydroxypro-
pyl groups per anhydroglucose ring, the molar substi-
tution MS, will be higher than the degree of
substitution DS (Fig. 7.43). To overcome the crystallin-
ity of cellulose, HPC usually needs to have a MS about
4 in order to produce good solubility in water. Due to
the high level of hydroxypropylation (around 70%),
HPC is relatively hydrophobic, so it exhibits a LCST at
45�C. At temperatures below the LCST, HPC is readily

soluble in water; however, above the LCST, HPC is not
soluble. HPC is widely used in solid oral dosage forms
as a binder, a film coating, controlled-release matrix
former, and as extrusion aid. HPC is commercially
available in six different viscosity grades correspond-
ing to average molecular weights from 80,000 to
1,150,000 Da (Table 7.9).

7.3.1.2 Hydroxypropyl methylcellulose

Hydroxypropyl methylcellulose (HPMC or hypro-
mellose) is a partly O-methylated and O-(2-hydroxy-
propylated) cellulose ether derivative (Fig. 7.44).

FIGURE 7.42 Representative molecular weight distribution profile of a high-viscosity grade (1500�3000 cP, 1% solution in water) sample
of HPC. The molecular weight scale calibration in this example refers to narrow distribution polyethylene oxide/polyethylene glycol. Note
that in this example, the net range of material spans roughly 2000�10,000,000 Da from the start to the end of the complete molecular weight
distribution. This is a fairly typical situation for high-molecular-weight polymers.

FIGURE 7.43 Typical structure for hydroxypropyl cellulose. The net molar substitution in this example is 4.0. Note that there is a distribu-
tion in the hydroxypropyl chain length for the pendant groups added to the base cellulose polymer. The relatively high hydroxypropyl
content yields a somewhat hydrophobic thermoplastic polymer, which is sparingly soluble in hot water.
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HPMC is also widely used in solid oral dosage forms
as a binder, a film coating, and a controlled-release
matrix.66,67 It is often the polymer of choice in the prepa-
ration of hydrophilic matrix tablets because of its rapid
formation of a uniform, strong, and viscous gel layer,
which protects the matrix from disintegration and con-
trols the rate of drug release. It is commercially available
in several types with different DS andMS; here the added
hydroxypropyl group introduces a secondary hydroxyl
group that can also be etherified during the preparation
of HPMC, giving rise to additional chain extension.
Currently, the USP/NF and other compendia provide
definitions for different substitution types of HPMC using
a four-digit number: for example, hypromellose 2208,
hypromellose 2906, and hypromellose 2910, respectively,
where the first two digits refer to the approximate
percentage content of the more methoxy group (OCH3),
and the second two digits refer to the approximate
percentage content of the more hydroxypropoxy group

(OCH2CH(OH)CH3). Such variations in the ratios
of methoxy and hydroxypropoxyl substitutions and
molecular weight affect their properties such as organic
solubility, thermal gelation temperature in aqueous
solution, swelling, diffusion, and drug-release rate. In
practice, hypromellose 2208 (also known as K chemistry
or grade) and hypromellose 2910 (also known as
E chemistry or grade) are the most widely used types of
HPMC in modified-release formulations. These two types
of HPMC are commercially available in many different
viscosity grades corresponding to average molecular
weights from 80,000 to 1,200,000 Da (Table 7.9).

7.3.1.3 Hydroxyethyl cellulose

HEC is a partially substituted polyhydroxyethyl
ether of cellulose (Fig. 7.45).

It is used in ophthalmic and topical formulations
as a viscosity-modifying agent and as a binder,
controlled-release matrix former, and as a film-coating

FIGURE 7.44 Typical structure for hydroxypropyl methylcellulose. This is an example of a mixed derivatized cellulosic containing both
hydroxypropyl and methoxyl functionality. The specific system shown has a hydroxypropyl DS of 0.25 (B9.6 wt.%) and methoxyl DS of 1.5
(B23 wt.%). Due to the lower content of bound hydrophobic functionality relative to HPC shown in Fig. 7.38, this material will generally
display better water solubility at higher temperatures.

FIGURE 7.45 Typical structure for hydroxyethyl cellulose. As with hydroxypropyl cellulose, a distribution in hydroxyethyl oligomer
chain lengths exists. In this example, the hydroxyethyl cellulose segment shown has a net molar substitution (MS) of 2.5, while the degree of
substitution (DS) is 1.75 (57/4).
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agent in solid dosage forms. Similar to the synthesis of
HPC, each of the added hydroxyethyl group intro-
duces a secondary hydroxyl group that can be further
etherified during the preparation of HEC, giving
rise to an additional chain extension. In this case, the
number of moles of hydroxyethyl groups per anhydro-
glucose ring, the molar substitution MS, will be higher
than the degree of substitution DS. A typical structure
of HEC with substitution sites on the anhydroglucose
rings, giving rise to MS value of 2.5 and DS value of
1.75, is illustrated in Fig. 7.40. HEC dissolves quickly
in water (hot or cold) to form a clear and smooth
solution, which does not gel or precipitate even when
heated to the boiling point of water. HEC is available
commercially in several grades that vary in viscosity
and DS, corresponding to average molecular weights
from about 90,000 to 1,300,000 Da (Table 7.9).

7.3.1.4 Ethyl cellulose

Ethyl cellulose (EC) is a partly O-ethylated cellulose
ether derivative (Fig. 7.46).

It is insoluble in water but soluble in a variety of
solvents. EC is widely used in oral pharmaceutical
formulations as a coating agent for tablets and granules
to regulate the drug-release rate and to mask unpleas-
ant taste, as well as in microencapsulation and in

matrix tablets to achieve modified release. EC films can
be applied from organic solvent systems, but this has
largely been replaced by the use of a more environmen-
tally friendly aqueous dispersion of EC without the
need for organic solvents.68�71 The substitution level or
the ethoxyl content directly impacts the properties of
the resulting EC. A typical structure of EC with a DS
value of 2.5 corresponding to a 48.5 wt.% ethoxyl con-
tent is shown in Fig. 7.46. If the DS of EC is increased
to 2.8, a largely insoluble material would result, under-
scoring the interplay of solid-state packing defects in
modulating the solubility of cellulose derivatives.
Currently, USP-NF and EP define the ethoxyl content
of EC to be between 44.0 and 51.0 wt.%. EC is available
commercially in several types that vary in viscosity
and ethoxyl content, corresponding to average molecu-
lar weights from about 65,000 to 215,000 Da; the most
widely used is the standard or N type that has
48.0�49.5 wt.% ethoxyl content (Table 7.9). EC can also
be used as a binder/matrix former for matrix tablet
formulations for modified-release applications.72

7.3.1.5 Methyl cellulose

Methyl cellulose (MC) is a methyl ester of cellulose
(Fig. 7.47) that contains 27.5�31.5% of the methoxy
groups. A typical structure of MC with DS value of

FIGURE 7.46 Typical structure for ethyl cellulose with a net degree of substitution of 2.5. This corresponds to a wt.% ethoxyl of 48.5,
which is representative of an N or standard grade of this material. If the net DS of the ethyl cellulose is substantially increased to the order of
2.8, a largely insoluble material results, underscoring the interplay of solid-state packing defects in modulating cellulose derivative solubility.

FIGURE 7.47 Typical structure for methyl cellulose with a net degree of substitution of 1.75, which corresponds to a wt.% methoxyl level
of 29.1.
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1.75 corresponding to 29.1 wt.% methoxyl content is
shown in Fig. 7.47. MC is soluble in water, and its
aqueous solution exhibits thermal gelation properties.
A wide range of viscosity grades (5�75,000 cP at 2%)
corresponding to average molecular weight range of
10,000�220,000 Da are available commercially. MC is
widely used in oral solid pharmaceutical formulations
as a binder, a coating agent, and a disintegrant for
tablets, as well as in matrix tablets to achieve sustained
release.

7.3.1.6 Sodium carboxymethyl cellulose

Sodium carboxymethyl cellulose (NaCMC) is the
sodium salt of the carboxymethyl ether of cellulose, an
anionic derivative (Fig. 7.5).

It is widely used in oral, ophthalmic, injectable, and
topical pharmaceutical formulations, primarily for its
viscosity-increasing and gelling properties. For solid
dosage forms, it is mostly used as a binder or matrix
former. Pharmaceutical grades of NaCMC are avail-
able commercially at DS values of 0.7 and 0.9, with a
corresponding sodium content of 6.5�9.5 wt.% (USP/
EP), and at a DS value of 1.2 with sodium content of
10.4�12 wt.% (USP). NaCMC is highly soluble in water
at all temperatures, forming clear solutions with vis-
cosities depending on the substitution grade and con-
centration. NaCMC is available in several different
viscosity grades, corresponding to average molecular
weights from about 49,000 to 725,000 Da (Table 7.9).

7.3.1.7 Cellulose acetate

Cellulose acetate (CA) is cellulose with its hydroxyl
groups partially or completely acetylated (Fig. 7.48).

It is insoluble in water but soluble in a variety of
organic solvents. CA is available in a wide range of ace-
tyl contents (29.0�44.8%) and chain lengths, with molec-
ular weights ranging from 30,000 to 60,000. CA is widely
used in pharmaceutical formulations as semipermeable
coatings on osmotic tablets to regulate the osmotic water
influx, thereby controlling the drug-release rates.73�76

With appropriate additives, it is also used as coatings on

tablets or granules or as shell material for microcapsules
to achieve controlled drug release, or as coatings on
tablets or granules for taste-masking purposes. CA can
also be employed to formulate matrix tablet prepared by
direct compression.

7.3.1.8 Cellulose derivatives with pH-dependent
solubility

HPMCAS (Fig. 7.49) is produced by the esterifica-
tion of HPMC with acetic anhydride and succinic
anhydride in a reaction medium of a carboxylic acid,
such as acetic acid, and using an alkali carboxylate,
such as sodium acetate, as catalyst.

HPMCAS retains the structure diversity of the start-
ing material HPMC where the added hydroxypropyl
group introduces a secondary hydroxyl group, which
can also be etherified during the preparation of
HPMC, giving rise to an additional chain extension. It is
available in several grades with varying extent
of substitution, mainly of acetyl (2.0�16.0%) and
succinoyl (4.0�28.0%) groups with molecular weights
ranging from 55,000 to 93,000 Da. HPMCAS is insoluble
in gastric fluid but starts to swell and dissolve at a pH
above 5 depending on the extent of substitution.
The dissolution pH increases as the ratio of acetyl
over succinoyl substitution increases. Traditionally,
HPMCAS has been used in enteric film coating of tablets
and multiparticulates.77 For aqueous film-coating for-
mulations, a dispersion of HPMCAS fine powder and
triethyl citrate (as a plasticizer) in water is commonly
utilized. Organic solvents can also be used as vehicles
for applying this polymer as a film coating. However,
today HPMCAS is the most widely utilized amorphous
solid dispersion polymer for drug solubilization. It is
most easily used via spray drying, but hot-melt
extrusion is also becoming increasingly common.78,79

Cellulose acetate phthalate (CAP) (Fig. 7.50) is a
product of esterification of cellulose acetate (CA) with
phthalic anhydride in the presence of a tertiary organic
base such as pyridine or a strong acid such as
sulfuric acid containing 21.5�26.0% of acetyl groups
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FIGURE 7.48 Typical structure for cellulose acetate (CA).
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and 30.0�36.0% of phthalyl groups with a viscosity
(15% in acetone) ranging from 50 to 90 cP.

CAP has pH-dependent solubility and is soluble in
aqueous solutions at a pH above 6. CAP is mainly
used as an enteric film-coating material or as a matrix
binder for tablets and capsules. It provides protection
of API in the strongly acidic gastric fluid, but it
dissolves in mildly acidic or neutral intestinal environ-
ment to make the drug available for absorption.
CAP is commonly applied to solid-dosage forms either
by coating from an aqueous dispersion or a solution of
organic solvent or by direct compression.

7.3.2 Synthetic polymers

7.3.2.1 Acrylic acid polymers

Synthetic polymers based on acrylic, especially
methacrylic acids, have found extensive applications
in the oral solid formulations to protect the active

ingredients as versatile film former for coatings or to
release the drug in a controlled manner as a matrix
former or a diffusion barrier for a reservoir system.

Such polymers can be made as cationic, anionic,
and neutral (nonionic) polymers.

7.3.2.1.1 Polyacrylic acid (carbomer; carbopol)

Carbomers (Fig. 7.51) are synthetic high-molecular-
weight polyacrylic acids cross-linked with allyl sucrose
or allyl pentaerythritol and contain between 56 and
68% w/w carboxylic acid groups. The molecular weight
of carbomer is estimated to be at 73 105 to 43 109 Da.
As three-dimensionally cross-linked microgels, carbo-
mers do not dissolve but swell to a remarkable extent
in water after neutralization to form a gel.80 Carbomers
are used in liquid or semisolid pharmaceutical formula-
tions as rheology modifiers. Carbomers having low
residual solvent content, such as Carbopol 971P NF or
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FIGURE 7.50 Typical structure for cellulose acetate phthalate (CAP).
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FIGURE 7.49 Typical structure for hydroxypropyl methylcellulose acetate succinate (HPMCAS).
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Carbopol 974P NF, may be used in oral solid dosage
forms as binders or matrix tablet formers.81�84

7.3.2.1.2 Polymethacrylate

Polymethacrylates (Fig. 7.52) are synthetic linear
copolymers prepared by free-radical polymerization.
They may exist as cationic, anionic, and neutral
(nonionic) polymers depending on the starting

monomers for preparing the polymers. The functional-
ity and applications of such polymers depend on the
structures and ionic charges of the polymers.85�88

Anionic polymers: Anionic polymethacrylate polymers
contain methacrylic acid functional groups, which dis-
sociate and render the polymer soluble at the higher pH
of the small intestine and colon. Anionic polymers con-
taining methacrylic acid�ethyl acrylate copolymer (1:1)
in coating products (eg, Eudragits L 30-D or Kollicoats

MAE 30 DP) are soluble from a pH 5.5 but insoluble at
the low pH in the stomach. Such polymers offer enteric
protection to many active ingredients in oral solid for-
mulations in the gastric environment and trigger drug
release at a selected pH for targeted drug delivery in the
GI tract. Anionic copolymers of methacrylic acid and
methyl methacrylate at a ratio of approximately 1:1
(Type A; eg, Eudragit L) and approximately 1:2 (Type B;
eg, in Eudragit S). Both polymers are readily soluble in
neutral to weakly alkaline conditions (from pH 6 forFIGURE 7.51 Typical structure for carbomers.
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Type A and from pH 7 for Type B); the latter enables
drug delivery to the colon, since the polymers becomes
soluble at pH .7.0.

Cationic polymers: Cationic polymethacrylate polymers
typically consist of copolymers of ethyl acrylate, methyl
methacrylate, and a low content of methacrylic acid ester
with quaternary ammonium groups. The ammonium
groups are present as salts, which increase the polymer
swelling in aqueous media, thereby making the poly-
mers more permeable. Cationic polymethacrylate con-
taining more quaternary ammonium groups (eg,
Eudragit RL 100) is, therefore, more permeable than the
one containing less quaternary ammonium groups (eg,
Eudragit RS 100) as a consequence. Both polymethacry-
late polymers are commercially available as a fine pow-
der (eg, Eudragit RS PO), a solution in organic solvents
(eg, Eudragit RS 12.5), or an aqueous dispersion (eg,
Eudragit RS 30 D). Both polymethacrylate polymers can
be mixed in any ratio to modulate the drug-release rate
in addition to well-known strategies of varying coating
thickness and incorporation of pore formers.

Another available cationic polymethacrylate is a copol-
ymer based on dimethylaminoethyl methacrylate, butyl
methacrylate, and methyl methacrylate (eg, Eudragit
E 100). It is soluble in gastric fluid below pH 5 but
becomes swellable and permeable, but not soluble, above
pH 5. This cationic polymethacrylate can be used for
taste-masking applications.

Neutral polymers: Neutral polymethacrylates based
on copolymers of ethyl acrylate and methyl methacry-
late (2:1) do not contain ionic groups and, therefore,
only swell in aqueous media independently of pH
without dissolving. These are generally available as
aqueous dispersions with a solid content at 30% and
40% respectively (eg, Eudragit NE 30 D and Eudragit
NE 40 D). Films prepared from these are insoluble in
water but will swell and become permeable when they
are in contact with water and exhibit pH-independent
drug permeability. Such neutral polymethacrylate
aqueous dispersions can be used for controlled-release
coatings and wet-granulation binders.

7.3.2.2 Polyvinylpyrrolidone

7.3.2.2.1 Povidone

Povidone (Fig. 7.53) is a linear polymer of 1-vinyl-2-
pyrrolidinone monomer with different degrees of

polymerization, which results in polymers of a wide
range of molecular weights (2,500�3,000,000 Da).

Povidone is water soluble, with the maximum con-
centration being limited only by the solution viscosity.
Being nonionic, the viscosity of povidone in an aque-
ous solution is unaffected by the pH or salt concentra-
tion. Povidone is widely used in solid-dosage forms. In
tablet formulations, povidone solution is used as wet-
granulation binder. Povidone can also be incorporated
to powder blends in the dry form and granulated in
situ by the addition of water, alcohol, or hydroalco-
holic solutions. Povidone may be used as a
dissolution-enhancing agent in oral formulations for
poorly soluble drugs involving processes such as
spray drying and hot-melt extrusion.79,89 Povidone is a
well-known complexing agent; for example, the ability
to complex with iodine is of particular commercial
importance, providing an antibacterial povidone
iodine solution and powder that are widely used in
medical and hospital settings. Povidone solutions may
also be used as a film former for coating formulations
or as binders for drug layering onto a substrate such
as sugar or microcrystalline cellulose beads. Povidone
is additionally used as a suspending, stabilizing, or
viscosity-increasing agent in a number of oral suspen-
sions and solutions. Increasingly due to its advanta-
geous solubility in PEG 400 and glycerin, povidone is
also used as a viscosifying and stabilizing agent in
liquid-filled gelatin capsules.

7.3.2.2.2 Crospovidone

The preparation of vinylpyrrolidone for crospovi-
done is similar to povidone. The vinylpyrrolidone is
polymerized in solution using a catalyst to produce
crospovidone by a popcorn polymerization process.
Crospovidone is a white, free-flowing, practically taste-
less and odorless, hygroscopic powder.

Crospovidone is a cross-linked, water-insoluble
superdisintegrant. It is usually incorporated dry in the
running powder of a tablet formulation, but it can also
be processed by wet and dry granulation methods.
Typical use levels in tablet formulations range from
2% to 5%, but in orally disintegrating tablets in partic-
ular and some capsule formulations, crospovidone
is used at much higher levels up to 30%. Similar to
sodium starch glycolate, crospovidone disintegrates
tablets mainly by swelling, with little tendency to form
gels. Crospovidone can also be used for solubility
enhancement of poorly soluble drugs in the process
of coevaporation. This process enables the drug
adsorption onto crospovidone in the presence of a
suitable solvent, and the solvent is then evaporated to
provide a solid mixture with a faster drug dissolution
rate.FIGURE 7.53 Chemical structure for polyvinylpyrrolidone (PVP).
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7.3.2.3 Polyvinyl alcohol (PVA)

Polyvinyl alcohol (PVA) is produced through the
hydrolysis of polyvinyl acetate. The repeating unit of
vinyl alcohol is not used as the starting material
because it is unstable and cannot be isolated. The
hydrolysis of polyvinyl acetate proceeds rapidly in
methanol, ethanol, or a mixture of alcohol and methyl
acetate, using alkalis or mineral acids as catalysts.

PVA occurs as an odorless, white to cream-colored
granular powder. It is a linear water-soluble polymer
represented by the formula (C2H4O)n (see structure in
Fig. 7.54). The value of n for commercially available
PVA is between 500 and 5000, equivalent to a molecu-
lar weight range of 20,000�200,000. Various grades of
PVA are commercially available. The DP and the
degree of hydrolysis are the two key factors affecting
their physical properties. Typically, pharmaceutical
grades are partially hydrolyzed materials.65

The predominant commercial use of polyvinyl
alcohol in solid oral dosage forms is as an immediate-
release, film-coating polymer. It is also used as a
viscosity-enhancing agent in ophthalmic and topical
formulations.

7.3.2.4 Polyethylene oxide (PEO) and
polyethylene glycol (PEG)

Polyethylene oxide (PEO) and polyethylene glycol
(PEG) have the same CAS registry number 25322-68.
Both PEO and PEG are nonionic homopolymers of
ethylene oxide, sharing the same formula (CH2CH2O)n
(Fig. 7.55) where n represents the average number of
oxyethylene groups, with n5 5�182 for typical PEGs
(avg. MW 200-8000) and much larger n’s for PEOs
(avg. MW 100,000 up to several million).

7.3.2.4.1 Polyethylene glycol (PEG)

Polyethylene glycol (PEG) is formed by the reaction
of ethylene oxide and water under pressure in the
presence of a catalyst.

PEG is soluble in water and miscible in all propor-
tions with any other grade of PEG (after melting, if

necessary). Liquid PEGs are soluble in acetone, alco-
hols, benzene, glycerin, and glycols. Solid PEGs are
soluble in acetone, dichloromethane, ethanol (95%),
and methanol; they are slightly soluble in aliphatic
hydrocarbons and ether but insoluble in fats, fixed
oils, and mineral oil. Aqueous solutions of higher-
molecular-weight grades may form gels.

In tablet formulations, PEGs of a high molecular
weight can enhance the effectiveness of tablet binders
and impart plasticity to granules when it is used in
conjunction with another binder. PEG may prolong
disintegration if used above 5% w/w. Polyethylene
glycol grades with molecular weights of 6000 and
above can be used as lubricants, particularly for
soluble tablets. The lubricant action is not as good as
that of magnesium stearate, and stickiness may
develop if the material becomes too warm during
compression.

In coating formulations, low-molecular-weight PEG
is mainly used as a plasticizer. Higher molecular
weights can be useful as hydrophilic polishing materi-
als. Solid PEGs are also used to enhance the ductility
of the coating membrane and avoid rupture of the
coating film when the coated microcapsules are
compressed into tablets. The presence of PEGs in film
coats, especially of liquid grades, tends to increase
their water permeability and may reduce protection
against low pH in enteric-coating films.65

PEGs may also be used to enhance the aqueous
solubility of poorly soluble drugs by making solid dis-
persions with an appropriate grade of polyethylene
glycol by either spray drying or hot-melt extrusion.

Polyethylene glycols have been used in the prepa-
ration of urethane hydrogels, which are used as
controlled-release agents. Polyethylene glycol has also
been used in insulin-loaded microparticles for the oral
delivery of insulin; it has been used in inhalation
preparations to improve aerosolization.

7.3.2.4.2 Polyethylene oxide (PEO)

Polyethylene oxide (PEO) is prepared by the polymer-
ization of ethylene oxide with the use of a suitable
catalyst.

PEO is soluble in water and some commonly
used organic solvents such as acetonitrile, chloroform,
and methylene chloride. It is insoluble in aliphatic
hydrocarbons, ethylene glycol, and most alcohols.
It may contain up to 3% of silicon dioxide or suitable
antioxidant.

Higher-molecular-weight PEO is predominantly
used in extended-release formulations as a hydrophilic
matrix former at levels ranging from 5% to 75%. PEO
can be used as a tablet-and-extrudate forming material
or an aid in hot-melt extrusion. The relationship
between the swelling capacity and the molecular

FIGURE 7.54 Chemical structure for polyvinyl alcohol (PVA).

FIGURE 7.55 Chemical structure for polyethylene glycol (PEG)
and polyethylene oxide (PEO).

2197.3 COMMONLY USED POLYMER EXCIPIENTS IN SOLID ORAL PRODUCTS

I. THEORIES AND TECHNIQUES IN THE CHARACTERIZATION OF DRUG SUBSTANCES AND EXCIPIENTS



weight is a good guide when selecting products for
use in immediate- or sustained-release matrix formula-
tions. Polyethylene oxide has also been shown to have
mucoadhesive properties. PEO films exhibit good
lubricity under wet conditions.65

PEOs are an effective viscosity enhancer at low-use
level, although alcohol is usually added to water-based
formulations to provide improved viscosity stability.

7.3.2.5 Ion-exchange resins

Ion-exchange resins are generally made from
methacrylic acid, sulfonated styrene, and divinylbenzene
(DVB). A generic structure of such cation-exchange resin
is shown in Fig. 7.56.

Cation exchangers are anionic polymers that contain
carboxyl or sulfate groups with hydrogen, potassium,
and sodium as counterions. Cation exchangers with
weak acidity are made from a polymer of methacrylic
acid (containing COOH) cross-linked by DVB. The
counterion of the acidic carboxyl group is either
hydrogen (as in polacrilex resin) or potassium (as in
polacrilin potassium). To make a cation-exchange resin
with a stronger acidity, water-insoluble styrene is used
to prepare the polymer, which is sulfonated to make
it hydrophilic. DVB is also used to cross-link the poly-
mer, and the counterion of the sulfate group (SO3) is
generally sodium.

Ion-exchange resins swell in an aqueous medium.
The DVB�cross-linked potassium methacrylate copol-
ymer possesses such a high swelling capacity that it is
used as a disintegrant for oral solid formulations.

Ion-exchange resins have fixed ionic functional
groups that can provide binding of ionic drugs.
Release of the bound drugs requires an exchange with
counterions such as hydrogen or sodium, which are

available in the gastrointestinal tract. Because of their
unique properties, the ion-exchange resins are gener-
ally used for taste masking, drug stabilization, and
sustained-release applications or a zero-order release
due to their high swelling capacity.90,91

The commercial product of sodium polystyrene
sulfonate (Amberlitet IRP69) is used to treat hyperka-
lemia. On the other hand, cationic ion-exchange resins
with the ability to exchange anions carry quaternary
ammonium groups, 2N1(R)3 with chlorine as a coun-
terion. Cholestyramine resin (Duolitet AP143) is cat-
ionic styrene DVB polymer that is an anion exchanger
and is used to reduce cholesterol or to sequestrate
the bile acid.

7.4 CONCLUSION

In many respects, polymeric materials have a
preeminent position among excipients, as they form the
backbone of modern pharmaceutical practice and drug-
delivery technologies in particular. With the exception
of a few technologies, the majority of bioavailability
enhancement, modified-release, and controlled-release
technologies rely on the unique properties of polymers
to achieve drug-release control through a variety of
mechanisms. These may include dissolved drug diffu-
sion through water-insoluble, polymeric film coatings
or diffusion and erosion from water-soluble, hydrogel-
forming polymeric systems. Some of the obvious,
inherent properties of polymers that continue to enable
the development of new technologies include their
large molecular weight, which facilitates entanglement
and network formation, thus allowing diffusion con-
trol. Also important is the availability of large numbers
of different polymers, which are generally regarded as
safe and which have good processing and manufactur-
ing properties such as solubility in aqueous systems
and common nonaqueous solvents, good stability,
good plastic deformation and compaction properties,
and excellent film-forming properties.

As highlighted in this chapter, the key to under-
standing and productively using polymeric materials
in solid dosage form design and general industrial
practice is to appreciate their unique properties as
compared to well-defined, discrete small molecules.
In particular, unlike small molecules with a well-
defined and discrete structure, state, and properties,
polymers are best viewed in terms of a continuum and
distribution of structural and physical property charac-
teristics and states. Furthermore, while structure�
property relationships are frequently complex and
multifactorial, we hope to have conveyed that even
with the application of only a small set of relatively
simple rules and principles, it is possible to make

FIGURE 7.56 Generic structure of a cation-exchange resin based
on polymethacrylic acid, where R5hydrogen for polacrilex resin,
R5potassium (partial) for polacrilin potassium.
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more rational and science-based decisions with regard
to polymer selection to achieve the desired effects and
robust systems. This is particularly important in the
context of the current industry focus on QbD and
the fact that polymeric materials frequently comprise a
significantly greater proportion of the modern dosage
form than does the drug. Looking to the future, it is
clear that polymers will continue to be a tool in the
development of solid oral dosage forms.
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Interfacial Phenomena
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8.1 INTERFACES

In the pioneering work “Graphical methods in the
thermodynamics of fluids” by Prof. J. Willard Gibbs,1

he makes the argument that:

It may occur, however, in the volume-entropy diagram that
the same point represents two different states of the body. This
occurs in the case of liquids which can be vaporized.

This work, the first integrated mathematical
description of interfacial phenomena, sparked the
development of a new research area dealing with the
phenomena at the boundaries between phases.

The interface is the boundary between any two
phases.2 This definition implies that the two phases
can be of the same state or even to be identical. For the
sake of convenience, interfacial interactions are distin-
guished by the states of matter of two contacting
phases, solid (S), liquid (L) and vapor (V). Therefore,
six possible interfaces arise as a result of the combina-
tion of contacting phases: S-S, S-L, S-V, L-L, L-V, V-V.
However, the existence of an interface between
two vapor phases is unlikely, thus, it is omitted in this
chapter. Additionally, the L-V interface is of less
practical importance to solid dosage forms. Therefore,
it will not be included in this chapter either. In all suc-
ceeding discussions, it is important to keep in mind the
dynamic nature of these interfaces; for example, when
a solid particle is dissolving in a liquid medium, the
S-L interface decrease upon dissolution until it vanishes.

S-S interactions (commonly known as contact mechan-
ics): Contact mechanics describe the cohesive and
adhesive properties of particles implicating their
processability during manufacturing. In particular, S-S

interface influences the flow of powders,3,4 mixing,
and blending operations,5,6 including coating and
deaggregation processes.7 Furthermore, milling and
micronization processes,8�12 which are very important
for the size reduction of active pharmaceutical ingredi-
ents (APIs) for dry powder inhalers (DPIs), will have
an impact on the API-excipient S-S interactions.
Formulation processes such as fluidization and tablet-
ing are subjected to the effects of S-S interfaces as well.

S-L interactions: These are of particular importance in
operations like wet milling and wet granulation,13

where liquids are used to enhance the process effi-
ciency. Interfacial properties will determine the wetting
of solids in liquids, an important step in the formation
of granule nuclei leading to successful granulation pro-
cesses. Solid�liquid interactions will also determine
the dissolution behavior of solid dosage forms, in vitro
and in vivo.14

S-V interactions: Moisture uptake can lead to the accu-
mulation of liquid on solids either in the form of bound
or unbound water. The adsorption mechanisms are sus-
ceptible to changes in solid properties such as surface
energy, porosity and physical form (amorphous vs crys-
talline), as well as the changes in the environment.
Morphological changes and recrystallization15,16 have
been reported as a result of moisture uptake. Moisture
removal is just as important as moisture uptake. It
is widely reported that the formation of polymorphs
through dehydration/desolvation hinges on drying con-
ditions and dehydration/desolvation mechanisms.17,18

L-L interactions: Emulsification processes are employed
in delivering insoluble drugs and in preparing drug
delivery carrier particles. These are two important exam-
ples of the application of L-L interactions.
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8.2 FUNDAMENTAL INTERMOLECULAR
FORCES

In his Nobel Lecture on December 12, 1910,19

Johaness Diderik van der Waals challenged Boyle’s
law, stating:

As you are aware the two factors which I specified as rea-
sons why a nondilute aggregate of moving particles fails to
comply with Boyle’s law are firstly the attraction between the
particles, secondly their proper volume.

This statement has been interpreted mathematically
by the well-known van der Waals equation of state:

p1
aVdW
v2

	 

v2 bVdWð Þ5RT ð8:1Þ

where aVdW describes the adhesive (van der Waals)
forces between the molecules, bVdW corresponds to the
exclusion volume of a molecule of the fluid and the rest
of the parameters have the same meaning as in the
ideal gas law. As aVdW and bVdW tend to zero, the van
der Waals equation reduces to the ideal gas law. This
condition is in line with the fundamental assumptions
of ideal gas law, assuming that the gas molecules are
volumeless and molecules do not interact.

8.2.1 Van der waals forces

Van der Waals forces can be categorized, on the
ground of the molecules involved in the interaction, to:
Keesom forces, Debye forces, and London (dispersion)
forces, summarized schematically in Fig. 8.1. For
Keesom forces, two polarized molecules interact because
of the inherent difference in charge distribution. In the
case of Debye forces, a molecule with a permanent
dipole induces charge redistribution to neighboring
molecules with no dipole moments. Finally, London
forces arise in molecules without permanent dipoles.
The fluctuations on the electron cloud lead to temporary
changes in the charge distribution inducing a
charge redistribution to neighboring molecules. The
mathematical formulation of all three components has
the general form:

U rð Þ52
C

r6
ð8:2Þ

where C is a constant changing slightly for each com-
ponent and r is the intermolecular distance.

Apart from van der Waals forces, there exists an
interaction between electron poor and electron rich
atoms, via the sharing of a lone pair of free electrons
from the latter to the former, called dipole-dipole interac-
tions. When a hydrogen atom is involved in this inter-
action, the interaction is called hydrogen bond. Due to
its nature, it is characterized by directionality and
short-range action, meaning that the electron poor and
the electron rich sites should “face” one another at a
close distance. Directionality leads to the formation
of weak structures of molecules held together via the
bonds formed through the sharing of lone pairs of free
electrons. The effect of these bonds is affected by
the proximity of the molecules. Thus, it changes
depending on the state of the matter. In particular, as
matter moves from vapor to liquid or solid states, the
importance of them increases. The physical chemical
property of ice is the most striking manifestation of the
effects of these forces.

Additionally, Coulombic forces develop between
charged atoms or ions. The nature (attractive or repul-
sive) and magnitude of the interaction depend on the
sign (positive or negative), the ionic charge of the con-
tributing elements, the distance, and the medium sepa-
rating them. For instance, two oppositely charged ions
exhibit attractive interactions, the magnitude of which
is given by the following relation:

U rð Þ5 Q1Q2

4πε0r2
ð8:3Þ

where Q1 and Q2 are the charges, r is the distance
between them, ε0 is the dielectric constant of the
medium separating these ions.

8.2.2 Thermodynamics of dispersion forces

From the aforementioned van der Waals forces,
London dispersion forces account for the majority of
the van der Waals interactions. In the following
section, two main approaches for the derivation of
them will be discussed: Hamaker’s and Lifshitz’s
approaches.

8.2.2.1 Hamaker’s approach20,21

If a single spherical molecule is suspended above a
flat, solid surface (Fig. 8.2), it can be assumed that the
total interaction to be given by the summation of all
the intermolecular interactions between the molecule
and the flat surface. Assuming simple additivity

FIGURE 8.1 Schematic representation of the three components of van der Waals forces.
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between them and n number of molecules on the sur-
face then the potential energy, U, can be written as:

dU

dn
52

3α2hv

4 4πε0ð Þ2r6s
ð8:4Þ

where rs is the geometric term shown in Fig. 8.2, α is the
polarizability, h stands for the Planck constant, v is the
frequency of fluctuation and ε0 is the dielectric permit-
tivity in vacuum.

The number of molecules, assuming a spherical shape,
can be calculated further by the following equation:

dn5 2π ρda dx ð8:5Þ
where ρ is the concentration of molecules on the
surface.

Upon combining the two equations and integrating,
the following relation for the potential energy can be
obtained:

U5

ðN
H

ðN
0

2
3a2hv

4 4πε0ð Þ2 x21α2ð Þ3
2π ρdα dx5

3a2hv

4 4πε0ð Þ2
πρ
6H3

ð8:6Þ
As can be seen in Fig. 8.2, α is the radius of the flat

solid surface, x is the variable used to describe the dis-
tance between the molecule and the surface and finally
H is the actual distance between the molecule and the
surface.

For a system of two parallel plates the number of
molecules is given simply by dn5 ρ � dh, so the poten-
tial is given by:

U5
3a2hv

4 4πε0ð Þ2
πρ2

12H2
ð8:7Þ

Hamaker conducted pairwise summation of the dis-
persion energies and proposed that the interaction
between two similar macroscopic bodies at short dis-
tances can be given by:

Aii 5βπρ2 ð8:8Þ
where β stands for the pairwise interaction coefficient.

where Aii is the Hamaker constant.
As such, the dispersive intermolecular energy or the

free energy of interaction between two parallel plates
can be rewritten as

U5ΔG52
Aii

12πr2s
ð8:9Þ

where rs is the interplate separation.
In the case of two bodies of different materials,

Berthelot’s principle states that the interaction can be
estimated by the geometric mean of the interaction
between each of the same materials. Thus, the
Hamaker constant for their interactions is written as:

Aij 5
ffiffiffiffiffiffiffiffiffiffiffiffi
AiiAjj

q
ð8:10Þ

where Aii and Ajj are the Hamaker constants of each
material in vacuum.

Similarly for two bodies (1, 2) interacting in a third
medium (3), the Hamaker combination rule gives the
following expression:

A132 � A12 1A13 2A13 2A23

5
ffiffiffiffiffiffiffiffi
A11

p
2

ffiffiffiffiffiffiffiffi
A33

p	 
 ffiffiffiffiffiffiffiffi
A22

p
2

ffiffiffiffiffiffiffiffi
A33

p	 
 ð8:11Þ

8.2.2.2 Lifshitz’s approach22

Lifshitz avoided the problems associated with addi-
tivity proposed by the earlier approaches of Hamaker.
Lifshitz’s approach ignores the atomic structure and
treats the forces between large bodies as continuous
media. The Lifshitz theory is derived from dielectric
constants and refractive indices. Nonetheless, the full
derivation is out of the scope of this chapter as it
requires extensive understanding of quantum
mechanics.23,24 The Hamaker constants, for unlike
bodies interacting in a medium, evaluated by the
Lifshitz approach are given by

A1325
3

4
kT

ε12ε3
ε11ε3

� �
ε22ε3
ε21ε3

� �

1
3hv

8
ffiffiffi
2
p n212n23

� �
n222n23
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n211n23
� �

n221n23
� �q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n211n23
� �q

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n221n23
� �q	 

ð8:12Þ

where ni and εi stand for the refractive index and
dielectric constant of material i, respectively.

(a)

a

(b)

rs

dx

da da

rs
x

FIGURE 8.2 Schematic representation for the derivation of potential
energy equation by Hamaker’s approach (a) top view, (b) side view.
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The main limitation to the Lifshitz approach is that
the theory is based on the continuum theory, which is
true only when the interacting surfaces are farther
apart than their molecular dimensions. The practical
use of this theory is dependent on the availability of
the dielectric constants for the materials of interest.

8.3 THERMODYNAMICS OF PARTICLES
IN ELECTROLYTE SOLUTIONS

8.3.1 DLVO theory25,26

Let’s now consider an electrolyte containing solution
with negatively charged particles in it, with D being
the distance between two particles. For the sake of con-
venience, it is first assumed that only counterions (posi-
tive ions with respect to the negatively charged
surfaces) exist in the solution. The surfaces of the parti-
cles are treated as flat since in a microscopic point of
view curvature effects can be neglected. The chemical
potential of the ions can be written as:

μ5 zeψ1 kT log ρð Þ ð8:13Þ
where z corresponds to a particular valency number, ψ
stands for the electrostatic (zeta) potential, ρ is the
number density of ions with valency z at a distance x
from the midpoint (Fig. 8.3).

The repulsive forces between charged particles in a
solution can be described according to the following
equation:

Wrep Dð Þ5 2πRkε0εRψ2
0 exp 2κDð Þ ð8:14Þ

where R is the radius of the sphere, ε0 is the electric
permittivity in vacuum, εR is the dielectric constant of
the liquid, κ is a constant characterizing the width of
the electrical double layer, and D is the distance
between two particles.

8.3.2 Steric stabilization of particles

Polymer adsorption on particles surface is used to
stabilize colloidal systems. The adsorbed polymers cre-
ate a layer around the particle. When two particles come
close, their polymer layers interact and the arising steric
forces prevent coagulation, stabilizing the system. Both
enthalpic and entropic phenomena contribute to the ste-
ric potential, the former associated with the elastic
deformation of the polymer layer and the latter with the
osmotic phenomena in the polymer layer. The enthalpic
and entropic contributions act additively, as shown in
the following equation (Fig. 8.4):

Wsteric 5Wenthalpic 1Wentropic ð8:15Þ
The interaction between the polymer chains

increases the local concentration of polymer inducing

FIGURE 8.3 Schematic showing the double layer around a nega-
tively charged particle and the corresponding graph showing the
change in the magnitude of the potential at different distances away
from the surface of the particle.

FIGURE 8.4 Illustration of three possible interactions between polymers and particles (the red arrows show whether the particles come
closer or move further away): (a) Particles coated with sufficient amount of polymer repel each other, stabilizing the system, (b) If the polymer
does not adsorb on the particles, the steric interactions are not sufficient, then there are not enough steric interactions and particles attract
each other, and (c) If the amount of adsorbed polymer is not sufficient, bridges are formed attracting the particles.
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an osmotic force driving solvent molecules to diffuse
toward the gap between the two particles, forcing the
two particles to disjoin. Moreover, the interaction
between the polymer chains reduces the conforma-
tional entropy of the polymer, increasing the free
energy of the system enhancing its stability. A coher-
ent mathematical interpretation of this phenomenon
can be given in terms of Fischer’s work27:

Wsteric 5 2πRkTΓ 2 NA

V2
polymer

Vsolvent

 !
1

2
2χ

� �
Sosmotic

 

1
1

Γ
Sentropic

�
ð8:16Þ

In this equation, Γ is the amount of adsorbed poly-
mer, Vpolymer and Vsolvent are the molar volumes of
the polymer and the solvent, respectively, and R is the
radius of the particle. The term χ is the Flory�Huggins
parameter discussed in Section 2.7, Sosmotic and Sentropic
are geometric terms determined by the particle size and
the polymer behavior of the polymer layer.

As can be seen, the strength of the solvent is driving
the mixing component of the steric potential. If the sol-
vent is strong, meaning that it can dissolve a large
amount of material, then χ, 0.5, the overall steric
potential has constantly a positive value, favoring
good dispersion of the particles. On the other hand, if
χ. 0.5, then there would be a competition between
osmotic and entropic phenomena. Furthermore, molar-
density appears to be quite important. In good solvent
conditions, low density polymers enhance mixing, and
the reverse happens for bad solvent conditions.

In the context set here, the total potential for sterically
stabilized colloid particles is given by the summation of
the entropic and enthalpic phenomena with the effects
of van der Waals forces described earlier in this chapter:

Wtotal 5Wenthalpic 1Wentropic 1WVan der Waals

5 2πRkTΓ 2
V2

polymer

Vsolvent

0
@

1
A 1

2
2χ

0
@

1
ASosmotic1

1

Γ
Sentropic

0
@

1
A

1WVan der Waals

ð8:17Þ
If the thickness of the layer is not sufficient, then

Sosmotic decreases rapidly as the interparticle distance
increases. This can result in negative values of W cor-
responding to a flocculating system.

8.4 SURFACE TENSION AND
SURFACE ENERGY

8.4.1 Fundamentals

In the bulk of a material, at any state, molecules inter-
act symmetrically with the rest as shown in Fig. 8.5.

However, the molecules on the surface of the bulk
exhibit anisotropic interactions leading to a net force
toward the bulk of the material. This force imbalance
gives rise to the concept of surface tension (for liquids)
or surface energy (for solids). This force imbalance is the
energy needed to create a unit surface area of a material.

Consider the interface between a liquid and a vapor
having a height h and surface area A; then its volume
is given according to the relation V5 h �A. The work
needed (W) to create a unit area of this interface
should be the sum of the effects of surface energy and
volume expansion:

dW 5 γ dA2P dV ð8:18Þ
where γ is the surface tension of the liquid and P is
the pressure of the system.

The internal energy of the system is then given by:

dU5 dQ1 dW 5TdS1 γ dA2P dV ð8:19Þ
Furthermore, the expression for Gibbs free energy

comes as follows:

dG 5 dH2 d TSð Þ5 dU1 d PVð Þ2 d TSð Þ
5TdS1 γ dA2P dV1PdV1VdP2 SdT2TdS
5 γ dA1VdP2 SdT

ð8:20Þ
If the system is at constant temperature and pressure,

then the Gibbs free energy equation collapses further, to

dG5 γ dA⟹ γ5
@G

@A

� �
T;P;V

ð8:21Þ

The derived relation proposes a “thermodynamic”
definition for surface tension to be the change in Gibbs
free energy per change in surface area at constant pres-
sure, temperature and volume.

FIGURE 8.5 Interactions for molecules in bulk and molecules on
the surface of a material. For the resultant forces shown on one of
the surface molecules with a red arrow, there is an equal magnitude
and opposite direction force corresponding to the surface tension.
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If constant pressure and surface area are assumed,
then the change in Gibbs free energy is:

dG52 SdT ð8:22Þ
Since it is known that Gibbs free energy and surface

tension are identical, then this can be rewritten as

S52
dGs

dT

� �
P

52
dγ
dT

� �
P

ð8:23Þ

The negative sign in the relation indicates that the
free energy at the surface results in attractive forces
between materials. For two separate and different bod-
ies, the work associated with holding them together at
an interface is termed the adhesive work, WA while
the work associated to holding together bodies of the
same kind is called the cohesive work, Wc.

8.4.2 Surface energy components

As previously mentioned, the surface energy of a
material is the energy required to create a unit area of
the material. In this sense, it can be described in physi-
cochemical terms, according to Fowkes’ hypothesis,28 as
the sum of intermolecular forces the system is composed
of. Mathematically this corresponds to Eq. 8.24, where n
stands for the major surface energy components (disper-
sion forces, hydrogen bonds, dipole-dipole interactions,
ion-dipole interactions, etc.). This equation is usually
written in a simplified form as described by
Owens�Wendt,29 with one term accounting for the apo-
lar (Lifshitz�van der Waals) interactions, γLW, and one
term accounting for the polar interactions, γP:

γ5
X
n

γn 5 γLW 1 γP ð8:24Þ

The polar component comprises acid-base interac-
tions and hydrogen bonds. On the other hand, the
Lifshitz�van der Waals components not only include
dispersion (London) forces,30 but also the forces
induced by the orientation of the interacting molecules
(Keesom forces) and by the interactions between a
polar and a nonpolar molecule (Debye interaction).21

Nevertheless, for convenience, γLW is called the disper-
sive component of surface energy.

The manifestation of surface energy in the macro-
scopic world can be seen, as mentioned, through the
work of adhesion. Let’s assume two dissimilar sur-
faces, i and j, trying to join each other. The total work
(Wij) needs to be done is given by

Wij 5 γi 1 γj 2 γij ð8:25Þ
In this equation, γi and γj, correspond to the surface

energy of the surfaces i and j, respectively, where γij
stands for the surface energy of the interface.

To calculate the value of γij, the fundamental equation of
surface energy is applied in the context of an interface.

γij 5 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWi γLWj

q
1

ffiffiffiffiffiffiffiffiffiffi
γPi γ

p
j

q	 

ð8:26Þ

For this document, a geometric mean approach (the
Girifalco-Good equation) is selected to calculate the
value of the surface energy of the interface.31

However, another model has been suggested by Wu,
using a harmonic mean approximation in the calcula-
tions as shown in the following equation32:

γij5 4
γLWi γLWj
γLWi 1γLWj

1
γPi γ

P
j

γPi 1 γPj

 !
ð8:27Þ

The polar component of Eq. 8.27 can be further ana-
lyzed according to van Oss-Chaudury-Good (vOCG)
method.24 The polar components are separated to take
in account the electron acceptor (γ1) and donor (γ2)
interactions between the two surfaces, giving us the
following:

γij 5 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWi γLWj

q
1

ffiffiffiffiffiffiffiffiffiffiffiffi
γ1i γ

2
j

q
1

ffiffiffiffiffiffiffiffiffiffiffiffi
γ2i γ

1
j

q	 

ð8:28Þ

In cases where polar interactions are negligible, the
polar components get a zero value. When the surfaces
i and j are the same, then γi5 γj. We refer to this situa-
tion as energy of cohesion.

8.4.2.1 Acid-base interactions

As has been discussed in the previous section, the
vOCG approach accounts for the short-range forces in
terms of acid (γ1) and basic (γ2) parameters. The
hydrogen bonding geometric mean approximation for
compounds like ethers, esters and aromatics was chal-
lenged.33 This is due to the hydrogen bonding compo-
nent of the work of adhesion of these compounds with
hydrogen donors, even though their structure does not
permit the formation of hydrogen bonds (correspond-
ing to γhydrogenAB 5 0). Instead of this erroneous approxi-
mation, Fowkes and Mostafa proposed the following
relation for the acid-base component of the work of
adhesion as follows:

WAB 52 f �NAB �ΔHAB ð8:29Þ
In this relation, ΔHABstands for the enthalpy of

adhesion, NAB for the number of acid-base pairs per
unit area and f for a conversion constant used to nor-
malize the units. This equation implies experimental
calculation of ΔHAB. In this direction, two different
models have been proposed.

The first, developed by Drago,34 is a combination of
Mulliken’s work on molecular complexes and the
Hard-Soft Acid-Base theory.35 According to this model,
enthalpy can be measured in terms of the tendency of
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the acidic or the basic components of electrostatic
interactions and covalent bonding. Mathematical for-
mulation of it is given in the following form:

ΔHAB 52 EAEB 1CACBð Þ ð8:30Þ
To avoid any misconception, it is important to spec-

ify that for this equation the two terms with subscript
A correspond to the electrostatic (E) and covalent (C)
parameters of the acidic components, respectively, and
those with B subscript to the same terms of the alka-
line component. The ratio of the two terms, E and C, of
each component defines the hardness of the corre-
sponding component. Iodine is used as the reference,
giving a ratio equal to 1. The validity of this method
for solids with a very high or very small hardness ratio
has been disputed.

The second method for the determination of the
acid-base component of the surface energy, was pro-
posed by Gutmann.36 This theory is represented math-
ematically as follows:

ΔHAB 52 ðKADN1KBAN
�Þ ð8:31Þ

In this equation, the K’s are parameters characterizing
the acidic (A) and alkaline (B) capacity of the solid,
respectively. In addition, DN and AN� stand for the
donor and the corrected acceptor number, respectively.
The first one, DN, is a parameter measuring the electron
donor characteristics. It is measured based on the heat of
mixing of the compound in a solution of antimony
pentachloride and dichloroethane. The corrected acceptor
number (AN�) is a parameter calculated indirectly from
the acceptor number (AN). Acceptor number is measured
based on the shifts the compound causes on the P-NMR
spectrum of tri-ethyl phosphine. The correction was
introduced to account for the effects of van der Waal
forces on the shift. Using solvent probes with different
acid-base properties, a plot of ΔHAB=AN� against
DN=AN� can be constructed. The slope would corres-
pond to KA and the interception with the y-axis is KB.

8.4.3 Fundamentals of self-assembly
of soft Structures

Poorly water-soluble drug substances, as well as
those degrading in water, are often formulated with the
aid of soft structures37 such as microemulsions.37,38

These structures are primarily constructed by amphi-
philic molecules, the structure of which encompasses
hydrophobic and hydrophilic parts, such as surfactants
and copolymer. The main aim of this section is to pro-
vide an overview of the thermodynamic principles
underlying self-assembly phenomena creating soft
structures out of amphiphilic molecules. The abundance
of possible structures of soft structures arises from
the anisotropic nature of the amphiphiles and from the

spatial arrangement of the functional groups contribut-
ing to self-assembly via attractive interactions.

Considering a system of amphiphiles creating soft
structures comprising N monomers, the chemical
potential of the system can be written as follows:

μ5μo
1 1 kT log X1ð Þ5μo

2 1
1

2
kT log

1

2
X2

� �

5 . . . 5μo
N 1

1

N
kT log

1

N
XN

� � ð8:32Þ

where μi is the chemical potential of species i, Xi

stands for the concentration of i.
Self-assembly is taking place in solutions, in case of

equilibrium in this solution the chemical potential
of the micelles should be equal to the chemical potential
of the free amphiphiles in solution. From the thermody-
namic derivation, it is clear that for stable micellization
the following condition should be fulfilled:

Δμ5μmicelle; N2 μsolution , 0 ð8:33Þ

So, as the size of the structure increases, the total
chemical potential of the system decreases. However,
it is expected that the spatial conformation of the soft
structures affect the chemical potential of the system.
In this direction, it is important to be able to distin-
guish the implications associated with geometry, from
first principles. Starting from simple one-dimensional
(1D) structures, such as rods, comprising of N compo-
nents it is implied that the change in chemical poten-
tial decreases linearly with increasing value of N.
Similarly, for two-dimensional structures like circles
and sheets, the decrease is proportional to N1/2, and
for three-dimensional micelles to N1/3.

ΔμN 5
αkT
N

1 Dð Þ ð8:34Þ

ΔμN 5
αkT
N

1
2

2 Dð Þ ð8:35Þ

ΔμN 5
αkT
N

1
3

ð3 DÞ ð8:36Þ

Term α in these equations is a positive constant
related to the different geometries.

The changes in system properties occurring above
critical micelle concentration (CMC) are used to study
micelle formation. At concentrations below CMC, there
is a linear increase in monomer concentration as total
concentration increases. Beyond CMC, however, the
monomer concentration does not change any more. All
added molecules self-assemble in the form of micelles,
leading to the changes in a range of properties of the
system. This sharp change is reflected in changes in
a wide range of physical properties, including but
not limited to, osmotic pressure, turbidity and surface
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tension, as shown in Fig. 8.6. Thus, the micelle concen-
tration can be assessed indirectly by measuring these
properties with well-established appropriate techniques.

Nonetheless, properties such as turbidity are affected
by the size distribution of the aggregates, as real systems
do not exhibit monodispersed aggregates, with a certain
value of N, but structures with a range of sizes. To
appreciate the relative abundance of different aggregate
sizes, it is important to understand the thermodynamic
principles governing aggregation of structures with dif-
ferent size. For convenience, in terms of mathematical
manipulations, 1D structures comprising an N number
of monomers is assumed.

Starting from the fundamental thermodynamic equa-
tions for self-assembly leading to

μo
1 1 kT log X1ð Þ5μo

N 1
1

N
kT log

1

N
XN

� �
-XN

5N X1 exp
μo
12μo

N

kT

� �� �N ð8:37Þ

Appropriate mathematic manipulation of these equa-
tions, a parabolic equation can be derived describing
the change in chemical potential of a system in terms of
assemblies comprising N number of micelles and the
average number of micelles in each assembly (M):

μo
N 2μo

M 5Λ N2Mð Þ2 ð8:38Þ
where Λ is a geometric constant.

8.5 THERMODYNAMICS OF WETTING

8.5.1 Fundamentals

As shown in Section 8.4, the surface tension of a
liquid can be defined as the change in Gibbs free

energy of a system of changing surface area at constant
temperature, pressure and volume. Consider a liquid
i spreading over a solid surface j, new interfaces ij are
created during this wetting process. This process is
interpreted mathematically as follows:

@G5
@G

@Ai

� �
T;P

dAi 1
@G

@Aj

� �
T;P

dAj1
@G

@Aij

� �
T;P

dAij ð8:39Þ

Using the definition of surface energy/tension, this
equation can be written as

2
@G

@Ai

� �
T;P

5 Sij 5 γj2 γi2γij ð8:40Þ

where Sij is the spreading coefficient, also related to
the work of cohesion and adhesion. Since the work of
cohesion can be expressed in terms of surface tension
energy by the equation WC5 2γi, then the work of
adhesion can be calculated as follows:

Sij 5WA 2WC5γj2 γi 2 γij ð8:41Þ
WA 2 2γi5γj2 γi 2 γij ð8:42Þ

WA5γj 1 γi 2 γij ð8:43Þ

8.5.2 Experimental techniques

8.5.2.1 Sessile drop contact angle

Sessile drop contact angle measurements employ
the fundamentals of liquid spreading to determine the
surface energy of a solid. It is grounded on the obser-
vations presented in Young’s pioneering work on the
cohesion of fluids39 and can be summarized in the fol-
lowing statement, adapted from that work:

It is necessary to premise one observation, which appears
to be new, and which is equally consistent with theory and
with experiment; that is, that for each combination of a solid
and a fluid, there is an appropriate angle of contact between
the surfaces of the fluid exposed to the air, and to the solid.

The fundamentals of it are described with the aid of
Fig. 8.7. Consider a droplet resting on a solid surface.
If the mass of the droplet is not big, the gravity effects
can be omitted and the forces acting on the system are
as shown, γSL stands for the solid�liquid interfacial
energy, γSV is the interfacial energy between the solid
and the air (the one that needs to be determined usu-
ally), γLV is the interfacial energy between the liquid
and the air (commonly known as surface tension) and
θc is the contact angle. The effects of the three-phase
interfacial energy have also been neglected. Assuming
that the droplet is in equilibrium, the resultant force
on the system would be zero. So, Young’s equation40

can be written as

FIGURE 8.6 Change in physicochemical properties of system as
a function of surfactant concentration.
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γSL 5 γSV 2 γLV cosθc ð8:44Þ
However, experience leads to the conclusion that

droplets do not have a unique contact angle, correspond-
ing to a unique equilibrium position but they experience
a wide range of contact angles. Studies conducted on
this topic reveal that this broad spectrum is related to
the structural and chemical heterogeneity of the
material.21,41,42 The effects of structural heterogeneity on
wetting have been investigated in depth, with an exam-
ple application in the development of biomimetic
surfaces.43�46 Theoretically, a clean and perfectly smooth
ideal surface would lead to a single equilibrium position.
Contact angles on nonideal surfaces can exhibit a
maxima or minima, referred to as the advancing and
receding contact angle, respectively, shown in Fig. 8.7.47

Experimentally, the droplet is placed on the surface
and is inflated through pumping liquid into it.
Simultaneously, measurements of the advancing contact
angle are taken at regular, constant time intervals. It is
important not to overinflate the droplet, because the
effects of gravity become significant and it may collapse
(the stick-slip phenomenon). When the droplet reaches
a sufficiently large volume, liquid is removed from the
droplet and simultaneously receding contact angle is
measured. The average of the advancing (θA) and
receding (θR) contact angles is often calculated from
Eqs. 8.45�8.47 to calculate the “real” contact angle (θc).
The difference between the advancing and receding
contact angle is known as the contact angle hysteresis.

θc 5 arcos
rAcosθA 1 rRcosθR

rA 1 rR

� �
ð8:45Þ

where rA and rR are given by:

rA 5
sin3θA

223 cosθA1cos3θA

� �1
3

; ð8:46Þ

rR 5
sin3θR

223 cosθR1cos3θR

� �1
3

; ð8:47Þ

Semiempirical models based on equations of state
have been proposed for the measurement of the contact

angle. These models introduce a new term, based
on the degrees of freedom of the system, to account
for the deviations from Young’s equation. Li and
Neumann48,49 have proposed the following equation:

cos θc 5211 2

ffiffiffiffiffiffiffiffi
γSV
γLV

r
exp 2β γLV2γSV

� �2	 

ð8:48Þ

The term β has been determined experimentally, by
fitting of a large number of experiments. This equation
has been successfully used in polymeric systems.
Nevertheless, its applicability on pharmaceutical solids
has been disputed.50

8.5.2.2 Beyond the sessile drop measurements

Sixty years after Young’s work, Wilhelmy51 devel-
oped an experimental approach for the determination
of the contact angle using the immersion of a solid into
a liquid and measuring the force exerted on the solid
due to capillary forces.

Because of the experimental setup, this technique is
particularly useful for the measurement of the surface
energy of thin films or fibers, but not very suitable for
particulate materials. However, studies exist trying to
apply this technique on compressed pharmaceutical
powder disks and on glass slides with adhering phar-
maceutical powders.52 Glass slides were first sprayed
with a liquid adhesive, and powder was adhered on the
slide by shaking slides briefly in a container of the test
powder. Theophylline and caffeine powders were stud-
ied in this work. Dove and coworkers found that the
surface energy values obtained from the powder plates
were more realistic compared to results obtained from
compressed powder disks. This difference was attrib-
uted to possible changes in the surface properties of the
powders during the preparation of the compacted pow-
der disks. The effect of compression on surface chemis-
try has always been a point of concern for samples
prepared in this manner. While the adhesion of powders
onto slides overcomes some difficulties faced by com-
pacted samples, it introduces other variables such as
surface roughness as well as a potential contribution by
the adhesive to the results obtained.

γSL

γLV

γSV + πe
θA θR

FIGURE 8.7 Schematic representation of the concept of advancing and receding contact angle measurements, indicating the relevant sur-
face tensions, according to Young’s equation and the spreading pressure.
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Washburn, Bartell, and Osterhof53 use the same
notion as Wilhelmy to develop a method measuring
the surface energy of particulate materials using the
rate of penetration of a liquid in the powder bed.
Nevertheless, this approach includes numerous
assumptions based on idealized conditions and may
not be applicable to real particulate materials, espe-
cially for porous material.54�56

8.5.2.3 Effects of surface roughness

Advancing and receding contact angles are a result
of surface chemical and structural heterogeneity, and
have been first addressed by Cassie57,58 and Wenzel,59

respectively. Wenzel suggested that the measured con-
tact angle can be correlated with the actual one based
on a roughness parameter (rw. 1).

rw cos θactualð Þ5 cos θmeasuredð Þ ð8:49Þ
As can be seen from the equation, if the surface energy

of the material corresponds to a θ. 90� then increasing
the roughness parameter (rougher surface) would result
in an increase in the measured contact angle. The oppo-
site happens with surfaces where θ, 90�.

Further studies lead to the development of the
Cassie�Baxter equation, describing the contact angle
on composite faces:

cos θð Þ5
Xn
i51

fi cosðθiÞ ð8:50Þ

where fi stands for the relative surface coverage of com-
ponent i on the surface of interest and θi is the contact
angle of the probe on pure component i. There is
suggestion that advancing-receding contact angle mea-
surements can be indicative of the surface energy, even
for the presence of concentrated impurities. However, it
seems that these kinds of measurements can be hardly
extended to particulate materials owing to experimental
limitations related with the wetting perimeter.
Furthermore, the anisotropic nature of particulate mate-
rials, imposing energetic anisotropy and heterogeneous
distribution of roughness, limits the accuracy of this
type of measurements. Vapor sorption measurements,60

using the notions developed by Anvir and Pfeifer on
the fractal nature of surface roughness,61,62 have been
used to assess the roughness of powder materials,
including pharmaceutical solids.60 These sort of
measurements can potentially be helpful for the deter-
mination of surface energy in terms of Wenzel equation.

Ambient humidity condensates on asperities form-
ing capillaries, on the ground of Kelvin equation.
These capillaries influence the cohesion and adhesion
behavior of particles. Surface force apparatus and
atomic force microscopy have been used extensively to
characterize the effect of asperities in interparticle

interactions.63�66 Nonetheless, these measurements
cannot, usually, account for a statistically significant
number of particles and the corresponding interac-
tions. Adsorption based techniques, such as finite dilu-
tion inverse gas chromatography, have been used67,68

to overcome these problems. Ghoroi has investigated
extensively the properties of coated and uncoated
pharmaceutical particles. Some of the key findings are
that increasing roughness leads to reduced moisture
uptake leading to higher bulk density and less change
of volume upon compression. Most importantly, it
seems that coated pharmaceutical particles exhibit less
sensitivity to their properties upon changing in relative
humidity (RH).69�71

8.5.3 Implications of solid�liquid interfaces

8.5.3.1 Interfacial thermodynamics in dissolution

Dissolution of particles, surrounded by a solvent, is
a multistep process during which a homogeneous
solute�solvent/solution mixture is created with the
mass transfer from the particles to the bulk. Thus, both
interfacial and hydrodynamic parameters are involved.
Hydrodynamic issues of particle dissolution have been
extensively investigated both from a modeling and
experimental perspective.72

From a microscopic (interfacial) perspective, dissolu-
tion is initiated by the solvation of molecules at
the surface of the particles, which then moves to
the solid�liquid interface. Then, the corresponding
diffusion mechanism transfers the material to the bulk.
The enthalpic component of the change in Gibb’s free
energy associated with solvation process arises from the
average potential energy interactions whereas the entro-
pic component is determined by the spatial conforma-
tion of the components taking part in the reaction.
The breaking of the bonds in order to create the
solid�liquid interface requires large enthalpic penalties.
On the other hand, for the solvation of molecules
requiring the extensive formation of hydrogen bonds,
characterized by specific spatial arrangement, the entro-
pic term dominates the process.73 It is clear that the spa-
tial orientation of the molecules in a solid particle
affects the dissolution process. For example, in a crystal-
line particle, the exposure of functional groups promot-
ing the formation of hydrogen bonds on the crystal
planes may enhance dissolution.74

The Gibbs free energy per molecule at the interface
between a solute molecule and the bulk solvent can be
written in terms of a hard sphere model (assuming
spherical solute molecules):

ΔG

4πR2
� pR

3
1 γ 12

2δ
R

� �
ð8:51Þ
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where R is the radius of the solute, p is the pressure of
the system, γ is the tension in the solute�solvent inter-
face and δ is a length scaling parameter indicating the
asymptotic behavior of the surface tension. Theoretical
calculations based on this model show that for solute
molecules with R ,, 1 nm, the free energy increases
proportionally with the solute size. However, for
R. 1 nm, a shift is observed, leading the free energy
to grow slower, proportionally to the surface area of
the solute, approaching a limiting value. This cross-
over marks the formation of an interface between large
solute molecules and the solvent. Molecular dynamics
simulations, conducted on aqueous systems, reveal
that this interface formation is favored by the tendency
of water molecules, held together via hydrogen bonds,
to move away from the large solute molecule, to
minimize the number of unformed hydrogen bonds.
On average, less than one hydrogen bond is sacrificed,
out of the four a water molecule can form, due to this
shift. These studies verify the Stillinger’s theory stating
among others that75:

Although liquid water might properly be described as a
random, three-dimensional, hydrogen-bond network, it surely
cannot have invariant fourfold coordination. Instead, some of
the hydrogen bonds must be broken and others severely
strained in length and direction.

8.5.3.2 Surfactant enhanced wetting

Surfactant-containing liquid droplets exhibits high
spreading even on highly hydrophobic surfaces. The
phenomenon where a liquid spreads rapidly on a sur-
face is called superspreading.76 The exact mechanism
behind this is still unclear, nevertheless various
attempts have been made to explain it using theoreti-
cal,77 computational78,79 and experimental tools.
Despite the lack of understanding, surfactants are
extensively used industrially to aid spreading, includ-
ing in pharmaceutical formulations.80

8.5.3.3 Effect of additives in crystallization

The paper published by Michaels and Colville in
196081 sets the basis for the understanding of the role of
ionic additives in crystal growth and habit. An adsorp-
tion based mechanism has been proposed to explain
the changes in crystal growth. The notions of this study
have been expanded for the effects of surfactants and
polymers on crystal growth. Empirical and semiempiri-
cal approaches have mainly been employed, based on
the functional groups and the molecular weight of the
additives. However no mechanistic approach exists
describing these phenomena. Recently, Kestur82 pro-
posed an explanation for the effects of polymers molec-
ular weight and concentration. Nonetheless, the role of

the intermolecular interactions arising from the func-
tional groups remains unclear.

In the field of surfactant additives, apart from the
changes in supersaturation driven by the increase in
solubility due to the effects of surfactants, micelle for-
mation appearing above the CMC may lead to some
interesting effects. In two independent studies, one on
organic83 and the other on inorganic materials,84 it has
been shown that crystallization in solutions with sur-
factant concentration above the CMC, the crystal habit
is significantly different. Carbamazepine dihydrate
recrystallized from a solution of anhydrous carbamaz-
epine (form III) produces elongated planar crystals
with high aspect ratio. As the concentration of surfac-
tant increases, there is a shift to a planar shape with
lower aspect ratio. When the surfactant concentration
is above the CMC, the shape becomes prismatic. From
a theoretical perspective, the attachment energies of
carbamazepine dihydrate favor the formation of the
elongated shape minimizing the morphological impor-
tance of the {200} facet. This change is due to the pres-
ence of soft micellar structures.

The emergence of nonclassical nucleation85�87

schemes could provide the tools to understand the
effects of macromolecules and additives in general in
crystallization. In this direction, the discovery of an inter-
mediate liquid phase, called the polymer-induced liquid
phase, used by organisms in biomineralization proved to
be of great importance.88,89 As discussed by Evans, fea-
tures of this phenomenon can be extended in the crystal-
lization of organic molecules with the aid of proteins via
the formation of an amorphous organic phase.90

Coming from a different pathway, researchers have
investigated the crystallization of organic compounds
from the corresponding amorphous organic glasses.91

The high energetic amorphous phase appears to
enhance crystallization. In particular, even when the
material is below its glass transition temperature
the molecular mobility could be enough to promote
nucleation and crystal growth.92 A more intrinsic feature
is that the growth rates in the bulk and the surface of
the amorphous material are different, with the latter
being orders of magnitude faster.93,94 Many potential
mechanisms were examined including the effects of
surface tension, surface ordering, and surface mobility.95

Recent investigations have revealed the correlation
of the growth mechanism with the fluidity at the
crystal�amorphous interface.96 Crystal growth in such
a system occurs due to the expansion of the crystalline
front and not because of the nucleation on the amor-
phous side. The crystalline side advances fast enough
so to overcome diffusion phenomena arising from the
fluidity of the amorphous materials. In this direction,
the ratio of the diffusivity of the glassy material to the
crystal growth should be less than seven picometers.
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An increase in the fluidity of the amorphous material
would lead to an increase of the diffusivity, resulting
in crystal growth cessation.

8.6 SOLID�VAPOR INTERFACE

8.6.1 Introduction

The phenomenon of gaseous molecules attaching
themselves to a solid surface can occur via two general
mechanisms, physisorption and chemisorption. Of
course, fundamentally this distinction is arbitrary and
cases exist which are difficult to classify as being simply
physisorption or chemisorption. The latter involves the
formation of chemical bonds of which the enthalpy
involved is comparable to the heat of reaction. In physi-
sorption, the energy involved is similar to those required
for liquefaction and is completely reversible for a nonpo-
rous solid. The third mechanism for vapor�solid interac-
tions can also occur whereby the vapor molecules are
“dissolved” into the interior of the solid, and the phe-
nomenon is referred to as absorption. The term sorption
is usually used to describe a process in which both
adsorption and absorption occur. The solid is termed the
adsorbent, while the vapor molecules are the adsorbate.

8.6.2 Adsorption fundamentals

Adsorption-based techniques can be employed for
the determination of surface energetics of various
types of materials,97 including but not limited to poly-
mers,98,99 metals, and of course crystalline organic
materials.68 In this section, a brief introduction to some

concepts of adsorption processes, associated with the
concepts already established in the chapter, is pro-
vided. The International Union of Pure and Applied
Chemistry (IUPAC) definition of adsorption is

An increase in the concentration of a dissolved substance
at the interface of a condensed and a liquid phase due to the
operation of surface forces. Adsorption can also occur at the
interface of a condensed and a gaseous phase.

This definition is supported mathematically by the
Gibb’s adsorption isotherm100 shown in Eq. 8.52,
where γ stands for the surface tension, Γ for the sur-
face excess, μ for the chemical potential, and i for the
number of components. As can be seen, this definition
does not refer to solids at all.

dγ52
X

Γ i dμi ð8:52Þ
In 1937, two seminal papers were published by

Bangham and Radzouk, pioneering the studies of
vapor�solid adsorption systems.101,102 After that, much
work on the development of new mathematical models
to describe adsorption isotherms corresponding to dif-
ferent conditions has been undertaken. Table 8.1 sum-
marizes some of the most well-known isotherms
describing their main attributes (chronological order is
followed, going from the oldest to the most recent).

8.6.3 Heterogeneous adsorption

Because of the energetic anisotropy of crystalline par-
ticles, pharmaceutical particles (as well as other materi-
als used in engineering applications) are characterized
by energetic heterogeneity. Taking into account this

TABLE 8.1 Summary of Some of the Most Important Adsorption Isotherms Available

Name Equation Comments

Freudlinch (1909) θe 5K0P
1
n
e Equation used on the chemisorption on activated carbon.

It can describe multilayer problems

Langmuir (1918) θe 5
Q0bPe

11 bPe
Well established equation suitable for chemical adsorption problems,
limited to monolayer situations

BET (1938) θmonolayer 5
CPe

12Peð Þ½11 C2 1ÞPeð Þ It is used extensively for the characterization of particulate materials

Fowler-Guggenheim (1939) KFGPe 5
θe

12 θe
exp

2θeW
RT

� �
One of the first approaches taking into account lateral interactions

Temkin (1940) θe 5
RT

ΔQ
lnðK0PeÞ A quasi logarithmic isotherm, attempting to capture the surface

heterogeneity of the material of interest

Kiselev (1958) K1Pe 5
θe

ð12 θeÞð11 knθeÞ
It is used extensively for the characterization of porous materials

Elovich (1962)
qe

qmonolayer
5KEPeexp 2

qe
qm

� �
One of the pioneer efforts for the systematic understanding
of multilayer adsorption

Hill de Boer (1968) K1Pe 5
θe

12 θe
exp

θe
12 θe

2
K2θe
RT

� �
Similar to Fowler�Guggenheim, derived from van der Waals
equation of state
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heterogeneity parameter, the following equation has
been suggested: ðN

0

χ εð Þ dε5 1 ð8:53Þ

The term χ(ε) is the probability distribution of hav-
ing an energy site with energy ε on the surface of a
given material. Combining the aforementioned equation
with any isotherm equation, the fundamental equation
of adsorption on heterogeneous surfaces is derived.97

θ T; p
� �

5

ðN
0

θe ε;T; p
� � � χ εð Þ dε ð8:54Þ

In Eq. 8.54, θ denotes for the surface coverage and
θe for the adsorption isotherm.

Similarly, an integral equation can be developed for
the mean surface energy of adsorption:

E5

ðEmax

Emin

ε � θe ε;T; p
� � � χ εð Þdε ð8:55Þ

The solution of theses equations provides an insight
to the energetic heterogeneity of the material under
investigation. Many attempts have led to solution
schemes involving different isotherm. However, there
is not a universal solution scheme. Here, the attention
is given to the development of a solution framework
describing the adsorption phenomena on organic crys-
talline materials, as it takes place in IGC. The funda-
mentals of this effort have been set in the work of
Jefferson et al.103 and Smith et al.104

Jefferson’s and Smith’s approaches are based on the
Henry’s law model, implying a linear relation between
surface coverage (θ) and vapor pressure. Despite the
oversimplistic nature of this argument, it may be con-
sidered valid, particularly at low partial pressures. This
is because pharmaceutical organic powders, at low sur-
face coverage (,10%), will typically have an IUPAC
type II isotherm, similar to BET. As can be seen, the
Brunauer-Emmett-Teller (BET) equation at low
pressure collapses to Henry’s law.

Using the kinetic model proposed for gas adsorp-
tion on crystalline solids, Henry’s constant (C) was
given in the following terms:

C5
v0

n0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πmkT
p exp

2ΔGads

kT

� �
ð8:56Þ

In this equation, v0 corresponds to the mean stay
time of an adsorbed molecule on the surface (ie, it
measures the tendency of the molecules to desorb), n0
stands for the concentration of surface sites, m is the
mass of an adsorbed molecule, ΔGads is the adsorption
surface energy, k is the Boltzmann constant, and T the
temperature.

Assuming that the adsorbent molecule is a van der
Waals fluid with negligibly small polar component, then
the energy of adsorption per molecule is given as follows:

ΔGads 52 2am

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWsurfaceγ

LW
adsorbate

q
ð8:57Þ

On the surface of a crystal a finite number of
patches/facets with specific surface energy value,
depending on the facet, the relative coverage between
two different patches is given by the ratio of the
Henry’s constant corresponding to each facet. In this
context, it can be assumed that the concentration of
surface sites is facet independent, as it is determined
by the crystal lattice parameters. The adsorption of van
der Waals fluids is driven only by the dispersive com-
ponent of surface energy (physisorption). The mean
stay time, in this case, is approximately 1022 seconds.
Taking into account these two assumptions, the mathe-
matical formulation of the relative surface coverage
takes the following form:

C1

C2
5 exp

2ΔGads;1 1ΔGads;2

kT

� �

5 exp
2am

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWadsorbent

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWsurface;1

q
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWsurface;2

q	 
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ð8:58Þ

8.6.3.1 Mapping of energetic surface Heterogeneity

Smith et al. used the analysis described previously
to solve the integral equations to deconvolute repre-
sentation of the dispersive surface energy profiles,
assuming Gaussian distribution of surface energies.
The integral equations were solved using point-by-
point integration as suggested by Thielmann.105 The
underlying idea of this method is that the integral
equations are solved for different combinations of the
energy density distribution function (χ(ε)), until an
agreement is reached between model and experimental
data. For example, let’s assume a sample of powder χ
containing crystals with four different facets A�D,
each one with a different surface energy value
(let’s call it μ). Assumptions are made for the relative
contribution of each of the facets to the total surface
area (this fraction would be called w) of the sample.
If a Gaussian distribution of the energetic sites is
assumed, then the following equation for χ(ε) can be
formulated:
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In fact, since the values for μ are known from con-
tact angle experiments, only the values of w can be
varied in this equation. By inspection of the IGC data,
is possible to obtain some good predictions for them.

This deterministic approach for the solution of
adsorption problems is grounded on two over simplis-
tic arguments. The first one is that Boltzmann distribu-
tion is adequate to describe, energetically, the behavior
of gas molecules in a microscopic level. The second
argument is that each adsorption site corresponds to a
certain energetic threshold value, determined by the
surface energy of the sites. If the adsorbent particles
carry enough energy to overcome this threshold, then
this site will be filled.

Employing arguments similar to those Einstein
used to explain the stochastic nature of Brownian
motion,106 adsorption can be classified as a stochastic
process. The stochastic nature of adsorption implies
that even if the energy of an adsorbate does not
exceed the threshold value of the adsorption site,
there are still probabilities to adsorb on it. These
probabilities govern both the adsorption and desorp-
tion phenomena.

8.6.4 Inverse gas chromatography (IGC)

As mentioned, particulate materials are energeti-
cally heterogeneous. Thus, adsorption methods can be
used to characterize their surface properties since these
techniques can provide an idea for the values of sur-
face energy at different values of surface coverage.
Inverse gas chromatography is one of those methods.
The application of this method in the field of the par-
ticulate materials has started in the mid-1970s.107�110

The name of this process is indicative of its fundamen-
tal features. It is exactly the inverse of a conventional
gas chromatography, developed by the Russian
botanist Mikhail Tswett111 at the beginning of the 20th
century. A known gas probe is injected into a column
packed with the material of interest. The time needed
for the gas to exit the column (retention time) is used
to determine the net retention volume, which in turn is
used to determine a material’s physicochemical prop-
erties, including the surface energy.

The infinite dilution regime of IGC, corresponds to
the situation where a small amount of probe is injected
into the system covering only a small amount of the
surface of the solid. The back tailing regime corre-
sponds to relatively high surface coverage (. 25%) of
macroscopic materials, the isotherm of which corre-
sponds to type II and IV IUPAC isotherms. The front-
ing situation is one corresponding to either type III
or V IUPAC isotherms.112 These isotherms characterize
materials with low surface energy. This situation is

usually undesirable. Low surface energy materials do
not adsorb the injected probes well. Desorption phe-
nomena prevail, and usually the results are not reli-
able. In cases like this, the best option is to run the
experiment at a lower temperature until the fronting
effects are minimized.

From the chromatograms obtained, the retention
time of each injected probe can be estimated. If a
Gaussian chromatogram is produced, then the reten-
tion time is taken as the time at which the maximum
peak occurs. If the peak is skewed, then the center of
mass should be taken. The retention volume can be
estimated from the following equation:

VN 5
j

ms
w tR 2 t0ð Þ Ts

TRef

� �
ð8:60Þ

The retention time (tR) can be implemented in the
equation given here to calculate the elution volume (VN).
In the same equation, j stands for the James�Martin
pressure drop coefficient. This parameter acts as a cor-
rection factor accounting for the compressibility of the
injected probes. Parameter ms is the specific surface area
of the material under investigation in m2 per unit mass,
w is the carrier gas flow rate in standard cubic centi-
meters per minute, t0 is the dead time, the time takes
for an inert probe molecule to pass through the column,
Ts is the temperature at which the experiment is
performed, and TRef is the reference temperature, which
is usually taken to be 273.15 K.

Taking into account the aspects outlined in the surface
energy section of this chapter, it is clear that the selection
of the probes is important in this method. Usually, linear
alkanes are used for the determination of the dispersive
component of the surface energy. Due to the differences
in adsorption behavior of each of them, a series of
n-alkanes is used (usually C6-C11). The results can be
analyzed based either on the Schultz113,114 or the Dorris
and Gray115 methods, to calculate the dispersive surface
energy of the sample. The results obtained from the two
methods are similar, and there is not a rational way to
select which is most appropriate for each case.115,116

Similarly for the determination of the polar compo-
nent of the surface energy, polar probes are used.117

The experimental results from different temperatures
can be plotted based on the fundamental thermody-
namic equation shown here:

ΔG0
ij 5ΔH0

ij 2TΔS0ij ð8:61Þ

To determine the enthalpy of adsorption for the
acid-base components, experiments should be per-
formed as a function of temperatures. More recently,
the use of monopolar probes such as ethyl acetate and
dichloromethane have been proposed by Das et al. to
determine the acid-base properties by IGC.118
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8.6.5 Implications of solid�vapor interfaces
8.6.5.1 Moisture content in solid-state materials

Solid-state formulations are exposed in high mois-
ture environment during processing and/or storage.
Water in crystalline solids can be present as bound or
unbound water. The term bound water indicates that
the water molecules are incorporated into the crystal
lattice or in channels. On the other hand, unbound
water is either adsorbed on the crystal facets or
trapped in voids. This distinction is useful in distin-
guishing moisture containing pharmaceutical formula-
tions, but can be misleading.119,120

For crystalline materials, when adsorption is dictated
by van der Waals forces (physisorption), then multiple
layers of adsorbate molecules can be formed. In this con-
text, BET and Hill de Boer adsorption isotherms are par-
ticularly attractive for use in sorption studies. On the
other hand, when chemical (short-range) forces domi-
nate, then monolayer adsorption prevails where the
Langmuir isotherm is adequate. It is important to
appreciate that because of the nature of the interactions,
physisorption is a slower process, requiring a longer
time for equilibrium to be established. Experience
has shown that the validity of these equations is con-
fined in a certain range. Nonetheless, more complicated
equations which may provide a larger validity range
may require careful determination of the associated
parameters.

In amorphous solids, above the Tg, the adsorbed
moisture diffuses in the bulk of the material. In this
case, the system is treated in terms of liquid�liquid mix-
ing models (Flory�Huggins)121,122 or models describing
the solvent diffusion in amorphous polymers
(Vrentas�Vrentas).123 In any case, it should be men-
tioned that moisture absorption in amorphous solids is
not uniform. It has been shown that, depending on the
conditions, solvent clusters can be formed in the solid.

Of course, the use of these models is not limited to mois-
ture sorption studies, but it has been extensively used in
the characterization of polymer-drug interactions.124�126

The hysteresis behavior of the adsorption isotherms
observed in sorption studies provides information on
the amorphous content and the porosity of the material
under investigation, apart from the details on the water
uptake capacity. Generally speaking, hysteresis can
occur due to the porosity of the material, but also on
structural defects and chemical impurities on the sur-
face of the material of interest. In Fig. 8.8, some exam-
ples of hysteresis behavior are shown. Crystalline
macroporous materials exhibit no or marginal hystere-
sis; porous materials have a larger hysteresis and amor-
phous materials lead to an open loop hysteresis. The
shape of the hysteresis loop is dependent on the size
and geometry of the pores and is categorized by the
IUPAC classification. In amorphous materials, the open
loop indicates that the water bound in the bulk of the
material cannot be released with just reversing the RH.

8.6.5.2 Drying

Moisture removal includes simultaneous heat and
mass transfer; energy is transferred from the surround-
ings to the particle leading to the evaporation of the
moisture. Due to the different states at which moisture
is bound in the solid, drying processes exhibit different
stages. During the initial heating period, the fluid is
heated to evaporation. Then there is a constant drying
rate phase the moisture adsorbed on the surfaces is
removed until a critical moisture content value corre-
sponding to the tightly bound water content. The vapor
pressure of the moisture bound in capillary structures
can be significantly lower due to the effects of confine-
ment described by the Kelvin equation.

In the case of crystalline solids, the exposure of crys-
tal planes to ambient moisture after drying may induce
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FIGURE 8.8 Sorption desorption isotherms for different hysteresis cases.
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either changes on the surface patterning or increase in
nucleation density. The increase in surface roughness
associated with the latter is a common feature of
hydrated compounds. An example obtained from the
dehydration of carbamazepine dihydrate is shown in
Fig. 8.9. However, no literature findings support the
facet-specific dependence of this process, although
crystal defects can affect this process.127�129

Crystal defects can be distinguished in three differ-
ent categories130:

1. Point defects: this case includes situations when
atoms or molecules are literally missing from a
point of the crystal lattice, creating a vacant point,
or when an extra atom appears on a random
position on the lattice.

2. Linear defects: this is when a group of atoms/
molecules is misplaced in the lattice creating screw
or edge dislocations.

3. Planar defects: in this case defects appear in the
region between two homogeneous crystal planes

Defects can arise randomly during crystallization or
can be induced by thermal or mechanical stress. They
are characterized by higher energy than the bulk of the
material, and thus, they are sites of preferential reaction
(either via Lifshitz�van der Waals or chemical interac-
tions). When hydrates are dried under vacuum, the
nucleus of the anhydrous form is initially formed in
the area around the crack (Fig. 8.10). The moisture
removed from the material provides the molecular
mobility on the interface between anhydrous and
hydrated material to facilitate the anhydrous material
growth. If the moisture removal is too fast (eg, under
vacuum conditions), then the crystal lattice cannot with-
stand the stress associated with the removal of bound
water molecules and collapses to an amorphous state.131

The amorphous, nonequilibrium, material seeks to recrys-
tallize. However, recrystallization is not necessarily taking

place toward the most stable anhydrous polymorph, but
toward the one with the energy minimum of closest
proximity.132 Thus, it could turn to an intermediate form
which would then turn to the most stable one under the
effect of Ostwald’s rule, which can be summarized by the
following excerpt from Threlfall133:

At a sufficiently high supersaturation, the first form that
crystallises is the most soluble form. This transient state then
transforms to the more stable form through a process of disso-
lution and crystallization.

Apart from the conventional drying approaches,
spray drying and freeze drying allow moisture removal
combined with the transition from crystalline phase to
amorphous. This transition directly affects the molecu-
lar arrangement in the bulk and the surface of the solid,
since amorphous solids are characterized by a lack
of thermodynamic equilibrium. Existing studies, are
limited in the use of infinite dilution inverse gas chro-
matography for the determination of the surface ener-
getics of spray and freeze-dried materials, meaning
that they are taking into account only a negligibly small
amount of surface area of the material under investiga-
tion. The data obtained from these studies show negli-
gible changes in the surface energy. Nonetheless,
further studies should be conducted on the ground of
finite dilution inverse gas chromatography to provide
us with positive results for the effects of spray and
freeze drying on the surface energetics of solids.134

The dynamic behavior of suspensions in a spray
dryer can lead to the formation of particles with a
wide range of characteristics. The mechanism for the
formation of these hollow particles is determined by
the heat and mass transfer processes described by the
Peclet number. Suspensions are injected into the spray
drying chamber and under the proper conditions the
habit of the dried particles, at the outlet of the spray

FIGURE 8.9 The effects of drying on the surface roughness of carbamazepine dihydrate, the cracks are induced by the removal of bound
water.127
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dryer, can be engineered. The dimensionless Peclet
number, providing the ratio of the change in surface
area of a particle containing bubble with the diffusion
coefficient of the solids in the liquid droplet can be
modified with the use of coated particles with different
diffusion coefficients.

In his works on spray drying, Vehring prove the
applicability of this process in the manufacturing of
hollow particles to be used in drug delivery systems.
The formation of hollow particles can also lead to the
decrease in the bulk density of the product; though can
be susceptible to breakage. The versatility of spray dry-
ing opens the possibility for particle engineering and
product design, including pharmaceutical solids.135,136

8.7 INTERFACIAL PHENOMENON
(SOLID�SOLID)

8.7.1 Fundamental thermodynamics

When solid particles interact, the behavior of the
resultant system is greatly influenced by their interfa-
cial interparticulate interactions. This interaction may
be defined by adhesion or cohesion forces. The attrac-
tive force between particles of different compounds is
regarded as adhesion while the attractive force
between particles of the same compound is termed as
cohesion. Adhesion and cohesion forces are the sum
total of van der Waals forces, capillary forces, mechan-
ical interlocking and solid bridging in addition to
minor contributions from contact potential and
Coulombic forces. Van der Waals forces are considered
to be the principal forces for particulate adhesion or
cohesion that include interactions like dipole-dipole,
dipole-induced dipole and induced dipole-induced
dipole. Adhesion forces have been discussed in the
section on fundamental intermolecular forces, how-
ever, they are briefly mentioned here in the context of
powdered solids.

The relative contribution of these forces is mainly
determined by material properties such as hydrophilic-
ity or hydrophobicity, particle size and local environ-
mental conditions, such as RH.137 These factors are
particularly important for DPIs, as micronized pow-
ders are highly susceptible to interparticulate forces
because of their high specific surface area.

Surfaces of pharmaceutical powder particles are
often rough. Particle interactions can thus be reduced
by surface roughness since the latter increases the dis-
tance between particles and consequently decreases
contact and van der Waals forces. However, if the sur-
face is excessively rough, for example, crevices and
holes are present on the surface, they may interlock
which can in turn dramatically increase interparticular
interactions by mechanical interlocking. In addition, if
a small particle is trapped in a depression on a large
particle, the attractive forces are more than the
required detachment forces due to intermolecular and
electrostatic interactions.138

The presence of moisture has a significant effect on
interparticulate interactions. Although van der Waals
forces exist in both low and high humidity, low level
of moisture can enhance the dissipation of triboelectric
charge and decrease interparticulate interactions. At
high RH, water vapor moving through interparticulate
spaces can condense and form liquid bridges and
influence interparticulate forces by at least three differ-
ent mechanisms such as by changing surface energy,
surface conductivity through electron mobilization and
surface tension.139 The presence of high level of mois-
ture can develop capillary forces and increase interpar-
ticulate interactions.

The development of capillary forces and their con-
tribution to overall adhesion forces is governed by sev-
eral factors. Firstly, capillary forces are not significant
at an RH of less than 50%, and they are the dominant
contributor to adhesion at an RH of above 65%.140

Secondly, capillary forces develop more easily for
hydrophilic compounds than hydrophobic com-
pounds. Liquid bridges can be formed by the moisture
condensed between particles. If the lifetime of these
bridges is high, they can start dissolving the particles.
Due to evaporation of the moisture, the dissolved solid
is recrystallized to form solid bridges. Solid bridges
increase the interparticulate interactions significantly.

Solid bridges can also be formed by mineral bridges
between particles of the same material; chemical inter-
action or reaction between particles; partial melting of
low melting point solids caused by friction or heat and
subsequent cooling. Although solid bridging is rare
in practice, they become important during long-term
storage of hydrophilic compounds.141 Liquid
bridges are often followed by solid bridges due to
recrystallization.142

FIGURE 8.10 The development of an anhydrous form during
dehydration at the cracks of the surface of a hydrated crystalline
solid.
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The surface energy of particles plays an important
role in their behavior. The term surface energy is
sometimes confused with adhesion/cohesion. In the
previous section, it has been clearly shown how sur-
face energy is related with adhesion/cohesion forces.
Adhesion force can be calculated from surface energy
by using contact mechanics models. The history of
these models dates back to 1881 when Hertz143 pub-
lished his influential work accurately describing the
deformations on macroscopic systems, but not taking
in account the effect of adhesion forces. Numerous
advancements have been made, and different models
have been proposed since then and concentrated espe-
cially on the effects of adhesion in smaller scales.144�146

The two most well-known models are the Derjaguin-
Muller-Toporov (DMT) model25 and Johnson-Kendall-
Roberts (JKR) model.147

In the JKR model, the forces outside the contact area
between the two bodies are considered negligible. In
addition, at the edges of the contact area, the elastic
stress tends to infinity meaning that the strength of the
system increases unboundedly with decreasing size
of the sphere.148,149 On the other hand, in DMT model,
the surrounding forces appear to have an effect on the
adhesion, nevertheless they do not affect the shape of
a sphere which is deformed according to Hertz’s
model. This discussion can simplistically be summa-
rized by the statement that JKR model is more appro-
priate for larger systems where the sphere has a large
enough contact surface area to make the effect of the
surrounding forces negligible, and smaller systems are
better treated through DMT model.150 In this context,
the more frequent question is what can be considered
being large and what being small. Maugis attempts to
answer this question in his work. Using a more general
model developed by Dugdale, it proves that the afore-
mentioned models are specific cases of Dugdale’s
model and has related the two models with dimen-
sionless parameters.148

8.7.2 Experimental techniques

For the quantitative determination of adhesion force,
atomic force microscope (AFM) is widely used. Inverse
gas chromatography can be used to calculate adhesion/
cohesion forces by measuring surface energy. However,
scanning electron microscope (SEM) and other imaging
techniques are also used to understand the interparticu-
late interactions qualitatively.

8.7.2.1 Atomic force microscope

AFM has been extremely useful for measuring adhe-
sion force. Prior to the introduction of AFM, optical
microscope was used to image a surface. The AFM is a
type of scanning probe microscope that has a resolution
in the order of nanometer. It has revolutionized the
imaging of particulate surfaces, thus has been useful in
manipulating particulate surface in the nanometer
range. The AFM has also been used to determine adhe-
sion forces and surface energy from DMT/JKR
models.151,152

The cantilever is made of a well-characterized mate-
rial, and its Hooke’s law (spring) constant is known.
The tip of the cantilever is of known shape, and its
material properties are also known. A small force
slowly pushes the tip of the cantilever toward the sur-
face of the material. The movement of the cantilever
from the moment it approaches the surface enough to
feel the attractive forces until it gets pushed back is
used to calculate the force via Hooke’s law. The force-
to-distance behavior is displayed in Fig. 8.11 in con-
junction with the cantilever surface relationship.

Initially, the tip approaches the surface when is in a
distance where the attractive forces start to become sig-
nificant, it bends. As it bends, the effect of attractive
forces becomes more profound until the tip attaches to
the surface. Then the tip is pulled back slowly until it is
totally dispatched from the surface.

FIGURE 8.11 Schematic showing the
force curve during an AFM experiment
in conjunction with cantilever surface
relation.
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8.7.2.2 Scanning electron microscope

SEM helps the qualitative identification of drug-
carrier interactions on the surface of the particle.
In normal SEM, a vacuum is necessary, which was not
possible to see the changes made by different environ-
mental humidity on powders. The introduction of envi-
ronmental SEM in the 1980s has made now possible to
study powder sample controlling temperature and
RH.153

8.7.3 Pharmaceutical implications

Solid dosage forms dominate all the other dosage
forms, with oral solid dosage forms constituting over
80% of the market. Solid dosage forms include tablets,
capsules, suppositories and dry powder for reconstitu-
tion or inhalation. In many phases of their production
process, understandings of the interfacial interparticu-
late interactions are important. The processes include
but not limited to milling, flowability, mixing, table-
tting, etc. The influence of solid�solid interfacial inter-
actions will be discussed in the following section.

8.7.3.1 Flowability

Flowability is an important bulk powder character-
istic. The term “Flowable” means an irreversible defor-
mation of a powder to make it flow due to the
application of external energy or force. Various para-
meters such as angle of repose, Carr’s index, Hausner
ratio, flow function (ff) are used to express flowability
of powders.

The angle of repose is the simplest method to
express the flowability of powders. The angle of the
heaped cone of a free standing powder is the angle of
repose. When a powder is allowed to fall on a flat sur-
face from a funnel positioned at a certain height, the
funnel is gradually moved upward in order to main-
tain a fixed height between the powder tip and the
bottom of the funnel. The angle produced by the pow-
der on the surface is the angle of repose. The other
way is to allow powder from a central hole of a flat-
bottomed container. The slope produced by the
remaining powder in the container bottom is the angle
of repose. Furthermore, rotating drum can be used to
measure the angle of repose. The material is placed,
homogeneously, in the drum and left to rotate for a
number of revolutions. Then the angle is measured.

Another refined method to measure flowability is
the ff, defined as the ratio of consolidation stress (σ1)
to unconfined yield strength or uniaxial compression
stress (σc).

The flow of powder particles is influenced by
interparticulate interactions which include adhesion/
cohesion, frictional forces, mechanical forces due to

interlocking. A range of other factors can also influence
flowability of powders. For example, particle size and
size distribution, particle shape and shape distribution,
porosity, density, moisture content, surface composi-
tion, substances present in powder.

The lower the adhesion/cohesion forces, the greater
will be the flowability. Flowability can be improved by
using both hydrophilic such as aerosol and hydropho-
bic substances such as magnesium stearate, sodium
stearate, magnesium silicate and calcium silicate, etc.
Hydrophobic additives can increase flowability of
powders by decreasing interparticulate interactions by
reducing van der Waals forces at low RH. In contrast,
hydrophilic additives may decrease flowability by
increasing interparticulate interactions by developing
capillary forces. The use of low cohesive, hydrophobic
lubricants has, already, been employed to improve
powder’s flowability.

One of the challenges of increasing the flowability
by using flow additives is to disperse the flow addi-
tives on the surface of host particles since very fine
particles of flow additives might prefer to agglomerate
themselves. Flow additives are added either by mixing
or by mechanofusion. The processes of mixing and
mechanofusion is discussed in the following.

8.7.3.2 Mixing or blending

Mixing or blending is a widely used process in
pharmaceutical industries to blend a multicomponent
particular system. In the formulation of tablets, active
ingredients are mixed with excipients before granula-
tion. Different glidants and lubricants are mixed with
granules after granulations and before tabletting.
Similarly, drugs are mixed with various excipients for
other solid dosage forms such as capsules, dry pow-
ders for inhalation and powders for reconstitution. The
mixing is carried out using different mixers or blen-
ders, for example, V-mixer, Cone mixer, rotating cylin-
der, etc. It is expected that a mixture will be
homogeneous meaning the different components will
be distributed in a uniform manner throughout the
system.

If drug particles are small in size, they are cohesive
and can form agglomerates. The mixing mechanisms
involve two stages: the breakdown of agglomerates
to primary particles and the dispersion of primary
particles. An ideal mixing process may break down
these agglomerates to primary particles and disperse
throughout the system in a manner that they are
evenly distributed, and it will be maintained for a long
time after mixing so that the ultimate dosage forms
such as tablets and capsules have uniformity in drug
content. In practice, it is not possible to have a
completely uniform (ideal) mixture. Often, a “satisfac-
tory level of random mixing” is achieved, where the
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average (mean) of each type of particles in a series of
samples is close to the ideal mean and the variability
in drug content is low.

There are three main procedures of solid mixing:
diffusive mixing, convective mixing, and shear mixing.
In diffusive mixing, individual particles move to
change position relative to neighboring particles in a
random way. This type of mixing is possible for free-
flowing powders and is facilitated by the differences
in density and particle size. In convective mixing, a
portion of the mixture is taken from one place and
deposited in another. Finally, in shear mixing, particles
are forced to move past each other. In this type of mix-
ing, usually large agglomerates are broken up but not
small agglomerates. This is determined by the relative
strength of agglomerates and the shear applied.

Demixing (segregation) can occur at the same time
as mixing occurs when the external mixing procedure
stops. The factors promoting segregation include dif-
ferences in particle size, shape and density. If the parti-
cles are uniform in size, shape and density, and the
surface is smooth, achieving uniformity of mixture is
still extremely difficult when the drug concentration
is very low in the mixture, and the drug or excipients
are highly cohesive resulting in very strong agglomer-
ates of drug or excipients.154,155

In order to improve the homogeneity of a powder
mixture containing a very low concentration of a drug,
ordered mixing process was introduced by John
Hersey.156 This technique was initially developed for
producing tablets of highly potent drugs. Later on, it has
been regularly used to produce carrier based DPIs
where only a small percent of drug is mixed with large
carriers. Each “ordered unit” of a mix will be similar or
almost identical in composition to all other ordered units
in the mixture. Ordered mixing is achieved by dividing
and recombining the powder bed in different ways such
as preblending and geometric dilution; “doubling.”

When the drug is mixed with carriers, the homoge-
neity ultimately depends on the balance between cohe-
siveness of drugs and excipients and the adhesion
between drugs and excipients. It is expected that adhe-
sion between drug and excipients will be higher than
cohesive forces of drugs.

Measuring the surface energy of powder mixtures,
using inverse gas chromatography, is not a straightfor-
ward process. The differences between physically
mixed and coated samples can be identified. Following
the discussion conducted in the solid�vapor interface
section of this chapter, it is easy to appreciate that
inverse gas chromatography study of mixtures com-
prising materials with significantly different surface
energy involves certain limitations arising from the
nature of the technique. The fluid probes interact pref-
erentially with the material exhibiting higher energy

adsorption sites on the basis of a Boltzmann distribu-
tion, leaving the adsorption sites of the lower energy
material uncovered. Thus, especially at low values of
surface coverage, only one of the materials may take
place in the measurement.

The surface energy of a powder after mixing might
be different due to the creation of new surfaces due to
attrition/fracturing.157 Recently, surface energy profile
determination explained the mixing phenomenon even
better. The nonpolar surface energy profile of the sal-
butamol sulfate (SS)�magnesium stearate (MgSt) mix-
ture to be positioned between those of SS and MgSt
and it was within 5% range of nonpolar surface energy
profiles of MgSt, indicating that the surface of SS was
covered by MgSt during the mixing process.158

Similarly, the surface energy profiles of two blends of
fine lactose (LH210) and large lactose (LH250) at dif-
ferent ratios were found to be positioned between
those of LH210 and LH250.159

Interparticulate interactions were also studied by
using AFM to understand the influence of mixing two
or more components on the mixture especially in the
context of DPI performance. It was concluded that one
of the mechanisms on how the inclusion of fines
improves performance of drugs from a career based
formulation is that when fines are mixed with large
carriers, the highly active sites are occupied by the
fines, making the less active sites available for drugs
that can be easily dispersed.160

8.7.3.3 High-shear mixing or dry coating

Mechanofusion is a process of mechanical dry coating
in which submicron-sized guest particles directly
attach onto relatively larger, micron-sized host or core
particles. This process uses shear and compression to
produce a thin continuous film of the guest material
on the surface of the host. This high-shear mixing pro-
cess has been used to change the surface properties of
powders by coating a material with hydrophobic mate-
rials to modify the surface energy and reduce particle
interactions.161

Dry coating can be performed by using a magnetic
assisted impaction coater (MAIC) or a hybridizer
(HB)162, or by using a mechanofusion apparatus.163

Magnesium stearate, traditionally used as a lubricant,
has been widely used in coating by mechanofusion.
Dry coating of powders such as fine lactose, salbutamol
sulfate, triamcinolone acetonide, and salmeterol xinafo-
ate with a low cohesive material such as magnesium
stearate has been very successful at increasing the deag-
glomeration of those powders.7,164 Mechanofusion of
lactose with MgSt has been shown to improve flow
properties and dispensability dramatically compared
with conventional mixing of MgSt with lactose in a
turbular mixer.165
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Other materials include hydrophobic and hydro-
philic silica. Coating of cornstarch with different silicas
using MAIC has shown to improve flowability.
Hydrophobic silica was found to be more effective
than hydrophilic silica, especially by reducing the liq-
uid bridge formation.162

Recently, the Resonant Acoustic Mixer was devel-
oped to improve mixing and dispersion processes. It
applies resonance phenomenon to effectively transfer
energy to the content in the mixing container. In the
case of mixing particulate materials, the powders are
accelerated as high as 100 times of the gravitation
force. Numerous particle-particle and particle-vessel
collisions lead to the effectiveness of the process. Its
application in dry powder coating of pharmaceuticals
was demonstrated by Mullarney and coworkers using
several drugs.166 Flexibility in mixing scale (from sub-
gram to hundreds of kilogram), the ability to contain
the mixing contents, and the availability of the
continuous version of the mixer make this technology
a great prospect for applications in pharmaceutical
development.

8.7.3.4 Milling

Micronization and milling are commonly used phar-
maceutical processes for reducing particle size of phar-
maceutical materials.167�171 A reduction in size is
extremely important in the case of DPI since particles
of ,5 μm size can reach lower respiratory tracts which
are the primary sites of drug delivery through inhala-
tion. In general, micronization of large drug particles is
used to produce particles of an inhalable size and then
mixed with a large carrier in a carrier-based formula-
tion for inhalation. It is also important to increase the
dissolution of solids since the reduction in particle size
can improve surface area, and thereby, the dissolution
rate of the materials. In tablet manufacturing, drug is
micronized before wet granulation with excipients.
Micronization can be carried out using high-energy air
jet mill while ball milling is used. The process is influ-
enced by many factors, such as the nature of starting
material, temperature, RH and energy input, etc.

Micronization introduces new interfaces by fractur-
ing particle, creating lattice defects, or by producing
amorphous materials. These new interfaces may have
different exposed surface groups than the surface of
the original material. These processes, therefore, may
increase or decrease the surface energy of materials
based on the exposed surface groups. In general, an
increase in dispersive or nonpolar surface energy was
observed upon micronization of compounds, such as
paracetamol Form I,109 salbutamol sulfate,172 salmeter-
ol xinafoate, and crystalline α-lactose monohydrate.173

Increase in surface energy may result in increased
agglomeration due to their cohesive forces exceeding

the gravitation forces, thus, creating new challenges in
drug delivery. Milling of DL-propranolol initially
increased dispersive surface energy until a particular
point, brittle to ductile the transition point, followed
by a decrease with further milling.174 Similar change
was observed for ketoconazole and griseofulvin.175

However, micronization of compounds showed
mixed effects (increase or decrease) on polar surface
energy. For example, the acidic component of polar
surface energy was found to decrease for
DL-propranolol,174 salbutamol sulfate,172 salmeterol
xinafoate and α-lactose monohydrate,176 but it increased
for acetaminophen upon micronization. The basic com-
ponent of surface energy was increased for DL-
propranolol,177 salbutamol sulfate,172 and α-lactose
monohydrate,176 but it decreased for acetaminophen
upon micronization or milling. Micronization and mill-
ing may expose new surfaces, created by the formation
of lattice defects or because of the formation of amor-
phous sites.172,178�180 In all the aforementioned studies,
surface energy was determined at infinite dilution using
an inverse gas chromatography and results may only
provide a limited description of powder properties as
such measurements do not fully describe the heteroge-
neity of crystalline solids.

The particle surface energy characteristics were
revealed in more detail with the determination of
surface energy (heterogeneity) using finite dilution IGC.
The distribution of nonpolar surface energy was more
heterogeneous for milled lactose than untreated
α-lactose monohydrate.67 The milled lactose had signifi-
cantly higher nonpolar surface energy than untreated
(before milling) α-lactose monohydrate at infinite dilu-
tion (zero surface coverage). However, at higher surface
coverage, the milled lactose had lower surface energy
than the untreated α-lactose monohydrate. In another
study, it was observed that, compared to ibipinabant
before micronization, the nonpolar surface energy of ibi-
pinabant after micronization was smaller at low surface
coverages whereas it was larger at higher surface cov-
erages.181 The increase in nonpolar surface energy was
attributed to the generation and redistribution of high
energy sites on micronization.

8.7.3.5 Tableting

The ability of a powder to form a tablet of adequate
mechanical strength is termed as tabletting. It is impor-
tant that a tablet remain intact during its manufactur-
ing, packaging and transportation processes until it is
consumed by the patient. It is also important that the
tablet is not excessively strong so that it does not
undergo disintegration and dissolution after oral
administration. The mechanical strength of a tablet is
expressed as the tensile strength which is the mini-
mum force required to break a tablet.182,183 The tensile
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strength of a tablet depends on many characteristics of
the consolidating granules or powders, such as particle
size, shape, density, surface area and interparticulate
interactions.184

A tablet is produced by compression of granules or
powders of drugs with or without excipients. When a
powder is compressed, it undergoes processes such as
particle rearrangement, particle fracture, and particle
deformation. Interparticulate interactions play a major
role in tabletting. Interparticulate interactions such as
van der Waals forces, hydrogen bonding may exist
between molecular solids while ion-dipole, ion-
induced dipole or Coulombic forces may exist for ions.
During the early compression process, powder parti-
cles come closer due to rearrangement of particles. The
interparticulate interactions such as van der Waals
forces increase when the distance between particles
decreases. As the compression force is increased,
the particles fracture (depending on the brittle-ductile
nature and the strength of the particles). Again the
strength of an individual particle depends on the inter-
particulate interactions of the molecules and ions they
are made of. The last phase of consolidation by com-
pression is particle deformation which involves plastic
and elastic deformation with an increase in interparti-
culate interactions by increasing particle contact area.
The ultimate success of tabletting depends on interpar-
ticulate interactions of powder particles, material prop-
erties, and compression process.

8.7.3.6 Triboelectrification

When two materials undergo friction, the particles
may be charged or electrified due to the transfer of elec-
trons from one particle to the other; this charging is
called triboelectric charging, tribo-charging, or frictional elec-
trification.185 Contact charging denotes the charging which
arises due to the transfer of electrons when two different
materials come in contact and are separated. Charging
due to short contact for collision is called impact charging.
It is practically difficult to differentiate the purposes of
charge transfer; therefore, triboelectric charging is com-
monly used to refer to all three of these processes.186

Triboelectric charging could be generated due to the
direct transfer of electrons between two materials in
contact due to the difference in their work functions
(as in metal-metal contact) or surface charges. It may
also arise due to the transfer of ions or materials from
surfaces during contact, frictions or impact. For a
metal-metal contact, the amount of charge transferred
(ΔQc) can be calculated as the product of the contact
potential difference (Vc) and the capacitance (C0)
between the two bodies.

Since the particles collide with each other, or with
the wall of the container, or particles are abraded dur-
ing production and handling of powdered solids

(eg, milling, micronization, sieving, mixing, coating
and spray drying), triboelectric charge generation in
the particles is common.187 This can be both problem-
atic and beneficial. The negative impact of triboelectri-
fication of particles includes particle adhesion during
manufacturing, particle accumulation on equipment
surface, segregation and altered dose uniformity.188�192

In contrast, the positive impact of electrostatic charging
includes the production of ordered mixtures of
charged powder particles exploiting the opposite
polarity.193 This type of ordered mixture is more
stable and may improve content homogeneity
more than other powder processing techniques.190,193,194

Factors that influence triboelectric charge production
include particle size, shape, surface roughness,195,196

surface chemistry, presence of functional groups and
chemical structure197�199 and electrical properties of
powders and contacting surfaces.200,201

Triboelectric charge is affected by the presence of
moisture (ie, environmental RH and temperature),
nature of contacting material, and velocity of particles.186

At a specific temperature, the triboelectric charge
decreases with increasing RH probably due to increased
leakage for decreased electrical resistance on the sur-
face.202 It also decreases with increasing temperature.

In order to minimize triboelectric charging, particle
surface is coated with different materials. The irradia-
tion using ultraviolet rays and plasma processing are
the two methods commonly used to change surface
charge of polymers. In electrophotography, two types
of materials, charge control agents and charge stabili-
zers are used to minimize charging. Fumed silica and
polyvinylidene fluoride are used as surface charge
control agents while amines or quaternary ammonium
salts are bulk charge control agents which are blended
with polymers to control charging. Polyester salts are
used as charge stabilizers.

Triboelectric charges can be characterized by differ-
ent techniques. One of these techniques is a cascade
method.203 The triboelectric charges are produced on
particles when they are allowed to fall down from the
top of a reference plate which is kept tilted at a certain
angle. The charge is measured by a Faraday cage.
Higashiyama et al.204 described a slightly different
technique. In their technique, particles are allowed to
fall from one end of a charging plate to the other end
through vibration where the charge of the particles is
measured by a Faraday cage. Luga et al.205 used a flu-
idized bed to develop triboelectric charges and a
charge spectrometer to measure charge distribution.

8.8 FUTURE DIRECTIONS—OPINIONS

The interfacial properties and behavior of solid-state
pharmaceutical formulations are complex, though
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ubiquitous in the manufacture, handling, formulation
and delivery of pharmaceuticals. However, much of
the current descriptors employ semiempirical
approaches, and there is a need in providing the
framework for more fundamental understanding. The
ability to develop linkages between quantum and
nanoscale phenomena with their manifestations in
the microscale will lead to major scientific advances
and have significant industrial relevance. Molecular
modeling tools and population balance equations
could play a significant role in bridging these gaps.
Development of theoretical models across lengthscales;
from molecules to particles to process,206,207 are cur-
rently undertaken, some of which are already resulting
in more accurate descriptions and useful insights.

Many fundamental equations consider the ideal
case where particles are spherical and the surfaces are
flat and smooth. In reality, such ideal cases do not
exist, and surface morphology such as surface rough-
ness and shape should be considered in describing
interfacial phenomena. It is plausible that the inclusion
of the anisotropic nature of crystalline solids208,209 into
current theoretical models will leads to a better under-
stand and ultimately predictability of powder pro-
cessability. In parallel, advancement in characterization
techniques is also necessary. Approaches to describe
heterogeneity or distribution of particle properties are
crucial, as single average value do not accurately
explain powder behavior. For example, advances in
determining surface energy heterogeneity, crystal size
and crystal shape distribution of powders have been
made over the last decade.

Recently developed imaging techniques allow the
determination of both the size and shape distribution
of particles.210,211 Significant steps have been made
toward the fundamental understanding of the mechan-
isms leading to the crystallization of particles with dif-
ferent crystal habits under different conditions.212�214

The surface energy deconvolution of powders is also a
useful tool in the understanding of the effects of sur-
face anisotropy. However, these advancements have
not matured enough to be implemented in the existing
mechanistic models describing macroscopic phenom-
ena like aggregation and attrition.

Whilst not addressed exhaustively in this chapter,
novel formulation methods including but not limited
to amorphous solid dispersions, nanodispersions,
porous nanoparticles and liposomes exhibit interesting
interfacial phenomena. Since some of them rely on par-
ticles in the submicron scale and/or self-assembly
interactions it is, also, obvious that interfacial phenomena
would probably dictate the corresponding product/
process development into a great extent. Thus,
the question is not if we would need to go deeper
in understanding the implications of interfaces in

pharmaceutical formulations but if we would be able
to progress fast enough to reach the demands for more
advanced formulations. We are in a more advanta-
geous position compared with the pioneers in the field
of interfaces. Novel experimental techniques enable us
to go achieve a level of accuracy that our predecessors
did not enjoy. Also, we have tools to develop and
solve more sophisticated mathematical models to
describe interfacial phenomena, than anyone could
imagine back in Gibbs’s era, in the late 19th century.
Nonetheless, interfaces remain a challenging field
where significant work should be done to bridge
different length scales and provide integrated under-
standing for their behavior.
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9.1 FUNDAMENTAL OF DIFFUSION

9.1.1 Introduction

In nature, particularly in the gas and liquid phases,
molecules are frequently colliding with conservation of
momentum. Collisions cause changes in the direction of
movement of molecules or small particles, resulting in
their random motion. Collisions between molecules and
the walls of a container generate pressure in a gas or
hydrostatic pressure in a liquid. Random motion of a
particle caused by random bombardment by solvent
(or gas) molecules due to thermal motion is known as
Brownian motion. Diffusion is the process by which atoms,
molecules, or small particles are transported from a
region of higher concentration to a region of lower con-
centration due to random motion. In the absence of con-
vection, Brownian motion or diffusion is a primary
transport mechanism for small particles (,0.1 μm) or
molecules when the transport distance is small (ie, , a
few millimeters). Over larger distances, diffusion is a
slow process for material transfer, and other factors like
convection are important to obtain significant transport
of material in a reasonable time period (ie, ,1 day). In
dissolution testing, diffusion and convection are com-
bined processes that generate dissolved drug in solution,
in which convection is the dominating mechanism.

The diffusion process is driven by entropy change
(ie, ΔS . 0 for diffusion). The process is an example of
the second law of thermodynamics; no enthalpy is
required in the process (ie, no heat or work is required,
but heat can affect the rate of diffusion). Diffusion is
irreversible because it can occur in only one direction—
from high to low concentrations.

The exact movement of any individual molecule
(or small number of molecules) is completely random.

The overall behavior (ie, macroscopic) of a large popu-
lation of molecules (. 106) is quite predictable.
Diffusion is a process of mass transport that involves
the movement of one molecular species through
another (ie, a drug in a gel or solution). It occurs by
random molecular motion from one point to another,
and it can occurs in gas, liquid, or solid states.
Diffusion in liquid, gel, or polymeric systems is of pri-
mary interest in the pharmaceutical sciences.

The subject of diffusion has been well studied,
and a variety of models and their mathematical
expressions related to pharmaceutical applications
are available in the literature.1�6 The first part of this
chapter provides a review of the fundamental theory
and the basic equations of diffusion to facilitate the
further application of diffusion theory in pharmaceu-
tical sciences.

9.1.2 Basic Equations of Diffusion

The two basic equations describing the diffusion
process are Fick’s first and second laws.

Fick’s first law: The rate of transfer (dQ/dt) of a
diffusing substance through the unit area (A) in one
dimension (x) is proportional to the concentration
gradient, @C=@x, as described in Eq. (9.1).

J5
dQ

Adt
52D

@C

@x
ð9:1Þ

where:

J is the flux (rate of diffusion)
D is the diffusion coefficient
C is concentration
@C=@x is the concentration gradient.
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The negative sign indicates that diffusion occurs
from high concentration to low concentration.

Fick’s second law: The rate of solute accumulation or
concentration change, @C=@t, in an element volume, dV,
is proportional to the flux gradient of the solute in the
element, dJ/dV. In other words, the rate of change of
number of molecules in the volume element equals the
difference between the flux of molecules entering
the element and the flux of molecules leaving the
element.

The mathematical form of Fick’s second law can be
developed from the first law by the following
approach: molecules entering and leaving a volume
element by diffusion can occur in three dimensions.
The contribution of diffusion in one of the dimensions,
x, to the concentration change in the volume element is
depicted in Fig. 9.1, where the surface area for diffu-
sion remains constant along the diffusional path. By
mass balance, the rate of change of molecules in the
element by one dimension diffusion can be described
by Eq. (9.2).

Thus, the concentration change in this volume ele-
ment can be formulated as the difference in fluxes into
and out of the element, as shown here:

@C

@t
dV5 ðJin 2 JoutÞdA ð9:2Þ

Utilizing the relationship of dV5 dAdx and repla-
cing dx (in the flux expression) with @x, the rate of con-
centration change in one-dimensional diffusion can be
written as

@C

@t
5

2 @J

@x
5D

@2C

@x2
ð9:3Þ

Similar equations can be derived for diffusion in the
other two dimensions, assuming that the diffusion
coefficient in the volume element is constant. The rate
of concentration changes can thus be written as the
sum of contributions in three dimensions as

@C

@t
5D

@2C

@x2
1D

@2C

@y2
1D

@2C

@z2
ð9:4Þ

Eqs. 9.2�9.4 are derived for the case where the sur-
face area for diffusion remains constant. If the surface

area for diffusion changes, such as the radial diffusion
in a cylinder or in a sphere, the area changes must be
taken into account. For diffusion in a sphere, Fick’s
second law is

@C

@t
5D

@2C

@r2
1

2

r

@C

@r

� �
ð9:5Þ

For radial diffusion in a cylinder, Fick’s second law
can be expressed as

@C

@t
5D

@2C

@r2
1

1

r

@C

@r

� �
ð9:6Þ

Diffusion can reach a steady state where concentra-
tion in a volume element does not change with time,
but material still diffuses through the element. Using
this criterion, the rate of change of the concentration
gradient in the element is zero at steady state accord-
ing to Fick’s second law. For a one-dimensional system
with constant surface area, the concentration gradient
(@C=@x) at steady state is constant (the concentration
profile is linear with distance along the diffusional
path in the system).

If one views Fick’s first law as an equation for the
rate of mass transfer, then Fick’s second law expresses
the acceleration (or deceleration) of mass transfer.

9.1.3 Solutions for Diffusion Equations

The most fundamental diffusion equation, Fick’s
second law, is a partial differential equation that must
be solved for specific conditions before it can be used
for practical problems. Mathematical solutions for
actual systems can be obtained by taking the initial
and boundary conditions of the real systems into con-
sideration. Assuming that the diffusion coefficient is a
constant, solutions for many systems with different ini-
tial and boundary conditions have been derived, either
in the form of an error function (or a series of error
functions) or of a Fourier series. These solutions can be
found in the literature,1�6 eliminating the need to
derive them again. One can thus select the correspond-
ing solution from the literature to fit the specific initial
and boundary conditions for a particular system.
These can be either infinite or finite systems, with or
without perfect mixing (ie, sink conditions) for the
boundary conditions. A number of these cases will be
presented and discussed next.

9.1.3.1 Diffusion from a plane source
into an infinite medium

If a finite amount of solute, M, is deposited on an
infinitely thin plane in the middle of an infinite tube of
medium (ie, water or gel), and the solute diffuses

Chigh
Clow

dx dA

Jin Jout

dV = dA · dx

FIGURE 9.1 Volume element.
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axially toward each end of the tube (ie, one-
dimensional diffusion) without mixing, as depicted in
Fig. 9.2, Eq. (9.7) is the solution to Fick’s second law
for this one-dimensional system, assuming that the dif-
fusion coefficient D is constant at constant
temperature:

Cðx; tÞ5 M

2
ffiffiffiffiffiffiffiffiffi
πDt
p exp

2 x2

4Dt

� �
; t. 0 ð9:7Þ

As indicated in Fig. 9.2, the concentration at x5 0
becomes smaller with time. At other points where
jxj. 0, concentration increases with time when
@2C=@x2 . 0 and decreases when @2C=@x2 , 0. The area
under the concentration distribution curve is constant
because the entire initial mass, M, is retained. However,
as t approaches infinity, C becomes infinitely small over
all distance values.

9.1.3.2 Diffusion between two infinite regions
in contact

This system consists of two regions in contact with
one of the regions (ie, x. 0) initially containing solute
at concentration C0, and the other region is free of sol-
ute (ie, C5 0). Solute diffuses from the initially loaded
region into the empty region without mixing. This sys-
tem can be considered an extended version from the
plane source system described previously by treating
the system as containing an infinite number of plane
sources of thickness, Δα, each with an initial concen-
tration, C0, as shown in Fig. 9.3.

The initial conditions are

t5 0; C5 0 for x, 0; and C5C0 for x. 0

Obviously, the amount of diffusing molecules in
each segment is C0Δα, and diffusion from each infi-
nitely thin segment to the point α can be expressed as
follows:

Cðx; tÞ5 C0Δα
2
ffiffiffiffiffiffiffiffiffi
πDt
p exp 2

ðx2αÞ2
4Dt

� �
ð9:8Þ

By superposition, diffusion from the entire region
with initial distribution C0 can be obtained by integrat-
ing over all the infinitely small elements to obtain:

Cðx; tÞ5
ðN
0

C0

2
ffiffiffiffiffiffiffiffiffi
πDt
p exp 2

ðx2αÞ2
4Dt

� �
dα ð9:9Þ

Eq. (9.9) can be rewritten in the form of an error
function:

Cðx; tÞ5 C0

2
11 erf

x

2
ffiffiffiffiffiffi
Dt
p

� �� �
ð9:10Þ

Eq. (9.10) shows that at the interface where x5 0,
the concentration is constant at C0=2.

The net amount of material transferred from the ini-
tially loaded region into the unloaded region (ie, across
x5 0) over time can be calculated as follows:

Qt 5AC0

ffiffiffiffiffiffi
Dt

π

r
ð9:11Þ

where A is the cross-sectional surface area of the
entire system. Note that Eqs. (9.10) and (9.11) are
applicable for infinite regions in contact or a short time
approximation of finite systems with the same initial
conditions as the infinite systems. As a short time solu-
tion, it is assumed that the initially loaded region
maintains C0 at some distance from x5 0, and the ini-
tially unloaded region is still essentially free of solute
at some distance from x5 0. The derivation of
Eqs. (9.10) and (9.11), as well as the properties of the
error function, were reviewed in the previous edition
of this book.7

9.1.3.3 Diffusion in semi-infinite systems

If a semi-infinite polymeric gel or a large planar
piece of biological tissue initially free of drugs is in

Dt = 0.04

Dt = 0.2

Dt = 1

Dt = 0

0

0.5

1

1.5

2

2.5

3

–6 –4 –2 0 2 4 6

x

C
/M

x = 0

FIGURE 9.2 Plane-sourced, one-dimensional diffusion system and
the relative concentration profiles as a function of distance and time.

x = 0

Δα,C0

α

FIGURE 9.3 Infinitely extended region of uniform initial
distribution.
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contact with a well-stirred saturated drug solution, as
depicted in Fig. 9.4, the initial conditions are given by

C5 0; x. 0; t5 0
C5C0; x5 0; t. 0

where C0 is the drug solubility at the interface of the
solution and the gel or tissue surface.

Under these conditions, the drug concentration pro-
file that has diffused into the gel or tissue up to time t
can be described by

Cðx; tÞ5C0 12 erf
x

2
ffiffiffiffiffiffi
Dt
p

� �� �
ð9:12Þ

The amount of drug that has diffused into the gel
over time can be described by

Qt 5 2AC0

ffiffiffiffiffiffi
Dt

π

r
ð9:13Þ

Comparing Eqs. (9.11) and (9.13), it can be seen that
the rate of diffusion is doubled when half of the diffu-
sion system is well mixed, and maintained at a con-
stant concentration compared to the unstirred system,
with all other conditions being the same.

In infinite and semi-finite systems, the concentration
profiles are a function of diffusion distance and time;
the thickness of the system does not affect the concen-
tration profile until concentration begin to change at
either boundary in the semi-infinite system.

9.1.3.4 Diffusion in finite planar systems

When a planar gel of thickness 2h, initially loaded
with a solute at C5C0, is placed in a well-stirred
medium maintained at zero concentration, drug release
occurs with an initial condition of

C5C0; 2 h, x, h; t5 0

and boundary conditions of

C5 0; x5 6 h; t. 0; and
@C

@x
5 0; x5 0; t. 0

For this finite system, the thickness of the gel affects
drug release. The complete solution for the concentra-
tion in the gel as a function of time and distance is

Cðx; tÞ5C0 12
XN
n50

ð21Þnerfc ð2n1 1Þh2 x

2
ffiffiffiffiffiffi
Dt
p

� �(

2
XN
n50

ð21Þnerfc ð2n1 1Þh1 x

2
ffiffiffiffiffiffi
Dt
p

� �) ð9:14Þ

The amount of drug released from the gel over
time is

Qt 5 2AC0

ffiffiffiffiffiffi
Dt
p 1ffiffiffi

π
p 1 2

XN
n51

ð21Þnierfc nhffiffiffiffiffiffi
Dt
p
� �( )

ð9:15Þ

For a small period of time when nh=
ffiffiffiffiffiffi
Dt
p

is large, the
ierfc terms become negligible, and Eq. (9.15) can be sim-
plified to Eq. (9.13), which is useful for a drug release of
not more than approximately 60%. This approximation
can be understood by considering the fact that for short
periods, the middle of the gel is still at C0, so the system
can be viewed as a semi-finite system. Therefore,
Eq. (9.15) can be reduced to Eq. (9.13) for short time
approximations, even though the systems differ in size.

Using the method of separation of variables,7 the con-
centration in the finite planar systems can be expressed
by a series of trigonometric distance and exponential
time functions, known as Fourier series, as shown here:

C5
4C0

π

XN
p50

ð21Þp
2p1 1

cos
ð2p1 1Þπx

2h
exp 2

ð2p11Þ2π2Dt

4h2

� �

ð9:16Þ
The total amount of drug released from both

sides of the gel with a total surface area of 2A is
described by

Q5
8AC0h

π2
π2

4
2
XN
p50

1

ð2p11Þ2 exp 2
ð2p11Þ2π2Dt

4h2

� �8<
:

9=
;

ð9:17Þ
Eq. (9.17) is useful for drug releases of more than

approximately 60%, and can be considered a useful
long-term solution. The Fourier series in this case is
not a convenient short-term solution because it
requires too many terms to be calculated in the series
to obtain accurate concentration profiles, but at longer
times, only a few terms (or possibly only the first
term) are needed for accurate calculations.

9.1.3.5 Diffusion across a planar barrier

In membrane permeation studies, it is common to
place a homogenous barrier membrane of thickness h

x = 0

C0

t1

t2

t3

∞

FIGURE 9.4 Diffusion in a semi-infinite system.
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between a donor solution and a receiver solution. The
solutions on both sides are well mixed such that the
concentration is maintained constant at C0 in the donor
solution, and essentially at zero in the receiver solution
(called sink conditions). Under these conditions, solute
will diffuse from the donor solution through the bar-
rier membrane and pass into the receiver solution. The
initial condition for this system is

C5 0; 0, x, h; t5 0

and the boundary conditions are

C5C0; x5 0; and C5 0; x5 h; t. 0

Assuming a constant diffusion coefficient at con-
stant temperature, the concentration profile of solute in
the membrane can be found by separation of variables
and proves to be

C5C0 2
xC0

h
2

2C0

π

XN
n51

1

n
sin

nπx
h

exp 2
n2π2Dt

h2

� �

ð9:18Þ
At the early stage of diffusion when time is short,

the concentration gradient in the membrane is not yet
steady, and it changes with respect to time and dis-
tance. During this stage, sorption of solute by the
membrane is the dominant process because the rate of
solute entering the membrane is much greater than the
rate leaving the membrane on the receiver side. At lon-
ger times, such as t-N, the sorption rate by the mem-
brane reaches a constant, and the rate of solute
entering the membrane is the same as that leaving the
membrane. At this point, the solute concentration pro-
file in the membrane becomes linear with distance and
does not change with time. This stage is commonly
referred to as steady state.

Regardless of the time, the general equation for the
amount of solute passing through unit surface area of
membrane up to time t can be calculated by deriving
the expression for the concentration gradient (dC/dx),
calculating the flux (J) at x5 h, and then integrating the
flux at this point over time. The resulting equation is:

Q5
DC0t

h
2

hC0

6
2

2hC0

π2

XN
n51

ð21Þ2
n2

exp 2
n2π2Dt

h2

� �

ð9:19Þ

As t-N as steady state is reached, the exponential
term in Eq. (9.19) becomes negligible and the rate of
solute diffusing through the membrane becomes con-
stant with time, as described by the first two terms of
Eq. (9.19), shown here:

Q5
DC0

h
t2

h2

6D

� �
ð9:20Þ

By extrapolating the linear profile back to Q5 0, an
intercept on the time axis is obtained:

tL 5
h2

6D
ð9:21Þ

tL is commonly referred to as the lag time. Steady state
is reached asymptotically and is within about 99%
of exact steady state at t5 2:7tL, which can be used as
a guideline for membrane permeation studies to
ensure that steady state is reached, if such a state is
desired.

Eqs. (9.18)�(9.21) in fact apply to a unique case in
which the membrane is initially free of solute. In
general, the membrane may initially contain a solute
at a concentration of Ci such that the initial condi-
tions are

C5Ci; 0, x, h; t5 0
C5C0; x5 0; C5 0; x5 h; t$ 0

Crank2 showed that the general equation for the
amount of solute that has diffused through a unit area
of membrane is
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If Ci 5C0, as t-N, Eq. (9.22) approaches the linear

function:

Q5
DC0

h
t1

h2

3D

� �
ð9:23Þ

A burst time tB (actually, this is also a lag time) can
be obtained by extrapolating the linear release profile
to Q5 0:

tB 5
2 h2

3D
ð9:24Þ

9.1.3.6 Diffusion in a sphere

Diffusion in a sphere is a three-dimensional process.
The surface area for diffusion changes as mass diffuses
radially. Taking this geometry into consideration, the
differential equation for Fick’s second law of diffusion
in a sphere is

@C

@t
5D

@2C

@r2
1

2

r

@C

@r

� �
ð9:25Þ

Setting u5Cr, it can be shown that
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and Eq. (9.25) can be written as
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@2u

@r2
ð9:26Þ

This is exactly the same form as Eq. (9.3) and can be
solved in the same fashion as for one-dimensional pla-
nar diffusion.

For a homogeneous permeable sphere of radius R,
initially free of solute and placed in a well-stirred solu-
tion such that C5C0 at r5R, the concentration pro-
file in the sphere is given by
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ð9:27Þ
The total amount of solute that has entered the

sphere up to time t is

Q5
8R3C0

π
π2

6
2
XN
n51

1

n2
exp 2

n2π2Dt

R2

� �( )
ð9:28Þ

9.1.3.7 Diffusion in a cylinder

Assuming that axial diffusion through the two ends
of a cylinder is negligible, the radial diffusion in a cyl-
inder is a two-dimensional diffusion system. The par-
tial differential equation for this case has been given
by Eq. (9.6). Similar to the one-dimensional diffusion
problems, solutions for radial diffusion in a cylinder
can be derived using an error function or by separation
of variables, which results in Bessel function solutions.
These solutions may appear more complicated than
those derived for the one-dimensional diffusion sys-
tems, but there are expressions available for numerous
cylindrically symmetrical systems. Interested readers
are referred to the research literature for detailed
mathematical treatments for general solutions. A sim-
ple case discussed here is the steady-state radial diffu-
sion through the wall of a hollow cylinder.

For outward diffusion through the wall of a hollow
cylinder with inner radius a and outer radius b, and with
the concentration profile maintained constant at
C0 at r5 a and C5 0 at r5 b, the steady-state expres-
sion is

D
@2c

@r2
1

1

r

� �
@c

@r

� �
5 0 ð9:29Þ

The general solution is

C5A1B ln r ð9:30Þ
From the boundary conditions, it can be determined

that

B5
C0

lnða=bÞ ; and A52
C0 ln b

lnða=bÞ
Therefore, the steady-state concentration profile in

the wall is

C5
C0 lnðr=bÞ
lnða=bÞ ð9:31Þ

The quantity of drug released (Q) through r5 b into
a perfect sink as a function of time is given by

Q5
ADC0t

lnða=bÞ ð9:32Þ

Eq. (9.32) shows that, at steady state, the rate of dif-
fusion through the wall of a hollow cylinder is con-
stant, as expected, but the concentration profile in the
wall as given by Eq. (9.31) is nonlinear.

9.1.3.8 Diffusion combined with other processes

Diffusion and adsorption
Adsorption of diffusing molecules in some systems,

such as in a reinforced polymer matrix or onto solids
in suspensions, can occur during the diffusion process.
For example, silicon dioxide or other fillers in rein-
forced polymeric membranes can adsorb the diffusant
during membrane permeation. Adsorption leads to the
immobilization of some of the diffusing substance,
hence reducing the driving force and diffusion rate
until adsorption reaches equilibrium with the free sol-
ute concentration at each position in the membrane.
Typically, the amount of substance immobilized by the
adsorbent is determined by the adsorption isotherm,
which is a function of the free concentration of the dif-
fusant. To account for the adsorption, Fick’s second
law for one-dimensional diffusion is modified to give

@C

@t
5D

@2C

@x2
2

Vf

ε
@Af

@t
ð9:33Þ

where: Af represents the sorption isotherm of the adsor-
bent, Vf is the volume fraction of adsorbent in the
membrane, and ε is the porosity of the continuous
polymeric phase.

In this case, the lag time for diffusion has been
shown8 to be

tL 5
τ2h2

6D
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1

DC0

Vf

ε

ðτh
0

xAfdx ð9:34Þ
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where: h is the thickness of the membrane and τ is the
tortuosity due to the presence of the impermeable
filler.

Eq. (9.34) shows that lag time for membrane
diffusion can be increased significantly due to
increasing tortuosity and adsorption by the filler. The
effects of filler on lag time have also been verified by
experimental results. Chen studied the diffusion
of 2-hydroxypyridine through polydimethylsiloxane
(PDMS) membranes with different levels of silica
filler. It was shown that lag-time increased by about
10-fold by adding 23% silica filler into the PDMS
membrane with thickness similar to the unfilled one.9

The lag time calculated agreed well with the predicted
value from Eq. (9.34). The filler effect on steady-state
flux, on the other hand, is substantially less than the
effect on lag time. After adsorption reaches equilibrium
at each point in the membrane, the steady-state flux
through the membrane containing 23% of the filler is
about 50% of the unfilled one (Fig. 9.5).

Diffusion and chemical reaction
If a slow chemical reaction occurs simultaneously

with diffusion, the reaction reduces the free diffusant
concentration. Similar to the adsorption problem, the
expression of Fick’s second law is reduced by the reac-
tion rate, R, as described by

@C

@t
5D

@2C

@x2
2R ð9:35Þ

If the rate of reaction is simple (ie, first-order), and
is directly proportional to the rate of concentration
change as a function of time (R5 k@C=@t), Eq. (9.35)
can be rewritten as
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@t
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D

11 k

@2C

@x2
5D0

@2C

@x2
ð9:36Þ

where D0 is the reduced diffusion coefficient due to
reaction. It can be seen from Eq. (9.36) that the mathe-
matical solution for diffusion coupled with a simple
first-order reaction is the same as a simple diffusion
process without reaction, except that the diffusion
coefficient is reduced. It should be noted that if kcD,
diffusion may not be detectable.

For reaction rates other than this simple case, more
complex solutions can be developed based on the
applicable rate law and the initial and boundary condi-
tions for the diffusion-reaction process. Readers are
referred to the research literature1�6 for details on
more complicated diffusion-reaction problems.

9.1.4 The Diffusion Coefficient and Its
Determination

From Fick’s first law, the diffusion coefficient D can
be defined as the rate of transfer of the diffusing sub-
stance across unit area and unitary concentration gra-
dient of the diffusing substance. From this definition,
it can be shown that the diffusion coefficient has units
of length2/time, which is commonly expressed in
cm2/s. The diffusion coefficient is a property of a sol-
ute in a specific medium or matrix at a constant tem-
perature and pressure. It is dependent on temperature,
viscosity, and the size of solute, as described by the
Einstein equation

D5
kBT

6πηr
ð9:37Þ

where:

kB is the Boltzmann’s constant
T is absolute temperature
η is the medium viscosity
r is the solute radius.

If all the values of the parameters on the right side
of Eq. (9.37) are known, the diffusion coefficient can be
calculated.

For a given solute in a given medium, the depen-
dency of diffusion coefficient on temperature is
described by

D5D0 exp 2
Ea

RT

� �
ð9:38Þ

where D0 is the hypothetical diffusion coefficient at
infinite temperature and Ea is the activation energy
of diffusion.

Assuming that the diffusion coefficient is not
affected by solute concentration, the diffusion
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FIGURE 9.5 Flux of 2-hydroxypyridine through polydimethyl-
siloxane membranes with different levels of silica filler.
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coefficient can be determined from steady-state fluxes
or lag times from a membrane permeation study, or
from release data of other well-defined systems at con-
stant temperature. These methods are discussed next.

9.1.4.1 Steady-state flux method

As discussed earlier, for membrane permeation
with constant surface concentration, diffusion reaches
steady state when the solute concentration profile in
the membrane becomes linear with respect to dis-
tance. At steady state, the flux is proportional to the
diffusion coefficient and concentration gradient as
shown here:

Jss 5Dk
ΔC

h
ð9:39Þ

where:

Jss is the steady-state flux
k is the partition coefficient
ΔC is the concentration difference between the
donor and the receiver solutions.

If membrane permeation is conducted in aqueous
solution, the membrane may be covered by stagnant
aqueous layers at the membrane-solution interfaces,
either due to a significant partition rate limitation
between the membrane and the aqueous solutions or
the poor hydrodynamics of mixing at the interfaces.
Assuming that the thicknesses of the stagnant layers
on both sides of the membrane are the same, a general
flux equation is given10 by

Jss 5
ΔC

hm=Dmk1 2ha=Da
5

ΔC

ð1=PmÞ1 ð2=PaÞ
ð9:40Þ

where the subscripts m and a indicate membrane and
aqueous solutions, respectively; and P is the perme-
ability coefficient.

Eq. (9.40) shows that flux could be determined for
the membrane with the stagnant diffusion layers, and
depending on the properties of the membrane (ie,
thickness and partition coefficient), the aqueous diffu-
sion layers may or may not contribute significantly to
the overall flux. If hm=Dmkc2ha=Da, diffusion is con-
trolled by the membrane. If hm=Dmk{2ha=Da, diffu-
sion is controlled by the stagnant diffusion layers. It
has been reported that under some common study
conditions, the thickness of the stagnant aqueous diffu-
sion layers are about 100 μm. However, the thickness
of these stagnant layers decreases as the agitation rate
increases. If a membrane has a sufficient thickness and
the study is conducted with a high stirring rate, the
boundary layer effects may be negligible, although this
assumption must be verified by experimentation. Once
it is proved that the boundary layer effects are

negligible, the diffusion coefficient in a homogeneous
polymer membrane can be calculated from the steady-
state flux data, as shown here:

Dm 5
Jssh

kΔC
ð9:41Þ

If the effect of the boundary layer is not negligible,
additional experimentation must be conducted in order
to obtain a reliable membrane diffusion coefficient. By
determination of the total apparent permeability at con-
stant temperature and constant stirring rate for mem-
branes of different thicknesses,10 the intrinsic membrane
permeability can be calculated from the intercept of a
graph of the reciprocal of apparent permeability coeffi-
cient Ptotal against the reciprocal of membrane thickness,
as described by

1

Ptotal
5

1

Pm
1

2ha
Da

1

hm
ð9:42Þ

In order to obtain accurate diffusion coefficients, it
is also important to carry out the membrane perme-
ation experiment for a sufficiently long time to ensure
that a steady state is reached. As a general guide, flux
data used for calculation should be determined to be
greater than 2.73 lag time.

If the membrane is heterogeneous with impermeable
inert domains, the measured value from steady-state flux
data is an apparent diffusion coefficient of the composite
material. The volume fraction (V) and the tortuosity (τ)
of the continuous polymer phase must be accounted for
in order to calculate an accurate diffusion coefficient of
the continuous membrane phase according to

Deff5D
V

τ
ð9:43Þ

9.1.4.2 Lag time method

As discussed previously, when a membrane initially
free of solute is used to conduct a permeation study
with the concentration in the donor solution kept con-
stant, and the receiver solution is kept at essentially
zero concentration, the diffusion coefficient can be cal-
culated from the lag time by

D5
h2

6tL
ð9:44Þ

If the membrane contains inert fillers, lag time is
increased by the tortuosity, which must be considered
for the calculation of diffusion coefficient as follows:

D5
τ2h2

6tL
ð9:45Þ

Care should be taken when a thin membrane is used
to conduct diffusion research in aqueous solution. As
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discussed previously, diffusion may be controlled by
the aqueous boundary diffusion layers for some sys-
tems. In the extreme case when hm=Dmk{2ha=Da, the
lag time is determined by the boundary layers as

tL 5
2h2a
3Da

ð9:46Þ

Obviously, the diffusion coefficient of the mem-
brane could not be calculated from the lag time when
the process is controlled by the stagnant layers.

If the membrane is initially equilibrated with the
donor solution prior to the initiation of permeation
study, there will be a negative burst time tB, which is
also lag time, and the diffusion coefficient can be cal-
culated by

D5
2 h2

3tB
ð9:47Þ

When the membrane contains adsorptive fillers or
some other domains capable of binding the diffusing
substance, the lag time is the combined result of diffu-
sion in the polymer and adsorption or binding in the
system; hence, Eqs. (9.44)�(9.46) are no longer valid
for calculation of the diffusion coefficient. This is par-
ticularly important for biological membranes because
in many cases, protein in biological membrane can
bind many kinds of organic compounds. For adsorp-
tive and binding systems, the effects of adsorption or
binding on lag time (and hence the diffusion coeffi-
cient) must be accounted for by using Eq. (9.34) or
modified versions of it.

If the adsorption isotherm of the filler is a simple lin-
ear equation as a function of the steady-state concentra-
tion distribution (Cs) in the membrane as follows:

Af 5 bCs 5 bC0 12
x

h

	 

ð9:48Þ

then Eq. (9.34) can be integrated. The result of the cor-
rected lag-time relationship with tortuosity and
adsorption due to the presence of filler is given by

tL 5
τ2h2

6D
11 b

Vf

ε

� �
ð9:49Þ

Thus, the diffusion coefficient can be expressed as

D5
τ2h2

6tL
11 b

Vf

ε

� �
ð9:50Þ

9.1.4.3 Sorption and desorption methods

Data from either absorption by a planar polymer
matrix or release/desorption from the matrix have
frequently been used to determine the diffusion coeffi-
cient in the polymer. The exponential series given by

Eq. (9.17) can be used to determine the diffusion coeffi-
cients by curve fitting.

The short time approximation for Eq. (9.15), as in
Eq. (9.13) using the initial sorption or desorption data,
is more convenient to use for the determination of the
diffusion coefficient than from using Eq. (9.17). From
the slope of the Qt versus

ffiffi
t
p

plot for the early release
or sorption data, the diffusion coefficient can be calcu-
lated as follows:

D5
πk2

4C2
0

ð9:51Þ

where:

k is the slope of the Qt versus
ffiffi
t
p

plot
C0 is the initial concentration in the matrix in the
case of release, or the surface concentration in the
case of sorption.

For a heterogeneous system with impermeable
domains, Eq. (9.51) must be corrected for porosity and
tortuosity as follows:

D5
τπk2

4ε2C2
0

ð9:52Þ

Theoretically, different methods should yield the
same value of diffusion coefficient for the same solute
in the same polymer. However, if the polymer contains
adsorptive domains, the results may not agree with
each other, due to the difference in the effective con-
centration of the solute available for diffusion in the
polymer phase at the time of the experiment. This is
because adsorption or binding may be effective during
the initial sorption study, but not during the early
release stage. Therefore, it is important to understand
and characterize the system before valid conclusions
can be drawn.

9.1.5 Pharmaceutical Application of Diffusion
Theory

Much study has been conducted on the application
of diffusion theory in different fields of pharmaceutical
science, especially in the study of controlled release
drug delivery systems, dissolution of particles and
dosage forms, and passive drug absorption processes.
Vast information is available in the literature for
numerous specific cases. A review of detailed applica-
tions is beyond the scope of this chapter. However,
these authors believe that it is important to acknowl-
edge several seminal applications of diffusion theory
in pharmaceutical science for the study of drug deliv-
ery and dissolution of particles, as these applications
have led to the development of models that are
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playing critical roles in advancing the pharmaceutical
sciences. For drug delivery, the application of the fun-
damental equations of Fick’s first and second laws
enabled the development of different equations to
describe the drug release profiles for systems of differ-
ent geometries and conditions, such as the Higuchi
equations11,12 and the Langer equation.13 Similarly,
several models were developed for studying the disso-
lution rates of particles with different particle sizes,
including the diffusion layer model by Noyes and
Whitney14 and Nernst,15 the cube-root model for
describing the dissolution profiles of large particles by
Hixson and Crowell,16 the two-thirds-root equation for
dissolution of fine particles by Higuchi and
Hiestand,17 and the unified general model developed
by Wang and Flanagan18 for describing the dissolution
profiles of small and large spherical particles. The
application of diffusion theory for the development of
different equations for particle dissolution will be dis-
cussed in more detail in the following parts of this
chapter.

9.2 FUNDAMENTALS OF DISSOLUTION

9.2.1 Introduction

Orally administered solid dosage forms generally
undergo disintegration, dissolution, and absorption to
enter the bloodstream and reach the site of action. For
drugs with low solubility, dissolution is often the rate-
limiting step that directly affects the rate and extent of
drug absorption. Various dissolution tests have been
developed and have become tools for predicting
in vivo performance and monitoring product quality.
The basic theoretical aspects of solid dissolution are
covered in this chapter, and this discussion is focused
on the dissolution of small drug molecules in aqueous
media.

9.2.2 Mechanism and theories of solid
dissolution

A prerequisite for drug molecules to be transported
into the bulk solution is that they detach from the solid
surface and form solvated molecules. This process is
called solvation, which is a pseudochemical reaction.
Solvated molecules then need to transfer from the
solid�liquid interface to the bulk solution, which is a
mass transport process. Both the solvation and the
mass transport process can control the dissolution
rates. Diffusion usually plays a key role in the trans-
port process, while convection also is important in
cases of agitated media.

9.2.2.1 Thermodynamic considerations

Whether a solid is crystalline or amorphous, neighbor-
ing molecules are closely associated with each other
through intermolecular forces. Dissolution involves the
breaking of these existing intermolecular interactions
and the formation of new interactions with the solvent
(usually water). The solid dissolution process generally
involves two sequential steps. The first step is the
interaction between solid and solvent molecules to form
solvated molecules (solvation), which takes place at
the solid�liquid interface. The second step is the mass
transport of solvated molecules from the solid�liquid
interface to the bulk solution. These two steps govern the
rate and extent of solid dissolution. Solubility, a basic
property for solids, controls the first step. Transport, on
the other hand, usually controls the second step, which is
generally slower than the first step. Overall, dissolution
is governed by solubility and transport processes.

The first step of dissolution can be viewed as a
pseudochemical reaction that is governed by the same
principles as regular chemical reactions. The solvation
process is reversible, and solubility is reached when
the reaction reaches equilibrium. This process can be
described by its Gibbs free energy (ΔG):

Drug1 Solvent2Solvated Drug ð9:53Þ
ΔG5ΔH2TΔS ð9:54Þ

This reaction involves both the breakage of existing
intermolecular interactions (drug-drug, solvent-sol-
vent) and the formation of new intermolecular interac-
tions (drug-solvent). The net entropy (ΔS) change for
this reaction is generally positive (dissolution causes
an increase in disorder), which is favorable for dissolu-
tion. Therefore, the extent of dissolution is often deter-
mined by the net enthalpy change (ΔH). If the net
enthalpy change is negative or close to zero, the reac-
tion will continue until all the available solids are dis-
solved. The empirical rule, “like dissolves like,”
therefore, has a thermodynamic basis. On the other
hand, if the net enthalpy change (ΔH) is positive, the
reaction will progress until equilibrium is reached
(ΔG5 0). A saturated solution is obtained.

The reaction rate V is described kinetically by

V5 k1½Drug�½Solvent�
k1 5Ae�Ea=RT

ð9:55Þ

The overall rate of dissolution is controlled by the
slower step of the two-step dissolution process.
Thermodynamically, the activation energy Ea for the
formation of a solvated drug should be less than the
energy to break water-water or drug-drug intermolec-
ular interactions. Since hydrogen bonding is among
the strongest intermolecular interactions, the activation
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energy for reaction (Eq. 9.53) in many cases should be
less than the energy of the water-water hydrogen
bond, which is about 19 kJ/mol. In liquid water,
hydrogen bonds are constantly being broken and
reformed because thermal energy is sufficient to cause
cleavage of these interactions. Therefore, at room tem-
perature, the rate of solvation is generally so fast that
equilibrium is also instantaneous. Compared to the
rate of solvation, mass transport from the solid�liquid
interface to bulk solution involves molecules moving a
great distance compared to molecular dimensions,
which is usually much slower and becomes the rate-
limiting step.

9.2.2.2 Dissolution by pure diffusion

For solid dissolution processes, convection generally
accompanies diffusion in transporting dissolved mole-
cules. Dissolution through pure diffusion without any
contribution from some form of convection is rare.
Even without mixing, density gradients caused by con-
centration differences or thermal effects due to the
heat of solvation can lead to natural convection.
However, we can consider a hypothetical situation in
which dissolution is purely diffusional.

Assume that a small drug particle is placed at the
bottom of a large beaker full of water. The water is
kept unstirred so that there is no convection. The drug
particle may dissolve by diffusion, which is equivalent
to having a diffusion layer of growing thickness. In
this case, dissolution becomes a pure diffusional
phenomenon.

When a particle dissolves by pure diffusion, the
concentration at every point away from the solid�
liquid interface rises, but the concentration gradient at
any distance from the particle decreases with time.
The overall dissolution rate of the particle becomes
slower. Depending on the solubility and solvent vol-
ume, there can be two possible results. If the amount
needed to saturate the solvent is equal to or more than
the particle weight, the particle will eventually
completely dissolve; if the amount needed to saturate
the solvent is less than the particle weight, a saturated
solution will eventually form, which coexists with the
smaller particle.

No matter what the final result is, we will not be
able to see the formation of a pseudo-steady state in
this dissolution process. A pseudo-steady state can be
reached if during some finite time in the dissolution
process, the concentration gradient becomes relatively
constant with time. The existence of a pseudo-steady
state would make the dissolution rate expression sim-
pler mathematically. However, in this case, the concen-
tration gradient may be constantly changing, and we
may not be able to apply the pseudo-steady state

treatment. Later in this chapter, we will see cases
where a pseudo-steady state is applicable.

9.2.2.3 Diffusion layer model

Noyes and Whitney first proposed the basic
transport-controlled model for solid dissolution.14

They suggested that when surface area is constant, the
dissolution rate is proportional to the difference
between solubility and the bulk solution concentration:

dQ

dt
5 kðCs 2CbÞ ð9:56Þ

where: dQ/dt is the dissolution rate, k is a constant
(mass transfer coefficient), CS is solubility, Cb is bulk
solution concentration.

Nernst15 and Brunner19 then suggested that rapid
equilibrium (ie, saturation) is achieved at the solid�
liquid interface during dissolution, and then diffusion
occurs across a thin layer of stagnant solution, called
the diffusion layer, into the bulk solution. Diffusion
across this diffusion layer is rate-controlling in most
cases, which effectively converts the heterogeneous
dissolution process into a homogeneous process of
liquid-phase diffusion. This model, as shown in
Fig. 9.6, is also called the film model. Dissolution rate
can be expressed as

dQ

dt
5DA

ðCs 2CbÞ
h

ð9:57Þ

where:

D is diffusion coefficient,
A is solid surface area,
h is diffusion layer thickness.

Nernst’s and Brunner’s concept of a diffusion layer
being a stagnant or unstirred layer of liquid adhering
to the solid surface is hydrodynamically unrealistic but
allows the complex dissolution processes to be ana-
lyzed in a tractable fashion. The diffusion layer model
is widely used due to its simplicity and applicability to

Cb

h

Cs

SolidSolid

FIGURE 9.6 Diffusion layer model for a planar surface dissolu-
tion. (CS is solubility, Cb is bulk solution concentration, h is diffusion
layer thickness.)
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a wide range of dissolution phenomena. However, the
notion of a stagnant liquid layer near the solid surface
is not supported by fluid dynamics. Liquid motion
was observed at distances from solid surfaces that are
much closer than with a typical diffusion layer thick-
ness. Therefore, the diffusion layer is actually a bound-
ary layer with a concentration gradient, as well as a
velocity gradient. Another limitation of the diffusion
layer model is that it does not give a means to calcu-
late a diffusion layer thickness independently based on
hydrodynamics. Thus, it does not allow computation
of the diffusional flux, a priori. Diffusion layer thick-
nesses can be obtained only by fitting equations to
experimental data.

9.2.2.4 Convective-diffusion model

Due to the limitations of the diffusion layer model,
further examination of the dissolution process is neces-
sary in order to develop an improved model. There are
two mechanisms for the transport of solute molecules
from a solid in a moving liquid. First, there is molecu-
lar diffusion as a result of a concentration gradient; sec-
ond, solute molecules are carried along by the moving
solvent (ie, convection). Dissolution is usually a combi-
nation of these two mechanisms, which is called convec-
tive diffusion. In convective-diffusion models, the
contribution of both convection and molecular diffu-
sion are taken into account. The general equation for
convective diffusion in three dimensions is given here:
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ð9:58Þ
where vx, vy, and vz are liquid velocities in the x-, y-,
and z-directions in Cartesian coordinates.

This equation is an extension of Fick’s second law of
diffusion with the addition of convection terms. It is a
second-order partial differential equation with variable
coefficients. To determine the net concentration change
at a particular point at any time, we also need to know
the liquid flow pattern and the boundary and initial
conditions. This equation can be solved exactly for
only a very limited number of special cases. Some of
these cases will be discussed later in this chapter.

In the convective-diffusion model, solvent stream
movement depends on its distance from the solid sur-
face. At distances far from the solid surface, convection
dominates over diffusion for transport of solute mole-
cules. At distances very close to the solid surface, the
solvent stream movement is slow, while the concentra-
tion gradient is large. In such regions, the contribution
of diffusion to the solute molecule movement is com-
parable to or larger than convection. This region is
also called the diffusion layer, but it is different from

Nernst’s concept. Levich pointed out the following dif-
ferences between Nernst’s layer and the convective
diffusion-based diffusion layer20:

1. Solvent in Nernst’s layer is considered stagnant,
while it has a velocity gradient in the convective-
diffusion model.

2. In Nernst’s model, mass transport in the direction
parallel to solid surface is disregarded. In
convective-diffusion theory, convection and
diffusion both across and along the diffusion layer
are taken into account.

3. Nernst’s layer is considered to have a constant
thickness everywhere, while the thickness of the
diffusion layer based on convective diffusion theory
varies substantially along the solid surface
depending on position and solvent motion. In fact,
the diffusion layer has no clear-cut boundary; it is
simply a region where the concentration gradient is
at a maximum.

Unlike Nernst’s diffusion layer model, the
convective-diffusion model is more hydrodynamically
realistic, which does allow us to predict solid dissolu-
tion rates. However, it is usually complicated to apply
convective-diffusion to derive accurate expressions for
solid dissolution because of the need to describe the
fluid dynamics accurately.

9.2.3 Planar surface dissolution

Modeling planar surface dissolution is easier than
modeling particulate dissolution because the mathe-
matics is simpler. The simplest expression describing
planar surface dissolution is the empirical Noyes-
Whitney equation. The diffusion layer model is almost
as simple. Measuring dissolution rate from a well-
defined surface has been a popular way to characterize
pharmaceutical solids. Determination of intrinsic
dissolution rate is one example. Although the Noyes-
Whitney equation is capable of describing such a pro-
cess, planar surface dissolution can be more accurately
described with convective-diffusion models based on
different hydrodynamic conditions.

9.2.3.1 Convective-diffusion model
for a rotating disk

When other parameters, such as agitation intensity
and surface area, are fixed, dissolution rate can be
viewed as a property of the solid. This loosely defined
property is called the intrinsic dissolution rate. Due to
the close relationship between the intrinsic dissolution
rate and solubility, measuring the intrinsic dissolution
rate becomes an alternative method for solubility esti-
mation when equilibrium solubility cannot be easily
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obtained experimentally. For example, measurement of
intrinsic dissolution rates is a powerful tool for the
evaluation of solubility differences between poly-
morphs or solvates. The equilibrium solubility of an
anhydrous crystal form may not be determined if it
converts to a hydrate when in contact with water. The
solubility difference of an anhydrous versus hydrate
crystal form can be estimated by studying the differ-
ence in initial intrinsic dissolution rates as the conver-
sion occurs.

Since dissolution rate is always affected by agitation
intensity, surface area, and container configuration,
determination of intrinsic dissolution rates requires a
method with good reproducibility. The rotating disk
method, which is schematically demonstrated in
Fig. 9.7, is often the method of choice. The disk is com-
pressed from pure material and has a planar surface.
The compressed disk is put into the holder so that
only one flat surface is in contact with the solvent. The
disk is then rotated at either a constant or varying
speed, and the dissolution rate is measured. When a
diffusion layer model is applied, a diffusion layer
thickness can be easily determined from the dissolu-
tion rate data.

The hydrodynamics for a rotating disk system pre-
sents a good case of applying a convective-diffusion
model. According to Levich, using a convective-
diffusion model, the solvent flow pattern can be
depicted as shown in Fig. 9.8.21,22 Far from the disk,
the fluid moves axially toward the disk. In a thin layer
near the disk surface, the liquid acquires a rotating
motion and moves radially away from the center of
the disk. This system is one of the few cases that can
be solved exactly with convective-diffusion theory.
The dissolution rate (dQ/dt) is given by

dQ

dt
5 1:95D2=3Csu

21=6ω1=2R2 ð9:59Þ

where:

D is the diffusion coefficient,
CS is the solubility,

u is the kinematic viscosity,
ω is the rotational speed,
R is the disk radius.

The convective-diffusion model for dissolution of a
rotating disk also provides a means to estimate the dif-
fusion layer thickness as shown here:

h5 1:61D1=3u1=6ω21=2 ð9:60Þ
An interesting study using the rotating disk is by

McNamara and Amidon, who applied convective-
diffusion models to reactive dissolution.23,24

9.2.3.2 Convective-diffusion model for flow
past a planar surface

In addition to dissolution from a rotating disk, there
is the case of planar surface dissolution that can be
modeled with relative ease. When the solvent flows
parallel to a flat surface of a solid, there is a velocity
gradient, as shown in Fig. 9.9. Both molecular diffusion
normal to the surface and the forced convection

Rotating disk

Dissolution medium

FIGURE 9.7 Rotating disk apparatus for measuring intrinsic
dissolution rate.

Surface
of disk

x-axis

y-
ax
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0

FIGURE 9.8 Liquid flow pattern around a rotating disk
apparatus.

v

X

Z

L

FIGURE 9.9 Convective-diffusion model for dissolution of a pla-
nar surface with liquid flow parallel to the surface. (The dashed
curve indicates the boundary layer region. X and Z are coordinate
axes, L is the solid surface length, and v is the bulk fluid velocity.)
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parallel to the surface contribute to the dissolution of
the solid. For such a flat surface, the diffusion bound-
ary layer is well characterized and can be used to cal-
culate the dissolution rate. An equation derived by
Levich can be applied to the dissolution of a rectangu-
lar tablet of length L (in the direction of flow) and
width b25:

dQ

dt
5 0:68D2=3Csu

21=6v1=2bL1=2 ð9:61Þ

where:

D is the diffusion coefficient,
Cs is the solubility,
u is the kinematic viscosity,
v is the bulk fluid velocity.

Nelson and Shah also developed a convective-
diffusion model for planar surface dissolution under
parallel flow.26�29 For rectangular tablets with length L
(in the direction of flow) and width b, the dissolution
rate is

dQ

dt
5 0:808D2=3Csα1=3bL2=3 ð9:62Þ

where:

α is the rate of shear in the boundary layer,
b is the tablet width (normal to flow),
L is the tablet length (parallel to flow).

If the tablet is circular with a radius of r, the equa-
tion becomes

dQ

dt
5 2:157D2=3Csα1=3r5=3 ð9:63Þ

The results obtained by Nelson and Shah were con-
firmed by Neervannan et al. using numerical methods
to solve the convective-diffusion equations.30

9.2.4 Particulate dissolution

Modeling planar surface dissolution is important for
understanding dissolution mechanisms. However, dis-
solution of solid dosage forms usually involves solid
particles. Most rapid release oral dosage forms first
disintegrate into small particles, which then dissolve in
order for the drug to be bioavailable. The same disso-
lution theories that apply to planar surface dissolution
are also applicable to particle dissolution. However,
the dissolution of solid particles is more complicated
because of surface area changes during dissolution.
Also, particles have various shapes and size distribu-
tions, which make modeling their dissolution process
even more complicated.

9.2.4.1 Diffusion layer�based dissolution models

Three diffusion-controlled models for monosized
spherical particle dissolution under sink conditions are
given by

W1=3 5W
1=3
0 2K1=3t K1=3 5

4πρN
3

� �1=3 DCs

ρh
ð9:64Þ

W1=2 5W
1=2
0 2K1=2t K1=2 5

3πρN
2

� �1=2 DCs

k0ρ
ð9:65Þ

W2=35W2=3
0 2K2=3t K2=3 5

4πρN
3

� �2=3 2DCs

ρ
ð9:66Þ

where:

W is the particle weight at time t,
W0 is the initial particle weight,
K1/3, K1/2, and K2/3 are composite rate constants,
ρ is the density of the particle,
N is the number of particles,
D is the diffusion coefficient,
Cs is the solubility,
h is the diffusion layer thickness,
k0 is a constant.

Eq. (9.64), reported by Hixson and Crowell, is known
as the cube-root law.16,31 It was derived originally based
on the assumption that dissolution rate is proportional
to the surface area of spherical particles. It can also be
derived using a simple diffusion layer model. Eq. (9.65)
is a semiempirical expression reported by Niebergall
et al. and has a square-root dependency on weight.32

Eq. (9.66) has a two-thirds-root dependency on weight
and was derived by Higuchi and Hiestand for the disso-
lution of very small particles.17,33

Each of these three particle dissolution models gives
a satisfactory fit to certain experimental dissolution
data.31�33 However, the choice of the model to fit exper-
imental data is somewhat arbitrary. Although they
appear different in form, the three equations are often
difficult to distinguish when applied to experimental
data. Pedersen and Brown evaluated these three models
experimentally by studying the dissolution of tolbuta-
mide powder.34 By taking into account the particle size
distribution in their computer model, they found that
the cube-root model worked best with the smallest
mean squared deviation for the fitted curve. However,
the fitting results of the cube-root and the square-root
models were almost equally good.

By accounting for the curvature of the concentration
gradient in the diffusion layer around a spherical par-
ticle, Wang and Flanagan derived a general solution
for diffusion-controlled particle dissolution (Eqs. (9.67)
and (9.68)).18 Their analysis shows that the concentra-
tion gradient inside a diffusion layer is not linear
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(Fig. 9.10). Mathematical analysis shows that the three
classical particle dissolution rate expressions are
approximate solutions to the general solution. The
cube-root law is most appropriate when the particle
size is much larger than the diffusion layer thickness,
the two-thirds-root expression applies when the parti-
cle size is much smaller than the diffusion layer
thickness. The square-root expression is intermediate
between these two models:

DCs

ρh
t5 a0 2 a2 h ln

h1 a0
h1 a

ð9:67Þ
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In deriving the general solution for diffusion-
controlled particle dissolution, pseudo-steady state is
an important assumption. For example, dissolution
from a planar surface under sink conditions reaches
steady state when the dissolution rate becomes con-
stant; hence, the concentration gradient in the diffusion
layer becomes time-invariant. In any short time inter-
val, the number of molecules moving into the diffusion
layer from one side equals the number of molecules
moving out of the diffusion layer from the other side.

For particle dissolution, a similar state can often be
reached in which the number of molecules moving
into the diffusion layer from one side approximately
equals the number of molecules moving out of the dif-
fusion layer from the other side. This assumption
requires that within the time for an average molecule
to cross the diffusion layer, the change of particle sur-
face area is negligible.

An interesting result derived from the general parti-
cle dissolution model is given by Eq. 9.69, which

demonstrates that the dissolution rate per unit surface
area (surface-specific dissolution rates) depends upon
particle size, with smaller particles having higher
surface-specific dissolution rates. Bisrat and Nystrom35

and Anderberg et al.36,37 reported a dependence of
surface-specific dissolution rates upon particle size
(with radius of a). Their results showed the same trend
as predicted here. The surface-specific dissolution rate
increased (after correcting for solubility dependence on
particle size) with decreasing particle size. This increase
was especially pronounced for particle sizes below
about 5 μm:

J5DCs
1

h
1

1

a

� �
ð9:69Þ

9.2.4.2 Convective-diffusion-based particulate
dissolution model

The convective diffusion model has the advantage
of being more hydrodynamically realistic. Applying
convective diffusion to spherical particle dissolution
has the potential of being able to predict dissolution
rate more accurately.

Levich derived an equation for convective diffusion
from a sphere. Assuming that liquid flow around a
particle is in creeping motion while the boundary layer
is small compared to particle size, Levich derived an
expression for mass transport to a free-falling sphere
based on convective diffusion.21 This expression is
applicable when the Reynolds number is much less
than 1 while the Peclet number is much larger than 1.
When this expression is applied to spherical particle
dissolution, it can be written as

dQ

dt
5 7:98UCsD

2=3v1=3a4=3 ð9:70Þ

where:

Q is the amount dissolved,
t is time,
CS is solubility,
D is the diffusion coefficient,
v is the bulk solvent velocity,
a is the particle radius.

The dissolution rate per unit area (J) is obtained by
normalizing the total dissolution rate (Eq. 9.70) by par-
ticle surface area (4πa2), which leads to

J5 0:635UCsD
2=3v1=3a22=3 ð9:71Þ

The significance of Eq. 9.71 is that the dissolution
rate per unit area depends on surface curvature. For
the same total surface area, smaller particles have
higher dissolution rates. Although the expressions
are different, this conclusion qualitatively agrees

C
CS

Cb

ra a+h

h

FIGURE 9.10 Pseudo-steady state concentration gradient around
a spherical particle.
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well with the previous general diffusion layer model
for spherical particle dissolution (Eq. 9.69). Applying
this equation for diffusional flux under such flow con-
ditions leads to the following equation for particle
weight undissolved (w) with time:

w5=95w
5=9
0 2 2:35UCsD

2=3v1=3ρ24=9t ð9:72Þ
For dissolution of N monosized spherical particles,

the equation becomes

w5=9 5w
5=9
0 2K5=9t K5=9 5 2:35UCsD

2=3v1=3ρ24=9N5=9

ð9:73Þ
For dissolution of a polydisperse particle system,

the overall dissolution profile can be obtained by sum-
ming the contributions from each particle:

Wt 5
XN
i51

Wti ð9:74Þ

where:

Wt is the total particle weight remaining at time t,
wti is the weight remaining of particle i at time t,
N is the number of particles.

Since all the parameters in Eq. 9.73 can be deter-
mined independently, it is possible to calculate particle
dissolution profiles a priori without resorting to para-
meters that must be calculated from the dissolution
data (ie, diffusion layer thickness).

The derivation of Eq. 9.73 based on Levich’s expres-
sion is a novel approach to modeling particle dissolu-
tion. Independent of the chapter authors, Abdou37 and
Shah et al.38 presented equations similar to Eq. 9.73.
Their equations were slightly different from Eq. 9.73,
possibly due to editorial errors.

9.2.4.3 Dissolution under nonsink conditions

For solid dissolution, a changing bulk solution con-
centration complicates the modeling of this process.
The assumption of sink conditions makes the mathe-
matical derivation easier. The particle dissolution mod-
els summarized in this chapter are such examples.
However, many dissolution processes take place under
nonsink conditions, particularly for sparingly soluble
compounds.

If the change of solvent volume (V) during dissolu-
tion is minimal, the concentration in the bulk solution
can be expressed as

Cb 5
Q

V
ð9:75Þ

where:

Q is the amount dissolved,
V is the solvent volume.

For spherical particle dissolution, concentration in
the bulk solution is expressed as

Cb 5
4
3πρða30 2 a3Þ

V
ð9:76Þ

By introducing Eqs. 9.75 and 9.76 to the abovemen-
tioned particle dissolution models, the particle dissolu-
tion models discussed here can be extended to nonsink
conditions. Hixson and Crowell actually derived equa-
tions for particle dissolution under nonsink conditions.
They also discussed a special situation in which the ini-
tial total particle weight is equal to the saturation capac-
ity of the solvent. However, their equations were
presented in a way that was inconvenient to apply.16

These equations were later derived and discussed by
Short et al.39 and by Pothisiri and Carstensen.40 Patel and
Carstensen found that these nonsink condition models
were valid up to 80�90% dissolved for the dissolution of
p-hydroxybenzoic acid and sodium chloride.41

9.2.4.4 Effects of particle shape

All three classical particle dissolution models dis-
cussed in this chapter were developed for spherical par-
ticles. Obviously, real pharmaceutical powders usually
have irregular shapes. It is desirable to know how much
deviation irregular particle shapes can contribute to the
dissolution profile. Pedersen and Brown investigated
this problem theoretically.42 Assuming exact isotropic
dissolution, they derived the equations governing the
dissolution profile for 10 common crystal shapes and
found that the dissolution of each crystal shape can usu-
ally be approximated by a hypothetical spherical parti-
cle dissolution. The deviation became large after a large
portion of the particle had dissolved.

Dali and Carstensen studied the effect of particle shape
on dissolution behavior using single potassium dichro-
mate crystals.43 They incorporated a semiempirical shape
factor to fit the dissolution profile of a crystal to that of a
spherical particle of equivalent volume. Assuming that
deviations from the cube-root law were completely due
to the shape factor, they found that the shape factor is not
constant; rather, it changes as a particle dissolves.

9.2.4.5 Polydispersity effects

Classical particle dissolution models, like the cube-
root law, are intended only for single- or monodisperse-
particle dissolution. However, pharmaceutical powders
are composed of particles of various sizes. Sieve cuts
from powders have often been used in dissolution
experiments. Based on theoretical calculations, Brooke
pointed out that, when treated as monosized powders,
the error can be as much as 3% for the narrowest sieve
cuts depending on particle size distribution across the
cut. For wider sieve cuts, errors of 6�10% are possible.44

Therefore, a theoretical treatment for polydispersity
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effects is necessary even for fairly narrowly distributed
powders. Most pharmaceutical powders are produced
by milling and, as a result, tend to give skewed particle
size distributions, as shown in Fig. 9.11. Such a distribu-
tion can be converted to a Gaussian distribution by
plotting the x-axis on a logarithmic scale. Such a distri-
bution is log-normal. Most theoretical investigations for
polydispersed particle dissolution assume the particle
size distribution to be log-normal.

Higuchi et al. studied the dissolution of a polydis-
persed methylprednisolone powder by approximating
a log-normal distribution with a simpler function.33 By
convoluting the approximate particle size distribution
function with the two-thirds-root particle dissolution
model, the total particle dissolution profile was calcu-
lated. Reasonably good agreement between experimen-
tal results and theory was obtained in the study of
methylprednisolone powder dissolution.

Brooke derived an exact equation for the dissolution of
a log-normal distributed powder based on the cube-root
single-particle dissolution model.45 Although the calcula-
tions are tedious, they can be performed with a calculator
and a normal distribution table. Brooke’s expression is
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τ5
2kCs

ρt

Wτ is the weight undissolved,
μ is the mean particle diameter,
σ is its standard deviation,
r 5 πρN/6,
CS is the particle solubility,
ρ is the particle density,
k is a constant.

Brooke also pointed out that many actual powders
follow truncated distributions. Therefore, it is possible
that applying an untruncated distribution or ideal log-
normal distribution would lead to errors. If the exact
equation is used to represent a distribution that is
truncated, the result is erroneously adding some larger
or smaller particles that do not actually exist.
However, the error due to the addition of smaller par-
ticles is minimal, while the error due to the addition of
larger particles can be significant. This arises because
for the same number of particles, the total weight of
the larger particles is much higher than that for smaller
particles. Brooke then presented an equation for the
dissolution of truncated log-normal distributed pow-
ders, which is applicable before the critical time (ie,
before the smallest particles disappear).46 Pedersen
and Brown and Pedersen presented complex expres-
sions for polydispersed powder dissolution under sink
or nonsink conditions based on the three classical
single-particle dissolution models.47�49

With faster computational tools, it is less important
to have a single equation convolving a size distribution
function with a particular basic particle dissolution
model to predict a dissolution profile. So long as the
size distribution is available, the total dissolution pro-
file can be calculated by treating each narrow size frac-
tion separately and adding the contributions of each
fraction together. The additional advantage for this
approach is that particle size does not need to follow
any specific distribution. Several powder dissolution
studies have been conducted using this method, and
satisfactory results were obtained.50�52

In all of the methods dealing with polydispersed
particles discussed in this chapter, it is assumed that
each particle dissolves independently. This may not be
true under certain experimental conditions. A com-
monly encountered problem in particle dissolution is
aggregation. In such cases, the dissolution of one parti-
cle is affected by the existence of other particles. The
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FIGURE 9.11 Typical log-normal particle size distribution for
pharmaceutical powders.
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abovementioned multiparticle dissolution expressions
do not apply to such situations.
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10.1 INTRODUCTION

As timelines become tighter, internal and external
pressures abound for the pharmaceutical industry.
The cost of drug development continues to rise at an
alarming rate (with an average cost to market of $1�2
billion per drug), making it imperative to develop
drugs in more effective ways to reduce cost and time.
Historically, early drug product development has
focused on using the design of experiments to manu-
facture numerous “kilogram size batches” to optimize
the formulation, and gain a complete understanding
of the manufacturing process. This method may
produce a high-quality product, but requires the use
of large quantities of expensive active pharmaceutical
ingredient (API), and results in lengthy timelines.

Since most compounds do not make it through the
development stages, a different approach is needed for
product development. Hence, efforts have focused on
using material-sparing strategies to develop early solid
dosage forms. These materials—sparing formulations
are developed by characterizing particle, powder, and
compacts of API, excipients, and formulations at
small-scale (50�200 g). Such characterization, coupled
with predictive tools, allows scientists to understand
the important physical, chemical, and mechanical
properties of materials (eg, critical material attributes)
to design robust formulations quickly at a relatively
low cost and achieve acceptable exposure in clinical
studies. Some of the characterization methods dis-
cussed in this chapter are summarized in Table 10.1.

There are advantages and disadvantages to the
material-sparing paradigm. Using smaller amounts of
material results in a lower cost, but may increase the
risk of working with a nonrepresentative sample,
which may result in errors. To reduce resource

requirements, we have proposed strategies to decrease
method development time and introduced some gen-
eral guidelines to maximize the chances of success.

10.2 PARTICLE SIZE
CHARACTERIZATION

Particle properties such as size, size distribution,
shape, and texture are important considerations in the
development of formulations using the material-
sparing approach. This is true for API, excipients, and
formulations (blends and granulations). When charac-
terizing API, excipients, or formulations, a representa-
tive sample must be obtained. The sample needs to be
correctly and reproducibly prepared, and necessary
parameters must be correctly used for the analysis.1

Each particle sizing method, replete with its assump-
tions, results in a unique measure of particle size and
distribution since a sample exhibits a range of shapes
and sizes and, of course, the complexity is compounded
when analyzing multicomponent systems such as for-
mulations. Since no two methods of particle sizing will
result in the same “numbers,” it becomes important to
distinguish between different methods and to use the
same type of analysis when comparing lots of API, exci-
pients or formulations, examining differences in perfor-
mance that process changes make, among other things.
While many types of analyses for particle characteriza-
tion are available and possible, this discussion focuses
on those methods used in the material-sparing para-
digm. Table 10.2 outlines the various techniques used
for particle characterization in a material-sparing for-
mulation development process. For those interested in
more detailed information on particles size measure-
ments, standard textbooks are recommended.2
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Particle size measurements vary in difficulty
depending on the shape of the particle. Spherical
particles, for example, can be fully defined by their
diameter. In reality, most particles are far from

spherical; however, for certain analyses (such as laser
light diffraction (LD), discussed later in this chapter) a
solid particle is considered to approximate a sphere.
Since this measurement is based on a hypothetical, not

TABLE 10.1 Material-Sparing Characterization Methods

Method Measured parameters

PARTICLE CHARACTERIZATION

Light microscopy Size, shape, roughness, size range

Polarized light microscopy Crystallinity

Scanning electron microscopy Size, shape, roughness, size range

Sieving Size, size distribution

Light diffraction particle size Quantitative size, distribution, span

POWDER CHARACTERIZATION

Helium pycnometry True density

Bulk/tapped density Bulk and tapped density, compressibility index

Shear cell Powder flow parameters, flow function coefficient, unconfined yield strength, cohesion, effective
angle of internal friction

COMPACT CHARACTERIZATION

Tablet compaction Compaction pressure, solid fraction

Indentation test Deformation pressure, elastic deformation

Tensile test Tensile strength, compromised tensile strength

TABLET CHARACTERIZATION

Tabletability Tensile strength—solid fraction relationship

Compactibility Tensile strength—compression pressure relationship

Compressibility Solid fraction—compression pressure relationship

Manufacturability Tablet crushing force—compression force relationship

TABLE 10.2 Summary of Material-Sparing Particle Characterization Techniques

Method Min, micron Max, microns Distribution Shape Texture Grams Crystallinity

MICROSCOPY

Light 1 1000 Yes Yes Yes ,0.1 No

Polarized 1 1000 Yes Yes Yes ,0.1 Yes

SEM 0.02 1000 Maybe Yes Yes ,0.1 No

Dynamic image analysis 1 10000 Yes Yes No 2�5 No

LIGHT SCATTERING

Laser—wet 0.02 2000 Yes No No 1�2 No

Laser—dry 0.02 2000 Yes No No 1�2 No

OTHER

Sieving 25�50 2000 Yes No No 3�5 No
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actual, sphere and is only an approximation of the
true particle shape, it is referred to as the equivalent
spherical diameter of the particle.3

For other analyses of irregularly shaped particles
(such as microscopic evaluation), information about
both size and shape is needed. Several different
particle diameters can be used for the evaluation of
particle size; the most common of these are illustrated
in Fig. 10.1.4 While length and width are diameters
more often used in microscopic evaluation, the equiva-
lent spherical diameter is widely used in laser LD
analyses. Another descriptor of particle diameter used
in early formulation development is the sieve
diameter, which is the width of the minimum square
aperture through which a particle passes.

Descriptors of particle shape include acicular,
columnar, flake, plate, lath and equant, and should be
included in the characterization of irregularly shaped
particles. Degree of particle association (eg, aggregate,
agglomerate), and surface characteristics (eg, cracked,
smooth, porous), should also be noted.4

Since most APIs, excipients, and formulations are
found in a range of sizes, size distribution of the
materials is critically important and must also be
determined. When a bell-shaped curve resembling a
normal distribution can describe particle size distribu-
tion (PSD), it can be described by the mean particle
size and standard deviation. Again, however, many
pharmaceutical powders do not fall into a bell-shaped
distribution. Some are skewed toward the upper end
of the particle size range. These powders are often
better described using a log-normal distribution that,
when the data are plotted using a log scale for the size
axis, resembles a normal distribution curve. When
using a log-normal representation, the geometric mean
standard deviation, and geometric median particle
size, are used to describe the distribution. Other
pharmaceutical powders cannot be characterized by a

single distribution, and may have bimodal or multi-
modal distributions. Cumulative frequency distribu-
tion curves may also be generated by adding percent
frequency values to produce a cumulative percent
frequency distribution. Sieving data is often presented
in this manner.

10.2.1 Light Microscopy

Light microscopy is perhaps the ultimate material-
sparing characterization technique and forms the basis
of the material-sparing approach as it pertains to
particle characterization. With only a few milligrams
of material, appearance, shape, the extent of particle
association, and texture information may be quickly
obtained. With a polarizing light microscope, extent
of crystallinity may also be assessed. PSDs may be
generated from microscopic evaluation, although it is
a tedious and time-consuming process. Laser diffrac-
tion has become increasingly popular for PSD as
discussed later in the chapter. More recently, dynamic
image analyzers have been developed which automate
the analysis of particle size and shape by capturing
images with a camera, transmitting them to a com-
puter system, and then analyzing them electronically.
Average particle size, size distribution, and shape
information may be generated using this technique.
Image analysis may be used for particles in the size
range of 1 μm�10 mm, but requires up to several
grams of material depending on the difficulty of
method development, and thus far has not been rou-
tinely used during the material-sparing formulation
process.

For a compound light microscope, the type of micro-
scope used, the practical size range is 1 μm�1 mm.
This type of microscope is used when fine detail must
be resolved. The clarity or resolving power of the image
depends on the sharpness of the image produced by the
objective lens. Resolving power is defined as the smallest
distance between two points such that the two points
can be distinguished.5 The sample is usually mounted in
a medium that has sufficient contrast to the sample, and
in which the sample is insoluble. The particles should all
be in the same plane, be adequately separated from each
other, and should represent the size and distribution of
the entire sample population (Retrieved from http://
www.authorstream.com/Presentation/naveen.goka-
napudi-1764246-preformulatio).

10.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is another tech-
nique where only milligram quantities of material may
be used to determine particle size, shape, and texture.
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FIGURE 10.1 Particle shape parameters.
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In SEM, a fine beam of electrons scan across the
prepared sample in a series of parallel tracks. The
electrons interact with the sample, and produce
different signals which can be detected and displayed
on the screen of a cathode ray tube (Retrieved from
http://www.authorstream.com/Presentation/naveen.
gokanapudi-1764246-preformulatio).2 Particles less than
1 nm can be viewed and, since the depth of focus is so
much greater than that of the light microscope, informa-
tion on surface texture can be generated. SEM requires
more time-consuming sample preparation than optical
microscopy and cannot distinguish between crystalline
and noncrystalline materials. It is also more difficult to
generate a PSD using SEM since, while the information
obtained is visual and descriptive, it is usually not
quantitative since only a few particles are seen in
the viewing field at one time. However, when
SEM is used with other techniques (Retrieved from
http://www.authorstream.com/Presentation/naveen.
gokanapudi-1764246-preformulatio), it can provide
additional valuable information that may help to
explain powder properties such as agglomeration
or flow problems.

10.2.3 Sieving

Sieving is a simple method that is used for determin-
ing the PSD of a powder. It is often the preferred method
of choice for formulators since it is a straightforward
analysis that can be done during the formulation
development process (eg, after mixing or granulation of
a formulation). This technique is most often used for
intermediate processed materials such as granulations,
formulations or excipients since larger quantities are
needed (3�5 g are needed to perform an analysis using
small-scale sonic sifting). API is not always evaluated by
sieving due to the particle size limitations, as well as
their more irregular particle shapes. Sieving is most
suitable for powders whose average particle size is
greater than 25�50 μm.1

For material-sparing sieving, a sonic sifter using
3-inch sieves is employed. Sonic sieving combines two
motions to separate the particles: a vertically oscillat-
ing air column to lift particles and carry them back
against mesh openings at several thousand pulses
per minute, and a repetitive tapping pulse to help
reduce sieve blinding (Retrieved from http://www.
authorstream.com/Presentation/naveen.gokanapudi-
1764246-preformulatio). Tapping also helps to deag-
glomerate samples with electrostatic, hygroscopic, or
other adhesion problems.6 The raw data can be
converted into a cumulative weight distribution, and
the data presented as a percentage of the sample
retained on each sieve (histogram) or a cumulative

distribution as a function of sieve size. When data is
plotted on a log�log plot (sieve size vs cumulative
percent), unimodal versus polymodal distributions
can also be determined. A detailed procedure for
analytical sieving may be found in the United States
Pharmacopeia (USP) General Chapter ,786., Method
I (dry sieving).7

10.2.4 Light diffraction

Laser LD is a preferred method for the determina-
tion of PSD of pharmaceutical materials. This technique
can be quite material-sparing, often using 1�3 g of a
material for a complete evaluation. Even less material
may be used if combined with a microscopic or SEM
evaluation to determine particle size, morphology,
and fragility of the sample. There are several advan-
tages to LD methods. Analysis time is short, robust
methods can be developed with a minimum of mate-
rial, results are reproducible, calibration is not required,
and a wide range of measurement is possible. LD tech-
nology is divided into two general methods. High
angle light scattering is appropriate for very small
(submicron) particles and falls outside the scope of this
discussion. Low angle light scattering is used for
pharmaceutical materials in the micron size range
or greater. Determination of particle size using low
angle technology is only effective if one has a model
to use to interpret it. For particles much larger than
the wavelength of light any interaction with those
particles causes the light to be scattered with only a
small change in angle. This is known as Fraunhofer
diffraction, and produces light intensity patterns that
occur at regular intervals and are proportional to the
particle diameter that produces this scatter. Fraunhofer
diffraction-based instruments are applicable for particle
size ranges of about 1�2000 μm, depending on the
lens used.

Both wet and dry laser diffraction methods are
possible and are used in a material-sparing process.
For dry dispersion LD, initial conditions such as
pressure and lens size are determined by microscopy,
with a short series of trial runs to assess correct pres-
sure for dispersing particles without fracturing them
and to confirm lens size. Too high a pressure may
break down some fragile particles. With small tray
accessories, these dry methods can use 500 mg or less
for a complete analysis. Initial conditions for a wet
method rely on a small set of standardized generic
methods and microscopy. For wet methods, it is
important to choose a suspension medium where the
sample has low solubility (hexane is often used) that
will also disperse the sample adequately. Surfactants
are occasionally used to facilitate dispersion and
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inhibit flocculation of the sample, but it is important to
prevent particle dissolution in the surfactant solution.
A filtered saturated solution can be used as the
dispersing medium to effectively prevent particle
dissolution in the medium. Sonication may be needed
to break up aggregates, but the fragility of the sample
must be assessed since sonication may fracture indi-
vidual particles and skew the results. Sample load is
also important as a higher percentage of the sample in
the dispersing solvent may cause aggregation.

Whether a wet or dry method is used during
material-sparing formulation development depends on
several factors, the most important of which are the
properties of the material to be tested. Wet dispersion is
frequently used for API characterization since it is a
one-component system, easily screened for the appropri-
ate nonsoluble dispersant. Multicomponent systems,
such as mixes or granulations, are more amenable to dry
dispersion techniques. There is no need to test the
solubility of each component in the dispersant since the
dispersant for dry techniques is air. Dry dispersion tech-
niques tend to be used when there is plenty of material
available, since developing a method is straightforward
with sufficient trial runs. Other factors that determine
which method is utilized include operator experience,
equipment availability, and personal preference.

10.2.5 Importance/impact of particle
size characterization

Understanding a pharmaceutical powder’s particle
size, shape, and distribution is an important compo-
nent of material-sparing formulation development.
When working with the API, a few large or small par-
ticles in a batch can alter the final tablet’s content uni-
formity (potency, segregation), dissolution profile,
and/or processing (eg, flow, compression pressure
profile, and granulating properties if it is for dry gran-
ulation). Rohrs et al. have shown that with only the
predicted API dose and the geometric standard devia-
tion, an estimate of the API particle size can be
obtained having a 99% probability of passing USP
Stage I content uniformity criteria.8 This is displayed
graphically in Fig. 10.2. It is useful for determining
approximate parameter values for particle size require-
ments, including whether additional API processing
such as milling is necessary. API particle size and dis-
tribution data information can also help decide
whether a direct compression formulation or dry gran-
ulation approach is most suitable. Examination of the
API can also reveal inter- and intrabatch differences
and/or trends. If for example, the PSD has changed
from one batch of API to the next, this could signifi-
cantly impact the processing of the final formulation.

Particle size and size distribution are also important
from a dosage form performance point of view in that
they are critical parameters in assuring that the desired
dissolution rate is achieved for oral dosage forms.
Several theoretical models for dissolution of powders
have been developed.9�11 Using a Noyes�Whitney type
expression as a starting point, Higuchi and Hiestand,10

as well as Hintz and Johnson,11 derived expressions for
dissolution of spherical particles as a function of time.
While details are beyond the scope of this chapter, it is
possible to predict the dissolution rate of polydispersed
PSDs by summing up the predicted dissolution rate of
individual size fractions of the powder. For example,
using this approach, the predicted particle diameter
necessary to achieve 80% dissolved in a USP dissolution
apparatus in 30 minutes under sink conditions as a
function of solubility and PSD is shown in Fig. 10.3.12

With this information, selection of an appropriate parti-
cle size and distribution needed to achieve the desired
dissolution rate may be estimated.

Particle characterization of the in-process or final-
formulation is also critical. Flow characteristics of formu-
lations (which will be discussed later in the chapter)
are based, among other factors, on shape, size, and size
distribution of particles. Large, spherical particles flow
better than smaller, irregularly shaped materials, for
example.
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10.3 POWDER CHARACTERIZATION

10.3.1 Density

10.3.1.1 True density

The true density of a substance is the average mass of
the particles divided by the solid volume, exclusive
of all the voids that are not a fundamental part of the
molecular packing arrangement; therefore, it should
be independent of the method of determination.13 There
are three basic methods for determining true density:

• gas pycnometry or displacement;
• liquid displacement; and
• flotation in a liquid.

Gas pycnometry is often used in the material-
sparing paradigm for determination of true density as
a small amount of material is used (usually 1�8 g),
the method is easy, reproducible and reliable, and the
method is nondestructive: that is, the material may
be reused after testing is complete.

The true density, ρ, can be calculated using Eq. (10.1).

ρ5
w

Vp
ð10:1Þ

where:

w is the weight of the sample
Vp is the powder volume.

Since the measured density is a volume-weighted
average of the densities of all the individual powder
particles, errors may be introduced if the gas adsorbs
onto the powder or if volatile contaminants escape
from the powder during the measurement. Sorption
may be prevented by using an appropriate gas, usually
helium or nitrogen. Volatile components may be
removed during purging of the sample, and sample
weight is taken before and after purging to determine

if volatile contaminants were removed. True density is
an essential parameter for process development
and solid dosage manufacturing. As discussed in
more detail later in the chapter, true density is used to
calculate the solid fraction (SF) of tablets.

10.3.1.2 Bulk density

Bulk density is the mass per unit volume of a loose
powder bed. The unit volume includes the spaces
between the particles, and the envelope volumes of the
particles themselves. The method used to fill the
material into that volume can affect the degree to
which the powder is compressed and can thus influ-
ence the bulk density value.14,15 Bulk density can be
calculated using Eq. (10.2), where M5mass in grams
and Vo5untapped apparent volume in milliliters.

Bulk Density ðg=mLÞ5 M

Vo
ð10:2Þ

The loose or “aerated” bulk density can be deter-
mined by allowing a defined amount of material to fill
a container with a known volume under the influence
of gravity.16 The amount to which the particles
collapse and fill voids between the particles depends
on some powder properties, including particle shape,
PSD, interparticle friction, and cohesion.

Bulk density is typically measured by gently
introducing a known sample mass into a graduated
cylinder, and carefully leveling the powder without com-
pacting it. The apparent untapped volume is then read to
the nearest graduated unit. As most pharmaceutical
powders have densities in the range of 0.1�0.7 g/mL,
a 25-mL graduated cylinder filled at least 60% full calls
for a sample mass of approximately 2�11 g. (Since this
test is nondestructive, the material may be reused.) USP
requirements dictate a minimum graduated cylinder size
of 25 mL.16 However, if a material is in short supply,
a 10-mL graduated cylinder may be used. Although wall
effects could be observed, this approach provides a
reasonable estimate of the bulk density.

Bulk density is an essential parameter for process
development and solid dosage manufacturing. It is
used in determining the amount of powder that can fit
in a space such as a blender or a hopper on a tablet
press or capsule filler. It is also used to determine the
amount of powder that can be fitted into a capsule.
Previous work has suggested that the effective bulk
density of the same material will vary under different
dynamics.14,15

10.3.1.3 Tapped density

Tapped density of a powder is the ratio of the mass
of the powder to the volume occupied by the powder
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after it has been tapped for a defined period of time.
The tapped density of a powder represents its random
dense packing. Tapped density can be calculated using
Eq. (10.3), where M5mass in grams, and Vf5 the
tapped volume in milliliters.

Tapped Density ðg=mLÞ5 M

Vf
ð10:3Þ

Tapped density values are higher for more
regularly shaped particles (ie, spheres), as compared
to irregularly shaped particles such as needles. PSD
has been shown to affect the packing properties of
fine powders.17 The packing properties of a powder
can affect operations critical to solid dosage
manufacturing, including bulk storage, powder flow,
and compaction.

Tapped density is measured by first gently introduc-
ing a known sample mass into a graduated cylinder
and carefully leveling the powder without compacting
it. The cylinder is then mechanically tapped by raising
the cylinder and allowing it to drop under its own
weight using a suitable mechanical tapped density
tester that provides a suitable fixed drop distance and
nominal drop rate (Retrieved from http://www.author-
stream.com/Presentation/naveen.gokanapudi-1764246-
preformulatio). There are two methods for measuring
tapped density in the USP with different drop distance
and drop rates.16 The tap density of some pharma-
ceutical materials is shown in Fig. 10.4.18 As with bulk
density measurements; a material-sparing approach
can be undertaken by using a 10-mL graduated cylin-
der (1�4 g sample requirement). This test is also
nondestructive.

10.3.2 Flow

Flow assessment of APIs, excipients, and formula-
tions are routinely completed as part of solid dosage
form development. Assessments must be made to
ensure powder flows adequately through processing
equipment such as a roller compactor, hopper, or tablet
press. Poor flowability can lead to the inability to feed
powder into the dies of a rotary tablet press and can
also cause tablet weight variation.

Due to the complexity of powder flow and the
factors that influence it, no single measure is currently
adequate for defining a flow. Unsurprisingly, many
ways to measure flow currently exist, ranging from
simple, qualitative methods, to more quantitative
methods utilizing specialized technology. Factors such
as the relative humidity of the environment, previous
storage conditions, and degree of consolidation have a
large impact on flowability, any of which can alter the
test results.

The influence of physical and mechanical properties
on powder flow is a subject of interest to formulation
scientists. Factors such as PSD and particle shape have
been shown to influence flow.19�21 Additional proper-
ties such as bulk and tapped density, bonding index
(BI), and internal friction coefficient are also thought to
be contributors. An understanding of the effects of
physical and mechanical properties on powder
flowability can decrease the need to perform powder
flowability analysis on some materials, resulting in sig-
nificant time and resource savings.

An attempt has been made to model flowability
based on physical and mechanical properties using
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complex methods such as artificial neural networks,
discrete element method, and constitutive models.22�24

While these models have demonstrated a correlation
between certain physical properties and the results of
various methods for measuring flow, more work is
required.

10.3.2.1 Compressibility Index and Hausner ratio

The compressibility index (CI) is a measure of the
propensity of a powder to consolidate.25 As such, it is
a measure of the relative importance of interparticulate
interactions. In a free-flowing powder, such interac-
tions are less significant, and the bulk and tapped
densities becomes closer in value. For poorer flowing
materials, there are frequently greater interparticle
interactions; bridging between particles often results in
lower bulk density and a greater difference between
the bulk and tapped densities. These differences
in particle interactions are reflected in the CI. A
general scale of powder flow using the CI is given
in Table 10.3.25 CI can be calculated as shown in
Eq. (10.4), where Vo5untapped apparent volume,
Vf5 tapped apparent volume.

CIð%Þ5 100 � ðVo�VfÞ
Vo

ð10:4Þ

Although this method cannot be used as a sole
measure of powder flowability, it has the advantage of
being simple to perform and it provides a quick
comparison between API, excipients, and formulations.
If bulk and tapped density measurements have already
been performed, no additional material or experimen-
tation is required to calculate the CI. CI has been
correlated to manufacturing performance on machines
such as capsule fillers. Podczeck et al. for example
demonstrated a correlation between the minimum
coefficient of fill weight variation and CI.26

The Hausner ratio (HR) is closely related to CI.27

It can be calculated using Eq. (10.5), where

Vo5untapped apparent volume and Vf5 tapped
apparent volume.

Hausner Ratio5
Vo

Vf
ð10:5Þ

Scales of flowability for CI and HR are included in
Table 10.3.

10.3.2.2 Angle of repose and flow
through an orifice

The angle of repose has long been used to characterize
bulk solids.28�30 Angle of repose is a characteristic
related to interparticulate friction or resistance to
movement between particles. According to the USP, it is
the constant, three-dimensional angle (relative to the
horizontal base) assumed by a cone-like pile of material
formed by any of several different methods. Due to the
high dependence of angle of repose measurements on
testing conditions, angle of repose is not a very robust
means of quantifying powder flow.31

Flow rate through an orifice is generally measured
as the mass of material per unit time flowing from
any of a number of types of containers (cylinders,
funnels, hoppers). It is thought to be a more direct
measure of flow than measurements such as angle of
repose or HR, because it more closely simulates flow
of material from processing equipment such as from a
tablet press hopper into a die. Measurement of the
flow rate is heavily dependent on test set-up, such as
orifice diameter.32 Both angle of repose and flow rate
through an orifice methods require 5�70 g of mate-
rial, and therefore are not aligned with material-
sparing strategies.

10.3.2.3 Shear cell methods

Shear cell methods measure flow on a more funda-
mental basis than the simple methods discussed
above, providing more robust flow results. Shear cell
methods allow the assessment of flow properties as
a function of consolidation load and time, as well as
powder�hopper material interactions.33 Various types
of shear cells exist, including rotational and transla-
tional cells.34�36 While shear cell measurements are
more time-consuming than the methods discussed
above, they offer a higher degree of experimental
control, leading to more reproducible results. They are
used extensively in multiple industries, and significant
advances in automation have occurred in the past
5 years.28,37,38

Detailed descriptions of shear cell methods and data
analysis are available in the literature.39 The shear cell
analysis method is as follows: a bulk solid sample is
carefully loaded into a container or “cell,” taking care
not to consolidate the powder during loading. The

TABLE 10.3 Scale of Flowability for Compressibility Index
and Hausner Ratio31

Flow character Compressibility index Hausner ratio

Excellent # 10 1.00�1.11
Good 11�15 1.12�1.18
Fair 16�20 1.19�1.25
Passable 21�25 1.26�1.34
Poor 26�31 1.35�1.45
Very poor 32�37 1.46�1.59
Very, very poor .38 .1.60
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powder bed is typically preconsolidated at a defined
load normal to the powder bed. As the load is applied,
the powder bed is sheared until a uniform state of con-
solidation is reached (ie, powder starts to “flow” and
shear stress reaches a constant value). This value of the
shear stress represents the shear strength of the pow-
der at those conditions. Once preconsolidation is
achieved, the normal load is reduced, and a normal
load less than the preconsolidation load is applied.
The bulk solid is sheared until the shear force goes
through a maximum value. This maximum value
represents the shear strength of the powder bed under
those conditions. This process of preconsolidation, and
subsequent consolidation at a reduced load is repeated
multiple times at different normal loads. This process
is sometimes referred to as a yield locus test. A yield
locus is constructed based on the shear data; it passes
through the points defined by the shear and normal
stress values during preshear and shear. Fig. 10.5
shows the yield loci of three different materials,
constructed using a simplified (translational) shear
cell. The yield locus is characteristic of the physical
and mechanical properties of the powder, as well as a
number of environmental factors (a list of some of
these factors is included in Table 10.4). Some of the
most commonly reported shear cell flow properties
reported in the literature are the angle of internal
friction and the flow function.40,41

Because shear methods provide quantitative, repro-
ducible results, the properties defined in Table 10.5
can be used to compare the flowability of different
drug substances, excipients, and formulations. To
properly compare data, the environmental factors
listed in Table 10.4 should be kept constant. For exam-
ple, Moreno-Atanasio et al. demonstrated an increase
in the unconfined yield strength with an increase in
preconsolidation stress using a uniaxial compression
test. Shear cell methods are also used to characterize
the performance of materials on equipment such as
capsule-filling machines,42 and tablet presses.43 They
are extensively used to design hoppers for feeding
powders, and to study the effect of storage time on
flowability.44,45 Jenike developed a mathematical
methodology for determining the minimum hopper
angle and opening size for mass flow from conical and
wedge-shaped hoppers.46

Several different types of shear cell testers are avail-
able. The Schulze Ring Shear Tester is an annular or
rotational shear tester. The bulk solid sample is
contained in an annular shear cell containing a ring at
the bottom and a baffled lid. Ring shear testers are con-
sidered to be relatively easy to operate, and provide
good reproducibility.40 A single yield locus test can
be performed in approximately 30 minutes (of which the
operator must be present about one-third of the time).

Multiple shear cell sizes are available. Depending on the
particle size of the powder specimen a small, 10-mL
shear cell can be used, allowing for a significant reduc-
tion in sample requirements. Medium and large shear

TABLE 10.4 Physical and Mechanical Properties
and Environmental Factors Influencing Flowability

Physical and mechanical

properties Environmental effects

Particle size distribution Consolidation load

Particle shape Consolidation time

Bulk/tapped density Shear effects (direction & rate)

Particle density Particle/wall interactions

Moisture content Air permeability

Crystallinity Compressibility (a function of load
and time)

Polymorphic form Humidity/powder moisture content

Surface area Packed density

Electrostatic charge

Surface energy

Elasticity

Plasticity (ductility)

Viscoelasticity

Brittleness
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cells are also available, which can accommodate samples
with larger particle sizes. These cell sizes require sample
volumes greater than approximately 31 and 73 mL,
respectively.47 A standard test method for using the
Schulze Ring Shear Tester can be found in ASTM
Method D 6773.48

The Jenike Shear Tester is a translational tester.
The shear cell is cylindrical and is split horizontally,
forming a shear plane between the lower stationary
base and the upper movable portion. It consists of a
closed ring at the bottom, a ring of the same diameter
lying above the bottom ring, and a lid.49 An advantage
of the Jenike cell over the ring shear tester is
that the powder bed is shared more uniformly.49

Disadvantages of the Jenike Shear Tester include the
amount of material required and the time required for a
test. Depending on the powder, and the operator’s skill,
1�2 hours per yield locus (during which the operator
has to be present) are required. Results generated using
the Jenike Shear Tester have been shown to correspond
to those generated using the ring shear tester.39 A
standard test method for using the Jenike Shear Tester
can be found in the ASTM Method D 6128.50

10.3.2.4 Additional shear testers

Schulze ring shear and Jenike shear cell testers are
used extensively due to their commercial availability,
though other shear cells are available. Plate or
“simplified” shear cells have also been designed,
which consist of a thin sandwich of powder between a
lower stationary rough surface and an rough upper sur-
face that is movable.18,51 Uniaxial, biaxial, and triaxial
testers have also been used for flow analysis, and have
been discussed in the literature. The measurement

principle of the uniaxial tester is similar to that of
shear cells.35,49

10.3.2.5 Dynamic test methods

Avalanche testers assess the flowability of powders
by measuring their avalanching behavior, which is
related to powder cohesivity and flowability. Unlike
shear cell methodology, this type of assessment is
dynamic in nature,52 which may be more applicable
to low-shear processes such as blending, in which
avalanching behavior of powder promotes mixing.
Avalanche testing can be carried out in different types
of equipment, including rotating drums and vibratory
feeders.53,54 Avalanche testing has been shown to
distinguish between freely flowing powders, blends,
and granulations.55,56

One limitation of the avalanche tester is the qualita-
tive nature of determining the regimes of avalanche
flow in the rotating drum. Boothroyd et al. argued that
the ideal flow regimes necessary for meaningful data
analysis for pharmaceutical powders were the “rolling”
and “cascading” regimes.57,58 Another limitation of the
system is the method development required before
analysis. Rotational speed, measurement duration, and
sample size must be optimized, as they have a great
degree of influence over the measurement results.53 A
third limitation is the amount of material required,
which limits the use of this technique in a material-
sparing approach to formulation development.
Hancock et al. proposed a sample size of 50 mL.53

Bhattachar et al. developed a vibratory feeder
method for assessing avalanche behavior that requires
a smaller sample size than for the Aeroflow (1.2 g).
Results compared to those generated using the

TABLE 10.5 Shear Cell Flow Property Names and Definitions

Flow property Definition

Major consolidation stress (σ1) Defined by the major principal stress of the larger Mohr stress circle

Unconfined yield strength/stress (σc) Defined by the major principle stress of the smaller Mohr stress circle. It is the stress at which
the sample will break (flow) after a vertical stress has been applied to a consolidated sample

Flow function coefficient (FFC) The ratio of the major consolidation stress to the unconfined yield strength at a defined
normal load

Flow function A flow function curve can be constructed by plotting the FFC values obtained by performing
multiple yield locus tests at different preconsolidation normal loads

Slope angle of the linearized yield locus (ϕlin) The angle defined by the linearized yield locus. The linearized yield locus is the line that is
tangential to both Mohr stress circles

Effective angle of internal friction (ϕe) The angle defined by the line that runs through the origin of the diagram, and is tangent to
the larger Mohr stress circle

Angle of internal friction at steady state
flow (ϕsf)

The arctangent of the ratio of shear stress to normal stress of the preshear point (ie, steady
state flow). It characterizes the internal friction at steady state flow in the shear plane

Cohesion (τc) The shear stress at yield under zero normal stress, that is, the intersection of the yield locus
with the ordinate
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Aeroflow.59 Despite the small sample size require-
ments, this method is not widely used. The instrument
is not commercially available and has not been exten-
sively tested.

10.4 COMPACT (MECHANICAL
PROPERTY) CHARACTERIZATION

Many investigations have demonstrated the
importance and impact of the physical and chemical
properties of materials on powder processing. Physical
properties such as particle size and shape clearly
influence powder flow for example. The previous
sections of this chapter provide some recommenda-
tions for how to proceed with characterization using
limited quantities of materials. However, mechanical
compact properties (ie, those properties of a material
under the influence of an applied stress) are also of
great importance for solid dosage form development
and manufacturing, particularly for tablet formulation.
This section describes the importance of the mechani-
cal properties of materials, as well as some basic
principles and methodologies that can be used to
investigate the influence of these properties on
compaction. For this discussion, physical properties
are considered to be those properties that are “percep-
tible especially through the senses” (ie, properties such
as particle size, and shape). In contrast, mechanical
properties are those properties of a material under an
applied load: elasticity, plasticity, viscoelasticity, bond-
ing, and brittleness.

Table 10.4 lists some of the physical and mechanical
properties that influence powder properties and
compaction. For example, surface energy and elastic
deformation properties influence individual particle
true areas of contact. Plastic deformation likely occurs
to some extent in powder beds depending on the
applied load, and almost certainly it occurs during
the compaction of powders into tablets. Certainly at
asperities, local regions of high pressure can lead to
localized plastic yielding. Electrostatic forces can also
play a role in powder flow, depending on the insulat-
ing characteristics of the material and environmental
conditions. Particle size, shape, and size distribution
have also been shown to influence flow and compac-
tion. A number of environmental factors such as
humidity, adsorbed impurities (air, water, among
others), consolidation load and time, direction and rate
of shear, and storage container properties are also
important. With so many variables, it is not surprising
that a wide variety of methods have been developed to
characterize materials. The focus of this chapter is on
those useful methods that require limited amounts of

material (bulk drug or formulation) and provide the
most valuable information.

What holds particles together in a tablet? A detailed
discussion is beyond the scope of this chapter, and
excellent references are available in the literature.60,61

However, it is important to realize that the forces that
hold particles together in a tablet or powder bed are
the very same forces discussed in detail in introduc-
tory physical chemistry texts. There is nothing magical
about particle�particle interactions; the forces
involved are London dispersion forces, dipole interac-
tions, surface energy considerations, and hydrogen
bonding. The consolidation of powders brings particles
into proximity, and these fundamental forces can begin
to act effectively to produce strong particle�particle
interactions (eg, bonding). Particle rearrangement,
elastic and plastic deformation of material can
establish large areas of true contact between particles;
if the resulting particle�particle bonds are strong, a
strong and intact tablet is produced.

10.4.1 Important mechanical properties

Materials used in the pharmaceutical industry can
be elastic, plastic, viscoelastic, hard, tough, or brittle in
the same sense that metals, plastics, or wood are. The
same concepts that mechanical engineers use to
explain or characterize tensile, compressive, or shear
strength are relevant to pharmaceutical materials.
These mechanical properties of materials can have a
profound effect on solids processing.

The mechanical properties of a material play an
important role in powder flow and compaction. These
properties are critical properties that influence the true
areas of contact between particles. Therefore, it is
essential to characterize the properties. Reliable
mechanical property information can be useful in help-
ing to choose a processing method such as granulation
or direct compression, selecting excipients with prop-
erties that will mask the poor properties of the drug or
helping to document what went wrong, for example,
when a tableting process is being scaled-up or when a
new bulk drug process is being tested. Since all of
these can influence the quality of the final product,
it is to the formulator’s advantage to understand the
importance of the mechanical properties of the active
and inactive ingredients and to be able to quantify
the properties.

10.4.1.1 Elastic deformation

In general, during the initial stages of deformation,
a material is deformed elastically. A change in shape
caused by the applied stress is completely reversible,
and the specimen will return to its original shape on
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release of the applied stress. During elastic deforma-
tion, the stress�strain relationship for a specimen is
described by Hooke’s law (Eq. 10.6):

σ5E � ε ð10:6Þ
where:

E is referred to as Young’s modulus of elasticity
σ is the applied stress
ε is the strain ðε5 ðl�loÞ=loÞ.
The region of elastic deformation of a specimen is

shown graphically in Fig. 10.6. The reader is directed
to standard texts in material science and engineering
for detailed discussions of elastic deformation. As long
as the elastic limit is not exceeded, only elastic defor-
mation occurs.

The elastic properties of materials can be under-
stood by considering the attractive and repulsive
forces between atoms and molecules. Elastic strain
results from a change in the intermolecular spacing
and, at least for small deformations, is reversible.

10.4.1.2 Plastic deformation

Plastic deformation is the permanent change in
shape of a specimen due to applied stress. The onset
of plastic deformation is seen as curvature in the
stress�strain curve shown in Fig. 10.7. Plastic defor-
mation is important because it “allows” pharmaceuti-
cal excipients and drugs to establish large true areas of
contact during compaction that can remain on decom-
pression. In this way, strong tablets can be prepared.

Plastic deformation, unlike elastic deformation, is not
accurately predicted from atomic or molecular proper-
ties. Rather, plastic deformation is often determined by
the presence of crystal defects such as dislocations, grain
boundaries, and slip planes within crystals. While it is
not the purpose of this chapter to discuss this in detail, it
is important to realize that dislocations and grain bound-
aries are influenced by factors such as the rate of crystal-
lization, particle size, the presence of impurities, and
the type of crystallization solvent used. Slip planes may
exist within crystals due to molecular packing arrange-
ments that result in weak interplanar forces. Processes
that influence these (eg, crystallization rate, solvent,
temperature) can be expected to influence the plastic
deformation properties of materials, and hence the
processing properties. The reader is directed to standard
texts in material science and engineering for detailed
discussions of plastic deformation.

The plastic properties of a material are often deter-
mined by an indentation test.62 Both static and
dynamic test methods are available, but all generally
determine the pressure necessary to cause permanent
and nonrecoverable deformation.

10.4.1.3 Brittle and ductile fracture

In addition to plastic deformation, materials may
fail by either brittle fracture or ductile fracture; fracture
being the separation of a body into two or more parts.
Brittle fracture occurs by the rapid propagation of a
crack throughout the specimen. Conversely, the ductile
fracture is characterized by extensive plastic deforma-
tion followed by fracture. Ductile failure is not typi-
cally seen with compacts of pharmaceutical materials.
The characteristic snap of a tablet during hardness test-
ing is indicative of brittle fracture.

10.4.1.4 Viscoelastic properties

Viscoelastic properties can be important; viscoelastic-
ity reflects the time-dependent nature of stress�strain.
A basic understanding of viscoelasticity can be gained
by considering processes that occur at a molecular level
when a material is under stress. An applied stress, even
when in the elastic region, effectively moves atoms or
molecules from their energy equilibrium state. With
time, the rearrangement of atoms or molecules can
occur.
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The stress�strain relationship can, therefore,
depend on the time frame over which the test is
conducted. In compacting tablets, for example, it is
frequently noted that higher compaction forces are
required to make a tablet with a given strength when
the compaction speed is rapid. All pharmaceutical
materials are viscoelastic; the degree to which their
mechanical properties are influenced by rate depends
on the material.

10.4.2 Overview of methods

Characterizing mechanical properties has been an
active area of pharmaceutical research for decades.
The application of classic “engineering” methodologies
to characterize pharmaceutical materials dates to
the 1950s or before. With the advent of high-speed com-
puter control, and monitoring of processes such as tablet
compaction, the era of “dynamic” characterization of
pharmaceutical materials was ushered in. Sophisticated
instrumentation of rotary tablet presses and, in particu-
lar, the design of tablet compaction simulators with
seemingly infinite control of the compaction process, has
offered scientists an unprecedented opportunity to study
the mechanics of materials at speeds representative of
production tablet compaction. Even today, both dynamic
testing and the classic “quasi-static” engineering testing
approaches offer opportunities to understand pharma-
ceutical materials. In this regard, dynamic and quasi-
static testing are complementary tools. Both quasi-static
and dynamic test methodologies will be discussed in the
following sections. One key advantage of quasi-static
testing is the ability to “independently” dissect out and
investigate the various mechanical properties of a
material. As aforementioned, pharmaceutical materials
can be elastic, plastic, viscoelastic, hard, tough, or brittle.
Ultimately, these individual components that cumula-
tively describe a pharmaceutical material determine
its compaction properties in a dynamic compaction
process.

The consolidation of powders into intact tablets is a
process of reducing pores in a powder bed while
creating interparticle bonds. During compression,
materials experience complex stresses, the structure of
the powder bed changes, and consolidation is brought
about mainly by particle rearrangement, plastic defor-
mation, and fragmentation.63 The deformation of
pharmaceutical materials is time dependent, and this
dependency is related to the consolidation mechanism
and dynamics of the consolidation process.64�68 Under
compression, for example, brittle materials are consid-
ered to consolidate predominantly by fragmentation;
plastic materials deform by plastic flow. The time
dependency of this process arises from stress

relaxation for materials undergoing primarily plastic
deformation. However, the compaction of brittle mate-
rials is often less influenced by speed because frag-
mentation is rapidly achieved and prolonged exposure
to the force has a limited effect on tablet properties.

Several researchers have previously identified
the utility of SF in describing tablet properties.
Armstrong and Palfrey69 concluded that differences
in the tensile strength of tablets compressed at differ-
ent speeds could be accounted for by differences in
tablet porosity. Hancock and coworkers70 found that
tablet strength and disintegration time for tablets
made on an eccentric press and a rotary press were
comparable when considering a comparable SF.
Maarschalk and coworkers71 found that tablet tensile
strength of sorbitol as a function of tablet porosity
was independent of compression speed. Finally, Tye
and coworkers63 extended this work to show that
tablet SF was the primary factor determining tablet
strength for several pharmaceutical excipients (both
brittle and ductile) over an extremely wide range
of compaction speeds (dwell times from ,10 millise-
conds to 90 seconds).

The SF of a compact can be calculated based on the
true density (ρtrue) of the material (typically
determined using pycnometry), the tablet volume (ν),
and the tablet weight (Wt) (Eq. 10.7):

SF5
Wt

ρtrue � ν
ð10:7Þ

The relationship between the SF, also referred to as
relative density, and porosity (ε) is:

ε5 1�SF ð10:8Þ

10.4.3 Quasi-static testing

Quasi-static testing typically applies variations of
traditional engineering and material science testing
methods to compacts (ie, test specimens) of pharma-
ceutical materials. There are, for example, a number of
variations of indentation, tensile, flexural, compres-
sion, and brittle fracture tests in the pharmaceutical
literature.72 The quantity of material required for test-
ing varies from 1 to 100 g. Methods for characterizing
the elastic, plastic, and brittle properties of compacts of
organic materials have, for example, been developed
by Hiestand and coworkers.73�77 These measures of
tableting performance assess several key mechanical
properties of compacted materials that have been
shown to relate to tableting. Currently available
methods typically require from 10 to 60 g for complete
mechanical property characterization using Hiestand’s
methods.
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10.4.3.1 Test specimen preparation

It is important to prepare test specimens of pharma-
ceutical materials properly so that quasi-static test
results are not improperly influenced by “flaws” that
may exist in the test specimen itself. Of the methods
defined in the literature, the most refined method is to
make square compacts using triaxial compression and
decompression.73 A split die (Fig. 10.8) is used to make
compacts that are substantially free of defects that may
occur if a conventional compaction process were to be
used. The split die permits triaxial decompression
such that the pressure applied to all three axes is
essentially equal during the decompression process.73

This is achieved by computer control of the decom-
pression process. The stresses in the compact are more
uniformly relieved in three dimensions, and this
minimizes the production and propagation of flaws
within the compact. Using this approach, defect free
compacts of essentially any pharmaceutical material is
possible, something not obtainable with uniaxial
decompression.

10.4.3.2 Importance of the solid fraction

It is imperative to realize and address the fact that
the mechanical properties of a compact are very much
influenced by SF. A change in SF of 0.01 (ie, a change
in SF from 0.85 to 0.86) can result in a mechanical
property change of 10�20%. For this reason, it is
critical to compare the properties of a material at a
“reference” SF to ensure that one is “comparing
apples to apples.” Hiestand and coworkers73 defined
their reference SF as 0.9 (ie, porosity5 0.1% or 10%)
while others have used a SF of 0.85 or even extrapo-
lated to a SF of 1.0 (eg, zero porosity). In comparing
results from the literature, it is important to keep this

in mind. It is recommended that a SF in the range typ-
ical of tablet compaction be used. For compacts of
organic materials, a reference SF of 0.85 is in the mid-
range of those typically observed. For inorganic mate-
rials (such as dicalcium phosphate) SFs in the
0.6�0.75 range are often observed for tablets. The
wide range of mechanical properties observed means
no ideal value can be identified for all materials, but
0.85 is often appropriate for materials of organic
origin.

10.4.3.3 Tensile strength determination

The tensile strength, σT, of a square test specimen
provides extremely useful information. Several
methods for determining it are available and include
traditional tablet hardness testing and transverse com-
pression or square compacts. In transverse compres-
sion, specimens are compressed with platens 0.4 times
the width of the compacts in the tensile testing appara-
tus.73 The force necessary to cause tensile failure
(tensile forces are maximum at the center of the tablet)
is monitored by a load cell, and the magnitude of the
force at fracture is determined. Testing of square
compacts has advantages over the testing of circular
compacts; however, circular compacts can be used.
Conventional hardness testing of tablets can result in a
measurement of tensile strength.78 Similar results are
obtained for round and square compacts when tensile
failure is achieved. It is extremely important to com-
pare measured properties such as tensile strength at
the same SF. Tensile strength values more than 1 MPa
(typical range 0.1�4 MPa) are typically desired for
tablets.

10.4.3.4 Pendulum Impact Device

A simple schematic of a pendulum impact device
(PID) is given in Fig. 10.9. This equipment permits the
permanent deformation pressure of a compact of mate-
rial to be determined under dynamic conditions.73,74

Flat-faced, square tablets of the test substance are com-
pressed at different compression pressures and then
subjected to impact with a stainless steel ball in the
PID. The rebound height of the ball and the chordal
radius of the dent are carefully measured and used to
calculate the permanent deformation pressure. In a
simple sense, one is measuring the energy necessary to
make the permanent deformation (the difference
between the initial height of the ball and the rebound
height). By measuring the volume of the dent, one can
calculate the deformation pressure—the energy
divided by the volume. The permanent deformation
pressure is the pressure (ie, stress) necessary to cause
plastic deformation. This permanent deformation pres-
sure, H, has been shown to be related to the yield pres-
sure obtained using dynamic testing methods and
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FIGURE 10.8 Schematic drawing of a simple triaxial press
with a split die.
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Heckel analysis.79 The dynamic hardness and tensile
strength are shown in Fig. 10.10 as a function of SF for
a common pharmaceutical excipient. One can clearly
see the impact of SF on the measured mechanical
properties.

10.4.3.5 Tableting indices

Using the methodology described above, several
indices of tableting performance have been developed
by Hiestand and coworkers.60,75 These indices provide
relative measures of properties (ie, dimensionless
numbers) that reflect the performance of materials dur-
ing processing.

10.4.3.6 Bonding Index

The purpose of the BI is to estimate the survival of
strength during decompression75; it is defined in
Eq. (10.9):

BI5
σT

H
ð10:9Þ

where:

σT is the tensile strength of the compact at a given
SF (typically 0.85 or 0.9 as defined by the user)
H is the permanent deformation pressure
(ie, hardness) of a compact at the same SF.

The BI is, in essence, a measure of the ability of a
material, on decompression, to maintain a high frac-
tion of the bond that was created during compression.
At maximum compression pressure, the bonded areas
are at a maximum, because the right areas of contact
are maximized. During decompression, some of that
area and bond is “lost” due to elastic recovery. A high
BI indicates that relatively speaking, a larger portion of
the strength remained intact after decompression. A
low BI indicates that less of the strength remains. The
term BI, then, is a good description since it, in effect,
characterizes the tendency of the material to remain
intact after it has been compressed. Tablets made of
materials with poor bonding characteristics may be
quite friable. Compacts made of materials with good
bonding indices may, conversely, make strong tablets.
A BI in excess of 0.01 (range 0.001�0.06) is typically
desired.

10.4.3.7 Brittle Fracture Index

The brittle fracture index (BFI) is a measure of the
brittleness of a material. It is a measure of the ability of
a compact to relieve stress around compact defects by
plastic deformation. The BFI is determined73,74 by com-
paring the tensile strength of a compact, σT, with that
of a compact with a small hole (stress concentrator) in
it, σTo, using the tensile test described above. A hole
in the center of a compact weakens it. If a material is
very brittle, theoretical considerations show that the
tensile strength of a tablet with a hole in it will be
about one-third that of a “defect free” tablet. If, how-
ever, the material can relieve stress, then the strength
of the compact with a hole in it will approach that of a
compact with no hole. The BFI is defined such that
very brittle compacts have a BFI of 1, and very non-
brittle materials have a BFI close to 0; it is calculated in
Eq. (10.10).73 BFI values less than 0.3 (range 0�1) are
indicative of relatively nonbrittle materials.

BFI5 0:5 � σT

σTo
�1

� �
ð10:10Þ

FIGURE 10.9 Pendulum impact device.
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10.4.3.8 Viscoelastic index

Hiestand and coworkers have further refined the
concept of BI to include both a worst-case and a best-
case BI.75 The BI is determined under different experi-
mental conditions: the rate at which the permanent
dent is made in a compact is varied such that the visco-
elastic properties of the material are assessed. If a mate-
rial is very viscoelastic, there is substantial stress
relaxation with time. It is reasonable to expect, then,
that tablets that are slowly deformed during the deter-
mination of the hardness, H, may retain more of the
bonded area than tablets that are rapidly deformed (ie,
as in the PID). This is because some of the stresses
developed during compaction will have a chance to be
relieved. The dynamic bonding index (BId), sometimes
called the worst case BI, is determined using a the PID
for measuring the indentation hardness (Hd). On the
other hand, the quasi-static bonding index (BIqs), also
sometimes referred to as the best case BI, is measured
using a “quasi-static” or slow method for measuring
indentation hardness (Hqs). The dynamic and quasi-
static BI is calculated as previously described. The vis-
coelastic index (VE) is defined as the ratio of the
dynamic to quasi-static indentation hardness:

VE5
Hd

Hqs
5

BIqs
BId

ð10:11Þ

10.4.3.9 Application of Quasi-static testing
to formulation development

The application of quasi-static testing methods and
interpretation has been discussed extensively in the

scientific literature. In addition to the pioneering work of
Hiestand and coworkers,60�62,73�77 additional research
discussing the application of this methodology is
available.33,63,80�89 Benefits of a complete characteriza-
tion of the mechanical properties of both the active ingre-
dient and the excipients used in the formulation include:

• fundamental understanding of critical mechanical
properties of the active ingredient and excipients;

• identification of mechanical property deficiencies
and attributes;

• selection of excipients that can overcome
deficiencies of active ingredient;

• identification of lot-to-lot variations in materials;
• identification of potential manufacturing problems

associated with tableting process (Retrieved from
http://www.authorstream.com/Presentation/
naveen.gokanapudi-1764246-preformulatio).

The reader is directed to the literature for a thorough
discussion of the application of mechanical property
characterization to formulation development. A funda-
mental understanding of the mechanical properties is
essential to understanding compaction properties and the
tableting process.60,61,75�77,79 Development of mathemati-
cal models of mixtures has been used by Amidon,90,91

and others,86,87,92 to identify the type and quantity of
excipient required to produce tablet formulations that
have acceptable manufacturing properties. Fig. 10.11
shows mechanical properties of binary mixtures of micro-
crystalline cellulose and lactose spray process.90,91,93 From
this figure, one can see that the mechanical properties of a
mixture may be estimated knowing the mechanical
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FIGURE 10.11 Mechanical properties of mixtures of microcrystalline cellulose and lactose spray process.
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properties of the two individual components. While the
mechanical properties of mixtures are complicated,94,95

estimating the properties of mixtures has been success-
fully used to identify suitable excipient types and quanti-
ties. A simplified equation for binary mixtures is given in
Eq. (10.12) or Eq. (10.13):

Φmixture 5 xðΦAÞ1 ð1�xÞðΦBÞ ð10:12Þ
logðΦmixtureÞ5 x logðΦAÞ1 ð1�xÞ logðΦBÞ ð10:13Þ

where:

Φmixture is the mechanical property of interest for
the mixture at the reference SF
ΦA, ΦB are the properties of the pure components of
the binary mixture at the same reference SF
x is the fraction of component A.

While either equation may be used, experience has
shown that the log-linear relationship shown in
Eq. (10.13) often produces better predictions for
mixtures of common lactose-microcrystalline cellulose-
based formulations. Further work is needed, however,
to explore the science and predictability of mixtures.

For ternary mixtures, that is, for mixtures containing
an API as one component and a second “placebo”
component containing two excipients, it is possible to
estimate the mechanical properties of a mixture by
extending this concept, as shown in Eq. (10.14).

logðΦformulationÞ5 y logðΦAPIÞ1 ð1�yÞ
�ð½x� logðΦAÞ1 ½1�x� log ΦBÞ ð10:14Þ

where:

y is the fraction of API in the blend
(12 y) is the fraction of the blend that constitutes
the placebo component.

While a simplification, this approach has been used
to predict the properties of mixtures.90,91,93 An example of
the predicted mechanical properties of a ternary blend
of API, and a placebo component consisting of microcrys-
talline cellulose and lactose spray process, is shown in
Fig. 10.12. A sound understanding of the mechanical
properties of the individual components, and the range of
desirable mechanical property values, allows for a ratio-
nal selection of excipient types, grades and quantities.

10.4.4 Dynamic testing

The most commonly used methods of studying the
mechanical properties of solids under dynamic condi-
tions include the use of the following instrumented
equipment:

• Hydraulic press;
• Eccentric (single station) tablet press;

• Rotary tablet press;
• Compaction simulator;
• Compaction emulator (eg, Presster).

Accurate measurements of force and distance
require careful construction of equipment and
placement of instrumentation; several publications are
available discussing these aspects.96,97 Appropriate
care is also needed during calibration, and for correc-
tion of measurements due to machine dimensional
changes; tablet punches, for example, deform elasti-
cally, and these changes should be considered.

While any of these instrumented presses may be
used, the most commonly used for dynamic testing is
the compaction simulator. The compaction simulator,98

because of its sophisticated control and monitoring of
the compaction process, offers the greatest flexibility in
compression conditions. It is possible, for example, to
carry out compression under constant velocity condi-
tions for the compression and decompression phases
(ie, saw-tooth compression profile)—something not
possible with other presses. Also of particular note is
the demonstrated utility of a “linear” tablet press emu-
lator (Presster), that offers many of the advantages of a
conventional compaction simulator in ease of use and
experimental flexibility, as well as its ability to simu-
late virtually any commercially available rotary tablet
press.99 One limitation of the Presster, though it may
also be viewed as a benefit, is that it uses compression
rolls of the same dimensions as those on a rotary tablet
press. Therefore, compression profiles are limited to
those described by conventional tablet press geome-
tries of the tablet punch tooling as it moves under the
compression rolls.

With proper instrumentation, “in die” or “at pressure”
measurements may be made during the compaction
process. For example, the compaction pressure versus
tablet porosity (compressibility) may be determined
for a single tablet. This information, obtained under
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FIGURE 10.12 Heckel plot.
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these dynamic testing conditions, can be used to
generate an “in die” Heckel plot. Alternatively, mea-
surements may be made on compacts after the tablet is
removed from the die. These are “out of die” or “at
zero pressure” measurements. Both in die and out of
die methods have their advantages. Among the advan-
tages of out of die measurements is that they represent
the “final product” after decompression and ejection.
The out of die properties are those by which the
dosage form are ultimately judged by the formulator,
by quality assurance, and by the consumer.

A variety of pressure�porosity equations have been
derived over the years.100�102 The most commonly
referenced of them is that of Heckel.102 The Heckel
equation (sometimes referred to as the Athy�Heckel
equation) was derived assuming that the change in SF
(ie, relative density) with compaction pressure is pro-
portional to the porosity of the compact. Therefore, as
porosity approaches zero, the change in SF with com-
paction pressure, dρ/dP, approaches zero. Therefore:

dρr
dP

Bε5 ð1�ρ rÞ ð10:15Þ

And, integrating Eq. (10.15), results in the classic
Heckel equation:

ln
1

1�ρr

� �
5 kP1A ð10:16Þ

where k is a measure of the plasticity of the material. It is
related to the yield strength, Y, of a material by
Eq. (10.17).102,103

k5
1

3y
ð10:17Þ

The constants in the Heckel plot are typically deter-
mined by regression analysis of the terminal linear por-
tion of a plot of ln(1/(12 ρr)) versus P (see Fig. 10.13).
The yield strength, Y, of the material under the dynamic
conditions of the test is a measure of the deformability.
In addition to yield strength, the shape of the Heckel
plot has been used to distinguish volume reduction
mechanisms.104 Three types or families of curves
are considered to reflect materials that undergo
consolidation primarily by: (1) plastic deformation,
(2) fragmentation, or (3) a variation of (1) which is
plastic flow with no initial particle rearrangement.

Additional information regarding the compaction
process may be obtained using dynamic testing condi-
tions, including work of compaction, work recovered
during decompression, work to overcome die wall fric-
tion, etc. A detailed discussion of these opportunities
is beyond the scope of this chapter, and the reader is
directed to the literature for further information. While
very valuable as a research tool, the quantitative use of

pressure�porosity measurements and analysis beyond
the determination of yield pressure does not appear to
be used routinely during formulation development
and optimization.

10.4.4.1 Application of dynamic testing
to formulation development

There are a number of reports of the use of dynamic
testing of active ingredients and excipients in the liter-
ature. There are two key benefits of dynamic testing:
(1) the properties can be determined under dynamic
conditions representing those in a production environ-
ment and (2) small quantities are typically required
(2�10 g). In contrast, disadvantages include the diffi-
culty of factoring out the individual mechanical prop-
erty “components” that, combined, determine how a
material behaves during compaction.

The relationships between compaction pressure, ten-
sile strength, and SF are critical to understanding and
characterizing the compaction process. The relation-
ship between these three parameters is described as:

• Compactibility: relationship between tensile
strength and SF;

• Tabletability: relationship between tensile strength
and compression pressure;

• Compressibility: relationship between compaction
pressure and SF or porosity;

• Manufacturability: relationship between tablet
crushing force and compression force.
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FIGURE 10.13 Predicted mechanical properties of a ternary
blend of API, micro crystalline cellulose and lactose spray process.
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Representative compactibility, tabletability, com-
pressibility, and manufacturability profiles for a
compactable excipient are shown in Figs. 10.14�10.17.
The compactibility, tabletability, and compressibility
profiles form the three faces of a three-dimensional
plot as shown in Fig. 10.18.63 The Presster compaction

emulator was used for these studies, although other
properly instrumented presses can also be used. The
compaction emulator was set up to emulate a Killian
RST tablet machine (250 mm compression rolls) with a
27 ms dwell time (corresponding to 28,800 tablets/
hour) using 10 mm diameter flat-faced round punches
with no precompression force.

Compactibility is the ability of a powder to be trans-
formed into tablets with a resulting strength.105 It is
represented by a plot of tensile strength versus SF. The
compactibility is the most valuable of the three proper-
ties since it reflects the two most important effects of
applied pressure: tablet strength, and SF. A representa-
tive compactibility profile of an excipient is shown in
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FIGURE 10.14 Compactibility profile using a compaction emulator.
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FIGURE 10.15 Tabletability profile using a compaction emulator.
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FIGURE 10.17 Manufacturability profile using a compaction
emulator.

FIGURE 10.18 Three-dimensional tablet tensile strength, solid
fraction, and compaction pressure curve.
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Fig. 10.14. If one can achieve an acceptable tensile
strength at an acceptable SF with the application of
pressure, a satisfactory tablet can be produced.
Compactibility plots are largely independent of the
process by which compacts are made since only mea-
sured tablet properties (tensile strength and SF) are
involved. Compactibility plots are useful as a tool to
compare formulations made on different equipment. If
the formulations are the “same,” then the “same” com-
pactibility plots will be obtained.63

Tabletability is the capacity of a powder to be trans-
formed into a tablet of specified strength under the
effect of compaction pressure.105 It is represented by a
plot of tensile strength versus compaction pressure.
Tabletability describes the effectiveness of the applied
pressure in increasing the tensile strength of the tablet,
and demonstrates the relationship between the cause
(the compaction pressure), and the effect (the strength
of the compact) (see Fig. 10.15). Normally, a higher
compaction pressure makes a stronger tablet.
However, this relationship is often found to be speed
dependent. Also, at high pressures, some materials
may have lower tensile strength due to overcompac-
tion.106 Characterization of the tabletability provides
excellent insight into the compaction process and
mechanical properties of a material.

Compressibility is the ability of a material to undergo
a reduction in volume as a result of an applied
pressure.105,107 It is a measure of the ease with which
a powder bed undergoes volume reduction under
compaction pressure; it is represented by a plot show-
ing the reduction of tablet porosity (ie, the increase in
SF) with increasing compaction pressure (Fig. 10.16).
Compressibility is often described by the Heckel
equation.102 Heckel plots, for example, have been
widely used to assess the mechanism of deformation,
and as a tool to estimate yield pressure. It is also well-
known that tablet porosity is an important parameter,
for example, in tablet disintegration and dissolution,
since some porosity is often necessary to facilitate liquid
penetration into tablets.103,108

Manufacturability, a plot closely related to tablet-
ability, shows the relationship between the tablet
crushing force (related to tensile strength), and com-
paction force (related to compression pressure). The
manufacturability profile (Fig. 10.17) is commonly con-
sidered by formulation scientists since it reflects the
“measured” properties of a dosage form during
manufacturing (tablet crushing strength and compres-
sion force). In general, however, pressure and tensile
strength are preferred parameters to consider.

In summary, characterization of the compactibility,
tabletability, compressibility, and manufacturability of
a formulation provides valuable information of the
compaction process and the prospects for a successful

tableting process in manufacturing. Obtaining tablets
with adequate tensile strength at a reasonable SF with
acceptable compression pressure is the key to success.
Robust formulations must not be on the “edge;” that
is, they should provide the manufacturing scientist
with the ability to adjust compression pressure to
achieve the desired tensile strength and still maintain
the SF in a desirable range, such that the tablet per-
forms as required.

10.5 CONCLUSIONS

As timelines become tighter and shortened, it has
become more important than ever to quickly and effi-
ciently characterize the critical properties of materials
that will influence product development and perfor-
mance. In this chapter, a discussion of those particle,
powder, and compact properties that are most impor-
tant in developing solid dosage forms has been dis-
cussed. The focus has been on methods that yield
important information, yet require small quantities of
materials. With a sound understanding of these prop-
erties, formulation development can proceed most effi-
ciently and scientifically with greater success.
Tomorrow’s formulation and process scientists will
require a sound understanding of these pharmaceuti-
cal material science principles, and must be able to
apply them to the design and development of dosage
forms in an efficient and scientifically rigorous way.
The beauty of science is the knowledge and ability it
gives us to predict the future reliably. As formulation
and process scientists, the future we need to predict
accurately is that of a consistent, reliable, manufactur-
able product that performs as expected.
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11.1 BARRIERS TO ORAL DRUG
DELIVERY

Oral drug delivery is the most popular and econom-
ical route of drug administration. Barriers to oral drug
delivery include solubility and dissolution, absorption,
presystemic metabolism, and excretion. For drugs
whose targets are easily accessible, the portion of
drugs reaching systemic circulation after overcoming
all of these barriers is considered bioavailable. Certain
drugs that must reach hard-to-access target organs,
such as the central nervous system (CNS) and drug-
resistant cancer cells; and must be transported across
additional barriers (eg, the blood�brain barrier) to
their targets. Consequently, these barriers may repre-
sent an additional hurdle that should be overcome for
delivering orally administered drugs.

All oral drugs must generally be dissolved in the
aqueous environment of the gastrointestinal (GI) tract
before they can be absorbed. This seemingly simple pro-
cess is actually a significant challenge to the develop-
ment of new oral drugs, especially lipophilic molecules
that are poorly soluble in aqueous solutions. Several
chapters in this book deal with this issue; thus, we will
not discuss them in detail here. An important issue to
recognize is that the transit time for solid-dosage forms
or undissolved drug solids in the upper GI tract (ie,

stomach and small intestine) typically ranges from 2 to
6 hours.1 Therefore, dissolution rates must be sufficiently
high to dissolve these solids for absorption.

Once dissolved in the gastric fluid, drug molecules
must stay soluble throughout the GI tract. This require-
ment is not trivial because the pH of the GI tract
changes from highly acidic (pH1.5) in the stomach to
slightly basic (pH8) in the lower small intestine and
colon; as this change could alter the solubility of numer-
ous drugs, this factor should be considered when
designing solubility and dissolution experiments.

Dissolved drugs are absorbed via different transcel-
lular and paracellular pathways across the intestinal
tract. A paracellular pathway is defined as drug trans-
port between cells, whereas a transcellular pathway is
defined as drug transport across the cells (through api-
cal and basolateral membranes). Transcellular path-
ways include passive diffusion and carrier-mediated
transport, whereas paracellular pathways mainly
involve passive diffusion.

Drugs are primarily absorbed in the small intestine,
where the absorption area is very large (100 m2 or an
area equivalent to that of a tennis court). Absorption in
the colon is generally limited and can be highly vari-
able because of undigested materials, bacteria, and
variable water content. Given these factors, GI transit
plays a significant role in the absorption of drugs.
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After absorption into intestinal cells, some drugs may
be subjected to first-pass metabolism by various
intestinal metabolic enzymes. Escaping the intestinal
metabolism does not guarantee bioavailability because
the drugs absorbed from the stomach and intestine
(large and small), with the exception of those absorbed
at the terminal rectum, are subject to additional first-pass
metabolism by the liver. Metabolites formed in the
intestinal cells can be directly or indirectly excreted back
to the lumen after they are taken up by the liver cells
and excreted via bile. Metabolites formed in hepatocytes
can also be excreted via bile. Alternatively, all metabo-
lites formed in enterocytes or hepatocytes may stay in
the blood, where they are eliminated via the kidneys.

11.1.1 Intestinal barrier

The intestinal tract is traditionally recognized as an
organ for absorption. However, absorption in this
organ does not occur without selection, which is based
on several factors. The first factor is the size of the
molecules. Large molecules are not absorbed unless
their quantities are minute, such as in the case of anti-
gen delivery (eg, polio vaccine). Hepatic, pancreatic,
gastric, and intestinal enzymes will degrade typical
macromolecules, such as proteins, polypeptides, and
polysaccharides, into much smaller molecules. These
smaller molecules are often hydrophilic and require
the assistance of protein transporters in order for
uptake into the cells to occur. This size restriction is
enabled by the mechanical barrier of the intestinal
cells, which is made of mucus, cell membranes, and
tight junctions.

Several small molecules can diffuse into the circula-
tory system with ease via passive diffusion, but others
cannot because of the presence of efflux transporters
(eg, P-glycoproteins (P-gps)), which prevent the
entrance of certain lipophilic substances. Small mole-
cules that are taken up by the intestinal cells can be
rapidly metabolized by the phase I and phase II
enzymes in the enterocytes. Phase II enzymes appear
to be the major metabolic enzymes that are capable
of deactivating a large number of polyphenols and
phenolics.2 The excretion of phase I metabolites is
usually straightforward, with the vast majority using
the same pathway as the parent compound. The excre-
tion of many phase II metabolites, especially those that
are highly hydrophilic, requires the action of efflux
transporters.2 These transporters are often coupled to
the phase II enzymes to achieve optimal functionality.

Finally, the expression of enzymes and transporters
is highly region-dependent. Duodenal expression of an
enzyme or a transporter is usually, if not always, differ-
ent from those of the terminal ileum and colon.3,4 These

region-dependent expression levels can often be used as
indicators that a transporter or enzyme is involved in
drug uptake via experimental systems (eg, regional
intestinal perfusion) that take advantage of this fact.

11.1.2 Hepatic barrier

The hepatic barrier is distinctly different from the
intestinal barrier, in that the liver tends to be relatively
uniform. The primary barrier of the liver is the pres-
ence of vast amounts of metabolic enzymes, which
tend to inactivate lipophilic substances absorbed from
the intestine that also escape intestinal metabolism.
Both phase I and phase II enzymes are expressed in
abundant quantities and varieties in the liver. The
main phase I enzymes in the liver belong to the cyto-
chrome P450 superfamily. These enzymes often pro-
duce metabolic products that can be further
conjugated (via phase II enzymes) to hydrophilic moie-
ties so that the final metabolites are highly hydrophilic.
Then hydrophilic metabolites are often excreted to bile
or carried to the kidneys for elimination.

Another important component of the liver barrier is
the presence of various efflux transporters that line the
bile canalicular membrane.5 These transporters are
capable of excreting parent compounds, phase I meta-
bolites, and phase II metabolites out of the hepato-
cytes. Similar to the phenomena in the intestine, the
functions of enzymes and efflux transporters can be
interdependent, thereby resulting in significantly faster
and more extensive metabolism than predicted. These
coupling processes have been labeled as double jeopardy
and revolving door mechanisms; explanations of these
processes are provided later in the chapter.

11.2 PATHWAYS OF DRUG ABSORPTION

Absorption is the process of transferring chemical
substances from the GI tract through its wall into the
bloodstream and lymphatic stream. In general, absorp-
tion does not differ between drugs and food, but dif-
ferent mechanisms of absorption and differences in
absorption rates occur in different parts of the GI tract.
The absorption of drugs depends on physicochemical
factors, including formulation factors (eg, rates of dis-
integration and rates of drug release from polymeric
dosage forms), drug factors (eg, solubility and lipophi-
licity), and biological factors (eg, stomach-emptying
rate and GI membrane permeability).

The two main mechanisms of drug transport across
the GI epithelium are transcellular (ie, across cells) and
paracellular (ie, between cells). The transcellular path-
way is further divided into simple passive diffusion,
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carrier-mediated transport (active transport and facili-
tated diffusion), and endocytosis. These pathways are
illustrated in Fig. 11.1. Transport across the healthy
intestinal epithelium by the paracellular route (path-
way C) is minimal because of the presence of tight
junctions. Only small hydrophilic molecules are
allowed to pass between cells unless a modulator of
the tight junctions (pathway F) is present.6,7

Transcellular transport of a molecule can occur via a
passive mechanism (pathway A) or by a specific car-
rier (pathway B). For passive flux to occur, a molecule
must have the correct physicochemical properties (eg,
size, charge, lipophilicity, hydrogen-bonding potential,
and solution conformation) to cross the lipophilic api-
cal and basolateral membranes and diffuse through
the cytoplasm, which is an aqueous environment sepa-
rating the two membranes.8 However, compounds that
are absorbed by this route may be substrates for intra-
cellular metabolism and apically polarized efflux
mechanisms (pathway G), such as P-gps, which trans-
port compounds from inside the cell back into the
intestinal lumen.8,9 Compounds may also be transcel-
lularly absorbed by utilizing naturally occurring car-
riers that will transport the compounds from the
lumen into the cell. Some drugs are absorbed via
carrier-mediated pathways. For instance, L-dopa and
oral cephalosporins are absorbed by amino acid and
dipeptide transporters, respectively.10,11 Endocytosis of
compounds (pathway D) is minimal in the adult small
intestine and is not a probable mechanism of drug
absorption by the intestine. Most orally administered
drugs are absorbed by passive transport.8

11.2.1 Paracellular diffusion

The paracellular pathway involves the transport of
materials between cells rather than across cells. The

pathway differs from all the other absorption path-
ways described later in this chapter. In the intestine,
the cells are joined together via closely fitting tight
junctions on their apical side. The intercellular spaces
occupy only about 0.01% of the total surface area of
the epithelium. The tightness of these junctions can
considerably vary between different epithelia in the
body. The paracellular pathway decreases in impor-
tance downstream of the GI tract because the numbers
and sizes of the junctional gaps between the epithelial
cells decrease.

The paracellular route of absorption is important for
the transport of ions, such as calcium, and the trans-
port of sugars, amino acids, and peptides at concentra-
tions above the capacity of their transport carriers.
Small hydrophilic and ionized drugs are not distrib-
uted into cell membranes, and they cross the GI epi-
thelium via the paracellular pathway. The molecular
weight cutoff for the paracellular route is usually con-
sidered to be 200 Da, although some larger drugs have
been shown to be absorbed via this route, albeit usu-
ally at exceedingly small quantities. The paracellular
pathway can be divided into a convective (solvent
drag) component and a diffusive component. The con-
vective component is the rate at which the compound
is carried across the epithelium as the result of the
water flux.

11.2.2 Passive diffusion

Passive diffusion is the preferred main route of
absorption; thus, it is more likely to be used by low-
molecular-weight lipophilic drugs. In the process,
drug molecules pass the lipid membrane via passive
diffusion from a region of higher concentration in the
lumen to a region of lower concentration in the blood.
This lower concentration is primarily maintained by
the blood flow. The rate of transport is determined by
the physicochemical properties of the drug, the nature
of the membrane, and the concentration gradient of
the drug across the membrane. The process initially
involves the partitioning of the drug between the aque-
ous fluids within the GI tract and the lipoidal-like
membrane of the epithelial membrane. The drug in the
membrane diffuses across epithelial cells or cells
within the GI barrier to the blood in the capillary net-
work of the lamina propria. Upon reaching the blood-
stream, the drug is rapidly carried away by blood
flow, thereby maintaining a much lower concentration
at the basal side than that at the apical side, thereby
maintaining the so-called sink effect. If the cell mem-
branes and fluid regions of the GI-blood barrier are
modeled as a single membrane, the stages of GI
absorption could be represented by the model in

FIGURE 11.1 Potential modes of absorption of drug molecules
across the intestinal epithelium: A, transcellular passive diffusion;
B, carrier-mediated transcellular diffusion; C, paracellular diffusion;
D, transcellular diffusion by endocytosis; E, transcellular diffusion
and incorporation into lipid particles; F, paracellular diffusion with a
modulator of tight junctions; G, transcellular diffusion modified by a
polarized efflux mechanism.
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Fig. 11.2. The mechanism of the passive pathway
follows Fick’s law, where the absorption rate is pro-
portional to the drug concentration gradient and the
surface area. Given the notably different lipid and
protein compositions of the apical and basolateral
membranes, the rate of passage across these two bar-
riers could be different for the same molecule.

The pathway has been assumed to exist solely in
one single absorbable species. However, many drugs
are weak electrolytes that exist in aqueous solution as
two species: the unionized species and the ionized spe-
cies. The unionized form of a weak electrolyte drug
exhibits greater lipid solubility compared with the cor-
responding ionized form, and the GI membrane is
more permeable to the unionized species. Thus, the
rate of passive absorption of a weak electrolyte is
related to the fraction of the total drug that exists in
the unionized form in solution in the GI fluids at the
site of absorption. This fraction is determined by the
dissociation constant of the drug (eg, its pKa) and by
the pH of the aqueous environment. According to the
pH-partition hypothesis, if the pH on one side of a cell
membrane differs from the pH on the other side of the
membrane, then the drug (weak acid or base) will be
ionized to different degrees on the respective sides of
the membrane. Moreover, the total drug concentration
(ionized plus unionized drug) on either side of the
membrane will be unequal, with the compartment in
which the drug is more highly ionized containing the
greater total drug concentration. For these reasons, a
weak acid will be rapidly absorbed from the acidic
environment (such as pH1.2), whereas a weak base
will be poorly absorbed from the acidic environment.

11.2.3 Carrier-mediated transport

Theoretically, a lipophilic drug may pass through a
cell or move around cells during the absorption pro-
cess. If the drug has a low molecular weight and is
lipophilic, the lipid cell membrane is not an effective
barrier to drug diffusion and absorption. For hydro-
philic drug molecules, numerous specialized carrier-
mediated transport systems, present in the body
(especially in the intestine), may be used for their
absorption. Normally, these carriers are utilized for the
absorption of ions and nutrients and involves specific
interaction between the molecule and the transporter
or carrier in a saturable mechanism, as shown in
Fig. 11.3. Two types of transport exist: active and pas-
sive carrier-mediated transport. The active carrier-
mediated transport is either Na1- or H1-linked with
bifunctional carriers. This process requires metabolic
energy and can work against a concentration gradient
of the substrate. By contrast, passive carrier-mediated

FIGURE 11.2 Diagrammatic representation of absorption via passive diffusion.

FIGURE 11.3 Schematic representation of the carrier-mediated
transport of a drug across the intestinal membrane.
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transport does not require metabolic energy and is
driven by the concentration gradient of substrate.
These carrier-mediated mechanisms are utilized by
some drugs as pathways for entering cells. The best
documented examples are β-lactams and cephalospo-
rin antibiotics,12 which are substrates for proton-driven
dipeptide transporters. Peptide mimetic angiotensin-
converting enzyme inhibitors, such as captopril, are
also absorbed by carrier-mediated systems.13

11.2.3.1 Active transport

Compared with passive diffusion, active transport is
an energy-consuming process where compounds can
be transported against a concentration gradient across a
cell membrane (ie, transport can occur from a region of
lower concentration to one of higher concentration).
This process is illustrated in Fig. 11.3. The energy arises
either from the hydrolysis of adenosine triphosphate
(ATP) or from the transmembrane ion gradient, electro-
chemical potential, or both. Numerous carrier-mediated
active transport systems or membrane transporters are
available in the small intestine and can be present on
either the apical or basolateral membrane. These
membrane transport systems include peptide transpor-
ters; nucleoside transporters; sugar transporters; bile
acid transporters; amino acid transporters; organic
anion transporters (OATs); efflux transporters of
multidrug-resistant (MDR) proteins, such as MDR1,
multidrug-resistant associated proteins (MRPs), and
breast cancer resistant protein (BCRP); and vitamin
transporters.

Unlike passive absorption, where the rate of absorp-
tion is directly proportional to the concentration of
the absorbable species of the drug at the absorption
site, active transport only proceeds at a rate that is pro-
portional to the drug concentration at low

concentrations. The carrier mechanisms may become
saturated at higher concentrations, and further
increases in drug concentration may not increase the
rate of absorption (ie, the rate of absorption remains
constant).

Competition occurs between two similar substrates
for the same transport mechanism, and inhibition
of absorption of one or both compounds is another
characteristic of carrier-mediated transport. Some sub-
stances may be absorbed by simultaneous carrier-
mediated and passive transport processes. Generally,
the contribution of the carrier-mediated process to the
overall absorption rate decreases with concentration
and is negligible at a sufficiently high concentration.

In summary, the characteristics of active transport
mechanisms are as follows: (1) The process must have
one or multiple carrier transporters, (2) the process
must be activated by ATP energy, (3) the process shows
temperature dependence, and (4) active transport can
be competitively inhibited by substrate analogs or spe-
cific inhibitors. Active transport also works to excrete
several drugs in the intestine, kidney, liver, and bile.

11.2.3.1.1 Peptide transporters

As described previously, most oral chemical drugs
rely on passive diffusion to cross cell membranes.
However, some orally administered peptidomimetic
drugs are absorbed through the intestinal peptide trans-
port system14,15 (Fig. 11.4). In this transport process, the
proton gradient provide the driving force for peptide
uptake into intestinal epithelial cells via proton-
dependent peptide transporters located in the apical
membranes.16 Peptides that are resistant to hydrolysis
by intracellular peptidases are transported across the
basolateral membrane via the basolateral peptide trans-
porters.17 The Na1/H1-exchanger generates and

FIGURE 11.4 Accepted model for intestinal transepithelial peptide transport.
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maintains the inward proton gradient on the luminal
surface, while the Na1/K1-ATPase present in the baso-
lateral membrane maintains a low intracellular sodium
concentration. Protons are cotransported with peptides
across the epithelial membrane; thus, this system is also
referred to as the H1-dependent peptide cotransport
system.16 Peptide transporters can accept dipeptides
and tripeptides as physiological substrates, thereby
indicating their much broader substrate specificity than
other nutritional transporters. Consequently, drugs and
xenobiotics with structures resembling small peptides
(eg, β-lactam antibiotics), are recognized by the peptide
transporters. Therefore, peptide transporters work
as nutritional transporters and drug transporters
(Fig. 11.4).

Currently, the peptide transporters are divided into
two types: those localized at the brush-border mem-
branes of epithelial cells, and those localized at the baso-
lateral membrane of intestinal and renal epithelial cells.
Two-border-type peptide transporters have been identi-
fied and designated as PEPT1 and PEPT2. These polyto-
pic integral membrane proteins have 12 predicted
membrane-spanning domains (MSDs) and NH2- and
COOH-terminal ends facing the cytosol. Western blot
analysis of protein preparations of the intestine and
kidney have identified PEPT1 and PEPT2 via immunore-
activity as glycosylated proteins with molecular masses
of about 75 and 100 kDa, respectively.18,19 The mamma-
lian PEPT1 protein is comprised of 701�710 amino
acids, depending on the species, and is highly
glycosylated.20�22 Digestion of PEPT1 (about 75 kDa)
with endoglycosidase A shifts its mass significantly to
63 kDa.22 The PEPT2 gene encodes a 729�amino acid
protein19 and shares 48% amino acid identity with
PEPT1 predominantly in transmembrane domains
(TMDs). PEPT1 and PEPT2 share the lowest identity in
the large extracellular loop connecting TMD9 and
TMD10, perhaps signaling some difference in substrate-
binding recognition. The PEPT2 protein is also glycosy-
lated; the molecular mass of the mature protein is about
107 kDa and its nonglycosylated mass is 83 kDa.23 The
genomic organization of peptide transporter genes has
also been elucidated. Human PEPT1 and PEPT2 genes,
for example, have been mapped to chromosomes 13q33-
34 and 3q13.3-q21, respectively.21,24

Peptide/histidine transporter 1 (PHT1) have sub-
strate specificity similar to that of PEPT1 and PEPT2
but possess other distinct functional properties. Unlike
PEPT1 and PEPT2, these transporters are localized at
basolateral membranes of intestinal and renal epithe-
lial cells.25 Absorption of peptidelike drugs through
the intestinal epithelial requires the crossing of two
distinct membranes; that is, uptake by epithelial cells
from the lumen across the brush-border membrane
(presumably by PEPT1/PEPT2), followed by transfer

to the bloodstream across the basolateral membrane
(presumably by PHT1). Although orally active
β-lactam antibiotics are efficiently taken up from the
intestine, these compounds are difficult to move across
the basolateral membranes by passive diffusion
because of their hydrophilicities. This leads to the
study of the basolateral peptide transporter in the
intestinal epithelial cells. The characterization of pepti-
delike drug transport via the basolateral membranes of
Caco-2 cells grown on microporous membrane filters
demonstrated that the PHT1 transporter, which is dis-
tinguished from PEPT1, is expressed in the basolateral
membranes of intestinal epithelial cells.26,27

The intestinal peptide transporters, especially
PEPT1, have been key target molecules for prodrug
approaches.28 Under this scheme, appropriately
designed molecules in the form of dipeptide or tripep-
tide analogs can be absorbed across the intestinal
brush-border membranes via PEPT1 and may be
absorbed intact or hydrolyzed intracellularly by pepti-
dases or esterases prior to exiting the cells. In addition
to PEPT1, the intestinal basolateral PTH1 transporter
has the ability to transport nonpeptidic compounds
such as δ-ALA, which is a precursor of porphyrins and
heme. Here, δ-ALA plays an important role in the pro-
duction of heme-containing proteins.27 The transport
of δ-ALA by PEPT1 and the basolateral peptide trans-
porter has been reported to explain the good bioavail-
ability of δ-ALA (approximately 60% in humans).27,29

11.2.3.1.2 Amino acid transporters

The endothelial lining of blood vessels provides a
barrier for the exchange of nutrients and is actively
involved in the local control of vascular homeostasis.
Multiple transport systems mediate the influx of cat-
ionic, neutral, sulfonic, and anionic amino acids across
the plasma membrane of mammalian cells. Molecular
cloning approaches have led to the identification of
Na1-dependent and Na1-independent amino acid
transport systems. Table 11.1 summarizes the nomen-
clature used to designate these amino acid transport
systems. Note that the ionic dependency and Km corre-
sponding to the different transport systems were com-
piled from the cited publications and do not necessarily
reflect the transport properties of all cell types.30

The different carrier proteins mediating transport of
cationic amino acids include the Na1-independent sys-
tems y1, y1L, b0,1, and b1, as well as the Na1-depen-
dent system B0,1. System b1 was originally described
in mouse blastocysts and is highly specific for cationic
amino acids, whereas the other systems also can trans-
port neutral amino acids. System y1 is the principal
cationic amino acid transport system expressed in
NO-producing cells and most likely plays a key role in
regulating L-arginine supply for NOS. Although
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information on ASCT-, PROT-, GLYT-, TAUT-, and
EAAT-associated amino acid transport in vascular cells
is limited, recent evidence indicates that bovine aortic
endothelial cells express a taurine transporter sharing
a high degree of sequence homology with that of the
mTAUT complementary DNA (cDNA) isolated from
the brain.31

Similarities between the transport of cationic amino
acids in renal proximal tubules and the small intestine
have been recognized. In patients with the renal abnor-
mality cystinuria, lysine and ornithine transport in the
intestinal tract is also defective. For this reason, and with
considerable prescience, the genetic defect underlying
cystinuria is also evident in the small intestine. This

TABLE 11.1 Mammalian Amino Acid Transport Systems and Identified Transporters30

Transporter system Associated protein or cDNA SLC number Amino acid selectivity Ionic dependency Km, μM

CAT-ASSOCIATED TRANSPORT

y1 CAT-1 SLC7A1 Cationic No 70�250
CAT-2A or CAT-2/2α SLC7A2 Cationic No 2150�5200

y1 CAT-2B or CAT-2/2β SLC7A2 Cationic No 38�380
y1? CAT-3 SLC7A3 Cationic No 40�120

CAT-4 SLC7A4 Cationic (Arg) No 450�910
HETERODIMERIC GLYCOPROTEIN (4F2HC, CD98)�ASSOCIATED TRANSPORT

y1L y1LAT1 SLC7A7 Neutral/cationic Na1 (neutral) 340

y1L y1LAT2 SLC7A6 Neutral/cationic Na1 (neutral) 6�10
L LAT1/LAT2 SLC7A8 Large neutral No 30�300
xc

2 xCT SLC7A11 Cystine/glutamate No 40�92
Asc Asc-1 SLC7A10 Small neutral No 9�23
rBAT-ASSOCIATED TRANSPORT

b0,1 b0,1, AT SLC7A9 Neutral/cationic cystine No 88

UNKNOWN HEAVY CHAIN�ASSOCIATED TRANSPORT

asc Asc-2 SLC7A10 Small neutral No 2.9

NA1 AND/OR CL2 OR H1�ASSOCIATED TRANSPORT

A ATA1/2/3(SAT1/2/3 or SA 1/2/3) SLC38A1 Neutral/N-Me group Na1 . 200

N SN 1/2/3 ASNS Gln, Asn, His Na1/H1 150�1600
ASC ASCT 1/2a SLC1A4 Neutral Na1 9�464
B0,1 ATB0,1 SLC6A14 Neutral/cationic Na1/Cl2 23�140
Pro PROTa SLC6A7 Praline Na1/Cl2 6

Gly GLYT 1/2a SLC6A5/9 Glycine Na1/Cl2 17

Betalike mTAUTa SLC6A6 β-amino-acids Na1/Cl2 3�13
GAT-1-3 SLC6A11/12 GABA and/or β-amino acid Na1/Cl2 1�20
BGT-1

EAAT1-5a SLC1A3/2/1/4/5 Glu and/or Asp Na1, OH2/HCO3 18�97
X2

AG Glu, Asp Na1 About 200

x2AG Glu No About 230

aCloned high-affinity amino acid transporters from the brain or retina that may not exhibit kinetic properties described in other peripheral cell types. Lowercase nomenclature for

the classical transport systems denotes Na1-independence.

Summary of the classical nomenclature for the majority of amino acid transport systems and the nomenclature adopted for recently cloned amino acid transport

proteins. The substrate specificity, ionic dependency, and Michaelis constant (Km) values included in this table were compiled from the cited references and

reviews.

Ala, alanine; Ser, serine; Cys, cysteine; Gln, glutamine; Asn, asparagine; His, histidine; Glu, glutamate; Asp, aspartate.
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notion is compatible with the findings of early studies,
which indicated that net transport of three basic amino
acids against a concentration gradient occurs in the ham-
ster intestine in vitro, and that these amino acids share
the same transport system as cysteine.32

The Na1-dependent and Na1-independent trans-
port systems for cationic amino acids have been identi-
fied in the brush border of the small intestine.
Evidence also shows that efflux across the basolateral
membrane constitutes a rate-limiting step of transe-
pithelial cationic amino acid transport. During lysine
transport across the intact epithelium, the intracellular
amino acid concentration may be up to fivefold higher
than that in the lumen; by contrast, the accumulation
of solute in tissues is much less for neutral amino
acids.33,34

The principles of transepithelial cationic amino acid
transport exemplified in the intestine are also applica-
ble to the kidney. In the kidney, the Na1 dependence
and electrogenicity of the brush-border transport of
cationic amino acids are controversial. Thus, various-
studies with membrane vesicles conclude that Na1-
dependent secondary active transport occurs,35 that
transport is electrogenic but Na1-independent,36 and
that electroneutral transport takes place in the absence
of Na1.37 A model for the reabsorption of cationic
amino acids in the kidney was recently proposed and
is shown in Fig. 11.5.32

11.2.3.1.3 Organic anion-transporting peptides

OATs and organic cation transporters (OCTs) are
two of the major transporter families responsible for
the absorption, distribution, and elimination of envi-
ronmental xenobiotics, plant or animal toxins, and
drugs. Although both transport systems have distinct
substrate preferences, OAT is for those carrying
negative charges and OCT is for those carrying
positive charges. Both share several common features,
including similar predicted transmembrane topology,
interaction with numerous structurally and pharmaco-
logically diverse compounds, and broad expression
patterns in tissues, such as kidney, liver, intestine,
brain, and placenta. Six members of the OAT family
have been identified thus far: OAT1, OAT2, OAT3,
OAT4, OAT5, and URAT1. These OATs have primary
structures of 526�568 amino acid residues and a pre-
dicted secondary structure of 12 TMDs. These multi-
specific transporters are expressed in a variety of
tissues, including the kidney, liver, brain, and placenta,
with a wide range of recognized substrates. Six mem-
bers of the OCT family have been identified: OCT1,
OCT2, OCT3, OCTN1, OCTN2, and OCTN3. Based on
their primary structures, OCTs and OCTN3 are distinct
subfamilies within the OCT group. Like OATs, com-
mon structural features of OCT family members
include 12 TMDs, a large hydrophilic loop between
TMDs 1 and 2 carrying several potential glycosylation

FIGURE 11.5 Model for renal reabsorption of cationic amino acids (AA1) and cysteine (CssC). Participation of various broad-scope sys-
tems (b0,1, y1L, and B0,1) and interactions with neutral amino acids (AA0) are indicated. Note the proposed functions of rBAT (b0,1) and 4F2
(y1L) proteins in apical and basal membranes, respectively. GSH, glutathione; GSSG, oxidized glutathione. Source: Redrawn from Deves R, Boyd
CA. Transporters for cationic amino acids in animal cells: discovery, structure, and function. Physiol Rev 1998;78:487�545.
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sites, and multiple potential phosphorylation sites
localized on the large intracellular loop between TMDs
6 and 7.38

OAT1 and OAT3 transporters belong to the classi-
cally described OATs in the kidney proximal tubules,
which utilizes a tertiary transport process to move
organic anions across the basolateral membrane into the
proximal tubule cells for subsequent exit/elimination
across the apical membrane into urine. This tertiary
process in the basolateral membrane includes the
following steps:

1. Na1 K1-ATPase pumps Na1 out of the cells and
generates an inwardly direct Na1 gradient.

2. This Na1 gradient then moves dicarboxylates into
the cells through an Na/dicarboxylate cotransporter
(SDCT2). This process, in conjunction with an
ongoing cellular metabolic activity, sustains an
outwardly directed dicarboxylate gradient.

3. The dicarboxylate gradient transfers organic anions
into the cells via OAT1 and OAT3, which serve as
organic anion/dicarboxylate exchangers.

Whether other members of the OAT family, such as
OAT2 and OAT4, use a similar transport mechanism
remains unknown. Oat5 is exclusively localized in the
kidney. Oat5 urinary excretion was recently proposed
as a potential early biomarker of acute kidney injury.39

After being transported across the basolateral mem-
brane into the proximal tubule cells, organic anions
exit across the apical membrane into the urine for
elimination. However, the mechanism for this apical
step is not yet well understood.40,41

The characteristics of organic cation transport by
OCT1, OCT2, and OCT3 are electrogenicity, reversibil-
ity of transport direction, and independence from
Na1.42 For OCTNs, the transport modes depend on
the substrates; and hOCTN1 and rOCTN1 mediate
pH-dependent and Na1-dependent transport of tri-
methylamine or TEA.43,44 However, mOCTN1 med-
iates carnitine transport in an Na1-dependent
manner.45 OCTN2, which has significant affinity for
carnitine and TEA, transports carnitine in an Na1-cou-
pled manner. However, OCTN2 transports other
organic cations, including TEA, in an Na1-indepen-
dent manner.46,47 OCTN2-mediated transport is also
pH-dependent and electrogenic, as was recently dem-
onstrated by the two-electrode voltage clamp tech-
nique.48 By contrast, the OCTN3-mediated transport of
carnitine is Na1-independent.45

Three synthetic opioid peptides: DPDPE, DADLE,
and deltorphin II are transported by certain members
of the OATP/Oatp family, including rodent Otap1,
Oatp2, and Oatp449,50 and human OATP-A, OATP-C,
and OATP-8.50�53 Enkephalins may also be recognized

by some of these transporters. The primary location of
most of these transporters is the basolateral membrane
of hepatocytes.49,51,54�56 Therefore, these transporters
play a critical role in the uptake of opioid peptides by
the liver for subsequent elimination into bile. OATP-A
is located in the brain capillary endothelial cells in
humans50,53 and may be expected to be an important
determinant of the transfer of opioid peptides across
the blood�brain barrier. Evidence of marked changes
in the ability of OATP-A to transport opioid peptides
due to genetic polymorphisms has been reported.53

11.2.3.2 Facilitated transport

Facilitated transport is a carrier-mediated process
that differs from active transport because the facili-
tated process cannot transport a substance against its
concentration gradient. Therefore, facilitated transport
does not require energy input but does require a con-
centration gradient as the driving force, which is simi-
lar to passive diffusion. In facilitated diffusion,
substances are transported down the concentration
gradient at a much faster rate than would be antici-
pated based on the molecular size and polarity of the
molecule for pure diffusion. The facilitated process,
like active transport, is saturable and subject to inhibi-
tion by competitive inhibitors. Facilitated diffusion
seems to play a very minor role in drug absorption.

11.2.3.2.1 Nucleoside transporters

Nucleosides are precursors for nucleic acid synthe-
sis, which is fundamental to the control of growth and
metabolism in all living systems. Nucleosides are
hydrophilic and diffuse slowly across cell membranes.
To facilitate the salvage of these precursors for nucleo-
tide biosynthesis, cells employ a complex transport
systems consisting of multiple carrier proteins known
as the nucleoside transporters. The physiologic roles of
these transporters include the salvaging of precursors
for DNA and RNA synthesis and the regulation of
adenosine-mediated neuromodulation by controlling
its concentrations at the receptor site. Several therapeu-
tic nucleoside analogs rely on nucleoside transporters
to enter or exit cells. Consequently, the expression and
functional characteristics of these transporters in the
absorptive/excretory organs and target/nontarget cells
exert an important effect on the pharmacokinetics, effi-
cacy, and toxicity of nucleoside analogs.57

Two major classes of nucleoside transport systems,
equilibrative and concentrative, have been identified.
The equilibrative system comprises facilitated carrier
proteins, whereas the concentrative system consists of
Na1-dependent secondary active transporters.
Multiple subtypes with distinct substrate specificity
and inhibitor sensitivity exist within each major class.
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Cloned equilibrative nucleoside transporters (ENTs)
share significant sequence homology and belong to a
so-called ENT gene family, whereas genes encoding
Na1-dependent nucleoside transporters belong to a
concentrative nucleoside transporter (CNT) gene family.

In polarized cells, such as renal and intestinal epi-
thelia and hepatocytes, ENTs and CNTs are asymmet-
rically distributed between the apical and basolateral
membranes to mediate the vectorial-transepithelial
flux of nucleosides (Fig. 11.6). ENTs mediate the facili-
tated diffusion of nucleosides across membranes and
bidirectionally function according to the substrate con-
centration gradient. Based on sensitivity to nitroben-
zylthioinosine (NBMPR), which is a tight-binding and
highly specific inhibitor, ENTs have been classified
into two subtypes: es (equilibrative sensitive) and ei
(equilibrative insensitive). The es subtype binds to
NBMPR with high affinity via noncovalent interactions
at a high-affinity binding site on the transporter pro-
tein. By contrast, the ei subtype is not affected by
NBMPR at nanomolar concentrations and becomes
inhibited only at high NBMPR concentrations.58 Both
es and ei transporters exhibit broad substrate selectivity
and are widely distributed in different cell types and
tissues. More recently, the two transporters were
renamed as ENT1 and ENT2 according to their charac-
teristics and belong to a large NET gene family, the
members of which are also found in yeast, protozoans,
insects, and plants.59

Moreover, two new mammalian ENT members
(ENT3 and ENT4) with unknown function have been
identified from the public sequence database.
Compared with ENTs, which mediate the passive

downhill flux of nucleosides, CNTs mediate the active
uphill transport of nucleosides. These transporters uti-
lize the inwardly directed Na1 gradient established by
the ubiquitous Na1/K1-ATPase to move substrates
into cells against their concentration gradients. Unlike
ENTs, Na1-dependent nucleoside transporters exhibit
distinct substrate selectivity for purine or pyrimidine
nucleosides to regulate various physiological pro-
cesses, including neurotransmission and cardiovascu-
lar activity.

Based on functional studies in cell and tissue pre-
parations, five Na1-dependent nucleoside transporter
subtypes (N1�N5) have been identified. The N1 (or
cif) subtype is mainly purine-selective but also trans-
ports uridine. The N2 (or cit) subtype is pyrimidine-
selective but also transports adenosine. The N3 (or cib)
subtype is broadly selective and transports both purine
and pyrimidine nucleosides. The N4 subtype trans-
ports pyrimidine and guanosine and is characterized
in brush border membrane vesicles isolated from the
human kidney. The N5 subtype, which is NBMPR sen-
sitive and transports formycin B and cladribine, is
described only in human leukemia cell lines. To date,
the genes encoding N1�N3 transporters have been
cloned, and these genes belong to a CNT gene family.
The genes encoding N4 and N5 transporters have not
been identified.57

The clinical significance of nucleoside transporters
can be summarized as follows:

• A number of anticancer nucleoside analogs rely
on nucleoside transporters to enter cells to reach
their cellular targets. For these drugs, the expression
of nucleoside transporters on cancer cells is a

FIGURE 11.6 Model of transepithelial nucleoside flux mediated by Na1-dependent nucleoside transporters (CNTs) and ENTs in the
lumen of the intestine.

306 11. ORAL ABSORPTION BASICS: PATHWAYS AND PHYSICOCHEMICAL AND BIOLOGICAL FACTORS AFFECTING ABSORPTION

II. BIOPHARMACEUTICAL AND PHARMACOKINETIC EVALUATIONS OF DRUG MOLECULES AND DOSAGE FORMS



prerequisite for the cytotoxicity of nucleoside
analogs. Loss of nucleoside transporters in tumor
cells can lead to drug resistance.

• If a drug is a substrate for nucleoside transporters,
the distribution of these transporters in various
tissues and organs (particularly absorptive and
excretory organs) may influence its pharmacokinetic
and toxicological properties.

• Nucleoside transporters themselves could serve as
drug targets.

In conclusion, nucleoside transporters are critical in
determining the intracellular bioavailability and sys-
temic disposition of therapeutic nucleoside analogs.
Knowledge of nucleoside transporters is important in
the evaluation and prediction of the kinetics, targeting,
efficacy, and toxicities of nucleoside-derived drugs.

11.3 PATHWAYS OF DRUG METABOLISM

Drug metabolism usually involves a variety of
enzymes, which by definition (from a biochemical per-
spective) typically helps increase efficiency (by acting
as a catalyst) to biotransform a substrate into a product
by reducing the required threshold energy for the reac-
tion. Two categories of drug metabolism are well
recognized in the field today—namely, phase I and
phase II metabolism. In general, phase I metabolism
acts as the first step in the drug metabolic process, in
which its product often becomes a substrate for
phase II metabolism. When lipophilic endobiotics and
xenobiotics enter cells through passive diffusion or
uptake transporters, phase I enzymes often facilitate
the first enzymatic reaction that acts to clear them
from the body. The phase II reactions are the true
detoxification pathways and produce metabolites that
are generally highly water-soluble and can be readily
excreted from the body in the form of bile or urine.

11.3.1 Phase I metabolism

Phase I drug-metabolizing enzymes (DMEs) can cat-
alyze a wide array of chemical reactions that facilitate
xenobiotic metabolism and elimination. A common
theme apparent for all phase I enzymatic reactions is
that the final products are usually modified to contain
a chemically reactive functional group (ie, hydroxyl,
amine, sulfa, and carboxylic acid).60

This property supports the well-documented
concept that phase II metabolism (ie, glucuronidation,
glycosidation, sulfation, methylation, acetylation, glu-
tathione conjugation, amino acid conjugation, fatty
acid conjugation, and condensation) is the true detoxi-
fication step for xenobiotic elimination in the body

(discussed in detail next). Because phase I reactions
add functional groups onto a substrate for phase II
metabolism to occur, phase I metabolism becomes a
necessary prerequisite for the detoxification of
xenobiotics.

Phase I metabolism also occurs during nutrient
digestion, which typically involves hydrolysis reac-
tions. These reactions include the hydrolysis of pro-
teins, polysaccharides, and polymeric nucleotides and
nucleosides61,62 and typically provide nutrients useful
to the human body. Additional phase I reactions
include hydrolysis of the ester bond, which is neces-
sary for the processing of fatty acids and their deriva-
tives, to produce monoglyceride and fatty acids for
absorption.63 We emphasize here that some drugs may
also undergo hydrolysis in the GI tract and the liver,
but these drugs are uncommon.

11.3.1.1 Oxidative metabolism

Many drugs and other xenobiotics are biotrans-
formed by oxidative reactions, which are defined as
reactions that remove electrons from a molecule. Two
types of enzymatically mediated oxidation reactions
are known:

• Oxygen is incorporated into the drug molecules by
the insertion of a hydroxyl group (�OH).
Hydroxylation is the most common reaction type in
phase I metabolism and usually produces a
chemically stable and more polar hydroxylated
metabolite than the drug.

• Hydroxylation sometimes creates
unstable compounds that spontaneously split into
small molecules by losing parts of the drug
molecules. Different biotransformation processes,
such as dealkylation and deamination, are mediated
by this basic mechanism.

When most experts in the drug metabolism field are
asked about phase I metabolism, typical conversations
focus on oxidation metabolism involving the cyto-
chrome P450 (CYP) enzyme family because CYP oxida-
tion reactions are very important and highly diverse;
thus, these reactions have received a considerable
amount of research focus. However, oxidation reac-
tions not related to CYP are also observed and typi-
cally involve the metabolism of endogenous substrates.
The list of common names for oxidative metabolism
via hydroxylation include dehydrogenases (eg, alcohol
dehydrogenase), oxidases (eg, amine oxidase), and aro-
matases (eg, P450arom).64

11.3.1.1.1 Cytochrome P450 enzymes

The majority of research on phase I metabolism has
focused on cytochrome P450 (CYP) proteins (the num-
ber 450 reflects the absorption maxima of the enzymes
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at 450 nm using the CO-binding spectrum). As a super-
family of enzyme proteins, CYP plays a very important
role in the phase I oxidative metabolism of drugs.

Because CYPs are responsible for the primary
metabolism of a large variety of drugs in vivo,65 deter-
mination of the mechanisms of CYP reactions has been
emphasized. The importance of CYP can be observed
from various perspectives. From a basic research per-
spective, CYP eliminates xenobiotics by preparing a
substrate for phase II metabolism through addition of
reactive functional groups. However, this does not
mean that phase I metabolites cannot be excreted or
eliminated from the body through either active or pas-
sive efflux. From the point of view of drug design, a
thorough understanding of CYP behavior and its activ-
ities with xenobiotics can help predict possible adverse
reactions of drugs and provide solutions to improve
drug efficacy and administration.66 Therefore, the US
Food and Drug Administration (FDA) has paid a sig-
nificant amount of attention to this subject. In a recent
draft from the agency providing guidance on drug
interaction studies, the need to define the metabolism
of a new investigational drug clearly during early
drug development was stressed.

CYPs are located in the endoplasmic reticulum,
which can oxidize various xenobiotics. Because CYPs
have a prosthetic group known as iron protoporphyrin
IX, they are categorized as heme-containing enzymes.
Heme iron is bonded to the rest of the enzyme by four
pyrrole nitrogen atoms of protoporphyrin IX and two
axial ligands to the porphyrin plane. The two axial
ligands (known as the fifth and sixth ligands) and
their complex configuration states enable CYPs to

hydroxylate a wide variety of substrates. The overall
main catalytic function of CYPs is to insert one atom of
oxygen into a substrate (oxygenation) (Fig. 11.7).

11.3.1.1.2 Nomenclature of CYP

The nomenclature for CYP is essentially based on
the degree of structural similarity among different
enzyme isoforms. Current nomenclature guidelines
suggest that members of CYP families share $ 40%
amino acid identity, while CYP enzymes in the same
subfamily share $ 55% amino acid identity. Individual
enzymes within the same subfamily are identified
based on their catalytic specificity, which is often
defined using a so-called probe substrate. Virtually all
CYP enzymes are designated with the root CYP, fol-
lowed by an Arabic numeral for the gene family (eg,
CYP3), a capital letter for the subfamily (eg, CYP3A),
and another Arabic number for a particular gene (eg,
CYP3A4).

Because of the wide variety of CYPs that exist in
nature, the classification of these enzymes is also a
rather complex issue because newly found isoforms are
continuously published in the literature. Amidst this
confusion, Dr David R. Nelson developed and main-
tained an updated website that reports all known CYP
genes across species. In addition to this database,
sequence alignments and information about known
structures are also available on the Internet (http://
drnelson.uthsc.edu/CytochromeP450.html). Humans
have 57 genes and over 59 pseudogenes divided into 18
families and 41 subfamilies of CYP genes (Fig. 11.8).
Most drugs are metabolized by CYP families 1, 2, and 3.

FIGURE 11.7 Generalized catalytic cycle for cytochrome P450-mediated oxidation.
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Despite the highly diverse amino acid compositions
and enzyme mutations (commonly point mutations,
such as single nucleotide polymorphisms) of CYPs that
occur quite frequently in nature, the structures of
CYPs are so well conserved that their catalytic func-
tions can be well preserved. However, some mutations
can cause serious damage to the catalytic capacity of
CYP enzymes, leading to complicated pathologies such
as Antley-Bixler syndrome.60 Another example in
which polymorphism greatly affects patient reaction to
drugs is seen in the case of warfarin (ie, the S enantio-
mer form has higher activity than the R form).
CYP2C9 is the main isoform responsible for S-warfarin
metabolism. Patients with polymorphisms, particularly
CYP2C9�2 and CYP2C9�3 (both heterozygous and
homozygous), have major deficiencies in S-warfarin

metabolism, making them susceptible to a higher inci-
dence of life-threatening bleeding.67

11.3.1.1.3 Hydroxylation

Hydroxylation reactions are typically very common
reactions for compounds that have aromatic rings
in their chemical structures. Because many drugs
and xenobiotics consist of aromatic rings, hydroxyl
derivatives are quite commonly seen in nature for
both drugs and xenobiotics. Another very common
hydroxylation reaction is seen in aliphatics. Of interest
to cancer research are epoxidation reactions where
unstable intermediates are formed. Although some-
times derived from polycyclic compounds, epoxide
formation is important, as it is often the first step in

FIGURE 11.8 Phylogenetic tree representing human CYP proteins.
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aromatic hydroxylation, which may lead to carcinogen
activation.

The essential formula that underlies all hydroxyl-
ation reactions is seen as chemically modified with the
addition of one or more hydroxyl groups (�OH). In
the example given in Fig. 11.9, alkene (starting com-
pound) is oxidized through the addition of hydroxyl
groups.

11.3.1.2 Reductive metabolism

Reductive metabolism in mammalian species is
quite rare and seldom occurs in the metabolism of
drugs and xenobiotics. However, reductive metabolism
and ring fission frequently occur in the intestinal
microflora.68 The essential formula that underlies
all reduction reactions is seen when a chemical is mod-
ified in two ways: (1) addition of hydrogen and
(2) removal or reduction of oxygen. The commonality
that exists for reductive metabolism is that it requires
nicotinamide adenine dinucleotide phosphate
(NADPH) as a necessary component in the reaction
mixture but is generally inhibited by oxygen. This
observation differs from mixed-function oxidase
reactions, where oxygen is required for reaction.

The major groups of compounds metabolized by
reductive reaction are compounds with nitro or azo
functional groups. These compounds are reduced to
their amines—for example, conversion of 30-azido-30-
deoxythymidine (zidovudine) to 30-amino-30-deoxythy-
midine (Fig. 11.10). Aldehydes and ketones are also
reduced to their corresponding alcohols by aldo-
ketoreductases (Fig. 11.11). Reductive dehalogenation of
halothane to 2-chloro-1,1-difluoroethylene (Fig. 11.12) is
another important reductive reaction in the mammalian
liver, especially under anaerobic conditions.

11.3.1.3 Hydrolysis

11.3.1.3.1 Necessity of hydrolysis

The necessity for hydrolysis with regard to both
absorption and metabolite conversion (to parent com-
pound) can be exemplified by the intestinal disposition
pathways for compounds such as isoflavones. Natural
isoflavones exist predominantly in the form of glyco-
sides. In order for them to be absorbed, the lactase
phlorizin hydrolase that resides on the surface of the
intestinal lumen must be utilized to cleave the sugar

(ie, glucose) group from the isoflavone glycoside.69,70

Only then can the isoflavone aglycone (no sugar group
attached) be substantially absorbed into the intestine.
Furthermore, hydrolysis by β-glucuronidases derived
from bacteria in the colon or enterocytes of the upper
small intestine is also a necessary step in the enteric
recycling and local recycling of isoflavones. This step
hydrolyzes the phase II metabolites of isoflavones back
to the isoflavone aglycone form in the intestine, which
can be reabsorbed.

11.3.1.3.2 Common hydrolysis substrates

Three main groups of compounds subjected to
hydrolysis are amides, carbamates/hydrazides, and
esters. Some important compounds metabolized in this
way are aspirin (Fig. 11.13), lidocaine (Fig. 11.14), and
isoniazid (Fig. 11.15). Hydrolysis of esters usually
takes place through both nonspecific and specific
esterases. Amides can also be hydrolyzed via nonspe-
cific esterases in the plasma. However, amidases in
the liver are more specific and have shown greater
amide-hydrolyzing capacity. Hydrazide and carbamate

FIGURE 11.9 Chemical equation of alkene oxidization from
donated hydroxyl groups.

FIGURE 11.10 Chemical equation of azo-reduction of
zidovudine.

FIGURE 11.11 Chemical equation of reductive reaction of
naloxone.

FIGURE 11.12 Chemical equation of reductive dehalogenation of
halothane.
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groups are the least common functional groups sub-
jected to hydrolysis.

11.3.2 Phase II metabolism

Phase II enzymes catalyze conjugating reactions in
the classification of drug metabolic pathways.
Although drugs can undergo phase I and phase II
reactions simultaneously, one pathway typically domi-
nates. For most prescription drugs and drug candi-
dates under development, the predominant pathway is
not phase II metabolism. Instead, phase II metabolism
often occurs following phase I metabolism, which
serves to eliminate drug molecules from the body.

The main metabolic pathways of some compounds
involve phase II conjugations. For example, the major
metabolic pathway of polyphenol is phase II conjuga-
tion. Once absorbed, polyphenols are subjected to
three types of conjugation (namely, glucuronidation,
sulfation, and methylation).2,71�73 Glucuronidation and
sulfation metabolize polyphenols into very hydrophilic
conjugates, whereas methylation produces metabolites
that are similarly (if not slightly more) lipophilic than
the substrates.2 Upon methylation, the products (which
are still phenols) are usually conjugated subsequently
into glucuronides and sulfates since methylation pri-
marily occur on catechols. Therefore, conjugation

enzymes that catalyze the formation of hydrophilic
metabolites significantly affect the bioavailability of
drugs or xenobiotics.

11.3.2.1 UDP-glucuronosyltransferases or UGTs

Human UDP-glucuronosyltransferase (UGT)
enzymes mainly catalyze the reaction referred to as
glucuronidation, which involves the covalent linkage of
glucuronic acid, derived from the cofactor UDP-
glucuronic acid (UDP-GA), to a substrate bearing a
suitable functional group (Fig. 11.16). Nucleotide
sequences encoding 22 human UGT proteins have
been identified, and these sequences have been classi-
fied into four gene families, including UGT1 on human
chromosome 2q37, UGT2 on chromosome 4q13, UGT3
on chromosome 5p13.2, and UGT 8 on chromosome
4q26. The UGT1 and UGT2 families are the most
important in terms of drug metabolism, with the high-
est efficiency obtained using UDP-GA as the glycosyl
donor. By contrast, UGT3 and UGT8 enzymes are gen-
erally inactive with UDP-GA as the sugar donor,
instead, they utilize UDPGlc, UDPGlcNAc, or
UDPGal. Evidence suggests that the enzymes of these
two families are unlikely to contribute significantly to
drug metabolism.74

At the cellular level, all UGTs are membrane-bound
proteins located in the smooth endoplasmic reticulum
of many tissues.75 The liver has been well established
to contain the most diverse and abundant UGT
enzymes. With the exception of UGT1A5, 1A7, 1A8,
1A10, and 2A1, all members of the UGT1 and UGT2
families are expressed in the human liver. In addition
to hepatic expression, UGT1A and 2B enzymes are dif-
ferentially expressed in other tissues, including the
kidneys and GI tract, which are considered the most
important sites of extrahepatic drug metabolism. The
general patterns of UGT expression in the small intes-
tine and colon closely resemble that in the liver, each
with a large number of significantly expressed
enzymes that sometimes overlap. However, the expres-
sion of UGT2B4, the most abundant isoform in the
liver, is limited throughout the GI tract; UGT1A7, 1A8,
and 1A10, which are essentially absent from the
human liver, are expressed in the small intestine and
colon.74 Significant interindividual variability is nota-
bly present in UGT tissue expression.

11.3.2.2 Sulfotransferases or SULTs

Sulfotransferases (SULTs) are soluble and highly
active cytosolic enzymes. They catalyze the transfer of
a sulfate moiety from 30-phosphoadenosine-50-
phosphosulfate to a hydroxyl group on various sub-
strates.76,77 Compared with UGT isoform-catalyzed
metabolism, much less is known about how SULT iso-
forms metabolize their substrates and the relationships

FIGURE 11.13 Chemical equation of ester hydrolysis, using
aspirin as an example.

FIGURE 11.14 Chemical equation of amidehydrolysis, using
lidocaine as an example.

FIGURE 11.15 Chemical equation of hydrazide hydrolysis, using
isoniazid as an example.
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of structural activities involved. The latter may be due
to the following facts: sulfation is often the secondary
metabolic pathway (to glucuronidation and other
phase II reactions), only a handful of isoforms are com-
mercially available, and commercially available SULTs
are much more expensive than UGTs. Therefore, iso-
forms that are specifically involved in the conjugation
of polyphenols have yet to be clearly identified.
However, sulfation can still account for a large per-
centage of the phase II metabolism at lower concentra-
tions and may serve as the primary metabolic pathway
for certain compounds such as resveratrol.78

11.3.2.3 Glutathione transferases or GSTs

Similar to UGTs and SULTs, glutathione trans-
ferases (GSTs) are also important in the detoxification
process.79,80 The metabolic products of GSTs are very
polar and require the assistance of efflux transporters
to exit the cells. More important, glutathione depletion
can significantly affect the function of this enzyme.
Compared with UGTs and SULTs, GSTs appear to be
superior in detoxifying carcinogenic and oxidizing
agents. Xenobiotics and natural polyphenols are capa-
ble of inducing GSTs, which is critical to maintain an
organism’s ability to fight oxidative stress and cancer
(in mammals).79,81

11.3.2.4 Other conjugating enzymes

Unlike UGTs and SULTs, methyltransferases such
as catechol-O-methyltransferase catalyze the O-methyl-
ation of several catechol-containing polyphenols,

thereby forming metabolites that are just as polar as or
slightly less polar than the parent compound.80 This
O-methylation reaction is subjected to strong inhibitory
regulation by S-adenosyl-L-homocysteine, which is
formed in large quantities during the O-methylation of
tea polyphenols. Although methylation may not be the
major metabolic pathway, its importance in the
mechanisms of tea polyphenols cannot be underesti-
mated; methylated metabolites tend to have different
activities and some may resist inactivation via UGTs
and SULTs.

Similar to methyltransferases, many other phase II
enzymes such as acetyltransferases also produce fewer
hydrophilic molecules. However, glutamyltransferases
and other transferases produce more hydrophilic meta-
bolites to facilitate their elimination.

11.4 PATHWAYS OF DRUG ELIMINATION

The absorptive transport of foods, drugs, or xeno-
biotics across the intestinal lumen is the first step for
them to become bioavailable. As stated previously, the
three general routes of absorptive transport include
passive transport, facilitated diffusion, and active
transport. The actual transport route of these mole-
cules typically depends on their sizes and respective
chemical polarities. In general, small hydrophobic
molecules are passively transported across the lumen,
whereas many hydrophilic nutrients are transported
via protein transporters (as discussed earlier in this

FIGURE 11.16 Glucuronidation reaction scheme.
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chapter). Traditionally, research has focused on how to
facilitate the absorptive transport of drugs.

More recently, more attention has been paid to
active transport, by which molecules can be actively
effluxed out of the intestinal lumen. In addition to
excreting or eliminating absorbed molecules, these
transporters may be responsible for eliminating
phase I and/or phase II metabolites of drugs
(as described in detail in the earlier sections of this
chapter). To date, several processes of active efflux
have been identified. Active transport proteins, such as
P-gps, MRPs, and other OATs s, play a major role in
governing the intestinal absorption and metabolism of
drugs, together with the action of hepatic enzymes and
efflux transporters, which determine the bioavailability
of drugs and xenobiotics.

11.4.1 P-Glycoprotein

11.4.1.1 Introduction to P-gp

The history of P-gp goes hand in hand with human
cancer and chemotherapy. Upon the discovery of cyto-
toxic drugs that can destroy cancer cells, researchers
also discovered that drug resistance (for multiple
drugs) can impede the effects of these drugs. P-gp was
the first active transporter protein to be discovered,
over 30 years ago. Two research groups greatly con-
tributed to the discovery of P-gp and determined this
transporter as the major culprit responsible for multi-
drug resistance (MDR). In 1968, the Ling Lab at the
University of Toronto initially used somatic cell genet-
ics to investigate colchicine resistance in Chinese ham-
ster ovary cells, which linked P-gp to MDR.82 In the
meantime, Dr Michael Gottesman’s lab at the National
Cancer Institute was able to clone the amplified DNA
sequences related to the MDR phenotype in cell lines.83

From both of their works, we now know that MDR
and P-gp genes are identical. Today, we know that P-
gp and other more recently identified proteins act as
efflux transporter pumps with a broad specificity for a
variety of substrates.

11.4.1.2 Structure of P-gp

P-gp is a member of a diverse family (over 50 mem-
bers) of ATP-binding cassette (ABC) transporters that
efflux xenobiotics and certain endogenous substances
such as bile acids and bilirubin. Dependent on ATP,
the P-gp structure shares extensive sequence homology
and domain organization compared with other mem-
bers of this superfamily. The most conserved region is
the ABC domain range, approximately between 200
and 250 amino acids consisting of two nucleotide-
binding domains (NBDs) located toward the cyto-
plasmic face of the membrane.84 More specifically,

P-gp contains 12 transmembrane regions split into two
halves, each of which contains an NBD.

11.4.1.3 Nomenclature of ABC transporters

P-gp and other members of the MDR-type transpor-
ters are organized and classified under the MDR/TAP
(transporter associated with antigen processing) pro-
tein subfamily. Within the ABC superfamily, MDR-
type transporters, such as P-gp (also known as MDR1),
MDR3, and BSEP (bile salt export pump, also known
as the sister of P-gp), are grouped within the B sub-
family and are designated as ABCB1, ABCB4, and
ABCB11, respectively.

11.4.1.4 Substrates for P-gp

Substrates for P-gp are typically lipophilic and cat-
ionic. As previously mentioned, a large number of
compounds are substrates/inhibitors for P-gp, includ-
ing anticancer agents, antibiotics, antivirals, calcium
channel blockers, immunosuppressive agents, and
plant chemicals normally found in the human diet.85

11.4.1.5 Disruption of P-gp activity

The nature of P-gp is to limit the absorption of com-
pounds by driving the efflux back into the lumen,
which in turn limits the bioavailability of these com-
pounds. Data from both in vitro and in vivo studies
use human intestinal epithelial cell lines86 and P-gp-
knockout mice,87 respectively, showed that disruption
of P-gp activity could lead to potentially hazardous
consequence with regard to drug disposition.
Essentially, disruption of P-gp means elimination of a
compound in the body via excretion will be substan-
tially decreased (if the compound is predominantly
eliminated by P-gp), thereby increasing sensitivity to
toxicity as a result of a net increase in compound
exposure.

11.4.2 Multidrug-resistance associated proteins

11.4.2.1 Introduction to MRPs

MRPs were discovered much later compared with
P-gps. For instance, MRP1 was first cloned in 1992
from a human small cell lung cancer cell line that did
not express P-gp.88 MRP2 was later cloned in 1996
from rat liver and designated as cMRP,89 as well
as from human liver, and designated as a canalicular
multispecific OATs.90 MRP3 was discovered later and
was found to be most closely related to MRP1, sharing
58% amino acid identity.91 In general, all currently
known MRPs (MRP1-9) were discovered later than
P-gp, and relatively little information exists regarding
the function and expression patterns of the more
recently discovered MRPs (MRP7-9).
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11.4.2.2 Structure of MRPs

As mentioned in the section entitled “Structure of
P-gp,” earlier in this chapter, the general structure of
P-gp and MRPs comprises 12 transmembrane regions
split into two halves, each of which contains an NBD.
MRP structures are only slightly more complex than
P-gp. MRP1-3 and MRP6-7 have a total of 17 trans-
membrane regions, with another 5 transmembrane
regions at the N-terminus. However, these 5 regions
do not have an additional NBD. More interestingly,
MRP4 and MRP5 do not have these additional regions
and thus resemble that of P-gp, which has only 12
transmembrane regions.

11.4.2.3 Nomenclature of MRPs

The nomenclature of MRPs is consistently updated
because more novel MRP transporters are being dis-
covered. The subfamily that incorporates MRPs is
called the MRP/CFTR (cystic fibrosis transmembrane
conductance regulator), which includes MRP1�MRP9,
CFTR, and sulfonylurea receptors 1 and 2.

11.4.2.4 Substrates for MRPs

The substrates of MRPs differ among each individ-
ual isoform and their localization. However, the over-
all mechanistic function of MRP is to eliminate
compounds from the cell through efflux. For MRPs,
studies have shown that this transporter can confer
resistance to cytotoxic drugs such as vincristine,92

peptides,93 heavy metal anions,94 and endogenous
metabolites such as bilirubin glucuronides.95 More spe-
cifically, MRP2 is centrally involved in the detoxifica-
tion process through its ability to secrete metabolites
into bile. The importance of MRP2 is clearly seen in
patients who suffer from Dubin-Johnson syndrome,
with defective MRP2 that impairs the ability to secrete
glutathione and its conjugates, as well as bilirubin glu-
curonides.96 MRP3 exhibits affinity for bile salts and is
especially important in mediating bile salt reabsorp-
tion. While it is clear that some major overlaps exist
with regard to substrate specificity for these MRPs,
they do seem to have specific roles in the disposition
of xenobiotics and endogenous compounds. Much has
yet to be discovered with regard to the substrate speci-
ficities and functions of the recently discovered MRP
transporters (MRP7-9).

11.4.2.5 Disruption of MRP activity

As previously mentioned, the substrate specificity
of MRPs can differ, as can their localization in the cell.
Therefore, the effect of the disruption of MRP activity
on the disposition process of xenobiotics or endoge-
nous compounds can differ greatly. In general, various
MRPs seem to overlap with regard to substrate

specificity. Thus, disruption of a specific MRP isoform,
such as MRP3, will probably not result in major physio-
logical dysfunction because MRP1 (if expressed and
functional) functions similarly to MRP3. However, this
is not the case for all MRPs, as certain isoforms
(ie, MRP2) seem to be more critically important to
the body than others. As mentioned in the previous
section, dysfunction of MRP2 in humans can cause
Dubin-Johnson syndrome.96 Data from our laboratories
also illustrate the vital role of MRP2 in the efflux of
metabolite conjugates with respect to the enterohepatic-
recycling process of isoflavones and flavonoids.101�104

11.4.3 Breast cancer resistance protein

11.4.3.1 Introduction to BCRP

Human BCRP is one of three major ABC proteins
involved in drug disposition. It is encoded by the
ABCG2 gene, which is located on chromosome 4q22.
The gene was named as such because it was initially
cloned from an MDR breast cancer cell line, where it
was found to confer resistance to chemotherapeutic
agents. BCRP is physiologically expressed in a variety
of tissues, most abundantly in the GI tract, liver, kid-
ney, brain endothelium, mammary tissue, testis, and
placenta. It has a significant role in limiting oral
bioavailability and transport across the blood�brain
barrier, blood-testis barrier, and the maternal-fetal
barrier of certain drugs and substrates.105,106 The role
of BCRP in drug disposition can now be fully appre-
ciated because of its wide distribution, expression,
and broad substrate and inhibitor specificity. BCRP is
recognized by the FDA to be one of the key drug
transporters involved in the disposition of clinically
relevant drugs.

11.4.3.2 Structure of BCRP

BCRP is a “half ABC transporter” consisting of 655
amino acids and 6 TMDs.107 It is a member of the sub-
family G of the human ABC transporter superfamily,
which, in humans, consists of five homologous half
transporters, with the ABC domains located toward
the N-terminus of the polypeptide chain. BCRP con-
tains only one NBD and one MSD; these features dis-
tinguish the protein from P-gp and MRP1, which
contain two tandem-repeated halves. In addition, the
NBD in BCRP precedes its MSD, a domain organiza-
tion contrasting that of P-gp and MRP1.108,109

11.4.3.3 Nomenclature of BCRP

BCRP is the second member of the subfamily G of
the human ABC transporter superfamily; hence, it is
also named ABCG2. BCRP was also independently
cloned by two other groups named ABCP (for the
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human placenta�specific ABC gene)110 and MXR.111

MXR is cloned from mitoxantrone-resistant S1-M1-80
human colon carcinoma cells.

11.4.3.4 Substrates for BCRP

ABCG2 is a drug transporter with a broad range
of endogenous and exogenous substrates, including
both positively and negatively charged and large
amphiphilic molecules. Substrates of BCRP were
initially reported to include a wide range of chemother-
apeutics, such as mitoxantrone, camptothecin deriva-
tives, flavopiridol, and methotrexate.108 In addition
to chemotherapeutics, drugs including prazosin,
glyburide, cimetidine, sulfasalazine, and rosuvastatin
have been shown to be BCRP substrates.108,112 Recently
developed tyrosine kinase inhibitors such as imatinib,
gefitinib, and nilotinib are also known BCRP
substrates.108 A variety of photosensitizers, including
pheophorbide A, protoporphyrin IX, and related com-
pounds, are also BCRP substrates.113 Besides transport-
ing neutral substrates, BCRP transports conjugated
organic anions, particularly sulfated and glucuronide
conjugates and organic conjugates of drugs, xenobio-
tics, and endogenous substances.108 Other BCRP
substrates include chemical toxicants, phototoxic com-
pounds, and flavonoids.108,112 Collectively, BCRP has a
broad range of substantially overlapping substrate
specificity, which is distinct from that of P-gp or MRP1.

11.4.3.5 Disruption of BCRP activity

As previously mentioned, BCRP actively excretes
a wide variety of chemically unrelated compounds
from the cells. This protein protects mammalian cells
and tissues against various xenobiotics and has a
crucial role in the intestine, liver, placenta, and the
blood�brain barrier. Disruption of BCRP activity can
differ greatly with respect to drug toxicity or the
prevention of drug toxicity. Moreover, the role of BCRP
in drug disposition is now fully appreciated because it
resembles P-gp in tissue distribution and expression.
Similar to P-gp, BCRP has a broad substrate specificity.
Thus, disruption of BCRP activity could lead to poten-
tially hazardous consequences with regard to drug
disposition (ie, drug-drug interactions).

11.4.4 Organic anion transporters

11.4.4.1 Introduction to OATs

The discovery of OATs began almost 70 years ago.
At that time, the anionic dye phenolsulphophthalein
was observed in very high concentrations in the renal
convoluted tubules, which suggested a tubular secre-
tion process. This finding essentially gave rise to the
discovery of organic anion (and cation) transport.

11.4.4.2 Structure of OATs

Organic anion transporter 1 (OAT1) was first cloned
from rat kidney in 1997 and functionally identified as
an OAT.114,115 OATs and OCTs share a predicted 12-
TMD structure with a large extracellular loop between
TMD 1 and 2, carrying potential N-glycosylation sites.
Conserved amino acid motifs exhibited a relationship
with the sugar transporter family within the major
facilitator superfamily.

11.4.4.3 Nomenclature of OATs

Although the type I and type II classifications of
OCTs are formally recognized, this is not the case with
OATs. Currently, the most useful method is to
acknowledge that OATs can be separated and classi-
fied with respect to molecular weight, net charge, and
hydrophobicity. Therefore, type I OATs are relatively
small (generally ,400 kDa) and associated with mono-
valent compounds such as p-aminohippurate. Type II
OATs are bulkier (generally .500 kDa), polyvalent in
nature, and associated with compounds such as
calcein.

11.4.4.4 Substrates of OATs

Substrates for OATs typically include weak acids
that have a net negative charge on carboxylate or sul-
fonyl residues at physiological pH. Although OATs
can perform endogenous transport via active secretion
of the proximal tubule of compounds, such as ribofla-
vin, the principal function of OATs is to eliminate
excess levels of xenobiotic agents.116 This includes
many of the products of phase I and phase II hepatic
biotransformation, as well as anionic drugs.117

11.4.4.5 Disruption of OATactivity

Disruption or alteration of OAT activity because of
underexpression or overexpression is reflected in its
pathophysiological states. Essentially, accumulation of
uremic toxins (of which many are organic anions) in
the kidney as a result of OAT dysfunction will lead to
general renal disease.118

11.5 COUPLING OF ENZYMES
AND EFFLUX TRANSPORTERS

Until recently, conjugating enzymes such as UGTs
and their ability to metabolize compounds (phase II
metabolism) were believed to be the most important
steps in the disposition of xenobiotics. The ability of
UGTs to biotransform a lipophilic compound into a
more hydrophilic metabolite (via the addition of a glu-
cose sugar molecule) was initially believed to be the
major biological barrier to the entry of xenobiotics/
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drugs into systemic circulation, representing one of the
main pathways for their elimination.2 However, this
belief places great emphasis on UGT activity and does
not comprehensively cover the overall disposition of
xenobiotic/drugs. The fallacy lies in the fact that many
conjugates are hydrophilic and cannot permeate the
cell membrane once biotransformed by UGTs. While
UGT metabolism is a highly necessary component for
the disposition process of xenobiotics/drugs, more
focus has been placed on various transporters that are
capable of transporting negatively charged hydrophilic
conjugates across the cellular membrane. In this sec-
tion, we discuss three theories that explain the mecha-
nistic details and complexities of this coupling process.

11.5.1 Double Jeopardy theorem

The double jeopardy theorem, in a slightly different
form, was originally proposed to explain the mechanistic
details that describe the coupling phenomenon between
a phase I metabolic enzyme, such as CYP3A4, and an
efflux transporter, such as P-gp (Fig. 11.17). The theorem
was originally intended by Benet and coworkers to
explain the pharmacokinetic behavior of certain drugs
that are substrates of both CYP3A and P-gp.115,116

11.5.1.1 Mechanistic description of the theorem

The mechanism of action for this coupling theory is
slightly less complex than the revolving door theorem

(discussed next). In essence, the substrate is assumed
to be absorbed (at the apical side of the membrane)
and metabolized by the enzyme CYP (typically
CYP3A4). Afterward, P-gp can take this one-time
metabolized substrate and transport it via efflux back
into the intestinal lumen. It is important to note that
this one-time metabolized substrate can pass through
the other side (basolateral) of the membrane and thus
reach the systemic circulation. However, if this one-
time metabolized substrate is effluxed back into the
intestinal lumen via P-gp, it can be absorbed one more
time at the apical side of the membrane (further down
the intestinal tract), metabolized again by the same
enzyme CYP (albeit in a different cell), and subjected
to the same metabolism. Owing to these two repeats of
“prosecution,” the theory merits the term “double
jeopardy.”121,122

11.5.1.2 Consequences of disruption

In general, the consequences of the disruption of
this mechanism and any other coupling mechanism
can vary depending on the substrate in question.
Given differences between substrate disposition pro-
files, the toxicity and interactions of certain drugs with
other drug mechanisms, as well as the compensatory
mechanism or effects by other enzymes or transporters
in the system, will vary accordingly. In terms of the
double jeopardy theorem (and, more specifically, CYP
and P-gp), disruption of P-gp activity would result in

FIGURE 11.17 Schematic representation of the double jeopardy theorem. Substrates are represented by triangles, whereas the products of
enzymes or metabolites are represented by pentagons or hexagons.
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less exposure time of the substrate in question at the
apical membrane. This shorter exposure time leads to
higher substrate concentrations inside the intestine (ie,
increase in absorption) and could potentially decrease
the bioavailability of the substrate, its metabolite in the
systemic circulation, or both. On the other hand, if
CYP activity was disrupted, the amount of metabolite
available would decrease severely, allowing more sub-
strates to reach the systemic circulation.

The revolving door theorem, recently proposed,
hypothesizes that efficient coupling of conjugating
enzymes (UGTs) and efflux transporters enables
enteric recycling processes.2 Therefore, unlike the pre-
vious theory, the revolving door theorem emphasizes
the importance of efflux transporters and their ability
to solely enable the cellular excretion of hydrophilic
metabolites (Fig. 11.18). This theory also recognizes the
transport of hydrophilic metabolites to both apical and
basolateral sides of the membrane. This latter point
adds complexity to the theory and its mechanism (dis-
cussed next).

11.5.2 Revolving door theorem

11.5.2.1 Mechanistic description of the theorem

The mechanism of the revolving door theorem is
best illustrated step by step for a model compound,
such as the soy isoflavone, genistein (aglycone). When
absorbed into the intestinal lumen, genistein under-
goes two possible immediate fates. First, genistein

passes through the basolateral side of the membrane
and reaches the systemic circulation. However,
research has found that this fate is not always the case,
as bioavailability is extremely low for this compound
upon ingestion.123 Second, in the intestinal lumen,
genistein is likely to be extensively metabolized by
UGTs.123,124 After biotransformation by UGTs, the
genistein metabolite again has two fates. One, as an
organic anion, the genistein metabolite can be trans-
ported by efflux transporters (MRP1 and/or MRP3)
located at the basolateral side of the lumen and even-
tually reach the systemic circulation. Second, the
metabolite can be transported back across the apical
side of the intestinal lumen by efflux transporters,
such as MRP2 (or perhaps BCRP). According to our
research,125 this efflux step is most likely the rate-
limiting step of this coupling process. In other words,
the amount of metabolites produced by UGTs may not
significantly alter or influence the disposition of genis-
tein or its metabolites because of the dependence on
the efflux step by transporters. This dependence is ulti-
mately the theme of the revolving door theorem,
which places emphasis on the rate of the efflux step
(ie, the speed at which the revolving door is spinning)
as the determining factor for the disposition of genis-
tein and its metabolite.

Upon efflux into the intestinal lumen, genistein
metabolites are converted back to the genistein agly-
cone through bacterial hydrolysis and can thus reenter
the intestinal lumen. This entire process, which occurs
at the intestinal level, is known as enteric recycling. This

FIGURE 11.18 Schematic representation of the revolving door theorem. Substrates are represented by triangles, whereas products of
enzymes or metabolites are represented by pentagons.
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extensive metabolism at the enteric level is also known
as first-pass metabolism. Regarding the liver, genistein
passing UGTs in the intestine is subjected to liver
UGTs. These metabolites, as well as any metabolite
that passes through the intestinal level, will again be
secreted in bile into the intestinal lumen, hydrolyzed,
and become ready for absorption. This process is
known as enterohepatic recycling; once again, the revolv-
ing door theorem is considerably involved (Fig. 11.19).

11.5.2.2 Consequences of disruption

The consequences of disruption of this coupling the-
ory depend on the substrate and its metabolites in
question, as the body possesses an elaborate system of
various metabolic enzymes (ie, UGTs and SULTs) and
efflux transporters (ie, MRPs, BCRP, and OATs) with
overlapping substrate specificities. Considering that
detoxification is an essential function for organism sur-
vival, we have developed a highly complex system
through evolution featuring multiple enzymes and
efflux transporters that can compensate if any particu-
lar member becomes dysfunctional. Therefore, a wide
number and variety of enzymes (ie, both UGTs and
SULTs) must be made dysfunctional to disrupt cou-
pling severely.

11.5.3 Enteric and enterohepatic recycling

Besides metabolism, various recycling or circulation
processes are known to affect the oral bioavailability of
certain phenolics (including flavonoids) and their con-
jugates. In addition to enteric recycling, excretion could
occur in the liver when mediated by efflux transporters.
In the liver, metabolites could be excreted into the intes-
tinal lumen via bile. After hydrolysis of the metabolites
to substrates, the substrates could then be reabsorbed.
Enterohepatic recycling restricts the entry of substrates
into systemic circulation but extends the systemic expo-
sure time, which could explain the poor systemic bio-
availability but reasonably long half-lives of certain
phenolics that participate in recycling (Fig. 11.20).126

The mechanism of enterohepatic recycling can be best
illustrated by using flavonoids as model compounds. The
phase II metabolites of flavonoids formed in hepatocytes
are hydrophilic. Therefore, flavonoids have difficulty pen-
etrating the cell membrane by passive diffusion. Like
enterocytes, hepatocytes possess basolateral and apical
sides.127 The expression of transporters on the basolateral
and apical sides of hepatocyte membranes is obviously
different. MRP3, MRP4, MRP5, and MRP6 are located on
the basolateral side, whereas P-gp, BCRP, and MRP2 are
located on the apical side.128 In general, details of the

FIGURE 11.19 Schematic representation of both enteric and enterohepatic recycling with that isoflavone aglycone as an example.
Isoflavones are typically subjected to rapid hydrolysis with intestinal gut hydrolase. Absorption of aglycone occurs rapidly, and the isoflavone
is subjected to UGT metabolism with metabolites that typically efflux at both the intestinal and hepatic levels. Further hydrolysis from conju-
gates back to the aglycone form completes the cyclical recycling process, which features repeated absorption, followed by metabolism and
eventual efflux.
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efflux of flavonoid metabolites by transporters are
revealed less in hepatocytes. However, as the same trans-
porter is expressed in both hepatocytes and enterocytes,
we can assume that the same transporters perform these
functions. Phase II metabolites of flavonoids are com-
monly excreted via bile. After duodenal administration,
high concentrations of flavonoid metabolites could be
detected in the bile.129 In the rat intestine perfusion
model, considerable amounts of metabolites could be
recovered from the bile.126,130,131 Enterohepatic recycling
of phase II conjugates of flavonoids is common.
Glucuronides and sulfates in flavonoids could be con-
verted back to aglycones by hydrolases and reabsorbed in
the intestinal tract, completing a process called enterohepa-
tic circulation. Enterohepatic recycling contributes in part
to the prolonged presence of relevant radioactivity in
plasma, which may enhance the efficacy of flavonoid
metabolites.132

11.6 REGULATION OF TRANSPORTERS
AND ENZYMES BY NUCLEAR

RECEPTORS

11.6.1 Nuclear receptors

Nuclear receptors (NRs) are ligand-inducible tran-
scription factors that specifically regulate the expres-
sion of target genes involved in metabolism,
development, and reproduction.133 NRs include the
pregnane X receptor (PXR; NR1I2), constitutive

androstane receptor (CAR; NR1I3), liver X receptors α
and β (LXR; NR1H3 and NR1H2), farnesoid X receptor
(FXR; NR1H4), and peroxisome proliferator-activated
receptors α, β/δ, and γ (PPAR; NR1C1, NR1C2, and
NR1C3). Most of the NRs share common structural fea-
tures, which comprise two essential functional domains
that include the N-terminal DNA-binding domain
(DBD) and a C-terminal ligand-binding domain (LBD).
The conserved DBD encompasses two DNA-binding
zinc-finger motifs that bind to distinct target genes. The
LBD, which is connected to the DBD through a hinge
region, folds to form a hydrophobic pocket, into which
the ligand binds.134 In the absence of xenobiotics, the
basal expression level of proteins mediated by NRs is
low. On ligand binding, the NRs transcriptionally regu-
late the expression of target genes involved in the bio-
transformation and homeostasis of both exogenous and
endogenous substances by the recruitment of coactiva-
tors or corepressors (Fig. 11.21).

11.6.2 Pregnane X receptor and constitutive
androstane receptor

PXR and CAR both belong to the NR superfamily and
are well-established xenobiotic sensors that are capable
of binding to various structurally diverse chemicals.
They are predominantly expressed in the liver, and both
are involved in the regulation of drug metabolism, bile
acid transport, cancer, and cholesterol metabolism,
among others. When bound to and activated by ligands,

FIGURE 11.20 Schematic representation of enteric and enterohepatic recycling. Substrates are represented by triangles, whereas the pro-
ducts of metabolism or metabolites are represented by pentagons.
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the sensors translocate from the cytoplasm to the nucleus
of cells, where they bind to DNA response elements as a
heterodimer or heterotetramer with the retinoid X recep-
tor (RXR).136 Upon ligand binding, PXR and CAR are
activated to control the expression of a large number of
target proteins involved in the biotransformation and
homeostasis of both exogenous and endogenous sub-
stances, including DMEs and transporters, thereby influ-
encing the detoxification of xenobiotics.

11.6.3 Regulation of transporters
and enzymes by PXR

PXR is one of the NRs that are originally identified
as xenobiotic receptors that regulate CYP gene expres-
sion. CYP3A4, the most highly expressed CYP enzyme
in human liver, is highly inducible by a wide variety
of xenobiotics. CYP3A induction by xenobiotics is now
believed to be largely due to xenobiotic binding and
activation of PXR. Originally, PXR/RXR heterodimers
were observed to bind efficiently to DR3-type xenobi-
otic response elements (XREs) present in the proximal
promoters of rat CYP3A23 and CYP3A2 genes.137 PXR/
RXR heterodimers were later found to bind to a DR3
element in the human CYP3A4 gene enhancer and an
ER6 element located in the proximal promoter of the
CYP3A4 gene.138,139 In addition to CYP3A family mem-
bers, PXR regulates other phase I enzyme genes,
including CYP2B6, CYP2B9, CYP2C8, CYP2C9, and
CYP2C19. Phase II enzyme genes regulated by PXR
include those in the GST, SULT, UGT, and carboxyles-
terase families. The expressions of certain transporters,
including OATP1A4, OATP2 (OATP1B1), MRP2, and
MDR1, are also influenced by PXR (Table 11.2).

FIGURE 11.21 Model of nuclear receptor signaling. Source:
Derived from Sugatani J, Kojima H, Ueda A, Kakizaki S, Yoshinari K, Gong
Q.H, et al. The phenobarbital response enhancer module in the human biliru-
bin UDP-glucuronosyltransferase UGT1A1 gene and regulation by the
nuclear receptor CAR.Hepatology (Baltimore, MD) 2001;33:1232�8.135

TABLE 11.2 PXR Target Genes Involved in Phase I, II, and III
Metabolism

Phase Target genes Species

Phase I Aldh1a1 Mouse

Aldh1a7 Mouse

CYP1A1 Mouse, human

CYP1A2 Human

CYP1A6 Human

CYP2B1 Rat

CYP2B2 Rat

CYP2B6 Human

CYP2b10 Mouse

CYP2C8 Human

CYP2C9 Human

CYP2C19 Human

CYP3A1 Rat

CYP3A2 Rat

Phase II CYP3A4 Human

CYP3a11 Mouse

CYP3A23 Rat

CYP3a44 Mouse

CYP7A1 Human

CYP11A1 Human

CYP11B1 Human

Phase III UGT1A1 Mouse, human

UGT1A3 Human

UGT1A4 Human

UGT1A6 Human

UGT2b5 Mouse

GSTA1 Mouse, rat

GSTA2 Mouse, rat

Gstm1 Mouse, rat

Gstm2 Mouse

SULT2A1 Mouse, human

Phase IV MDR1 Mouse, human

MRP2 Mouse, rat, human

MRP3 Mouse, human

OATP1A4 Mouse, rat

OATP2 (OATP1B1) Mouse, rat

Derived from Sugatani J, Kojima H, Ueda A, Kakizaki S, Yoshinari K, Gong Q.H,

et al. The phenobarbital response enhancer module in the human bilirubin UDP-
glucuronosyltransferase UGT1A1 gene and regulation by the nuclear receptor CAR.
Hepatology (Baltimore, MD) 2001;33:1232�8.
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11.6.4 Regulation of transporters
and enzymes by CAR

Similar to PXR, CAR is another NR that was origi-
nally identified as a xenobiotic receptor that regulates
CYP gene expression. CAR regulates gene expression
through the phenobarbital responsive element module
(PBREM), in the promoter regions of target genes. In
humans, CYP2B6 is responsible for the metabolism of
a large number of drugs. CYP2B6 is highly inducible
not only by phenobarbital (PB), but also by a large
number of other compounds.140 CAR response ele-
ments have been shown to be located in human
CYP2B6 and mouse Cyp2b10 gene promoters. CAR-/-
mice fail to display Cyp2b10 induction in response to
PB treatment.134 In addition to CYP2B6, hCAR can reg-
ulate the expression of other CYPs, including CYP2B6,
CYP2C9, CYP2C19, CYP3A4, and CYP3A5. UGT1A1 is
an important phase II enzyme, the expression of which
has been reported to be dually regulated by hCAR.
UGT1A1 was initially identified as a CAR target gene
when CAR is activated by PB.141 GST, another phase II
conjugation enzyme, is modestly induced by PB141 and
TCPOBOP,142 thus suggesting that CAR may regulate
the expression of GSTs. Besides its regulation of the
phase I and II DMEs, CAR regulates the expression of
drug transporters, such as P-gp, OATP2 (OATP1B1),
and MRP2-4 in mouse liver (Table 11.3).

11.6.5 Regulation of transporters
and enzymes by other NRs

In addition to PXR and CAR, other NR members
perform important functions in the regulation of
DMEs and drug transporters. For example, aryl hydro-
carbon receptor, which shares several significant char-
acteristics with CAR and PXR, mainly enhances the
gene expression levels of CYP1A1, CYP1A2, CYP1B1,
UGT1A1, UGT1A3, UGT1A4, UGT1A6,143 MDR1/3, and
MRP2/3.144 Vitamin D receptor is related to the expres-
sion of several CYP genes, such as CYP2C9, CYP2B6,
CYP3A4,145 and transporter MDR1.146 Nuclear factor
erythroid 2-related factor 2 (Nrf2) mainly regulates the
expression of phase II enzymes (GST),147 as well as
transporters such as MDR1, BCRP, MRP2, and
MRP3.148 Peroxisome proliferator-activated receptors
(PPARs) mainly affect phase II enzymes, such as
SULTs, UGTs,143 and transporter BCRP.149

11.7 PHYSICOCHEMICAL FACTORS
AFFECTING DRUG ABSORPTION

We classify the physicochemical characteristics of a
drug molecule or particle into those that are solely

related to chemical structures and those that are
related to physical shape (eg, crystalline forms).
Considering the biological constrains posed by GI bar-
riers, we must consider the following physicochemical
properties: lipophilicity, size, charge, solubility, disso-
lution, and ionization.

TABLE 11.3 CAR Target Genes Involved in Phase I, II, and III
Metabolism

Phase Target genes Species

Phase I Aldh1a1 Mouse

Aldh1a7 Mouse

CYP1A1 Mouse

CYP2a4 Mouse

CYP2A6 Human

CYP2B1 Rat

CYP2B2 Rat

CYP2B6 Human

CYP2b10 Mouse

CYP2C6 Rat

CYP2C7 Rat

CYP2C9 Human

CYP2C19 Human

CYP3A1 Rat

CYP3A4 Human

CYP3a11 Mouse

Phase II UGT1A1 Mouse, human

UGT2B1 Rat

GSTA1 Mouse, rat

GSTA2 Mouse, rat

GSTA3 Mouse, rat

Gstm1 Mouse, rat

Gstm2 Mouse

Phase III MDR1 Mouse, human

Mrp1 Mouse

MRP2 Mouse, rat, human

MRP3 Mouse, human

Mrp4 Mouse

OATP2 (OATP1B1) Mouse, rat

Derived from Sugatani J, Kojima H, Ueda A, Kakizaki S, Yoshinari K, Gong Q.H,
et al. The phenobarbital response enhancer module in the human bilirubin UDP-

glucuronosyltransferase UGT1A1 gene and regulation by the nuclear receptor CAR.

Hepatology (Baltimore, MD) 2001;33:1232�8.
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11.7.1 Lipophilicity

The lipophilicity of a drug or drug candidate mole-
cules is a major concern in the development of dosage
forms because drug molecules must penetrate the lipid
bilayer of most cellular membranes, including that of
enterocytes. Therefore, drug molecules should be lipo-
philic to allow good absorption.

The lipophilicity of uncharged molecules can be
estimated experimentally via a straightforward method
of measuring the partition coefficients in a water/oil
(eg, water/octanol) bi-phase system. For molecules that
are weak acids or bases, one must consider the pH at
which the majority of the species remain uncharged
versus the pH at which the majority of the species are
charged. Based on the pH partition theorem, absorption
is favored when a molecule is uncharged, which works
for drug molecules that are absorbed via passive
diffusion.

This general trend that favors lipophilicity contra-
dicts the fact that higher lipophilicity favors better
absorption, as pH partition theory would have sug-
gested. As an explanation, during transcellular absorp-
tion in the enterocytes, drug molecules must first enter
through apical membrane, travel through the cytosolic
domain, and then exit the basolateral membrane. If a
compound binds too tightly to the cell membrane as
the result of its extremely high lipophilicity, the com-
pound would be unable to enter the aqueous cytosolic
domain or exit from the lipophilic basolateral mem-
brane into the aqueous lamina propria. As mature
enterocytes require about 10 days to develop and func-
tion for about 4 days after maturation, drugs attached
to cell membranes (apical or basolateral) would even-
tually slough off when the mature cells perish as the
result of their natural life cycle. According to
Lipinski’s Rule of Five, the partition coefficient should
be positive but less than 100,000 to 1 (or log
PC5 5).150,151 In another statistical study, the log PC
was seen to be the best at log PC, 3.152

11.7.2 Size

Passive absorption in the GI tract is severely limited
by the size of the penetrating drug molecule probably
because of the well-organized and packed structure of
the lipid bilayer. When a molecule is excessively large,
the potential energy resulting from concentration dif-
ference is not sufficiently large to generate the high
energy required to markedly disturb the bilayer, which
is necessary for a large molecule to insert into it and
then leave afterward. Therefore, the size (and perhaps
the surface area) of a molecule are major factors limit-
ing absorption via passive diffusion. According to
Lipinski’s Rule of Five, the optimal molecular weight

is less than 500.150,151 In a similar paper, that molecular
weight was extended to 550.152At any rate, very few
drug molecules with large molecular weights are
absorbed to an appreciable extent (. 20%). Cyclosporin
A is one of the exceptions; this drug exhibits good
bioavailability to exert intended effects, and formula-
tions with improved solubility demonstrate increased
absorption.153

11.7.3 Charge

The effects of charge on the passive absorption of
drugs are well recognized. In general, charged mole-
cules are not as permeable as the corresponding
uncharged species when the compound is absorbed
via passive diffusion. However, the effect of charge on
the absorption of drugs via carrier-mediated transport
process is complex. Several transporters favor neutral
substrates, whereas others prefer positively charged or
negatively charged substrates.

11.7.4 Solubility

Solubility affects the absorption of drugs, as it
affects the driving force of drug absorption—specifi-
cally, the concentration of drug molecules at the site of
absorption. Other chapters in this book are devoted to
this topic, so we will refrain from any major discussion
of it here.

11.7.5 Dissolution

Dissolution affects the absorption of drugs
because this property affects the driving force of drug
absorption, as stated previously. However, the term
describes the process of solubilization and is repre-
sented by the dissolution rate. Drug molecules must
possess sufficient dissolution rates, as drug particles
are scheduled to be in contact with the absorption area
for only a finite length of time because of residence
time constraints of the GI tract. Other chapters in this
book discuss this property in greater detail.

11.7.6 Ionization (pKa)

Numerous drugs are either weak acids or bases that
exist in both ionized and unionized forms in vivo. The
ionized part of the drugs cannot cross lipid mem-
branes, whereas the unionized part of drugs can cross
freely. The degree of ionization depends on the pKa of
the drug and the pH of the GI tract. The pKa is the pH
at which the drug is 50% ionized and 50% unionized.
The ratio of two forms, which can be calculated
by using the Henderson-Hasselbalch equation154
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(as follows), at a particular site influences the rate of
absorption.

For acidic drugs,

pKa 2pH5log½AH=A2� ð11:1Þ
If pH is lower than pKa, more unionized species

will be present.
For basic drugs,

pKa2pH5log½BH1=B� ð11:2Þ
If pH is higher than pKa, more unionized species

will be present.
The unionized form of weak acids (pKa5 3�5) and

the ionized form of weak bases (pKa5 8�10) predomi-
nate in the stomach (with a pH of 1). Hence, weak acids
are more readily absorbed from the stomach than weak
bases. Acidic drugs are present in ionized form in the
intestines (with a pH of 7) and are thus less absorbed.
However, given the small surface area of the stomach
and the contrasting very large surface area of the intes-
tine, even acidic drugs are often more absorbed from
the upper part of the intestine. Basic drugs are present
in unionized form in the intestines and are absorbed at
a considerably more rapid rate. However, the effects of
solubility in the intestines must be accounted for, as dis-
cussed in the following sections.

11.8 BIOLOGICAL FACTORS AFFECTING
DRUG ABSORPTION

The oral route of administration is the most com-
mon and popular route of drug delivery. The oral
absorption process of a drug from a pharmaceutical
dosage form is complex. In general, absorption
involves four phenomena: (1) dissolution of the drug
from its dosage form; (2) solubility of the drug as a
function of its physicochemical characteristics;
(3) effective permeability of the drug to the intestinal
mucosa; and (4) presystemic metabolism of the
drug.149 Moreover, the oral dosage form must be
designed to account for extreme pH ranges, the pres-
ence or absence of food, degradative enzymes, varying
drug permeability in the different regions of the intes-
tine, and motility of the GI tract. A drug may encoun-
ter several barriers to absorption when released from
its dosage form and upon dissolution into the GI
fluids. The drug must remain in solution and not
become bound to food or other materials within the GI
tract. The drug must be chemically stable so as to with-
stand the pH of the GI tract, and it must be resistant to
enzymatic degradation in the lumen.

For most drugs, the optimum site for drug absorp-
tion after oral administration is the upper portion of

the small intestine or duodenum region. The unique
anatomy of the small intestine or duodenum provides
an immense surface area for drug absorption. The
large surface area of the intestine is due to the pres-
ence of valvelike folds in the mucous membrane,
which contain small projections known as villi. These
villi contain even smaller projections known as micro-
villi, which form the brush border of epithelium. The
duodenal region is also highly perfused with a net-
work of capillaries, which helps maintain a concentra-
tion gradient from the intestinal lumen and plasma
circulation. Overall, the GI absorption of orally admin-
istered drug is determined by the permeability of the
GI mucosa, the surface area, the concentration gradi-
ent, and the transit rate in the GI tract.

Gastric emptying, especially that of food, the pH of
the GI, and luminal enzymes are important factors
affecting the plasma concentration profile of orally
administered drugs. In addition, the intestinal transit
rate also exerts a significant influence on drug absorp-
tion, as the rate determines the residence time of the
drug in the absorption site.150 In this chapter, the
importance of GI biological factors in determining
the absorption kinetics and bioavailability of orally
administered drugs is discussed.

11.8.1 Transit time

Once a drug is administered orally, the exact loca-
tion and environment of the drug product within the
GI tract are difficult to determine. GI motility tends to
move the drug through the alimentary canal, so that
the drug does not stay at the absorption site. The tran-
sit time of the drug in the GI tract depends on the phy-
siochemical and pharmacologic properties of the drug,
the type of dosage form, and various physiologic
factors.151

Intestinal propulsive movements determine the
intestinal transit rate and, as a consequence, the resi-
dence time of a drug in the intestine. Evidently, greater
intestinal motility results in a shorter residence time
and less time for the drug to be absorbed at the site.
Peristaltic activity increases after a meal as a result of
the GI reflex, which is initiated by distension of the
stomach and results in increased motility and
secretion.

GI mixing movements are a result of contractions
dividing a given region of the intestine into segments,
thereby producing an appearance that is similar to a
chain of sausages. These mixing motions tend to
improve drug absorption since (1) mixing movements
can increase dissolution rates and influence absorption
and (2) the mixing process can increase contact
between a drug and membrane. Transit through the
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small intestine appears to deviate in a variety of ways
from movement through the stomach. Once emptied
from the stomach, the drug (such as pellets and
tablets) moves along the small intestine and reaches
the ileocecal valve within approximately 2�4 hours.
Transit in the intestine appears to be less dependent
on the physical nature of the drug, such as liquid
versus solid, and size of solids in comparison with that
in the stomach. Furthermore, food appears not to influ-
ence intestinal transit as it does gastric emptying.
While no gender-related differences appear in
intestinal transit time, vegetarians appear to have
longer intestinal transit times in comparison with
nonvegetarians.152

The colonic transit of pharmaceuticals is long, vari-
able, and depends on the dosage form, diet, eating pat-
tern, and disease. Contractile activity in the colon can
be divided into two main types: (1) propulsive contrac-
tions or mass movements, which are associated with
the aboral (ie, away from mouth) movement of con-
tents and (2) segmental or haustral contractions, which
serve to mix the luminal content and result in small
aboral movements. Segmental contractions are brought
about by contraction of the circular muscle and pre-
dominate intestinal transit, whereas propulsive con-
tractions, which are due to contractions of the
longitudinal muscle, occur only three to four times
daily in normal individuals. Colonic transit is thus
characterized by short bursts of activity followed by
long periods of stasis. Movement is mainly aboral (ie,
toward the anus). Colonic transit can vary from 2 to
48 hours. In most individuals, mouth-to-anus transit
times are longer than 24 hours.150

11.8.2 pH

The pH of GI fluids varies considerably along the
length of the GI tract. Gastric fluid is highly acidic,
normally exhibiting a pH within the range 1�3.5 in
healthy people in the fasted state. Following ingestion
of a meal, gastric juice is buffered to a less acidic pH,
which depends on meal composition. Typical gastric
pH values following a meal are in the range of 3�7.
Depending on meal size, the gastric pH returns to
lower fasted-state values within 2�3 hours. Thus, only
a dosage form ingested with or soon after a meal will
encounter these higher pH values, which may affect
the chemical stability of a drug or its dissolution,
absorption, or a combination thereof.150

The pH of GI may influence the absorption of drugs
in a variety of ways. If the drug is a weak electrolyte,
the pH may influence its chemical stability in
the lumen, as well as its dissolution or absorption.
Chemical degradation due to pH-dependent

hydrolysis can occur in the GI tract. The result of this
instability is lower bioavailability, as only a fraction of
the administered dose reaches the systemic circulation
in the form of intact drug.150 Despite of this possible
change, long-term and sustained change of GI pH to
improve the absorption of drugs has never been
approved by the FDA.

11.8.3 Food

The presence of food in the GI tract can affect the
bioavailability of the drug from an oral drug product.
Digested foods contain amino acids, fatty acids, and
numerous nutrients that may affect intestinal pH and
the solubility of drugs. Several effects of food on the
bioavailability of a drug product may include (1) delay
in gastric emptying; (2) stimulation of bile flow; (3) a
change in the pH of the GI tract; (4) an increase in
splanchnic blood flow; (5) a change luminal metabo-
lism of the drug substance; and (6) physical or chemi-
cal interaction of the meal with the drug product or
drug substance.153

Besides the general information given here, interac-
tions between food and drugs other than dilution,
binding, precipitation, absorption, chelation, changes
in gastric, and urinary pH, among others, must be con-
sidered. For instance, grapefruit juice may consider-
ably increase the peroral bioavailability of numerous
CYP3A4 substrates by inhibiting intestinal phase
I metabolism by up to 300%; drugs that exert these
effects include felodipine, nifedipine, nisoldpine, and
nitrendipine. Numerous drugs are transported back
from the enterocyte into the GI lumen by the P-gp
efflux transporter system. However, grapefruit juice
also possesses a higher affinity for P-gp than other
drugs. Therefore, efflux may be inhibited and bioavail-
ability increases, for drugs such as cyclosporine, vinca
alkaloids, digoxin, and fexofenadine. Grapefruit juice
also exhibits affinity for OATP, which would inhibit
the influx of drugs transported by this system from
enterocytes to the plasma, thus decreasing their
bioavailability.154

11.8.4 Luminal enzymes

Pepsin is the primary enzyme found in gastric juice.
Lipases, amylases, and proteases are secreted from the
pancreas into the small intestine in response to food
ingestion. These enzymes are responsible for most
nutrient digestion. Pepsins and proteases are responsi-
ble for the degradation of protein and peptide drugs in
the lumen. Other drugs that resemble nutrients, such
as nucleotides and fatty acids, may also be susceptible
to enzymatic degradation. Lipases may affect the
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release of drugs from fat/oil-containing dosage forms.
Drugs that are composed of esters can be susceptible
to hydrolysis in the lumen. Bacteria, which are mainly
localized within the colonic region of the GI tract,
secrete enzymes that have been utilized when design-
ing drugs or dosage forms to target the colon.150

In summary, this chapter presented a general
description of all barriers to the oral bioavailability of
drugs. In this chapter, we showed that barriers to oral
bioavailability present several layers, including solubil-
ity and dissolution rate, absorption, metabolism, efflux,
and excretion. We have not discussed the transport of
drugs to target organs, which may also serve as an
important barrier for drugs to become bioavailable in
the CNS, tumor cells, and difficult-to-access organs.
Our understanding of the solubility and dissolution
behaviors of solids has not changed considerably over
the last 20 years in that we still cannot accurately pre-
dict solubility in vivo. However, we have made great
progress in the last 15 years on research into the
in vivo transport of drugs. However, more than 90
human transporters with unknown functions and sub-
strates exist. Therefore, our prediction of drug absorp-
tion remains inadequate. The use of Caco-2 in the
discovery process is helpful in addressing this bottle-
neck. The metabolism and excretion of drugs has
received considerable attention from regulatory agen-
cies because of drug-interaction issues and the difficul-
ties associated with the prediction of issues, especially
when enzymes and transporters may work together to
enable complex functions. We are optimistic that we
will make significant progress in this area in the com-
ing decade by undertaking systematic biological and
other multidisciplinary approaches.
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12.1 INTRODUCTION

The most convenient route of drug administration
for systemic actions is oral. The most important
question during drug development for an oral-dosage
form is how much of a drug will be bioavailable after
its oral administration, and how quickly that happens.
Successful design and development of orally bioavail-
able drugs requires that the drug molecules (1) be rea-
sonably stable to chemical and enzymatic degradation
(eg, within the intestinal lumen, intestinal wall, liver,
and circulation); (2) be able to traverse the intestinal
epithelial barrier to the portal circulation; and (3) can
pass through the liver and enter the systemic circula-
tion intact at a sufficient concentration to elicit the
appropriate pharmacologic response. Therefore, good
oral bioavailability generally facilitates formulation
design and development, reduces intrasubject variabil-
ity, and enhances dosing flexibility. Oral bioavailability
(F) can be mathematically represented by

F5 fa3 fg 3 fh ð12:1Þ
where, fa is the fraction of drug absorbed, fg is the frac-
tion that escapes metabolism in the gastrointestinal
(GI) tract, and fh is the fraction that escapes the first-
pass hepatic metabolism. Each individual value of fa,
fg, or fh ranges from 0 (completely unabsorbed or
metabolized) to 1 (fully absorbed or unmetabolized).
Therefore, oral drug absorption is one of the main
factors governing drug bioavailability.

Oral drug absorption is the movement of the drug
from its site of administration, the GI tract, into the
bloodstream. The oral absorption of the drug in

the solid dosage form from the GI tract is largely
controlled by (1) dissolution rate and solubility, which
determine how fast a drug reaches maximum concen-
tration in the GI fluid; and (2) intestinal permeability,
which relates to the rate at which a dissolved drug
crosses the intestinal wall to reach the portal blood
circulation. The determination of the dissolution,
solubility, and permeability properties of drugs can
thus provide information about drug absorption.
This chapter will focus on these properties. It begins
with the GI physiology. It then discusses the bio-
pharmaceutical classification system (BCS). Further,
it proceeds to introduce in vitro, in silico, and in vivo
methods to evaluate intestinal permeability or to
predict oral drug absorption. The chapter concludes
by discussing future trends in oral drug absorption
evaluation and prediction.

12.2 ANATOMY AND PHYSIOLOGY
OF THE GI TRACT

The GI tract begins at the mouth, includes the
esophagus, stomach, small intestine, large intestine
(also known as the colon), and rectum, and ends at the
anus. The entire system is about 9 m long in the aver-
age human being, according to the American Society
of Gastrointestinal Endoscopy1 and the entire GI tract
is lined with mucous membrane, through which drugs
may be readily transferred into the systemic circula-
tion, and is highly perfused by a capillary network,
which makes drug absorption possible. The human GI
system absorbs nutrients and fluids in parallel with its
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function as an efficient barrier against potentially
hazardous bacteria and ingested and locally formed
toxins. After a drug is given orally, GI transit and
environments with respect to the surface area
and membrane, pH, property of the GI fluids,
enzymes, or intestinal transporters interact with drug
molecules and influence drug absorption.

Small intestine (duodenum, jejunum, and upper
region of ileum), the major and most efficient site for
drug absorption of most drugs, has certain specific
features: (1) an overall large surface area (0.33 m2);
(2) folds that result in a threefold increase in surface area
(1 m2); (3) fingerlike projections called villi, which
increase the surface area by 30 times (10 m2); (4) micro-
villi, which increase the surface area by 600 times
(200 m2)2; (5) a pH range of 5�7, which is favorable for
most drugs to remain unionized; (6) a rich capillary
network; and (7) transit time (3�4 hours).

The large intestine has specific features: (1) the pres-
ence of microbial flora localized in the colon, and the
amount of bacteria varies depending on diet and use of
antibiotics but can make up more than half the weight of
fecal solids3; (2) a near-neutral pH; (3) reduced digestive
enzymatic activity; (4) a much greater responsiveness to
absorption enhancers; and (5) a much longer transit time
(35�65 hours).4

Gastric residence time is variable, depending on
many physiological, pathological, and pharmaceutical
factors. For example, body posture, age, gender,
osmolality, pH, and food are capable of influencing
the gastric emptying. Fasted state gastric motility is
influenced by the Interdigestive migrating motor
complex (MMC).5 There are four phases associated with
the MMC. Phase I is approximately 45�60 minutes long
and showcases minimal activity with the slowest corre-
sponding gastric emptying. Phase II is 15�45 minutes
long and consists of intermittent and erratic contrac-
tions. Phase III is the shortest phase, consisting of
intense, short bursts of behavior lasting 5�10 minutes.
Phase IV is a transition period from phase III back to
phase I, lasting approximately 15�30 minutes.

The reported pH values of fasted gastric, duodenal,
and jejunal fluids could range from 1.7 to 3.3 (median
of 2.5) in stomach, 5.6�7.0 (median of 6.3) in duode-
num, and 6.5�7.8 (median of 6.9) in jejunum.6 The GI
pH under the fed state will largely be governed by the
administered meal itself, and the pH of the intestinal
fluids is not affected to the same extent as gastric
fluids because of the pretreatment in the stomach.6

Under fed conditions, the duodenal pH is reported to
be 5.4�6.5 (median of 6.0),6 which is overlapping the
fasted duodenal pH. Under fed conditions, the jejunal
pH is reported to be 6.1.6

About 8�10 L of GI fluids are secreted into the GI
tract daily. Gastric fluid is a complex and dynamic

mixture consisting of saliva, gastric secretions, food,
liquid intake, and refluxed liquid from duodenum.
A literature review of parameters that characterize
some attributes of gastric fluid and its subsequent
intestinal presence is detailed in Tables 12.1 and 12.2
(reproduced from Mudie et al.7). Magnetic resonance
imaging clinical studies have observed the formation
and existence of small, discrete fluid pockets in the
small intestine.8 This fluid is also not distributed
homogenously (as shown in Figs. 12.1 and 12.2). This
method has been utilized to quantify GI fluid volume
and transit after ingestion of 240 mL of water in fasted
volunteers (as shown in Fig. 12.3).9

12.3 BIOPHARMACEUTICS
CLASSIFICATION SYSTEM

The BCS is a scientific framework for classifying a
drug substance based on its aqueous solubility and
intestinal permeability.10 According to this system, drug
substances can be classified into four groups: (I) high
solubility�high permeability, (II) low solubility�high
permeability, (III) high solubility�low permeability,
and (IV) low solubility�low permeability (Table 12.3).
When combined with the in vitro dissolution character-
istics of the drug product, the BCS considers three
major factors: solubility, dissolution rate, and intestinal
permeability, all of which govern the rate and extent of
oral absorption from immediate release (IR) solid
oral-dosage forms. Since the introduction of the BCS, its
validity and applicability have been the subject of exten-
sive research and discussion. The BCS framework has
implications in the selection of candidate drugs for
full development, prediction, and elucidation of food
interaction, choice of formulation principle, including
suitability for oral extended-release administration,11

and the possibility of in vitro/in vivo correlation
in the dissolution testing of solid formulations.12 The
regulatory applications of BCS are demonstrated by
the U.S. Food and Drug Administration (FDA)13,14 and
a 2015 updated draft guidance for industry on waiver
of in vivo bioavailability (BA) and bioequivalence (BE)
studies for BCS class I/class III drugs in rapid
dissolution IR solid oral-dosage forms.15

12.3.1 FDA guidance on biowaivers

The 2015 updated guidance15 provides recommenda-
tions for sponsors of investigational new drug (IND)
applications, new drug applications (NDAs), abbrevi-
ated new drug applications (ANDAs), and supplements
to these applications that may request biowaivers

332 12. ORAL DRUG ABSORPTION: EVALUATION AND PREDICTION

II. BIOPHARMACEUTICAL AND PHARMACOKINETIC EVALUATIONS OF DRUG MOLECULES AND DOSAGE FORMS



TABLE 12.1 Literature Values for Concentrations of Some Major Components of Fluid in the Fasted and Fed Stomach and Small
Intestine

Fluid component Stomach Duodenum Jejunum Ileum

Bicarbonate
(mEg/L21)

Fasted Mean 7.3 2.7, 6.7, 15 17, 30, 30, 8.26 5 mM 40, 50, 70, 74, 75,
306 11 mM

Range 9�20 2�20, 5�10, 6�20
Fed Mean 10 2.7, 2.6

Bile Salts (mM) Fasted Median 0.1

Mean 0.086 0.03, 0.3, 0.1 6.46 1.3, 4.36 1.2, 5.96 1.8 26 0.2

Range 1�5.3, 0.6�5.1, 0.3�9.6 0.8�5.5, 0.1�13.3,
5�6, 0�17

2�10

Fed Median 3.6, 5.2, 8.3, 11.9, 11.2, 5.2 1, 0.5

Mean 0.06 14.5, 5.2, 166 2, 106 1, 9 8, 15, 86 0.1, 6.56 0.9

Range 1.6�6.2, 3.2�6.8, 6.7�13.4 0.5�40, 3�34 0.5�30, 0.2�1.3
Lipids (mg/mL) Fasted Median 0.5

Mean 0.56 0.6 0.16 0.01 mM

Range 0�1.8
Fed Median 1.8, 2.6

Mean 226 1 mM

Range 50, 150 0.5�4.6, 1.1�3.6, 55�100
Phospholipids (mM) Fasted Median 0.6

Mean 0.26 0.07

Range 0.1�1.5, 0.03�0.06
Fed Median 1.8, 1.2

Mean 36 0.3

Range 1.3�2.4, 0.8�1.6
Pepsin Fasted Median 0.1, 0.2

Mean 0.9

Range 0.8�1.3
Fed Median

Mean 1.3, 1.7

Range 0.3�0.6, 0.6�1.7
Lipase Fasted Mean About 0.1 mg/mL

Fed Range 11.4�43.9 U/mL

Potassium (mM) Fasted Mean 13.46 3 5.46 2.1, 4.86 0.5 4.96 1.5

Sodium (mM) Fasted Mean 686 29 1426 13, 1426 7 1406 6

Fed Mean 1066 15, 1016 17 1396 11, 1336 8

Chloride (mM) Fasted Mean 1026 28 1266 19, 1356 8 1256 12

Calcium (mM) Fasted Mean 0.66 0.2 0.56 0.3

Unless indicated next to the value, units are noted next to the name of the component.

This table modified with the permission of American Chemical Society (Mudie DM, Amidon GL, Amidon GE. Physiological parameters for oral delivery and in vitro testing.
Mol Pharm 2010;7:1388�405, http://pubs.acs.org/doi/abs/10.1021/mp100149j).
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for in vivo bioavailability/bioequivalence studies for
highly soluble and highly permeable drug substances
(class I) with rapid in vitro dissolution, or highly solu-
ble and low-permeable drug substances (class III) with
very rapid in vitro dissolution in IR solid oral-dosage
forms, provided that the following conditions are met:
(1) the drug must be stable in the GI; (2) excipients
used in the IR solid oral-dosage forms have no
significant effect on the rate and extent of oral drug
absorption; (3) the drug must not have a narrow
therapeutic index; and (4) the product is designed not
to be absorbed in the oral cavity. The guidance also
outlines methods for the determination of solubility,
dissolution, and permeability.

12.3.1.1 Determination of drug solubility

According to the updated 2015 FDA draft guidance,15

the pH-solubility profile of the test drug substance
should be established at 376 1�C in aqueous media
with a pH in the range of 1�6.8; the pH conditions for
drug solubility determination should be determined
at pH5pKa, pH5pKa1 1, pH5pKa�1, and at pH5 1
and 6.8, with a minimum of three replicate determina-
tions of solubility in each pH condition. Standard buffer
solutions used for solubility studies are described in
the United States Pharmacopeia and the National
Formulary (USP�NF). If these buffers are not suitable
for physical or chemical reasons, other buffer solutions
can be used. It is necessary to verify the solution
pH after addition of the drug substance to a buffer.
Methods include the traditional shake-flask method
and acid or base titration methods. A validated

TABLE 12.2 Literature Values for Properties of Fluids in the
Fasted and Fed Stomach and Small Intestine

Fluid

property Stomach Duodenum Jejunum Ileum

Buffer

capacity

(mmol/L

per pH)

Fasted Median 7, 18 5.6

Mean 3.2 6.4

Range 4�13 2.4�2.8

Fed Range 14�28 18�30 13.2�14.6

Osmolality

(mOsm/kg)

Fasted Median 98, 140 178, 224

Mean 29, 1916 36,

33.66 5.9,

2216 15

142, 1376 54 2716 15,

2006 68,

2786 16

Range 171�276 124�266

Fed Median 559, 217 287, 276,

. 287, 287

Range 250�367,
268�304

Surface

tension

(mN/m)

Fasted Median 32.3, 41.2

Mean 286 1,

33.76 2.8

Range 41.9�45.7 33.3�46.0

Fed Median 34.2, 35.4

Mean 276 1

Range 30�31 32.2�36.7,
33.7�36.0

Viscosity

(cP)

Fed Range 10�2000

pH Fasted Median 1.7, 2.4, 1.7,

1.8

6.1, 6.2,

6.6, 5.6

7.2

Mean 2.96 2.0 6.76 0.4,

7.06 0.4, 4.9,

6.46 0.6

6.86 0.4,

7.5,

7.16 0.60

6.56 0.2

Range 1�2.5,
1.4�2.1,
1.2�7.4,
1.4�7.5

5.8�6.5,
4.0�5.4,
5.2�6.1

4.4�6.5,
5.3�8.1,
5.3�8.1

6.8�8

Fed Median 5, 6.4, 2.7 5.4, 6.6, 5.2,

5.9, 6.1, 5.4

Mean 5.2, 4.2 6.26 0.2,

5.4 6

0.2, 6.1

7.5

Range 4.3�5.4 3.1�6.7,
4.5�5.5,
3.9�4.8,
5.1�5.7,
5.3�6.1,
4.6�6.3

5.2�6.0 6.8�7.8,
6.8�8.0

This table modified with the permission of American Chemical Society (Mudie DM,

Amidon GL, Amidon GE. Physiological parameters for oral delivery and in vitro

testing. Mol Pharm 2010;7:1388�405, http://pubs.acs.org/doi/abs/10.1021/
mp100149j).

FIGURE 12.1 Graphical representation of the number and
volume of small bowel water pockets for three subjects. The small
intestine is represented as a cylinder. Shaded areas represent liquid
pockets. The minimum (1.4 mL, Subject 14), near-median (21.3 mL,
Subject 07), and maximum (160.1 mL, Subject 11) small bowel water
volumes at the fasting baseline (before administration of the study
dose of water) are shown to illustrate schematically high interindi-
vidual variability. This figure reproduced with the permission of
American Chemical Society (Mudie DM, Murray K, Hoad CL, Pritchard
SE, Garnett MC, Amidon GL, et al. Quantification of gastrointestinal
liquid volumes and distribution following a 240 mL dose of water in the
fasted state. Mol Pharm 2014;11:3039�47, http://pubs.acs.org/doi/abs/
10.1021/mp500210c).
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stability-indicating assay should be used to determine
the concentration of the drug substance in selected
buffers. A drug substance is considered highly soluble
when the highest dose strength is soluble in 250 mL or
less of aqueous media over the pH range of 1�6.8;
otherwise, the drug substance is considered poorly
soluble. The volume estimate of 250 mL is derived from
typical bioequivalence study protocols that prescribe
administration of a drug product to fasting human
volunteers with a glass (about 8 oz) of water.

12.3.1.2 Determination of drug substance
permeability

The permeability classification can be determined
in human subjects using mass balance or absolute
bioavailability, which are the preferred methods,

or intestinal perfusion approaches. The FDA draft
guidance15 cites the use of human pharmacokinetic
studies and intestinal permeability methods as
acceptable ways to determine permeability classifica-
tion. In many cases, a single method may be suffi-
cient. When a single method fails to conclusively
demonstrate a permeability classification, two differ-
ent methods may be advisable. In the absence of
evidence suggesting instability in the GI, a drug
substance is considered by the guidance to be highly
permeable when the extent of absorption in humans
is determined to be 85% or more of an administered
dose based on a mass balance determination or in
comparison to an intravenous reference dose.15

Otherwise, the drug substance is considered to be
poorly permeable.

FIGURE 12.2 Small bowel water pockets before and after ingestion of a 240-mL water dose administered at t5 0 min (excluding all
pockets in the smallest range , 0.5 mL). (a) Mean total number of small bowel water pockets. (b) Mean volume of small bowel water pockets.
(c) Comparison between the percentage of the total number of pockets and the percentage of the total volume of each pocket in each volume
range at the fasting baseline (before administration of the study drink of water). n5 12 healthy volunteers. Error bars represent 6 SEM.
Dunn’s multiple comparison test versus baseline value �P, 0.05. This figure reproduced with the permission of American Chemical Society (Mudie
DM, Murray K, Hoad CL, Pritchard SE, Garnett MC, Amidon GL, et al. Quantification of gastrointestinal liquid volumes and distribution following a
240 mL dose of water in the fasted state. Mol Pharm 2014;11:3039�47, http://pubs.acs.org/doi/abs/10.1021/mp500210c).
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12.3.1.2.1 Mass balance and absolute
bioavailability studies

In mass balance studies, unlabeled stable isotopes
or radiolabeled drug substances are used to determine
the extent of absorption of a drug. A sufficient number
of subjects should be enrolled to provide a reliable esti-
mate of the extent of absorption. Oral bioavailability
determination can be performed using intravenous
administration as a reference. The obtained extent of
absorption in humans based on mass balance studies
using total radioactivity in urine does not take into
consideration the extent of degradation of a drug in
the GI fluid prior to intestinal membrane permeation.
Therefore, a drug’s stability in the GI tract needs to be
investigated unless more than 85% of unchanged drug
is excreted via the urine. Experimentally, drug solu-
tions in simulated fluids such as gastric and intestinal
fluid USP should be incubated at 37�C for a period
that is representative of in vivo drug contact with
these fluids (eg, 1 hour in gastric fluid and 3 hours in
intestinal fluid). Over 5% degradation of a drug in this
study could suggest potential instability.

12.3.1.2.2 Intestinal permeability

The 2015 draft guidance15 recommends that the
following methods be considered appropriate to deter-
mine the permeability of a drug substance from the GI:
(1) in vivo human intestinal perfusion; (2) in vivo or in
situ animal intestinal perfusion; (3) in vitro permeation

studies using excised human or animal intestinal
tissues; or (4) in vitro permeation studies across a
monolayer of cultured epithelial cells. The advantages
and disadvantages of each method in determination of
intestinal permeability will be discussed later in this
chapter. An apparent passive transport mechanism can
be assumed when one of the following conditions is
satisfied:

1. A linear pharmacokinetic relationship between the
drug dose and its area under the concentration-time
curve (AUC) is demonstrated in humans.

2. Independence of the measured in vivo or in situ
permeability on initial drug concentration in the
perfusion fluid is demonstrated in an animal model.

3. Independence of the measured in vitro permeability
on initial drug concentration in donor fluid or on
transport direction using a suitable in vitro cell
culture method is demonstrated.

To demonstrate the suitability of a method intended
for BCS-based permeability determination, a rank-order
relationship between experimental permeability values
and the extent of drug absorption data in human
subjects should be established using a sufficient number
of model drugs (Table 12.4).15 The model drugs should
represent a range of low (eg, ,50%), moderate
(eg, 50%�84%), and high ($85%) absorption and
should have available information on the mechanism of
absorption and reliable estimates of the extent of drug
absorption in humans.15 For in vivo intestinal perfusion

FIGURE 12.3 (a) Mean gastric volume and (b) mean total small bowel water content before and after ingestion of a 240-mL dose of water
given at t5 0 min. n5 12 healthy volunteers. Error bars represent 6 SEM. Dunn’s multiple comparison test versus baseline value �P, 0.05;
��P, 0.01; ���P, 0.001. This figure reproduced with the permission of American Chemical Society (Mudie DM, Murray K, Hoad CL, Pritchard SE,
Garnett MC, Amidon GL, et al. Quantification of gastrointestinal liquid volumes and distribution following a 240 mL dose of water in the fasted state. Mol
Pharm 2014;11:3039�47, http://pubs.acs.org/doi/abs/10.1021/mp500210c).
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studies in humans, six model drugs are recommended.
For in vivo or in situ intestinal perfusion studies in
animals and for in vitro cell culture methods, 20 model
drugs are recommended.

After demonstrating the suitability of a method
and maintaining the same study protocol, it is not
necessary to retest all selected model drugs for
subsequent studies intended to classify a drug sub-
stance. Instead, two internal standards of a low- and a
high-permeability model drug, in addition to the fluid
volume marker (or a zero-permeability compound
such as PEG-4000), should be included in permeability
studies. The permeability values of the two internal
standards should not differ significantly between dif-
ferent tests, including those conducted to demonstrate
suitability of the method. At the end of an in situ or
in vitro test, the amount of drug in the membrane
should be determined to assist in the calculation of
mass balance.

12.3.1.3 Comparison of dissolution profile

In the BCS draft guidance,15 an IR drug product is
considered rapidly dissolving when over 85% of the
labeled amount of the drug substance dissolves within
30 minutes, using USP Apparatus I at 100 rpm or
Apparatus II at 50 rpm (or at 75 rpm when appropri-
ately justified) in a volume of 500 mL or less in each of
the following media: (1) 0.1 N of HCl or simulated
gastric fluid without enzymes; (2) a pH 4.5 buffer; and
(3) a pH 6.8 buffer or simulated intestinal fluid without
enzymes. In addition, very rapid dissolution is defined
to be over 85% of the labeled amount of the drug
substance dissolved within 15 minutes using the
abovementioned conditions.

According to the draft guidance,15 observed in vivo
differences in the rate and extent of drug absorption
from two pharmaceutically equivalent solid oral pro-
ducts may be due to differences in in vivo drug dissolu-
tion. If the in vivo dissolution is rapid or very rapid
in relation to gastric emptying, oral drug absorption is
likely to be independent of drug dissolution. Thus, for
BCS class I (high solubility/high permeability) or BCS
class III (high solubility/low permeability) drug sub-
stances, so long as the inactive ingredients in the
dosage form do not significantly affect the absorption
of active ingredients, demonstration of in vivo bioavail-
ability or bioequivalence may not be necessary for drug
products containing class I or III drug substances.

12.3.2 Scientific basis for BCS

The key parameters controlling drug absorption are
three dimensionless numbers: dose number, dissolu-
tion number, and absorption number, representing the
fundamental processes of dose, drug dissolution, and
membrane permeation, respectively.

The dose number (D0) is characterized by the
volume required for solubilizing the maximum dose
strength of the drug16:

D0 5
M=V0

Cs
ð12:2Þ

where, Cs is the drug solubility, M is the dose, and V0

is the volume of water taken with the dose, which is
generally set to 250 mL.

The dissolution number (Dn) is characterized by the
time required for drug dissolution, which is the ratio
of the intestinal residence time (tres) and the dissolution
time (tdiss)

16:

Dn5
tres
tdiss

5
3DCs

r2ρ
3tres ð12:3Þ

where D is diffusivity, ρ is density, and r is the initial
particle radius.

TABLE 12.3 Biopharmaceutics Classification System

Biopharmaceutics class Solubility Permeability

I High High

II Low High

III High Low

IV Low Low

TABLE 12.4 The Model Drugs Suggested for Use in Establishing
the Suitability of a Permeability Method

Model drugs in establishing suitability of a permeability method

High

permeability

Moderate

permeability Low permeability

(fa$ 0.85) (0.50# fa# 0.84) (fa,0.50)

Antipyrine Amiloride Acyclovir

Caffeine Atenolol Chlorothiazide

Carbamazepine Chlorpheniramine Enalaprilat

Disopyramide Creatinine Famotidine

Ketoprofen Enalapril Foscarnet

Metoprolol Furosemide Lisinopril

Minoxidil Hydrochlorothiazide Mannitol

Naproxen Metformin Nadolol

Phenytoin Ranitidine Polyethylene glycol (400)

Propranolol Terbutaline Sulpiride

Theophylline
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The absorption number (An) is characterized by the
time required for absorption of the dose administered,
which is a ratio of residence time and absorptive time
(tabs)

16:

An5
tres
tabs

5
Peff

R
3tres ð12:4Þ

where Peff is the permeability and R is the gut radius.
Drugs with complete absorption show D0,1, while

Dn and An.1. This approach is used to set up a
theoretical basis for correlating in vitro drug product
dissolution with in vivo absorption. To follow the
movement of a dosage form through the GI, the entire
process needs to be broken down into several
component parts in order to see it mechanistically. The
fundamental starting point is to apply Fick’s first law
to the absorption across the intestinal membrane:

Jw5Pw3Cw ð12:5Þ
where Jw (x, y, z, t) is the drug flux (mass/area/time)
through the intestinal wall at any position and time,
Pw (x, y, z, t) is the permeability of intestinal mem-
brane, and Cw (x, y, z, t) is the drug concentration at
the intestinal membrane surface. This equation is a
local law pertaining to each point along the intestinal
membrane. It is assumed that sink conditions (ie, drug
concentration equals zero) exist and that Pw is an
effective permeability. The plasma may be assumed to
be the physiological sink since concentrations in the
plasma are generally several orders of magnitude
lower than that in the intestinal lumen in humans. The
drug absorption rate (ie, the rate of loss of drug from
the intestinal lumen), assuming no luminal reactions,
at any time t is

Absorption rate5
dm

dt
5

ðð
APwCwdA ð12:6Þ

where the double integral is over the entire GI surface.
The total mass, M, of drug absorbed at time t is

MðtÞ5
ðt
0

ðð
APwCwdAdt ð12:7Þ

These mass balance relations are very general since
the surface can be of arbitrary shape and the concen-
tration at the membrane wall and permeability can
have any dependence on position and time. For full
generality, the permeability Pw must be considered to
be position dependent as well as time dependent.

Based on Eqs. 12.2�12.7, the following principle
for bioequivalence may be stated: if two drug products
containing the same drug have the same concentration-
time profile at the intestinal membrane surface, then
they will have the same rate and extent of absorption.
Furthermore, this statement may imply that if two

drug products have the same in vivo dissolution profile
under all luminal conditions, they will have the same
rate and extent of drug absorption. These general
principles assume that there are no other components
in the formulation that affect the membrane permeabil-
ity, intestinal transit, or both. Accordingly, the fraction
absorbed (fa) of a solution follows an exponential
function, and can be calculated as follows:

fa 5 12 e22An ð12:8Þ
As to the establishment of in vitro-in vivo correla-

tion (IVIVC), several factors need to be considered.
These in vitro dissolution tests can only model the
release and dissolution rates of the drug, and it is only
when these processes are rate limiting in the overall
absorption that IVIVC can be established. For class I
drugs, the complete dose will be dissolved already in
the stomach and, provided that the absorption in the
stomach is negligible, the gastric emptying will be
rate-limiting and therefore IVIVC is not expected.
Thus, in vitro dissolution testing can be expected to be
overdiscriminating for those drugs, since tablets show-
ing different in vitro dissolution profiles may provide
the same rate and extent of bioavailability. Class II
drugs are expected to have a dissolution-limited
absorption and an IVIVC can be established using a
well-designed in vitro dissolution test.16 But the IVIVC
will not be likely for class II drugs if absorption is
limited by the saturation solubility in the GI tract
rather than by the dissolution rate. In this situation,
the drug concentration in the GI tract will be close to
the saturation solubility and changes in the dissolution
rate will not affect the plasma concentration profile or
the in vivo bioavailability. The absorption of class III
drugs is limited by their intestinal permeability and no
IVIVC should be expected.16 However, when the drug
dissolution becomes slower than the gastric emptying,
a reduction of the extent of bioavailability will be
found at slower dissolution rates, since the time during
which the drug is available for transport across the
small intestinal barrier will then be reduced. The class
IV drugs present significant problems for effective oral
delivery. Very limited or no IVIVC is expected.

12.4 INTESTINAL PERMEABILITY
EVALUATION: CULTURED CELLS

The term permeability is defined as the rate
(cm/second) at which a solute is transported across the
intestinal membrane, irrespective of transport mecha-
nism. Various methodologies can be used for evaluation
of intestinal permeability and drug absorption; each has
its advantages and disadvantages. Numerous in vitro
methods have been used in the drug selection process for
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assessing the intestinal absorption of potential drug can-
didates with distinct advantages and drawbacks.
Compared to in vivo drug absorption studies, evaluation
of intestinal permeability in vitro requires less compound;
is relatively easier and, in the case of regional absorption
studies, avoids complicated surgery and maintenance of
surgically prepared animals; is more rapid and has the
potential to reduce animal usage since a number of
variables can be examined in each experiment; provides
insights into the mechanisms (eg, carrier-mediated vs
passive), routes (eg, transcellular vs paracellular), and
regional differences (eg, small vs large intestine) involved
in transepithelial transport; and is analytically more
simple because compounds are being analyzed in an
aqueous buffer solution as opposed to whole blood or
plasma. However, one universal limitation with all the
in vitro systems is that the effects of physiological factors
such as gastric-emptying rate, GI transit rate, and GI pH
cannot be incorporated into the data interpretation.

The successful application of in vitro models to
predict drug absorption across the intestinal mucosa
depends on how closely the in vitro model mimics the
characteristics of the in vivo intestinal epithelium.
Although it is very difficult to develop a single in vitro
system that can simulate all the conditions existing in
the human intestine, combinational in vitro systems
are used as decision-making tools in drug discovery
and development. Various cell models that mimic
in vivo intestinal epithelium in humans have been
developed and widely used. The cell lines are now
routinely cultivated as monolayers for studies of the
transepithelial transport of drugs. The examples of
some selected cell culture models are summarized in
Table 12.5.

12.4.1 Caco-2 cells

The Caco-2 cell line was first isolated in the 1970s
from a human colon adenocarcinoma. During growth,
Caco-2 cells go through processes of proliferation,
confluency, and differentiation.17 When grown under
standard conditions on semipermeable membranes,
fully differentiated Caco-2 cells are very similar to nor-
mal enterocytes with regards to their morphological
characteristics. Primarily, they have functional tight
junctions and they develop apical and basolateral
domains and brush border cytoskeleton. Because the
permeation characteristics of drugs across Caco-2 cell
monolayers correlate with their human intestinal
mucosa permeation characteristics, it has been
suggested that Caco-2 cells can be used to predict the
oral absorption of drugs in humans. In the past two
decades, there has been a dramatic increase in the use
of Caco-2 cells as a rapid in vitro screening tool in

support of drug discovery within the pharmaceutical
industry, as well as in advanced mechanistic studies,
including intestinal absorption, transport, and metabo-
lism18,19; utilization of absorption modifying excipient
in the drug formulation20; and oral toxicity.21

The Caco-2 cells are usually grown in culture
T-flasks (75 cm2 or 175 cm2) in a CO2-incubator at
37�C with 5% CO2. The culture medium is Dulbecco’s
Modified Eagle Medium (DMEM) supplemented
with 0.1 mM of nonessential amino acids, 100 U/mL
of penicillin, 0.1 g/mL of streptomycin, 10 mM of
sodium bicarbonate, and 10% fetal bovine serum
(FBS). At a confluency of 70%�80%, the cells are split
at a ratio of 1:3�1:5. For use in the transport experi-
ments, the cells are harvested with trypsin-EDTA and
seeded on polycarbonate filters (0.4 μm pore size,
1.13 cm2 growth area for 12-well plate, 0.33 cm2

growth area for 24-well plate) inside Transwell cell
culture chambers at a density of approximately
75,000 cells/cm2 (Fig. 12.4). The culture medium is
refreshed every 24�48 hours. Transport studies are
usually done after 18�21 days in culture, when
expression of transporters (eg, P-glycoprotein (P-gp))
reaches its maximum.

TABLE 12.5 Cultured Cells Commonly Used for Permeability
Assessment

Cell
type Species or origin Special characteristics

Caco-2 Human colon
adenocarcinoma

Most well-established and
frequently used cell model

Differentiates and expresses
some relevant efflux transporters

Expression of influx transporters
is variable (laboratory to
laboratory

MDCK Madin Darby canine
kidney epithelial cells

Polarized cells with low intrinsic
expression of ATP-binding
cassette (ABC) transporters

Ideal for transfections

LLC-
PK1

Pig kidney epithelial
cells

Polarized cells with low intrinsic
transporter expression

Ideal for transfections

2/4/A1 Rat fetal intestinal
epithelia cell

Temperature-sensitive

Ideal for paracellularly absorbed
compounds (leakier pores)

TC-7 Caco-2 subclone Similar to Caco-2

HT-29 Human colon Contains mucus-producing
goblet cells

IEC-18 Rat small intestine cell
line

Provides a size-selective barrier
for paracellularly transported
compounds
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To ensure the integrity of the monolayer during the
course of the experiment, quality control is done by mea-
suring the transepithelial electrical resistance (TEER)
values and the permeability of mannitol (low cellular
permeability). Caco-2 inserts with TEER values greater
than 250 Ω3 cm2 (24 wells) can be used in the study.
The permeability of 14C- or 3H-mannitol should be lower
than 0.53 1026 cm/second. In each experiment, certain
reference compounds (mannitol and propranolol with
high cellular permeability) should be included. The
apparent permeability (Papp) coefficient (expressed in
cm/second) is calculated as follows:

Papp5
VR

A3C0
3

dC

dt
ð12:9Þ

where, VR is the volume in the receiver chamber
(mL), A is the filter surface area (cm2), C0 is the initial
donor concentration of the drug (μg/mL), and dC/dt
is the initial slope of the cumulative concentration
(μg/mL) in the receiver chamber with time (second).
If the Papp values in the apical-to-basolateral direction
are not equal to those in the basolateral-to-apical
direction, or if the Papp values decrease with increas-
ing test compound concentration, this suggests the
involvement of transporter pathways. Additional
incubations may then be carried out to probe for the
involvement of specific transporter or efflux systems.
Completely absorbed drugs are found to have a high
permeability coefficient (Papp.131026 cm/second),
whereas incompletely absorbed drugs generally have a
low permeability coefficient (Papp, 13 1027 cm/second)
in Caco-2 cells. Caco-2 cells have been demonstrated as
an excellent model of the passive transcellular path-
way,22 or model comparison with parallel artificial
membrane permeation assay (PAMPA).23 Certain stud-
ies suggest that Caco-2 cells rank the permeability of
drugs in the same order as more complex absorption
models such as in situ perfusion models. These

correlation studies are mainly performed with passively
transported drugs (Fig. 12.5).

12.4.2 Limitations of Caco-2 cell model

There are a few important factors that limit the use of
cultured cell models. The lack of correlation for paracel-
lularly transported compounds is one limitation.22

Caco-2 has been shown to have a significantly
lower number of paracellular pores than the human
intestine.22 Low-molecular-weight hydrophilic com-
pounds (eg, ranitidine, atenolol, furosemide, hydrochlo-
rothiazide) displayed low permeability in the Caco-2
cell model despite the extent of absorption in humans is
greater than 50%. In other words, this cell model can
only serve as a one-way screen such that compounds
with high permeability in this model are typically
well absorbed in vivo; however, compounds with low
permeability cannot be certainly classified as poorly
absorbed compounds in vivo.

Another limitation is that the carrier-mediated drug
intestinal absorption is poorly predicted with the
Caco-2 cell model.22 The Caco-2 cell model primarily
measures passive drug transport (both transcellular and
paracellular). Caco-2 cells can express some transporters
(eg, peptide transporters, organic cation transporters
(OCTs), and organic anion transporters (OAT)), but
most intestinal transporters are quantitatively underex-
pressed when compared to those in vivo.22,24 Thus, this
model is likely to generate false negatives with actively
transported drug candidates.

In addition, the correlation of the permeability of
slowly and incompletely absorbed drugs in the Caco-2
cells and human jejunum seems qualitative rather
than quantitative. These drugs (eg, lamivudine)24 are

FIGURE 12.4 Typical experimental setup of a Caco-2 system
used to study the transport of molecules across a monolayer. Permeability (10 4, cm/s)
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FIGURE 12.5 The relationship between human jejunal effective
permeability, Caco-2 monolayer permeability, and the fraction dose
absorbed in humans.
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transported at a 30- to 80-fold slower rate in the Caco-2
cells than in the human jejunum. It is also very difficult
to compare the absolute permeability coefficient value
of individual compounds reported in the literature,
particularly with compounds that are primarily perme-
ate via the paracellular route. The variability may be
attributed to differences in culture conditions and
composition of cell subpopulation.

Additionally, there is the lack of metabolic enzymes
in cell models. An ideal cell-based intestinal permeabil-
ity tool would be one that simulates the human GI
enterocytes not only in lipid bilayer characteristics, but
also in metabolic enzyme activity. Although Caco-2 cell
models are known to express adequate amounts of
hydrolase, esterase, and brush-border enzymes, they
fail to simulate the complete in vivo intestinal environ-
ment because they do not express appreciable quantities
of cytochrome P450 (CYP) 3A4, the principal CYP
present in human enterocytes.

Moreover, the use of appreciable amount of organic
cosolvent is limited. The integrity of tight junctions is
easily compromised by commonly used organic sol-
vents (eg, methanol, ethanol, PG, PEG) even at a small
concentration (more than 1%�2% v/v). Therefore, a
significant percentage of new drug candidates with
poor aqueous solubility cannot be evaluated in this
model. Furthermore, cultured cell systems cannot be
used to adequately evaluate those compounds that can
nonspecifically bind to plastic devices.

In most cases, the preparation of fully functional
cell monolayers generally requires a 3-week cell cul-
ture period with 8�9 instances of laborious cell
feeding. However, the preparation time can be
substantially reduced by modifying both the coating
material and growth media. A shorter cell-culturing
period to generate functional monolayers not only
increases the overall productivity, but also reduces
the chance of bacterial/fungal contamination so as to
minimize downtime.

12.4.3 MDCK cells

The Madin-Darby canine kidney (MDCK) line,
established in the 1950s, is another of the most fre-
quently used cell lines for permeability assessment.
MDCK cells are grown in the culture medium
Modified Eagle Medium (MEM) supplemented with
2% sodium bicarbonate, 1% glutamine, and 5% FBS.
Like Caco-2 cells, MDCK cells have been shown to
differentiate into columnar epithelia and to form
tight junctions when cultured on semipermeable mem-
branes. Given the fact that Caco-2 cells are derived
from human colon carcinoma cells, whereas MDCK
cells are derived from dog kidney cells, the major

difference between Caco-2 and MDCK cells is the
absence or presence of active transporters and drug
metabolizing enzymes. The use of MDCK cells has
been demonstrated as a tool for assessing the mem-
brane permeability properties of early drug discovery
compounds.25,26

For passively transported compounds, MDCK cells
can be used as an alternative for Caco-2 cells.26�28

Although a high rank correlation coefficient of 0.93
for MDCK to Caco-2 Papp has been observed, the
relationship between the permeability in cells and
the absorption in humans is less strongly correlated in
MDCK. Permeability values tend to be lower in MDCK
cells than in Caco-2 cells. While for actively transported
compounds, the discrepancy is more significant
between these two cell models. One major advantage
of MDCK cells over Caco-2 cells is the shorter cultiva-
tion period (3 days vs 3 weeks). A shorter cell culture
time becomes a significant advantage considering
reduced labor and reduced downtime in case of cell
contamination. However, species differences should
also be considered before using MDCK cells as a
primary screening tool for permeability in early drug
discovery.

12.4.4 Other cells

TC-7 is one of the subclones isolated from Caco-2
cells with very similar cell morphology, concerning
apical brush border, microvilli, tight junctions, and
polarization of the cell line. The dipeptide transporter
is underexpressed in both cell lines. The TC-7 clone,
however, appears more homogenous in terms of cell
size. Both cell lines achieve similar monolayer
integrity toward mannitol and PEG-4000. A compari-
son in apparent drug permeability has been made
between TC-7 cell and its parental Caco-2 cells.29

When using cyclosporine A as a P-glycoprotein
substrate, active efflux is shown to be lower in
the TC-7 clone than in the parental Caco-2 cells. The
correlation curves obtained with both cell types are
almost completely superimposable, based on the per-
meability result from 20 test compounds exhibiting
large differences in chemical structure, molecular
weight, transport mechanisms, and percentage of
absorption in humans.

Lewis lung carcinoma-porcine kidney 1 (LLC-PK1)
cells have also been explored as an alternative to
Caco-2 cells for assessing the permeability of test
compounds.30 Several investigators have reported the
utility of porcine cell line for characterizing the passive
absorption discovery compounds.31

The cell model of 2/4/A1, which originates from
fetal rat intestine, is found to be able to better
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mimic the permeability of the human small intestine,
particularly with regard to passive transcellular and
paracellular permeability.32,33 This immortalized cell
line forms viable differentiated monolayers with tight
junctions, brush-border membrane enzymes, and
transporter proteins. The paracellular pore radius of
2/4/A1 cell has been determined to be 9.06 0.2 Å,
which is similar to the pores in the human small
intestine, whereas the pore size in Caco-2 is much
smaller (about 3.76 0.1 Å). Therefore, 2/4/1A cells
have been proposed as a better model to study
passively transported compounds via the paracellular
route than Caco-2 cells. The transport rate of poorly
permeable compounds (eg, mannitol and creatinine)
in 2/4/1A monolayers is comparable with that in
the human jejunum and is up to 300 times faster
than that in the Caco-2 monolayers, suggesting
that the 2/4/1A cell line will be more predictive
for compounds that are absorbed via paracellular
route.

12.5 INTESTINAL PERMEABILITY
EVALUATION: EX VIVO

12.5.1 The everted gut sac technique

The everted sac approach introduced in 1954 by
Wilson and Wiseman,34 has been widely used to study
intestinal drug transport. Everted sacs are prepared
from rat intestine by quickly removing the intestine
from the decapitated animal, flushing with a saline
solution, everting it over a glass rod (diameter 3 mm),
filling it with fresh oxygenated culture medium, and
dividing it into sacs approximately 2�4 cm in length
with silk suture (Fig. 12.6). Sacs (with the mucosal
side outside) are then submerged in a culture medium
containing the drug of interest, and accumulation in

the inner compartment is measured. Under optimal
conditions, sacs remain viable for up to 120 minutes.
To check sac viability and integrity, glucose concentra-
tion can be monitored inside and outside the everted
sac during the experiments. It is a two-compartment
system permitting the calculation of the kinetics
of uptake into the epithelial tissue by assaying mate-
rial in the cells, and transferring across the entire
epithelial layer by measuring material that is found
inside the sac at the end of the incubation period.
The system has been used to study the uptake of lipo-
somes and proteins, bioadhesive lectins, and synthetic,
nondegradable polymers.35

The everted sac technique is a useful tool to
study the mechanisms of uptake of molecules. Test
compounds are incubated with the sac at various
concentrations and for different time periods to obtain
the kinetics of uptake. At the end of the incubation, the
compounds are analyzed in the tissue and the serosal
space, and as tissue protein is measured, the uptake is
expressed per unit protein for normalization. In the
case of passive membrane diffusion, the compound is
detected in both tissue and serosal space, and uptake
will be concentration dependent. For carrier-mediated
transports, uptake will be saturable and subject to
competition by other substances transported by the
carriers. Test compounds should be detected in
both tissue and serosal space. In the case of active
mechanisms, there will be inhibition by the metabolic
inhibitors added to the system. Endocytosis is slow
and may or may not be saturable, depending on
whether it is receptor mediated, and inhibited by both
metabolic inhibitors and inhibitors of microtubule
assembly like colchicine. The compound will be
detected in the tissue, and in very small amounts in
the serosal space. If it is transported by the paracellular
route, there will be no test compound in the tissue,
only in the serosal space, and translocation should
be concentration dependent. In addition, disruption of
the tight junctions with the Ca21 chelators ethylene
diamine tetraacetic acid (EDTA) or ethyleneglycol
tetraacetic acid (EGTA) should increase the uptake of
molecules by the paracellular route.

Given the presence of P-gp activity along the rat
intestine, the everted gut sac model can also be useful
to study the action of intestinal P-gp on intestinal drug
absorption. By comparing the transport kinetics of a
substrate in the absence or the presence of potential
P-gp inhibitors, the method can be used to evaluate
the role of P-gp in the intestinal drug absorption and
to screen for putative P-gp inhibitors. An understand-
ing of the site specificity of absorption is most
important to optimizing oral drug delivery, particu-
larly in developing controlled released formulations.

Everted sac 

Mucosal side 

Incubation
medium

Oxygenated
incubation medium

and tested drug

FIGURE 12.6 Everted sac: the sac is incubated by shaking in the
oxygenate tissue culture medium. Each sac is removed at the
required time point and drug is analyzed in the serosal space and
tissue.
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The everted sac system affords a simple technique to
investigate differences in drug absorption along the GI
tract. The everted sac system is also a useful tool
for screening absorption enhancers. The transport
mechanism, which is modified by the enhancers, can
be verified by using specific model compounds to
measure the absorption in the presence and absence of
enhancers. For example, quinine or digoxin for mem-
brane diffusion, amino acids, or dipeptides for carrier
transport, as well as mannitol for the paracellular
route, can be used for this purpose. The everted gut
sac has the potential for studying the metabolism
of drugs by the intestinal mucosa. If drugs are metabo-
lized by cell surface enzymes in the intestine, then the
metabolic products will be detected in the medium
following incubation. If the drug is absorbed into
the cells, then it may be susceptible to first-pass
metabolism within the enterocytes. The products of
this metabolism may themselves be transported,
in which case they would be detected in the serosal
space, or they may be confined to the interior of
the cells.

Thus, the everted gut sac system has a number of
advantages. It is simple, quick, very reproducible, and
inexpensive. The regional differences in drug absorp-
tion can be studied and differentiated with this
system. It can provide information on the mechanism
of drug absorption and be used to test the effects
of enhancers and formulations on absorption. The
system also has some disadvantages. The major
disadvantage is that it is an animal model, and the
absorption results obtained with this model may not
always reflect the real absorption profile in humans.
In addition, the test compounds have to across all the
layers (including muscle) of the small intestine,
instead of just the intestinal mucosa. Furthermore, the
sink condition cannot be established due to the small
volume inside the sac.

12.5.2 Ussing chamber

The Ussing chamber technique resulted from the
pioneering work of Ussing and coworkers, who in the
late 1940s and early 1950s published a series of papers
describing the transepithelial ion fluxes. This technique
has subsequently been modified by Grass and
Sweetana to study drug transport. This technique uti-
lizes small intestinal sheets that are mounted between
two compartments. The mucosal and serosal compart-
ments are usually supplied with Krebs-Ringer bicar-
bonate buffer (KRB), which is continuously gassed
with a mixture of O2:CO2 (95:5). The test compound is
added to either the mucosal or serosal side of the

tissue to study transport in the absorptive or secretory
direction, respectively. Apparent permeability coeffi-
cients (Papp) are calculated as for Caco-2 transport
experiments from the appearance rate of the com-
pound in the receiver compartment.

The applications of the Ussing chamber
system include studying the transepithelial drug
transport in combination with intestinal metabolism
and investigating the regional differences in intestinal
absorption.36 Advantages of the technique are that
the amount of drug needed to perform a study is
relatively small, and the collected samples are
analytically clean. Unlike in vitro cultured cell model,
the presence of the apical mucus layer makes the sys-
tem more relevant to in vivo condition. A novel fac-
tor called the permeability ratio (PR), which is the
value of in vitro intestinal permeability obtained
from the Ussing chamber, further corrected by the
permeability of lucifer yellow, a paracellular perme-
ability marker, was recently proposed for reliable
in vitro permeability.37 By using this approach, the
correlation with human in vivo intestinal permeabil-
ity of 12 tested model drugs representing different
BCS classes is high.37 More important, the new
method perfectly classifies all 12 model drugs.

In addition, the model offers the possibility to study
bidirectional drug transport and concentration depen-
dency of transport and the effect of specific transport
inhibitors. The Ussing chamber model has been
used to demonstrate transport polarity of compounds
that are substrates of P-gp or the multidrug
resistance (MDR)�associated protein.38 Furthermore,
species differences with respect to intestinal absorption
characteristics can be determined, which can be useful
during the selection of a suitable animal model for
drug bioavailability studies. It should be noted
that during preparation of the Ussing chamber system,
dissection of the epithelial tissue is rather difficult
to perform and the serosal muscle layers can be only
partially removed, which may result in an underesti-
mation of transport, which appears to be an issue,
especially for lipophilic drugs.

12.5.3 In situ intestinal perfusion in rat

Among the various preclinical models that are used
to study drug absorption, the in situ method is the
nearest to the in vivo system. Intestinal segments of
the anesthetized animals are cannulated and perfused
by a solution of the drug and the amount of the drug
that is taken up from the perfusate can be calculated
(Fig. 12.7). Input of the drug compound can be closely
controlled in terms of concentration, pH, osmolality,
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intestinal region, and flow rate. The advantages of in
situ method include:

1. The barriers that a compound has to cross to reach
the portal blood circulation are identical in the in
situ and in vivo situations.

2. This method provides a unique possibility for
studying the intestinal events under isolated status
without the complication of biliary excretion and
enterohepatic circulation.

3. It is good for producing some kinetic data,
particularly as the blood supply, innervation, and
clearance capabilities of the animal remain intact.

4. Like the Ussing chamber technique, the in situ
method can also be used for the regional absorption
studies, and observing the gross effects of enhancer.
Thus, the method has been widely used for the
selection of drug candidates. And in situ intestinal
perfusion in rat jejunum in the predictive accuracy
of uptake and efflux transport seems superior to
Caco-2 cell model.24

The prediction of the extent of absorption in
humans from rat intestinal perfusion data has been

demonstrated for a series of compounds with variable
absorption (5%�100%) in humans. A high correlation
between effective permeability values determined in
rat and human jejunum has been demonstrated.
Therefore, in situ perfusion of rat jejunum is consid-
ered to be a useful tool to classify compounds accord-
ing to BCS,39,40 provided that appropriate reference
compounds are included to account for interlabora-
tory variations in passively and actively transported
drugs.

The basic experimental procedure is as follows.
Rats are fasted for at least 12 hours and anesthetized,
and then an intestinal segment (10�20 cm) is isolated
and cannulated. This segment is rinsed with an
isotonic solution before being constantly perfused
with the solution containing the compound of
interest. The perfusate is then collected in deter-
mined intervals. Complete recovery of PEG-4000
(a nonabsorbable marker), stable water flux, and the
effective permeability coefficient (Peff), with time for
compounds transported both passively (antipyrine)
and by a carrier-mediated mechanism (glucose),
indicate that viability of the intestinal tissue is main-
tained during the experiment. The Peff of antipyrine
can also be used as an indication of extensive change
of the mesenteric blood flow. Peff is calculated as
follows:

Peff5
2Qin 3 ln Cout=Cin

� �
2πrL

ð12:10Þ

where Cin and Cout are the inlet and outlet concen-
tration of the compound in the perfusate, Qin is the
flow rate of perfusion medium entering in the intes-
tinal segment, and 2πrL is the mass transfer surface
area within the intestinal segment, which is assumed
to be the area of a cylinder with length L and radius
r. The accessibility of the luminal compartment
enables an estimation of intestinal metabolism to be
made. However, perfusion systems give no informa-
tion about events at the cellular or membrane level.
The measurement of the rate of decrease of the drug
concentration in the perfusate does not always repre-
sent the rate of absorption of the drug into the sys-
temic circulation, particularly if presystemic or
intracellular intestinal metabolism occurs. This prob-
lem can be overcome if this technique is applied in
combination with measurements of the concentration
of the drug in the portal vein. The method is also
limited because of its cost factor, as it requires a
large number of animals to give statistically signifi-
cant absorption data. Relatively high amounts of test
compounds are also required to perform studies,
which is not feasible in early drug discovery.

FIGURE 12.7 The in situ study of drug uptake by the single-pass
perfusion technique. A rat is anesthetized, and an intestinal segment
is cannulated and perfused with the solution containing the com-
pound of interest. The amount of the compound taken up from the
solution can be calculated from the difference between the inlet and
the outlet concentration of the compound.
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Also, surgical manipulation of the intestine com-
bined with anesthesia can cause a significant change
in the blood flow to the intestine and may have a
remarkable effect on absorption rate. More often, the
method uses perfused intestinal flow rates higher
than those in vivo; and as a consequence, the in
situ intestine is fully distended and the luminal
hydrostatic pressure increases. This distension
may affect the intestinal permeability or absorptive
clearance.

12.5.4 Intestinal perfusion in humans

Intestinal perfusion techniques have been first used
in humans with the aim of studying the absorption
and secretion mechanisms or the role of gastric
emptying in drug absorption, while the techniques
are too complex to be used for mass or routine screen-
ing studies. The basic principle of these techniques is
to infuse a solution of the test compound and a non-
absorbable marker such as PEG-4000 into an intestinal
segment and to collect perfusate samples after the
perfusion has passed through the segment. The differ-
ence between the inlet and the outlet concentration of
the compound in the solution is assumed to have
been absorbed.

Three main single-pass perfusion approaches have
been employed in the small intestine:

• Open system—A triple lumen tube including a
mixing segment

• Semiopen system—A multilumen tube with a
proximal occluding balloon

• Closed system—A multilumen tube with two
balloons occluding a 10 cm long intestinal segment
(Fig. 12.8).41

In the open system method, entering perfusion
solution and GI fluids are mixed in a “mixing
segment,” and at the distal end of the mixing segment,
a sample is taken that is considered to be the inlet
concentration of the test segment. The absorption is
then calculated from a second outlet sample taken at
the end of the test segment, which usually is 20�30 cm
distal to the mixing segment. A major disadvantage of
this method is that the composition of the perfusate
will change along both mixing and test segments,
which makes it difficult to define the absorption
conditions and therefore to determine reference
drug permeability at well-controlled luminal condi-
tions. Perfusate can flow in either direction, and it is
difficult to estimate the actual segment length in this
open system. The semiopen system, which has been
introduced by Ewe and Summerskill, overcomes the

problem of proximal contamination by using an
occluding balloon proximal to the test segment. This
method decreases proximal leakage, and therefore, the
luminal composition will be maintained at equilibrium
and drug permeability can be determined under well-
controlled conditions. However, both the open and
semiopen methods generally use rather high perfusion
flow rates (typically between 5 and 20 mL/minute),
which are significantly higher than physiological flow
rates of 1�3 mL/minute. The recovery of liquid is low
and variable with the length of the intestinal segment
studied unknown. Lennernas et al. refined the tech-
nique by developing a new intestinal perfusion instru-
ment, which consists of a multichannel sterile tube
with two inflatable balloons, creating a 10-cm-long
segment and allowing segmental intestinal perfusion
(Fig. 12.8).42 The tube is introduced orally after local
anesthesia, and when the tube has been positioned, the
balloons are inflated, creating a closed intestinal seg-
ment. The segment is rinsed, perfused with a drug-free
perfusate and then perfused with the perfusion solu-
tion containing the test compound. The absorption rate
is calculated from the disappearance rate of the com-
pound from the perfused segment. The absorption rate
can be calculated in different ways, but the intestinal
Peff most likely provides the best description of the
transport process across the intestinal barrier. The Peff

is calculated as shown in Eq. 12.10. There is a good
correlation between the measured effective permeabil-
ity values and the extent of absorption of drug
in humans determined by pharmacokinetics studies
(Fig. 12.9).

Jejunal
perfusion
(10 cm)

Ports/probes

Stomach
drainage 

FIGURE 12.8 The multichannel tube system with double bal-
loons enabling segmental perfusion in humans. The difference
between the inlet and the outlet concentration of the compound in
the solution is assumed to have been absorbed.
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12.6 IN SILICO METHODS

Computational screening has received much atten-
tion in the last few years. In silico models that can
accurately predict the membrane permeability of test
drugs based on lipophilicity, H bonding capacity,
molecular size, polar surface area (PSA), and quantum
properties has the potential to specifically direct
the chemical synthesis and therefore revolutionize the
drug discovery process. Lipinski’s Rules of Five
predict lower developability for compounds with more
than 5 H bond donors, 10 H bond acceptors, molecular
weight greater than 500, or c log P greater than 5.43

Using this empirical model, useful predictions
were achieved for closely related analog series of
compounds. Additionally, approaches of the quantita-
tive structure-activity relationship (QSAR) model and
quantitative structure-property relationship (QSPR)
model, and physiologically based pharmacokinetic
(PBPK) modeling such as the compartmental absorp-
tion and transit (CAT) model have been developed
for predicting oral drug absorption and bioavailability
in humans.

12.6.1 QSAR

In last decade, significant progress has been made
in the utilization of the QSAR approach in the early
stages of drug discovery or development. The quanti-
tative structure�human effective intestinal membrane
permeability (Peff) relationship was constructed based
on seven structural parameters.44 The predicted Peff

values had a good correlation with the experimental
human absorbed fraction (Fa). This model was also
used to perform high/low Peff classification for 57
drugs that have been classified according to the BCS,
and 72% of drugs could be classified correctly.

Several studies provided comparative QSAR analysis
on PAMPA/modified PAMPA permeability.45�47 One
study predicted the PAMPA permeability with in silico
descriptors, such as lipophilic partition coefficients
(Log P), pK(a), and PSA.45 The PAMPA prediction
equation obtained in both studies could be applied
for the prediction of both Caco-2 cell permeability
and human intestinal absorption of mainly passively
transported drugs.45,46

Prediction and mechanistic interpretation of human
oral drug intestinal absorption using QSAR analysis in
the stage of drug discovery and lead optimization has
also been reported.47�49 The important descriptors in
oral absorption include log P, hydrogen bonding, and
structural symmetry.49 The final validated models are
consistent and robust for the consensus prediction of
oral drug intestinal absorption and are suitable for
virtual screening applications.47

12.6.2 QSPR

Significant progress has been made in the utilization
of this approach in the early stage of drug discovery.
One study presented new linear and nonlinear predic-
tive QSPR models to predict the human intestinal
absorption rate.50 The structure-property relationships
so obtained involve only four molecular descriptors
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FIGURE 12.9 The relationship between human jejunal effective permeability and fraction dose absorbed.
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and display an excellent ratio of number of cases to
number of descriptors. The QSPR model has been
reported for estimating both logPapp and the human
intestinal absorption.51 The results showed that the
multivariate-statistics approach performs the best for
estimating Papp, while a single variable like PSA
describes the human intestinal absorption process
satisfactorily.

12.6.3 PBPK modeling

Again, significant enhancement in the ability of
PBPK models to successfully predict oral drug absorp-
tion and advance their role in preclinical and clinical
development, as well as for regulatory applications,
has been observed.52,53 Predictive absorption models
are used to determine the rate and extent of oral drug
absorption, facilitate lead drug candidate selection,
establish formulation development strategy, and
support the development of regulatory policies.54

The compartmental models mainly include the CAT
model; advanced compartmental absorption and
transit (ACAT) model; and advanced dissolution,
absorption, and metabolism (ADAM) model.54 The
initial CAT model is a dynamic, mechanistic model
that simulates and predicts the rate and extent of drug
absorption from the human small intestinal tract.
The CAT model has been modified and extended to
be the ACAT model, which laid foundation for the
commercial software, GastroPlust.55 More recently,
the ADAM model was also developed based on the
CAT model to include drug dissolution, GI fluid
transit, drug degradation, gut wall permeation, intesti-
nal metabolism, and active transport.55 The Simcyps

software employs the ADAM model. Details of the
prediction of oral drug absorption by PBPK modeling
and simulation approach are described in chapter
“Predictive Biopharmaceutics and Pharmacokinetics:
Modeling and Simulation” of this book.

12.7 IN VIVO METHODS TO DETERMINE
ORAL DRUG ABSORPTION

12.7.1 Mass balance study to determine
drug absorption

Mass balance using radiolabeled drugs can be useful
to estimate the fraction of dose absorbed. 14C is the most
frequently used radioisotope to label a drug, in nearly
half of all studies, while 20% of studies are performed
with 3H. Mass balance studies to determine drug
oral absorption have been available for certain drugs in
animals56 or humans.57,58 Mass balance is determined
based on the comparison of the radioactivity in the

original dose to the amount of radioactivity in the
excreta. Radioactivity measurements are independent of
chemical structure, so total radioactivity measurements
are the summation from the parent drug and its
metabolites. The major advantage of mass balance
study using radiolabeled drugs is that the total concen-
tration of the parent drug and its metabolites can be
quantified rather easily in various biological samples by
determining the total radioactivity. Otherwise, the
respective reference compound for each single metabo-
lite will be needed. For animals, urine, feces, and bile
samples dosed with the radiolabeled drug in question
are collected over time, and the total radioactivity
(of the drug and its metabolites) in the urine and bile
sample reflects the actual amount of the drug absorbed
into the GI enterocytes. For humans, normally, only
urine and feces are collected; radioactivity in the urine
suggests that the bioavailability is at least equal to the
fraction of drug appearing in the urine; the amount of
drug in the feces is a mixture of the unabsorbed drug
(assuming oral administration), drug excreted in the GI
tract, and drug excreted in the bile.

12.7.2 Rate of oral drug absorption
into systemic circulation

After oral administration, the rate of the change
in the drug amount in the body depends on the
difference between the rate of drug absorption (rate
of drug input) and the rate of drug elimination (rate of
drug output):

dDB

dt
5

dDGI

dt
2

dDE

dt
ð12:11Þ

where DB is the drug amount in the body, DGI is the
drug amount in the GI tract, and DE is the drug
amount eliminated. This equation is independent of
the zero-order or first-order rate. Plasma drug concen-
trations over time in in vivo studies are usually
measured.

The obtained plasma concentration-time curve for a
drug following oral administration often presents
several phases, including the absorption phase, time to
reach peak concentration, postabsorption phase, and
the terminal elimination phase (Fig. 12.10). During the
absorption phase of a drug plasma concentration-time
curve, the rate of drug input is greater than the rate of
drug output; then, at the moment of drug peak plasma
concentration, the rate of drug input equals the rate of
drug output. Further, during the postabsorption phase
of a drug plasma concentration-time curve, the rate
of drug input is less than the rate of drug output;
eventually, during the elimination phase when the
drug at the absorption site becomes depleted, the rate
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of drug input approaches 0, the rate of the change in
the drug amount in the body represents only drug
elimination from the body.

In pharmacokinetics, the overall rate of drug
absorption could be described as either a first-order,
or zero-order, or a mixed-input process. The drug
absorption rate represents the net result of processes
of drug dissolution, GI motility, blood flow, and
drug transport across the membrane and into sys-
temic circulation. Knowledge of drug absorption and
drug elimination allows the prediction of steady-state
drug concentration profiles. Analysis of drug absorp-
tion with the information of in vivo peak drug
concentrations or time to achieve peak concentrations
is also useful for the evaluation of the bioequivalence
of generic drugs.

12.7.2.1 First-order drug absorption

Most pharmacokinetic models assume first-order
kinetics for oral absorption. First-order drug absorp-
tion applies mostly to the oral absorption of drugs in
solution or rapidly dissolving drug dosage forms
in tablets or capsules (IR). Only drug in solution is
absorbed into the body. The rate of drug input or the
rate of drug disappearance from the GI is described by

dDGI

dt
5KaDGIF ð12:12Þ

where Ka is the first-order drug absorption rate constant
from the GI, DGI is the drug amount in solution in GI at
a given time t, and F is the bioavailability. There are a
few methods to calculate Ka based on in vivo data—
namely, the method of residuals, mass balance methods

(Wagner-Nelson method, Loo-Riegelman method), and
the deconvolution method.59

12.7.2.2 Zero-order drug absorption

Zero-order drug absorption can also occur with oral
drug absorption by a saturable process or a controlled
release drug delivery system. Following oral drug
administration, by zero-order drug absorption, drug in
the GI is absorbed systemically at a constant rate of
Kao. The rate of drug input is simply Kao:

dDGI

dt
5Kao ð12:13Þ

where Kao is the rate of drug absorption, which is a
constant. In this case, the time for complete drug
absorption to occur is equal to Dose of the drug/Kao.

12.8 FOOD EFFECTS ON DRUG
INTESTINAL ABSORPTION

Food-drug interactions in the GI have been widely
associated with alterations of pharmacokinetic and
pharmacodynamic parameters and proven to have sig-
nificant clinical implications. Ideally, it is most advan-
tageous if an oral drug administration can be provided
independent of meal considerations. In the early stages
of drug development, the food-drug interaction model
would be beneficial when preclinical predictions could
be of particular use and service to the industry.
Although various in vitro and in vivo models can be
found, no standard system currently exists to predict
drug absorption and the effect of food.

12.8.1 GI physiological changes under fed state

Food effects on bioavailability are generally greatest
when the drug product is administered shortly after a
meal is ingested. The role of food in oral drug
absorption may be attributed to a myriad of variables,
ranging from the drug’s physicochemical properties to
the postprandial environmental changes in the GI. The
environment of the GI varies markedly following meal
ingestion. Food can alter a drug’s transit time, luminal
dissolution, drug permeability, and systemic availability
by various means, including:

1. Increased gastric secretion and changed properties
of gastric fluids (Tables 12.1 and 12.2); during
digestion, gastric juice is secreted by the stomach
wall into the lumen in order to provide various
functions, including protein and lipid digestion,
preparation of micronutrients for absorption in
duodenum, protection against microbial
overgrowth, dilution of chyme, and, relatedly, the

FIGURE 12.10 A typical plasma concentration-time curve for a
drug after oral administration.
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regulation of gastric emptying. The daily
production of gastric juice ranges from 2�3 L
with differences between the unstimulated and
stimulated state. The gastric juice production
under stimulation can be 10�50 mL/min, versus
the unstimulated secretion of 1 mL/minute.60

2. Changed GI pH and viscosity; the nature of the
gastric content is the mixed result of salivary
flow, gastric secretions, and food properties.

3. Delayed gastric emptying and motility; generally,
after a meal, the stomach is able to gather
considerably more than 1 L of gastric content,
whereas this maximum capacity depending on food
volume and individual physiology often results in
the gastric volume being large enough to exceed the
gastric emptying. Due to long gastric transit times,
the postprandial stomach plays an essential role in
drug release and the appearance of food effects.

4. Stimulated bile flow; the levels of phospholipids
and bile salts in the gut may increase fourfold to
fivefold following a meal.61

5. Increased splanchnic blood flow.
6. Changed luminal metabolism (presystemic

metabolism) of a drug substance; it has been well
recognized that intake of grapefruit juice can
markedly augment oral drug bioavailability
(ie, dihydropyridines, terfenadine, saquinavir,
cyclosporin, midazolam, triazolam, and verapamil
and may also occur with lovastatin, cisapride, and
astemizole), predominantly by inhibition of
CYP3A4, and presumably additional inhibition of
P-glycoprotein in the intestinal wall.62 Since the
duration of inhibitory effect of grapefruit juice can
last 24 hours, repeated juice consumption can result
in a cumulative increase in drug exposure.63

7. Physical or chemical interaction with a dosage
form or a drug substance; in general, meals that
are high in total calories and fat are more likely
to affect the GI tract physiology, thereby resulting
in a larger effect on the bioavailability of a drug
substance or drug product. Therefore, the use
of high-calorie, high-fat meals is recommended
during food-effect bioavailability and fed
bioequivalence studies.64

12.8.2 FDA guidance on food-effect
bioavailability and bioequivalence studies

Food can change the bioavailability of a drug and
can influence the bioequivalence between test and
reference products. The influence of concomitant food
intake on a drug prompted the FDA to issue a
guidance for the industry on food-effect bioavailability
and fed bioequivalence studies.64

In practice, it is difficult to determine the exact
mechanism by which food changes the bioavailability
of a drug product without performing specific
mechanistic studies.64 In terms of BCS class I drugs
(high solubility/high permeability), important food
effects on bioavailability are least likely to occur with
many rapidly dissolving, IR drug products because
absorption of the BCS class I drugs is usually pH- and
site-independent and thus insensitive to differences in
dissolution. However, for BCS class I drugs, food can
still influence the bioavailability when there is a high
first-pass effect, extensive adsorption, complexation, or
instability of the drug substance in the GI; or, in some
cases, excipients or interactions between excipients and
food-induced changes in gut physiology can contribute
to these food effects and influence the demonstration of
bioequivalence; or, for rapidly dissolving formulations
of BCS class I drug substances, food can affect drug
peak concentration and the time to reach peak concen-
tration by delaying gastric emptying and prolonging
intestinal transit time. However, we expect the food
effects on these measures to be similar for test and
reference products in fed bioequivalence studies.

In terms of IR drug products for BCS class II, III, and
IV drugs and for all modified-release drug products,
food effects are most likely to result from a more com-
plex combination of factors that influence the in vivo
dissolution of the drug product, the absorption of
the drug substance, or both. In these cases, the relative
direction and magnitude of food effects on formulation
bioavailability and the effects on the demonstration of
bioequivalence are difficult, if not impossible, to predict
without conducting a fed bioequivalence study.

Therefore, food effects have been investigated on
BCS class II, III, and IV drugs. In general, positive
food effects occur for BCS class II drugs when a higher
systemic exposure is observed under fed conditions
compared with the fasted state.65,66 This is because
food may improve absorption by enhancing the drug
solubility in the intestinal lumen and inhibiting the
efflux transporters in the intestine. Conversely, food
can delay gastric emptying and prolong intestinal
transit time, resulting in a delay in peak concentration
of the drug product. In addition, in the presence of a
meal, compounds of BCS class II weak bases are
susceptible to variable dissolution and intestinal
precipitation due to changes in GI pH and stimulated
secretion of bile salts, while negative food effects
are usually observed for most BCS class III com-
pounds, showing decreased bioavailability after
food intake.66,67 For BCS class IV compounds, it is
challenging to anticipate the direction of food effects
because food effects can be formulation- and dose-
dependent, as both solubility and permeability can be
the rate-limiting steps for absorption.66
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Based on the FDA guidance,64 there are some
recommendations for food-effect bioavailability and
fed bioequivalence studies. For IR drug products, a
food-effect bioavailability study should be conducted
for all new chemical entities as part of IND applica-
tions and NDAs. Bioequivalence studies under fed
conditions may be conducted as part of ANDAs for
some IR drug products. Food-effect bioavailability and
fed bioequivalence studies should be performed for all
modified-release dosage forms.

12.9 REGIONAL DRUG ABSORPTION
ALONG GI

It is well known that the transepithelial permeability
of the small and large intestine varies with the intesti-
nal site for drugs transported by passive diffusion,
carrier-mediated mechanisms, or both. Understanding
the regional differences in luminal conditions, GI tran-
sit and permeability is a fundamental requirement for
establishing the subject-by-formulation interaction con-
cept (which takes intersubject variations into consider-
ation in relation to dosage form performance). Also, the
permeability of each specific part of the intestine has to
be taken into account in a more physiological manner
in order to rationally design and develop advanced
modified-release drug products. The information on
regional drug absorption has been used to support and
guide formulation development for drugs such as
acipimox68 and MK-0869.69 Information of regional
intestinal permeability in drug absorption along the GI
have direct implications on the development of
modified-release drug dosage forms.

12.9.1 Drug absorption from the stomach

Generally, absorption from the stomach is minor com-
pared to from the intestine because of the gastric epithe-
lial barrier preventing diffusion, the relatively small
available surface area, and the negligible expression of
nutrient (uptake) transport proteins. For a compound to
be absorbed in the stomach, it needs to have high acidic
solubility and rapid dissolution. Generally, the absorp-
tion of uncharged dissolved acidic drugs from the
stomach is more ready than the absorption of basic
drugs. Gastric acid secretion is one of the main para-
meters affecting the dissolution profile of solid dosage
forms, particularly for drugs with pH-dependent solubil-
ity. The acidic secretion is controlled by various hor-
mones and neurotransmitters, such as histamine,
gastrin, acetylcholine, or somatostatin. Basal acid output
amounts to 2�4 mmol/hour, but in a stimulated state,
rates of up to 20�30 mmol/hour have been reported.60

The gastric acid produced by the parietal cells has a
maximum concentration of 160 mmol/L (pH 0.8). Under
fasted conditions, the gastric pH value of healthy adults
is reported to be within a pH range of 1�3. Under such
acidic conditions, the dissolution of weak acids with
higher pKa values than the pH value of the gastric milieu
(ie, ibuprofen, diclofenac, furosemide, and valproic acid)
is hampered because they are primarily nonionized. In
contrast, the dissolution of weak bases (ie, ketoconazole
and dipyridamole) is enhanced because they are highly
ionized. In addition, meal intake raises the pH values of
the gastric content. Depending on meal composition and
volume, values of up to pH 7 are reported in the litera-
ture, and the return to baseline pH values takes several
hours, particularly for high-calorie meals.

12.9.2 Drug absorption from the small intestine

Small intestine is the primary site of absorption for
most orally administered drugs. In addition, the proxi-
mal small intestine (P-SI) is more permeable than the
more distal intestine (D-SI) and ascending colon.
The effective permeation (Peff) of drugs through the
intestine often depends on the combined outcomes of
passive diffusion and multiple parallel transport
processes.70 The human in vivo Peff database from the
jejunum is well established.71 Single-pass perfusion
studies have been used to calculate the Peff of different
substances from sites in the jejunum and ileum.70

There is an in vivo human jejunal Peff cutoff point at
approximately 1.53 1024 cm/second (t1/2,abs of about
42 minutes), which marks the difference between drugs
that are rapidly absorbed (high Peff) and those that
are slowly and incompletely absorbed (low Peff) from
solution.41 The cutoff point for the absorption rate
based on in vivo jejunal perfusion data is in agreement
with the simulated pharmacokinetic data.

Both intestinal metabolic enzymes and drug
transporters determine the bioavailability of orally
administrated drugs. One function of the small intestine
in oral drug absorption can be attributed to its first-pass
intestinal metabolism. The significant capability of the
small intestinal mucosa to metabolize drugs has been
reported, and the expression of metabolic enzymes
(cytochrome P450s (1A1, 1B1, 2C9, 2C19, 2D6, 2E1, 2J2,
2S1, 3A4/5), UDP-glucuronosyltransferases, sulfotrans-
ferases, N-acetyltransferase) in human small intestine
has been reported.72 Intestinal metabolism mainly medi-
ated by CYP can serve as a barrier to the systemic uptake
of xenobiotics (including drugs) by facilitating excretion
to the lumen of the intestine or by bioactivation of
the xenobiotics, with consequent binding to enterocyte
macromolecules. Another function of the small intestine
in oral drug absorption can be attributed to drug
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transport. The expression of a variety of influx (absorp-
tive) transporters (intestinal oligopeptide transporter,
dipeptide/tripeptide transporter (PepT1)) for amino
acids, peptides, hexose, organic anions, organic cations,
nucleosides, and other nutrients in human small
intestine has been reported.73,74

In addition to influx transporters, adenosine triphos-
phate (ATP)�dependent efflux transporters such as
MDR protein 1 (MDR 1 or P-glycoprotein 1), MDR-
associated protein 2 (MRP2 or ABCC2), and breast
cancer resistance protein (BCRP or ABCG2) are also
expressed on the apical membrane of intestinal epithe-
lia in humans and rodents.73,74 P-gp is present at high
levels in the villus enterocytes.74 Also, the expression
and activity of P-gp along the small intestine seems
regional. In humans, the expression of P-gp is higher
in the lower part of the intestine. P-gp has an affinity
to a wide range of substrates to excrete various drugs
into the lumen. It is an important factor that decreases
the bioavailability of oral drugs, such as lumefantrine75

or digoxin.76 Notably, P-gp and CYP3A share a large
number of substrates and inhibitors and are induced
by many of the same compounds, including dexameth-
asone and rifampin.77 Inhibitors of P-gp such as
cyclosporine and verapamil have been shown to
increase the drug absorptive transport.78

12.9.3 Drug absorption from colon

The colonic absorption of drugs can differ signifi-
cantly from absorption in the small intestine as a conse-
quence of several physiological, physicochemical, and
biopharmaceutical factors. The permeability through
passive transport is thought to be lower in colonic than
in other intestinal tissue because of the smaller surface
area and tighter junctions in the epithelial cell layer.
There is a shortage of Peff data from ileum and colon in
the human intestinal tract.71 There have not been any
direct measurements of in vivo colonic Peff for drugs in
humans to date. In addition, the expression of efflux
and uptake transporters such as P-gp and the human
dipeptide/tripeptide transporter (hPepT1) appears to
increase and decrease in the colon, which may limit the
permeability, dissolution rate, and absorption. It has
been reported that BCS class I drugs were generally
well absorbed in the colon (with relative bioavailability
in the colon greater than 70%) in a comparison of the
plasma exposure of the drug following oral and colonic
administration.79 The low-Peff drugs (BCS class III/IV)
were less well absorbed in the colon (with relative
bioavailability in the colon less than 50%). It has been
reported that atenolol and metoprolol could function as
Peff markers for low- and high-colonic absorption,
respectively.79

Interest has developed in directing drugs and dos-
age forms to effect primary drug release to the colon.
Targeted distribution of an orally administered drug at
the large intestine confers therapeutic advantages on
the treatment of colonic diseases, peptide and protein
therapy,80 and chronotherapy.81 To achieve such distri-
bution control in the GI tract, the adoption of the pro-
drug concept gives birth to a colon-specific prodrug.
Upon design of a colon-specific prodrug, one should
take into consideration not only the delivery of a drug
to the target site, but also its therapeutic effectiveness
once it is there. The intestinal microbiota can be
considered as a metabolically adaptable and rapidly
renewable organ of the body. In addition, as knowl-
edge will increase about the microbial bioconversion of
polyphenolic compounds into bioactive metabolites in
the colon, as well as whether food-based strategies
can augment such bioconversion into more potent
compounds with antioxidant and anti-inflammatory
activity, new areas of research will be discovered.
Furthermore, a colon-specific drug delivery system
should prevent drug release in the stomach, as well as
the small intestine. As the release of drugs from these
polysaccharide-based systems is independent of pH
and gastric-emptying time, these polysaccharide-based
systems are considered the most effective and prefera-
ble means for colonic drug delivery in terms of target
specificity.82

12.9.4 Advance in estimation of human in vivo
regional intestinal permeability

The most recent study from the OrBiTo project
(http://www.orbitoproject.eu/) presented the results
for the indirect estimation of site-specific in vivo intes-
tinal effective permeability (Peff) in humans, and for
the first time, it directly compared regional permeabil-
ity along the human GI tract.83 A good correlation was
established between these indirect jejunal Peff estimates
and jejunal Peff measurements determined directly
using the single-pass perfusion double balloon tech-
nique. On average, Peff estimates from the distal small
intestine and large intestine were 90% and 40% of
those from the proximal small intestine, respectively.

In this study, using deconvolution, the site specific
Peff can be calculated by

Peff 5
CLabs

absorptive surface area
ð12:14Þ

where CLabs is the intestinal absorption clearance rate.
Alternatively, Peff can be expressed in a more

straightforward way, assuming instantaneous and
homogeneous distribution of active pharmaceutical

35112.9 REGIONAL DRUG ABSORPTION ALONG GI

II. BIOPHARMACEUTICAL AND PHARMACOKINETIC EVALUATIONS OF DRUG MOLECULES AND DOSAGE FORMS

http://www.orbitoproject.eu/


ingredients (APIs) in the total volume of the dose and
subsequent flushes at all times:

Peff 5
absorption rate3 radius

API remaining in lumen3 2
ð12:15Þ

12.10 FUTURE TRENDS

Significant advances have been made in the predic-
tion of intestinal permeability using in silico techni-
ques over the last decade. However, what is most
needed now are more and better data to form the
foundation of computational models that are capable
of integrating the existing knowledge of intestinal per-
meability and permitting us to see relationships only
hinted at in existing experiments. More and better data
should also permit the application of nonlinear models
to fit the observed curvilinear relationships between
physicochemical properties/descriptors and perme-
ability more accurately.

On the other hand, the effective use of cell culture
techniques has dramatically improved the efficiency of
permeability screening in the industry. Most biological
screening assays are performed in miniaturized models
such as 384- or 1536-well plates for ultrahigh-throughput
screening.84 Automation of cell-based drug absorption
assays, including Caco-2 and MDCK, in 96-well format
using permeable support systems has been reported.85

Robotic systems coupled with the miniaturization
devices can be extremely valuable because of the preci-
sion and high-speed handling of repetitive tasks and will
definitely lead the way to an era of high-tech laboratories
that operate smoothly, with minimal human interven-
tion. Furthermore, some of the technological innovations
can be made to reduce the time for cell growth. An auto-
mated 96-well plate Caco-2 permeation model with
reduced growth time has been developed.86 The efforts
of improvements in culturing media, adjustments of
seeding density, and use of modified transwell plates
have already been made to shorten the cell growth
time.86 Further improvement in this area, with respect to
cell culture techniques, will certainly be the focus of
development efforts in the near future.

12.11 CONCLUSIONS

Optimizing bioavailability of orally administrated
drug for systemic actions is one of the most important
aims for the pharmaceutical industry. In order to
achieve this goal, however, high-throughput, cost-
effective, highly discriminating, and predictive models
for the absorption of drug molecules in humans will be

required. The current in silico approaches (physico-
chemical and certain in silico methods) seem to hold the
promise of fulfilling this need, particularly as primary
screening, with larger and more chemically diverse
data sets ready before these models will be reliable
enough to accurately predict the intestinal absorption.

Secondary screening can be achieved using automated,
high-throughput in vitro systems (cell culture�based
or animal tissue�based) for selecting and optimizing the
chemical leads to identify potential drug candidates.

Finally, traditional approaches for the evaluation of
drug absorption, such as in situ rat intestinal perfusion
technique and in vivo animal or human studies, as
well as PBPK models, should also be utilized simulta-
neously to prevent false positives and false negatives
in the later stages of development.

DISCLAIMER

The opinions expressed in this report by the authors
do not necessarily reflect the views or policies of the
Food and Drug Administration (FDA).
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Dissolution Testing of Solid Products
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13.1 INTRODUCTION

A dissolution test is a comparative tool for measur-
ing the in vitro performance of solid oral dosage
forms. Dissolution of a solid product can be affected
by the compositions and the properties of the powder,
including particle size, polymorphism of the active
pharmaceutical ingredients (APIs), excipients in the
formulated product, the manufacturing process, and
factors of the method and environment for dissolution
testing. With proper selection of the test method in a
well-controlled environment, a dissolution test can be
sensitive to changes in composition, material property,
and the manufacturing process. Therefore, dissolution
testing is commonly used to design and select formula-
tions and as a comparative tool for quality control for
batch-to-batch consistency in routine manufacturing of
solid pharmaceutical products.

When the human pharmacokinetic (PK) data are
available from a sufficient number of versions of a
product with different dissolution profiles, a properly
developed dissolution test may lead to the develop-
ment of in vitro�in vivo correlation (IVIVC)1�3 for the
drug products. In these cases, the dissolution test may
be used as a surrogate for the in vivo performance test.
With a clear correlation of in vitro dissolution with
in vivo performance, a dissolution test can be used for
a waiver of bioequivalence (BE) study in humans for
registration of certain type of rapidly releasing bio-
pharmaceutics classification system (BCS) Class 1 or 3
products,4 and for significant changes in scale-up and
postapproval changes (SUPACs)5,6 via the use of the
established IVIVC. Thus, such a dissolution test could
decrease the regulatory agency review time and the
pharmaceutical industry cost by reducing the develop-
ment time and costs for the in vivo BE studies.

Dissolution testing has been applied as compendial
test for solid oral products in the United States
Pharmacopoeia (USP) since the late 1960s. Multiple
chapters related to dissolution testing, such as
Chapters ,711., ,724., ,1088., ,1090., and
,1092., are included in the current version of USP.
In addition, dissolution assays have been adopted by
regulatory agencies in different countries2,7�11 as one
of the quality requirements for approval of new pro-
ducts of solid oral dosage forms either by new drug
applications (NDAs) or by abbreviated new drug
applications (ANDAs) for generic drugs. Currently, all
solid oral dosage forms are required to have a dissolu-
tion test, except for some cases in which disintegration
may be more appropriate than dissolution as a perfor-
mance test.

A dissolution test can be used to guide product
development and for quality control of products.
When an effective IVIVC can be established, the
in vitro dissolution test is a valid measure for the
in vivo quality/performance of the product. By con-
trast, a dissolution test is not a valid measure of
in vivo performance when IVIVC has not been estab-
lished. Furthermore, the same dissolution results for
multisource products do not guarantee that the pro-
ducts will have the same in vivo performance. In the
absence of IVIVC, the use of dissolution data is ambig-
uous for comparing different products.

Unlike other product quality attributes, which can
be reproduced by different test methods, product dis-
solution is highly method dependent. Significantly dif-
ferent dissolution data can be generated for the same
product using different dissolution methods, with all
of the different results being true for the same product.
Without IVIVC, the decision on the selection of test
procedures and setting of dissolution specification
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becomes the preference of the people involved. In
addition, there are different views and interpretations
of dissolution test data by the regulatory agencies from
different countries. Thus, the requirement of a dissolu-
tion test for drug products varies from country to
country.

As indicated previously, dissolution data from a
drug product can be affected by many factors of the
dissolution test method, including the compositions of
the test medium, test apparatus, mixing speed, aera-
tion of the medium, and the physical environment for
the test. Therefore, the contributions and influence of
these factors must be carefully measured to achieve
the proper interpretation and application of dissolution
tests.

This chapter will begin with a brief review of the
theory of dissolution, followed by an in-depth discus-
sion on the current technologies for dissolution testing
and suggestions for regulatory requirements of the test
for products. The development and application
of IVIVC will be discussed in chapter “In Vitro/
In Vivo Correlations: Fundamentals, Development
Considerations, and Applications,” so it will not be
discussed here.

Compendial requirements and Food and Drug
Administration (FDA) guidance are referenced exten-
sively, but not comprehensively, in this chapter. The
authors acknowledge that different countries have dif-
ferent requirements. In fact, readers are encouraged to
compare the differences between countries to ensure
that the appropriate regulatory expectations are met
based on the intended use and markets, and to
promote the science and the proper use of dissolution
tests.

13.2 THEORY OF DISSOLUTION TEST
FOR SOLID DRUG PRODUCTS

13.2.1 Dissolution and drug absorption

After oral administration of any solid oral dosage
forms (eg, immediate release (IR) or modified release
(MR) tablets or capsules), the APIs in the dosage forms
must dissolve into the gastrointestinal (GI) fluid (solu-
tion) before the APIs can become therapeutically effec-
tive (eg, locally in the GI tract or after being absorbed
into the bloodstream to reach the site of action), as
shown in Fig. 13.1.

The dissolution rate from the dosage form into the
GI fluid may affect the drug absorption rate, hence
the therapeutic effect of the dosage forms.
Dokoumetzidis and Macheras12 in their review of the
history of dissolution testing credited Edwards13 with
publishing the first studies describing the relationship

between rates of dissolution and absorption. Initially,
dissolution testing was included in the USP with an
intention of measuring the physiological availability
of the product in the GI fluid. However, direct verifi-
cation of the dissolution in the GI fluid is difficult.
Notably, the GI fluid is not the final destination for
drugs that are entering the systemic circulation. After
a drug dissolves into the physiological fluid in the GI
tract, the drug will pass through the GI membrane
and be transported into the bloodstream to reach the
site of action and exert a pharmacological effect.
Assuming that the absorption mechanism is the same
for different lots of the same product or the same
product made by different manufacturers (generics),
the dissolution in the GI tract can be inferred by mea-
suring the bioavailability (BA) of the product after
oral administration. Bioavailability is defined as the
rate and extent to which the drug is absorbed from a
drug product and becomes available at the site of
action [21 CFR 320.1(a)]. The concept of relating
in vitro dissolution to in vivo BA was officially incor-
porated in USP19.

Over the past 50 years, the interest in developing
in vitro tools to describe and attempt to predict in vivo
performance, or the bioperformance, has been a central
focus of biopharmaceutical research. In a number of
studies, Amidon and his coworkers have developed
comprehensive models to describe the transit of drug
suspensions through the GI tract using chemical engi-
neering concepts coupling mass transfer and fluid
dynamics.14,15 These models established the basic rela-
tionships between drug solubility, dissolution rate,
and GI membrane permeability. New dimensionless
parameters were introduced, including the dose num-
ber (which relates the dose applied to the ability to sol-
ubilize the ingested dose) and the absorption number
(which relates the drug permeability to the residence
time). These models were the basis for establishment
of the BCS16 that has provided a framework for inter-
pretation of dissolution studies in the regulatory
approval process, particularly in biowaivers for
approval of new drug products and for justification of
significant changes made to existing products via the

IR products:

1. Disintegration 2. Dissolution 3. Absorption

BloodstreamSolution

1. Release/dissolution 2. Absorption
BloodstreamSolution

MR products:

FIGURE 13.1 Schematic of the absorption steps of solid oral
dosage forms.
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established IVIVC.4�6 Over the last half-century,
numerous methods have been tested in the quest to
establish predictive methods for drug absorption from
solid oral products. While there has been some suc-
cessful examples, IVIVC is still not yet been estab-
lished for many products due to the complexity of the
in vivo dissolution and absorption processes. The dis-
solution process in the GI tract is not yet fully under-
stood. An established IVIVC for one product is not
necessarily applicable to a second product, not even
for multisource products. Therefore, more study is
required to understand the differences between the
in vitro and in vivo dissolution processes. Once the
differences are defined, the in vitro dissolution meth-
ods may predict the bioperformance of solid drug pro-
ducts, and to increase the regulatory flexibility for
certain formulation and process changes.4�6

13.2.2 Dissolution tests for quality control

From the history of dissolution testing for oral solid
products, it is known that product dissolution profiles
can be affected by the quantitative and qualitative
drug composition differences, manufacturing pro-
cesses, the physical properties of the active and inac-
tive ingredients and the various parameters of
dissolution test methods. Thus, a change in composi-
tions may lead to a change in product dissolution pro-
files. The responses of product dissolution to other
changes in manufacturing of a product with fixed
quantitative compositions increase the possibility that
a dissolution test could become a useful tool for prod-
uct quality control if the dissolution method is estab-
lished to have sufficient robustness for monitoring the
changes. For example, the change in the powder prop-
erties of a given formulation, such as the particle size
distributions of API/excipients/granules,17�19 poly-
morphism of API,17,20,21 density of granules, viscosity
grade of polymers, and source of excipients,22 could
lead to significant changes in dissolution profiles. The
difference in manufacturing processes, such as direct
compression and wet granulation, granulation condi-
tions/parameters, lubrication time,23 compression
force,18 and coating process parameters,24 may also
lead to different dissolution profiles. Some of the
changes in dissolution may lead to changes in their
bioperformance of the products, while others may not.
That is, IVIVC could not be established for all products
with all the changes. However, the sensitivity and ver-
satile capability of dissolution testing to detect the
material and process changes can be utilized as a tool
for quality control by monitor the consistency in mate-
rial and process, which may be advantageous over
other existing analytical techniques.

The following aspects should be considered when
using a dissolution test as a tool for quality control in
the absence of a valid IVIVC:

1. The value of dissolution data does not have the
same clear-cut implications for quality as the results
of other types of tests such as potency or purity, in
that the dissolution data is method dependent,
while the other tests are not. For example, different
dissolution methods/conditions may result in
significantly different dissolution data for a same
product, but the assay of a product can be the same
using different test methods.

2. Dissolution tests can be meaningful for
postmarketing quality control by vertically
comparing with the specifications set based on the
dissolution data of the BE/BA batches of the same
product, but not for lateral comparison with
different products in most cases except for products
that are qualified for biowaiver. Other quality
attributes, such as assay and impurities, can be used
to compare laterally for different products in
addition to the vertical comparison for the history
of the same product.

3. If the method is not developed properly, dissolution
results can be sensitive to test conditions, as well as
to the manufacturing process for drug products.
Therefore, the changes in dissolution data may be
due to the lack of robustness of the method itself
rather than the true significant changes in the
manufacturing or in the bioperformance of the
product.

4. While it is desirable to have discriminating power
to detect significant changes that could lead to
bioinequivalence of a product, dissolution testing
should be robust to tolerate the normal variability in
routine manufacturing to prevent unnecessary
rejection of products. The need of discriminating
power for quality control and the robustness for
daily operation should be balanced during method
development for each product.

13.2.3 Mechanism of dissolution

More than a century ago, Noyes and Whitney devel-
oped a basic equation indicating that when surface
area is constant, the dissolution rate of a solid is pro-
portional to the difference between the solubility and
concentration in the bulk solution.25 Later, Nernst and
Brunner proposed a diffusion layer theory to correlate
dissolution rate with the diffusion coefficient, surface
area, solubility, and the thickness of the diffusion
layer.26,27 The Noyes�Whitney and the Nernst�
Brunner equations formed the fundamental diffusion
layer theory for studying particle dissolution. There
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are also diffusion-convective models using various
mathematical equations for dissolution process under
different assumptions. Details on these models are dis-
cussed in chapter “Fundamental of Diffusion and
Dissolution.”

Hypothetically, the dissolution process for a solid
may include three steps: (1) detachment of drug mole-
cules from the solid, (2) solvation of the detached drug
molecules by solvent (medium) molecules in a stag-
nant layer on the surface of the solid, and (3) trans-
porting the solvated drug molecules from the stagnant
layer into the bulk solution. The rates of the hypotheti-
cal steps 1 and 2 are governed by the thermodynamic
properties of the solid, including the enthalpy and
entropy of melting, and that of molecular interaction
between the solute and the solvent. The correlation
between the thermodynamic properties with solubility
(hence the dissolution rate) has been well studied.28

For the transport process in step 3, the thermodynamic
properties for molecular interaction continue to be the
governing factor for the diffusion process. However,
pure diffusion is a very slow process that is not
suitable for routine testing. In modern dissolution tests
when mixing is used, the transport mechanism
becomes a mixed type of diffusion and convection, in
which convection may be the dominant mechanism for
the transport. In other words, mixing rate (hence the
hydrodynamic of the medium) is the key factor
responsible for stripping the solvated drug molecules
from the solid surface and transporting the drug mole-
cules into the bulk solution in dissolution test.
Therefore, dissolution rate is affected by mixing speed.
See chapter “Fundamental of Diffusion and
Dissolution” for different mathematical expressions
relating dissolution rates to the hydrodynamic para-
meters under varied assumptions and conditions.

13.3 CURRENT TECHNOLOGY AND
INSTRUMENTATION FOR DISSOLUTION

TESTING

13.3.1 Current USP dissolution apparatus
for oral dosage forms

There are seven apparatuses defined in USP general
Chapter ,711.. This chapter was recently harmo-
nized with the European Pharmacopeia (Ph.Eur.) and
Japanese Pharmacopeia (JP) to create common defini-
tions and operating parameters for all drug release
monitoring. Of the seven apparatuses, Apparatus V
(paddle over disk) and Apparatus VI (rotating cylin-
der) are not used for oral drug products and will not
be discussed here.

The widely used apparatuses for dissolution testing
of solid oral dosage forms are Apparatus I and
Apparatus II (Fig. 13.2). Both apparatuses employ a
single hemispherical bottom vessel containing the dis-
solution medium with a centered spindle. The temper-
ature of the vessel is controlled within narrow limits
(60.5�C) by immersion in constant temperature water
bath or by other suitable technology. For Apparatus I,
the dosage form is placed in a basket affixed to the
end of the spindle. Agitation is achieved by rotating
the basket; a rotational speed of 100 rpm is most com-
monly used. For Apparatus II, the dosage form is
dropped directly into the vessel, and a paddle is used
to induce agitation with typical rotation speeds of
50�75 rpm. In the cases where the dosage form may
float (eg, capsule formulations), Apparatus I may be
more appropriate. Alternatively, when using
Apparatus II, the dosage form, either tablet or capsule,
may be placed in a sinker designed to enclose the dos-
age form. There are various sinker designs (Fig. 13.3),
and the most common sinker, as described by USP
Chapters ,711. and ,1092., consists of “a few
turns of a wire helix.” Soltero et al.29 demonstrated
that sinker design could affect dissolution results by
entrapping material or altering the hydrodynamics
and slowing dissolution. In addition to inhibiting flota-
tion, the sinker may be useful for assuring consistent
placement of the dosage form in the center of the ves-
sel bottom. The hydrodynamic environment in the
Apparatus II vessel is highly heterogeneous,30,31 and it
has been demonstrated that the position of the dosage
form (eg, side vs center of the vessel or height of the
dosage form) can alter the rate of dissolution.32,33 For
both Apparatuses I and II, the typical medium volume
are 500 and 900 mL. Smaller and larger vessels are
available to accommodate either low-dose or poorly
soluble compounds, respectively. The medium type
and agitation speed are selected as part of the method
development process to whatever dissolution medium

FIGURE 13.2 Schematic illustration of dissolution Apparatus I
(basket) and II (paddle).
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and agitation speed can be justified as providing an
appropriate measure of product performance.

Sampling from Apparatuses I and II can be con-
ducted either manually or automatically with filtration
to eliminate undissolved drug particles and insoluble
ingredients. The sampling time is recorded as the point
of initiation of sampling. Manual sampling is con-
ducted using syringes equipped with cannulas of a
prescribed length to ensure sampling within the USP
sampling zone, defined vertically as midway between
the medium surface and the top of the paddle blade or
basket, and radially as not less than 1 cm from the ves-
sel wall. Dissolution vessels are typically fitted with
covers containing sampling ports to facilitate repro-
ducible sampling. These covers also minimize evapora-
tion of the test medium during extended trials.34

Automatic sampling devices employ sampling mani-
folds that either deliver the sample to a fraction collec-
tor or pass the aliquot through an online detector.
Filtration can occur at the sampling port or inline.
Whether manual or automatic methods are used, sam-
pling can be conducted with or without replacement of
the withdrawn media. With online detectors, the sam-
pled aliquot can be returned to the vessel. In other
cases, an equivalent volume of prewarmed media
is delivered carefully to the vessel to prevent
unacceptable alteration of the vessel hydrodynamics.
Calculation of the amount of drug released versus

time must be corrected for the volume changes that
occur when the medium is not replaced.

Less commonly used equipment for measuring
drug release from solid oral products includes
Apparatuses III, IV, and VII. Apparatus III uses a
reciprocating cylinder to induce agitation and to trans-
port the dosage form through a series of vessels. This
design allows monitoring release through a series of
media at different pH to simulate the pH gradient of
the GI tract. The reciprocating action may also be a
better model of the pulsatile hydrodynamics of the GI
tract than the hydrodynamic environments of
Apparatus I or II.35 Apparatus VII is a similar design,
providing the capability of using smaller vessel vol-
ume (approximately 10 mL, as opposed to 250 mL for
Apparatus III) and a shorter stroke length. Apparatus
VII is used for extended release (ER) products where
the amount of drug released is low and the smaller
vessel volume improves the ability to quantify reliably
the amount of drug released. Apparatus IV is a flow-
through system designed to have improved control
over the hydrodynamics of the medium. The flow has
a pulsatile motion to mimic intestinal flow. This design
also allows for continuous changes in the medium,
such as inducing a pH gradient.

13.3.2 Possible variables during
dissolution testing

Dissolution testing is widely used as an analytical
technique for evaluating the drug release characteris-
tics and consistency of a pharmaceutical product. A
dissolution method for any particular product, includ-
ing apparatuses, speeds, and media, is developed
based on the characteristics of the product. However,
dissolution results from the same product using the
same method can still be affected by test variables.
Thus, minimizing the variance due to the system used
and the operator performing the work to obtain results
that distinguish changes between different dosage
forms or the same dosage form from different lots is
necessary. Dissolution testing involves many variables,
which can be grouped into four main categories:
(1) analyst, (2) dissolution apparatus, (3) testing envi-
ronment, and (4) sample.36 The variables in the second
category include vessel geometric irregularities, align-
ment of the instrument, and agitation speed. Variables
of the testing environment include deaeration of disso-
lution media, media temperature, media pH, and
vibration. To obtain reliable dissolution results, the
variables from the first three categories must be
minimized.

Gauge repeatability and reproducibility (gauge
R&R) is a powerful tool that has been used to analyze

(b)

(c)

(a)

FIGURE 13.3 Example sinker designs. (a) Basket sinker,
(b) three-pronged sinker, and (c) spiral sinker.
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variability for USP Apparatus II dissolution measure-
ment systems. The studies were designed to assess the
variability due to apparatus, operator, and sample tab-
let. Evaluation of dissolution test results at 30 minute
using 10-mg prednisone tablets (FDA/DPA NCDA#2)
indicates that in the main contribution to the total vari-
ance, approximately 70% is due to the sample tablets,
approximately 25% is from the apparatus, and approx-
imately 5% is due to the operators. The results demon-
strate that, following the American Society for Testing
and Materials (ASTM)37 procedure for mechanical cali-
bration, the variation (gauge) due to a measurement
system is small relative to the variation in the samples.

For some products, dissolved gases in the dissolu-
tion medium affect dissolution results. Thus, as the
FDA Guidance for Industry states, these products
require degassing of the medium prior to use for
reproducible results. The solubility of nitrogen and
oxygen, the main components of air, in water
decreases with increasing temperature. This change in
solubility causes a net flux of gas out of the water if
the temperature is raised. If using a medium that has
not been sufficiently degassed, bubbles can be seen
forming around a tablet or capsule, which has been
introduced to the dissolution vessel. For some pro-
ducts, these bubbles can affect dissolution results. A
study conducted by the FDA suggested that measure-
ment of total gases and not just oxygen in the medium
was necessary to assess adequacy for dissolution test-
ing.38 The results indicate that the percent saturation
of the total dissolved gases at room temperature must
be well below 100% to prevent outgassing once the
medium is brought to the dissolution test method tem-
perature (typically 37�C). A general guidance for suffi-
cient degassing is shown in Fig. 13.4. If the measured
percent saturation of total dissolved gases at a given

degassing temperature is below the solid line, outgas-
sing will not occur when the temperature of the disso-
lution media is brought to 37�C.

The USP specifications in general Chapter ,711.
for a dissolution vessel currently specify the inner
diameter of the cylindrical part and the height of ves-
sel and assume that the inner surface of cylinder and
hemisphere of the vessel are uniform.

The FDA conducted a study to explore the effect of
the inner shape of standard 1-L dissolution vessels on
drug dissolution results.39 The geometric dimensions
and irregularities of commercially available vessels
(obtained from four different manufacturers) were
examined using a three-dimensional video-based mea-
suring machine. The definitions of geometric dimen-
sion and irregularity are included in Table 13.1.

The results showed that geometric characteristics
varied within and among the sets of vessels, but the
overall averages and standard deviations (SDs) of dis-
solution results (six vessels) showed no statistical sig-
nificant differences among the vessel sets. The
similarity of dissolution results indicates that when the
dissolution apparatus is set up correctly and mechani-
cally calibrated following the ASTM procedure, the
variability can be minimized. However, some dissolu-
tion differences were noted when comparing individ-
ual vessels. With these types of comparisons, the
vessel concentricity, sphericity, and radius of sphere
were found to possibly influence the amount of drug
dissolved, but flatness of vessel flange, cylindricity,
and circularity showed no effect on dissolution results.

On the question regarding vibration effects on the
dissolution experiment, the USP simply states that “no
part of the (dissolution) assembly, including the envi-
ronment in which the assembly is placed, contributes
significant motion, agitation, or vibration.” A vibration
is a periodic motion, or one that repeats itself after a
certain interval of time. Vibration may be generated by
motors, mechanical motions, construction work, or
vehicle traffic and can be transmitted through walls,
floors, lab benches, and apparatuses. The vibration
encountered during dissolution measurement includes
system and environmental vibration. For a mechani-
cally calibrated and well maintained dissolution appa-
ratus, system vibration can be minimized. However,
environmental vibration induced by laboratory equip-
ment, building construction, or even by the analysts
themselves is one of the more complicated factors
affecting dissolution testing. The studies suggest that
vibration affects the disintegrating and dissolving pro-
cesses of drug products through different mechanisms.
The results with 10-mg prednisone tablets indicate that
applied vibration can lead to either an increase or a
decrease in dissolution results, depending upon when
that vibration occurs and the magnitude of the
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vibration during the dissolution test. These are particu-
larly problematic because they may be beyond the ana-
lyst’s control and typically cannot be predicted. The
vibration measurement system described in the litera-
ture enables vibration changes occurring during disso-
lution testing to be monitored.40�42

Understanding how operational variables affect dis-
solution results will help drug development and prod-
uct quality control by ensuring that the variables are
properly controlled. For example, if a formulation is
intended for IR, sample centering may need to be con-
sidered when using the USP paddle method. By con-
trast, if the formulation is an ER drug, in addition to
all the other mechanical parameters, environmental
vibration may need to be controlled during the disso-
lution testing.

Several variables, including dissolved gases in the
dissolution medium, off-center placement of the test
tablet, environmental vibration and various agitation
speeds have been modeled. Mathematical models
including Higuchi, Korsmeyer�Peppas, Weibull, and
the Noyes�Whitney equation were employed to study
the dissolution profile of 10-mg prednisone tablets
(NCDA #2) using the USP paddle method. The results
showed that dissolution variables affected dissolution

rate constants differently, depending on whether the
tablets disintegrated or dissolved. The detailed studies
indicated that different dissolution variables affect
drug release mechanisms differently. Placing a sample
off-center caused a hydrodynamic change and mainly
affected drug release during the disintegration process.
Dissolved gases in the dissolution medium showed a
complicated effect on the dissolution profiles, which
may depend on the degree of gas saturation and the
speed of bubble formation during dissolution testing,
as well as interactions between the drug substance and
the bubble surface. Environmental vibrations changed
the dissolution rate by changing the aggregate condi-
tion of the disintegrated particles. Compared with the
agitation in the medium, induced vibrations could pro-
duce a “secondary movement,” which was relatively
small and did not change the disintegration rate signif-
icantly, but did affect drug release rate by diffusion.

13.3.3 Calibration of dissolution apparatus

Currently, the qualification process for ensuring
that a paddle or basket apparatus is suitable for its
intended use is a highly debated and controversial

TABLE 13.1 Definitions of Geometric Dimensions and Irregularities

Terms Definitions

Geometric dimensions Sphere radius The measured value of the radius of the hemispheric region.

Vessel height The measured value from the base of the vessel to the top of the flange.

Angle of cylinder to flange The angle measured between the flange plane (horizontal) and the axis (vertical) of
the cylinder.

Diameter of cylinder The measured value of the perpendicular cross-section diameter across the cylinder.

Geometric irregularities Sphericity All points on a three-dimensional (3D) surface share a common center point. The
value will be zero for perfect shape.

Circularity The condition on a two-dimensional (2D) surface such as a sphere, cone, or cylinder
where all the points along that surface are of equal distance to the center point of
that feature. In the case of a circle, the points would be of equal distance to the
center of the circle. For the perfect shape, the value will be zero.

Cylindricity All points on a surface are of equal distance from a common axis.

Concentricity of two features
(sphere part and cylinder part
for dissolution vessel)

Both features share a common axis or center point. The measured sphere and
cylinder share a common axis.

The perpendicularity of the
cylinder to the flange

The condition of the center axis of the cylinder as related to the 90-degree axis of the
plane formed by the flange. For the perfect shape, the value will be zero.

The flatness of the flange All points measured are in the same plane. The plane is formed by all points
measured on the flange surface. The flatness measurement is the sum of two
distances from the plane. Distance 1 is the distance from the plane to the point
farthest away from the plane in a positive direction. Distance 2 is the distance from
the plane to the point farthest away from the plane in a negative direction. For the
perfect shape, the value will be zero.
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topic. Different instrument qualification and suitability
methods have been proposed by various pharmaco-
peias and regulatory bodies.43 The USP includes
mechanical calibration specifications and the use of
performance verification testing (PVT) to establish
instrument suitability.44 The process by which a test
apparatus is determined to meet the compendial
dimensional and operational specifications has been
termed mechanical calibration, while the use of reference
standard tablets is given the designation chemical
calibration.45 According to USP, the suitability of the
dissolution paddle or basket assembly is determined
by conformance to the dimensions and tolerances
stated in its Chapter ,711.. Chemical calibration
allows a final and summative confirmation of the
suitable operation of the integrated dissolution assem-
bly, beyond the evaluation of its separate component
attributes (eg, stirring element dimensions, control of
rotation speed, dissolution medium volume). USP
thinks that neither mechanical nor chemical calibration
alone is sufficient to adequately furnish a robust dem-
onstration of system suitability.

Originally, calibrator tablets were adopted to detect
the influence on dissolution results due to improper
alignment of the instrument, vibration in the instru-
ment, failures in the drive chains and belts, and
deaeration.46 Thus, the calibrator tablet became an
important check on operating procedures, especially in
terms of consistency between laboratories on an inter-
national basis. For Apparatuses I and II, disintegrating
a prednisone reference standard tablet is used to estab-
lish system suitability. USP provides a calibrator tablet
of prednisone to be used to demonstrate that the bath
configuration and operator practices meet specified
standards. The acceptance criteria are established for
each lot of calibrator tablets through collaborative
studies with various laboratories around the world.
Each laboratory measures the release under a defined
protocol, and the results are compiled to provide the
average ranges to be used as the acceptance criteria.
However, the prednisone calibrator tablets have some
stability issues, and the acceptance criteria for a given
lot may be revised during their specified shelf life.
One survey revealed that while calibrators were rou-
tinely being used to meet regulatory expectations,
there were concerns that the results did not necessarily
ensure accurate performance of the apparatus.
Variability of the calibrator lots and the numbers of
required calibrator tests were the primary concerns.
Physical and mechanical performance checks have
been suggested to be more important.47

The FDA has issued a guidance for industry, “The
Use of Mechanical Calibration of Dissolution
Apparatus 1 and 2—Current Good Manufacturing
Practice (CGMP),” which recommends that a properly

executed rigorous mechanical calibration will satisfy
CGMP requirements for dissolution apparatus calibra-
tion in lieu of performance verification with specified
tablets.48 Using either Apparatus I or II, results are
sensitive to the configuration of the various compo-
nents such as the depth between the bottom of basket/
paddle to the bottom of the vessel, centering and verti-
cality of the shaft, leveling of the bath, and imperfec-
tions in the vessels. Bath standardization is typically
monitored on a semiannual basis or after major
repairs, equipment or location changes.

The ASTM, a voluntary consensus standard-setting
organization, created a standard for mechanical cali-
bration of basket and paddle dissolution apparatus
building on these recommendations.49 ASTM Standard
E2503-07 provides guidance for basket and paddle dis-
solution apparatus setup and calibration to ensure
reproducibility of results without specifying how to
perform dissolution testing. This standard takes a
more detailed approach to instrument setup than is
currently outlined in the harmonized pharmacopeia
chapters by providing quantitative criteria for shaft
wobble. Shaft and vessel verticality are new para-
meters not currently addressed in the pharmacopoeia
chapters. The ASTM standard also has tighter criteria
for shaft/vessel centering (vessel offset), rotational
speed, and basket wobble than that given in the
Pharmacopoeia Discussion Group (PDG) harmonized
dissolution testing. This change in calibration method-
ology, from the reliance on less stringent methodology
and use of tablets to rigorous mechanical calibration,
may reduce the bias and variation in measurement
systems.

The Ph.Eur. recommends mechanical calibration for
instrument qualification and suggests that the perfor-
mance of the dissolution test instrument may be moni-
tored by testing of an appropriate reference product.50

The JP states that the fundamental system suitability of
the dissolution apparatus must include conformance
stated in its chapter of ,Dissolution Test., but specific
requirements on performance verification of the appa-
ratus are not given.51 Hence, the International
Conference on Harmonization (ICH) Topic Q4B on the
harmonization of pharmacopoeial methods, in Annex 7,
Dissolution Test General Chapter, notes that the harmo-
nized dissolution test apparatus should be calibrated to
ensure compliance with regional good manufacturing
practice (GMP) requirements.52

The International Pharmaceutical Federation (FIP)
recommends that the qualification of a dissolution test
instrument should be performed following the calibra-
tion requirements as indicated in the FDA guidance. If
additional system performance information is desired,
PVT using a USP reference standard tablet or an estab-
lished in-house reference product can be conducted.
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13.3.4 Automation

Dissolution testing has become more valuable in
development and regulation of pharmaceutical pro-
ducts. Obtaining the required data for the formulation
screening, as well as quality control of postmarket
drug products can lead to many dissolution tests in
different media over long periods of time. Data in the
literature showed that in the past 7 years, the total
number of dissolution tests in laboratories more than
doubled, from just over 2500 to more than 5800 disso-
lution tests.53 A single formulation scientist can pre-
pare enough formulations to keep two analysts busy
for weeks testing the dissolution profiles. Even on
short runs, the analyst must conduct many routine
procedure, such as preparing dissolution media, filling
the vessels, measuring the temperature of the media,
dropping the testing samples, pulling aliquots of sam-
ple solution for test at specified times, and, at the end
of the test, discarding the used media and cleaning the
vessels for the next run. An efficient analyst in the dis-
solution laboratory can perform a maximum of two to
four manual dissolution tests per day, depending on
the run time and availability of dissolution apparatus
and analytical instrument.

Automation in the pharmaceutical development lab-
oratory offers great potential for increased efficiency
and reduced laboratory errors.54 The fully automated
system consists of a dissolution tester, automated dis-
solution components for vessel cleaning, medium fill-
ing, tablet drops, a robotic system capable of attaching
and removing USP Apparatus I baskets, a media
switching valve (capable of delivering four types of
media to the dissolution bath), an auto-sampler, a sam-
ple collection device, and an online UV/vis or high-
performance liquid chromatography, all managed by
advanced software with video recording. Fully auto-
mated dissolution tests can free the dissolution scien-
tist from about 90% of the protocol steps in the
laboratory, and has showed many other advantages.
First, the automated cleaning of the bath vessels can
eliminate costly analyst time and vessel breakage
(safety) and also provide a more consistent cleaning.
Second, except for the initial run setup, the overall
automated testing can be performed without an ana-
lyst being present. Also, automated systems have capa-
bilities to drop the tablets or capsules, record the
media temperature prior to and after the test, degas
and dispense the media, sample the vessels at prepro-
grammed times, and filter the sample solutions. The
automated system reduces analyst-to-analyst variabil-
ity, as well as the issues that can arise from different
sampling positions, times, and tablet drops. The auto-
mated dissolution system dispenses the medium gravi-
metrically, which introduces less error and is done

consistently from vessel to vessel and run to run. This
is also important when replacing media that has been
removed from sampling.

Manual dissolution bath still has an advantage for
labs where the analyst does not routinely run the dis-
solution test or where the test methodology varies.
Changes and modifications for each individual test
will be easy to adapt manually.

Although fully automatic dissolution systems show
advantages in terms of analyst time and reduced vari-
ability, there are several disadvantages that may need
attention. The first of these is that the fully automated
system is complex, with many capabilities. The prob-
lem is that the more features you have, the more errors
that can be generated. The second disadvantage is the
very steep learning curve for the software, which is
further exacerbated if the analyst does not use the soft-
ware on a regular basis. The third may be improper
line cleaning. The time to troubleshoot broken seals or
pumps that lost their prime and bring them back to
operational status from dried-out lines, could take
days. A further disadvantage is that the fully auto-
mated systems are not standardized with regard to
automation when compared to different manufac-
turers. Operational steps that are not part of the com-
pendial procedure should be validated. The method
development and validation could be complicated and
time consuming when carryover studies, line flush
studies, vessel wash studies, filter studies, and sample
evaporation studies all may be necessary to ensure the
integrity and equivalency of the fully automatic
system.

The USP proposed revision of ,l092. “The
Dissolution Procedure: Development and Validation”
includes new sections on automation and the accep-
tance criteria and their interpretation.55 This general
chapter provides a comprehensive approach covering
items to consider for developing and validating disso-
lution procedures and the accompanying analytical
procedures. It addresses the use of automation
throughout the test and provides guidance and criteria
for validation.

13.3.5 Noncompendial dissolution methods

According to USP Chapter ,1092., a noncompen-
dial apparatus may have some utility with proper
justification, qualification, and documentation of supe-
riority over the standard equipment. For example, a
small-volume apparatus with miniature paddles and
baskets may be considered for low-dosage strength
products. A rotating bottle or dialysis tubes may have
utility for microspheres and implants. Peak vessels
and modified flow-through cells may be used for spe-
cial dosage forms such as powders and stents. The
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noncompendial dissolution methods have been sum-
marized in several early publications.56,57 Currently,
conventional compendial dissolution testing remains a
cornerstone of the drug development process and
quality control testing. However, more studies have
been done with respect to in vitro technology develop-
ments that provide the potential for formulation and
analytical scientists to exceed the capabilities of the
conventional dissolution test to achieve a more biorele-
vant testing regime.

Many current noncompendial dissolution methods
have been developed based on multicompartmental
models. Some of these methods not only mimic the
hydrodynamics and composition of media, but also
incorporate mechanical processing, digestion of real
food, and gastric emptying. Examples of these systems
are the TNO TIM�1 system58 and the dynamic gastric
model (DGM).59 The TNO intestinal model (TIM)
(TNO Pharma, Zeist, the Netherlands) is a computer-
controlled model that simulates in vivo fluids at more
realistic volumes, with more realistic fluid dynamics
relative to the human stomach and small intestine.
This also incorporates enzymatic activity, bile salts,
and pancreatic juices.60 DGM (Plant Bioscience Ltd,
Institute of Food Research, Norwich, United Kingdom)
is based on current biochemical and mechanical
knowledge from the in situ stomach, including motility
and shear.61 DGM incorporates inhomogeneous mix-
ing behavior with more realistic emptying into a
model duodenum.62 However, because of the complex-
ity of these systems, some limitations such as result
reproducibility and repeatability, cost of each test, ease
of use of the method and the need of high throughput
may prevent the wide use of these systems.

Some less complex systems have also been devel-
oped to simulate the physiological factors such as pH,
fluid composition, and hydrodynamics to provide
scientists a way of assessing product performance
under more physiologically relevant conditions. These
systems are typically configured to allow the transport
of drug contents from a gastric compartment to a sec-
ond intestinal compartment. One of the systems is the
combined dissolution-absorption (permeation) model.
Other studies developed a continuous dissolution-
permeation system with the use of a two-compartment
model consisting of two chambers (dissolution and
receiver compartment) separated by a Caco-2 mono-
layer.63�65 The similar design based on modification of
USP apparatuses using artificial membranes instead of
Caco-2 monolayers has also been reported.66 Drug dis-
solution and permeation could be simultaneously
determined with this model. Another example is the
FloVitro dissolution system provided by the Dow
Chemical company.67 This system comprises gastric
and small intestinal chambers with an additional third

compartment connected to the intestinal chamber,
which is intended to function as an absorptive compart-
ment. The FloVitro approach, which integrates a tun-
able transfer system with deconvoluted in vivo
dissolution data inputs, has the potential to combine a
dynamic biorelevant dissolution test with biomodeling.

Other than multicompartmental models, dissolution
apparatus with simulated GI physical forces was devel-
oped.68,69 The novel stress test apparatus is capable of
mimicking the pattern of irregular movement inside the
GI tract and the physical forces applied on dosage
forms during gastric emptying and intestinal transit.
The system appears to have the utility for assessing the
mechanical robustness of MR oral dosage formulations
and their ability to withstand gastric forces and passage
through the pylorus or ileocecal junction.

For these noncompendial dissolution methods,
some in vitro parameters (media and hydrodynamics,
physical forces, etc.) have been tested to simulate the
in vivo conditions in hopes of finding successful pre-
dictions of the in vivo performance and IVIVC for oral
formulations. However, despite decades of research
into the area, there is not enough knowledge about
these techniques, and there are very limited data avail-
able to validate the widespread use of these techniques
at present. More studies are required to search for an
accurate in vitro surrogate of the GI tract.

13.4 REGULATORY CONSIDERATIONS

13.4.1 The role of dissolution in product
quality control

Over the past four decades, considerable scientific
attention has been given to understand the mechan-
isms of drug dissolution and the factors (eg, formula-
tion, manufacturing process, and physiologic factors)
affecting drug dissolution, and to establish standard-
ized methodologies for dissolution testing. The current
scientific understanding and knowledge regarding
drug dissolution has been predominantly based on
studies of oral drug delivery systems. The FDA has
published guidance documents covering the relevant
topics, such as drug dissolution specifications from
solid oral dosage forms and establishment of IVIVC,2,7

demonstration of drug dissolution/release similarity
when formulation and manufacturing changes are
made,5,6 and the waiver of in vivo BE studies.4

Furthermore, the ICH Q6A guideline on establishing
specifications has been developed.70

Because the release characteristics may have signifi-
cant influence on drug BA, dissolution is an essential
step in delivering drug molecules to their sites of
action. Therefore, drug dissolution is a critical quality
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characteristic that needs to be controlled throughout
the life cycle of a product. When the hydrodynamics
and media are appropriately chosen to have sufficient
ruggedness and reproducibility without being over
discriminating, dissolution testing can be used to
ensure the batch-to-batch consistency and to detect
any significant changes that could affect the in vivo
performance of the product.

If IVIVC can be established and validated, then the
in vitro dissolution can be a surrogate for the in vivo
performance, which may be controlled in a range so
that all lots with dissolution within the range are bio-
equivalent. Less optimal but still desirable, lots exhibit-
ing dissolution profiles at the upper and lower
dissolution limits should be bioequivalent to the
clinical/BA lots or to an appropriate reference stan-
dard. In this way, the product quality is controlled with
a concept of ensuring the consistency of the in vivo
behavior of the product by comparing product dissolu-
tion to ensure that the product manufactured (each
batch and every batch) is bioequivalent to the reference
product, which in turn assures the efficacy and safety
of the product. This concept leads to the basic abilities
of dissolution testing: the ability to discriminate the
products with quality differences, which reflect the dif-
ferences of their in vivo performance and the ability to
reject the batch that is not bioequivalent to the reference
batch. In this chapter, the considerations for enhancing
these abilities are discussed in the following sections.

Due to the in vivo implication of dissolution testing,
there are significant opportunities to build upon the
current regulatory decision system and to further
improve its effectiveness and efficiency. These opportu-
nities are further enhanced by the possibilities
in regulatory decisions to utilize pharmaceutical
development information (eg, ICH Q871) and the avail-
ability of new technologies for more effective control of
formulation and manufacturing variables that can affect
drug dissolution when combined with a comprehensive
system approach for regulatory quality assessment. The
development of regulatory decision criteria based on
scientific principles for quality assurance and control of
drug dissolution or release rate is an important step for
21st-century pharmaceutical quality control.

Another important role of dissolution testing is in
the evaluation of waiver of in vivo BA/BE studies
(biowaivers), such as for preapproval and post-
approval changes.5,6,72 Provisions of biowaivers under
certain conditions are provided in the Code of Federal
Regulations. The regulatory basis for granting a waiver
of the requirement for the submission of in vivo BA/
BE data is derived from 21CFR320, where it states that
either an in vitro test that has been correlated with and
is predictive of human in vivo BA [320.24(b)(1)(ii)] or a
currently available in vitro test that ensures adequate

human in vivo BA [320.24(b)(5)] is acceptable for the
evaluation of BA/BE.73 Biowaivers based on compara-
tive in vitro testing (eg, dissolution for solid dosage
form) for different strengths of IR products can be
granted under 21CFR320.22(d)(2). Recommendations
on dissolution-based biowaivers for product strength
equivalence for MR products is provided in the draft
FDA guidance for BA and BE studies submitted in
NDAs or investigational new drugs.74 The topic of bio-
waivers is discussed further later in this chapter.

In the absence of IVIVC, dissolution tests can be
used for product quality control to ensure that the dis-
solution results of the routine manufacturing batches
are similar to that of the pivotal batches or BE batches.
Dissolution data can be sensitive to the physical prop-
erties of ingredients, product compositions, and the
manufacturing process for products; hence, dissolution
tests may be able to detect batches that show signifi-
cant differences in dissolution data that could lead to a
significant difference in the in vivo performance of the
products. Notably, the criterion of similar dissolution
for quality control is limited to the same product cre-
ated by the same manufacturing process. Application
of the criteria to multisource products is difficult and
not necessary except for some rapid-release IR pro-
ducts of BCS Class I and III compounds. With proper
justification, different dissolution methods and specifi-
cations are acceptable for multisource products, espe-
cially for ER products. However, once the method and
specifications are established for a product based on
the batches that have demonstrated acceptable BA or
BE, future batches of the product must meet the same
specifications for dissolution.

13.4.2 Dissolution method development:
regulatory considerations

Guidelines for development and validation of disso-
lution methods can be found in the FDA guidance and
the current USP Chapter ,1092., and so they will not
be discussed in detail in this chapter. To support and
justify the selection of the proposed dissolution
method, a report for method development should be
included in the regulatory submission. The develop-
ment reports generally include the information that
follows in this section.

Solubility data for the drug substance over the phys-
iologic pH range are important for dissolution method
development because these data provide the basis for
selection of an appropriate medium and determine
whether a surfactant is needed.

A detailed description of the dissolution method
being proposed for the evaluation of the product
should be provided. The developmental parameters
(ie, selection of the equipment/apparatus, in vitro
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dissolution/release media, agitation/rotation speed,
media pH, assay, sink conditions, use of sinker, and
enzyme, if applicable) used to select the proposed dis-
solution method as the optimal test for the product are
very helpful for evaluation of the dissolution method.
If a surfactant is used, data should be included to sup-
port the selection of the type and amount/concentra-
tion of the surfactant. The conditions used for each test
should be clearly specified. The dissolution profile
should be complete and cover at least 85% of drug
release of the label amount or whenever a plateau (ie,
no increase over three consecutive time-points) is
reached. A systematic approach for selection of the dis-
solution conditions is to use design of experiments
(DOEs), which considers various factors simulta-
neously, not only for the main effects of the individual
factors, but also for the interactions among the factors.
For example, in Fig.13.5, the results of dissolution at
15 minutes of a model product are shown for an exam-
ple DOE by varying media (pH 1, 4.5, 6.8, and water),
surfactant [cetyl triethylammonium bromide (CTAB),
lauryl dimethylamine-oxide (LDAO), and benzalko-
nium chloride (BenzChlor)], concentration of surfac-
tant (0.5% and 1%) and paddle rotation speed (50 and
75 rpm). Here, because the complete dissolution was
not obtained, the media at pH 4.5 or 6.8 and water
were not appropriate. Based on the physicochemical
properties of the compound, through data analysis
and further experiment, pH 1 media at paddle rotation
speed of 50 rpm with surfactant CTAB at concentra-
tions of 0.5% were selected.

In addition to the factors listed here, ionic strength
in the medium may play a role (Fig. 13.6, where phos-
phate buffer is used). Although the pHs for all three
profiles generated are at 7.5, the ionic strengths of
potassium phosphate are different (0.05, 0.1, and
0.2 M, respectively), which make differences in the dis-
solution of the model product.

For comparison, at least twelve samples per test are
recommended. In general, the following sampling time
points are selected: 10, 15, 20, 30, 45, 60, 90, and
120 minutes for IR formulations, and 1, 2, 4, 8, 12, and
24 hours for ER formulations.

Complete dissolution profile data should be pro-
vided, including individual, mean, and SD (or %CV) at
each time point, as well as profiles for the product.
The dissolution data at each time point are usually
reported as the cumulative percentage of drug dis-
solved (the percentage is based on the product’s label
claim).

Data to support the discriminating ability of the
selected dissolution method are critical for evaluation.
In general, the testing conducted to demonstrate the
discriminating ability of the selected dissolution
method should compare the dissolution profiles of the
reference (target) product and the test products that
are intentionally manufactured with meaningful varia-
tions for the most relevant critical manufacturing vari-
ables (ie, 610�20% change to the specification-ranges
of these variables) including critical material attributes
(CMAs) and critical process parameters (CPPs).
Fig. 13.7 shows the dissolution profiles for two batches
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of tablets with different hardness (by varying compres-
sion force, a CPP). As shown, the release of the batch
represented by the line with up triangles is much
slower, compared to the batch represented by the line
with solid circles, and the former represents an incom-
plete dissolution although the assay results show the
comparable potency between the two batches. This
demonstrates that the dissolution method is able to
distinguish these two batches with an f2 (similarity
factor used to compare two dissolution profiles) value
of 31.8, which is much less than 50, indicating that the
significant difference between the two batches is
detected by the dissolution method. Fig. 13.8 shows
the dissolution profile comparison between a batch
with the viscosity of the binder, a CMA, within the
specification and a batch with the viscosity out of spe-
cifications. The dissolution method is able to distin-
guish these two batches with an f2 value of 39.6
indicating significant difference between the two
batches. These two sets of data support the discrimi-
nating ability of the dissolution methodology selected.

Further, providing data that show the selected dis-
solution method is able to reject batches that are not
bioequivalent to the reference batches is helpful.
Fig. 13.9 shows the dissolution profiles for two batches
A and B. A is the batch used in the pivotal clinical
studies, which has demonstrated efficacy and safety.
B is a batch with manufacturing changes and has been
shown not bioequivalent to A. As seen, the dissolution
is able to pick up the differences in this case. When
setting appropriate acceptance criterion, these two

products can be distinguished and the product with
poor quality (not bioequivalent to the clinical batch)
can be rejected. Another example is shown in
Fig. 13.10, where the dissolution shows distinctions of
profile shapes, indicating the differences in clinical
performance. The line with red empty circle has an ini-
tial burst, which is higher than the blue line with solid
circle, followed by a slowdown and an increase at a
much later time compared to the profile with solid
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FIGURE 13.7 Effect of tablet hardness on dissolution.
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circle. The slowdown of the release may be responsible
for the ineffectiveness of the product.

On the other hand, dissolution methods may some-
times overdiscriminate the formulations as indicated
in Fig. 13.11, which shows the in vitro and in vivo pro-
files for the target formulation and three variants.
Although the in vitro dissolution profiles show signifi-
cant differences among target formulation and var-
iants, all the in vivo profiles are bioequivalent. To

make an appropriate judgment using all available
information, knowledge management plays a critical
role.

In addition, the validation data for the dissolution
method (eg, system suitability test, method robustness,
deaeration if necessary, and validation between man-
ual and automated procedures) and analytical method
(ie, specificity, precision, accuracy, linearity, stability,
etc.) are needed to support the proposed method.

13.4.3 Setting regulatory acceptance criteria
for dissolution testing

When setting the dissolution acceptance criteria, the
clinical performance of the product is the first and
most important consideration. Thus, the data of the
dissolution profile (eg, 10, 15, 20, 30, 45, 60, 90, and
120 minutes for IR products; 0.5, 1, 2, 4, 8, 12, and
24 hours for ER products; n5 12) from the pivotal clin-
ical batches should be used for setting the dissolution
acceptance criteria of the product (ie, specification-
sampling time point and specification value). The
manufacturing information of those batches (number,
date, site, and size of the batch made) should also be
provided. Since the pivotal clinical studies may last for
a period of time due to patient enrollment and other
factors, clinical supplies may not always be the fresh-
est batches. In this case, the stability of the batches
may be considered when setting the acceptance
criteria.

Because the batches participating in pivotal clinical
trials are limited, the dissolution range, within which
the products will be bioequivalent to the reference
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batch, can be difficult to identify. Further, the limited
batches may not represent the real variability of the
product caused by many factors, including the materi-
als and the processes. In these ways, taking the batches
involved in all the relevant clinical studies into consid-
eration would be very helpful. The batches, which are
bioequivalent to the reference batch, could be used for
defining the range of the acceptance criteria. In
the example shown in Fig. 13.12, the dissolution of the
clinical batch (the dashed line with solid circles) is the
highest compared to the other two batches: Test
Batch 1 (solid line with up triangles) and Test Batch 2
(dotted line with solid squares). The dissolution pro-
files are similar between the clinical batch and Test 2
(f2: 56.3), but comparisons between the clinical batch
and Test 1 (f2: 33) and between Test 1 and Test 2 (f2:
44.7) do not show similarity. On the other hand, how-
ever, a clinical study showed BE among the three for-
mulations, with Test Batch 1 barely passing the BE
criteria compared with the clinical batch. Therefore,
the dissolution of Test Batch 1 could serve as the lower
limit when setting the dissolution criterion. Another
example is shown in Fig. 13.9 in the last section, when
the acceptance criterion is set as Q5 80% at 30 min-
utes, both batches A and B would pass although they
are not bioequivalent. Therefore, the criterion should
be set as Q5 80% at 15 minutes, which would be able
to differentiate these two batches and reject the one
that is not bioequivalent to the clinical batch.

The in vitro dissolution profile should encompass
the timeframe over which at least 85% of the drug is

dissolved. If incomplete dissolution is occurring, the
profile should reach the plateau (ie, no significant
change in three consecutive time points).

For IR products, the selection of the specification
time point should be where Q5 80% dissolution
occurs. However, for a slowly dissolving product or a
poorly water-soluble drug, specifications at two time
points may be adequate. The first time point should
include a dissolution range (eg, 40�60% dissolution),
and the second time point should be where Q5 80%
dissolution occurs.

For ER products, the establishment of at least three
specification time-points covering the initial, middle,
and terminal phases of the complete dissolution profile
should be set. The specification ranges should be based
on the overall dissolution data generated at these time
points. If the maximum amount released is less than
80%, the last time point should be the time when the
plateau of the release profile has been reached. In gen-
eral, the selection of the dissolution specification
ranges is based on mean target value610% and not
less than (NLT) 80% for the last specification time-
point. Wider specification ranges may be acceptable if
they are supported by a validated IVIVC model.

Delayed release (enteric coated) products should
have the following specifications established in both
the acid stage and buffer stage per USP:

• Acid stage: No individual tablet exceeds 10%
dissolved at 2 hours.

• Buffer stage: The selection of the specification time
point should be where Q5 80% dissolution/release
occurs. If it is a delayed release (DR)/ER product, at
least three specification time-points covering the
initial, middle, and terminal phases of the complete
dissolution profile should be set at the buffer stage
based on the ER product listed.

The acceptance criteria is recommended to be set
based on the average in vitro dissolution data equiva-
lent to USP Stage 2 testing (n5 12) for each lot under
study for a tighter control. To illustrate this and pro-
vide the quantitative basis to set the dissolution accep-
tance criterion for an IR solid oral drug product, a
simulation study of the dissolution profiles was con-
ducted on a batch of a solid oral dosage form with
1 million units (tablets). The desired acceptance crite-
rion was Q5 80% of label claim at 30 minutes. A total
of 110 scenarios were examined, which include various
combinations of two determinants: batch mean and SD
values of dissolution at 30 minutes. The mean of the
dissolution of the 1 million tablets varied from 79% to
89% of the label claim with 1% increment (11 levels)
and the SD varied from 1% to 10% of the label claim
with 1% increment (10 levels). For each of the 110 sce-
narios, 10,000 replicates were simulated. Based on USP

FIGURE 13.12 The dissolution profiles of three bioequivalent
batches of formulations.
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Chapter ,711., three stages of dissolution testing
were conducted. The failure index at each stage for
each scenario was calculated as the percentage of
failed replicates in the 10,000 trials. The simulation

was implemented by a function written in R software
(version 2.15.3, R foundation for statistical computing).
A contour plot was generated for each stage to demon-
strate the relationship between the failure index and
the two determinants (dissolution mean and SD).

A typical case of three stages of dissolution testing
at a given combination of mean and SD is shown in
Fig. 13.13. The solid circles represent the individual
dissolution values and the solid triangles are the mean
values.

The failure index for each stage is dependent on the
mean and SD values, as shown in Fig. 13.14. The con-
tour lines represent the failure index at a given combi-
nation of the mean and SD values. As shown, in order
for a batch to have 80% chance to pass Stage 1, the
mean dissolution value of this batch must be at least
87% with very low SD of less than 1%. If the SD
increases to 2%, the mean value must be at least 89%.

On the other hand, simulations indicate that if the
mean dissolution value is 81%, the drug product’s
batch would have 80% chance to pass Stage 2 when
the SD is less than 2.5%. Even when the SD increases
to 8% (10% CV), the batch would have 80% chance to
pass Stage 2 if the dissolution mean value is .84.5%.
These observations by simulation indicate significant
differences of passing the specification between Stage
1 and Stage 2 (or 3). Due to this difference, the accep-
tance criterion would be very permissive for Stage 2
and 3, if the setting of the criterion is based on Stage 1
dissolution data. Therefore, this suggests setting of the
dissolution acceptance criterion be based on Stage 2
dissolution data is advisable. The 20% failure index
contour line for Stage 2 (middle panel in Fig. 13.14)
provides a quantitative estimate based on the observed
mean and SD data and could serve as the guideline for
the setting of the acceptance criterion for the dissolu-
tion test of IR solid oral dosage forms.

FIGURE 13.13 A typical case of three-stage dissolution for a
time point at which the desired acceptance criterion is Q5 80% for
an IR oral solid dosage form. The solid circle represents the dissolu-
tion value for individual unit, and the solid triangle is the sample
mean. This batch does not pass Stage 1, which requires every unit
$85% (the horizontal dashed line shown in Stage 1). The batch does
not pass Stage 2 because the sample mean ,80% (the solid horizon-
tal line), and there is a unit less than 65% (the dotted horizontal line).
It passes Stage 3 since the mean is above 80%, not more than two
units less than 65% (only one less than 65%) and no one unit is less
than 55% (the dashed horizontal line shown in Stage 3).

FIGURE 13.14 The influences of mean and variability of dissolution data on the failure rates for three stages of dissolution testing of IR
formulation by simulation.
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This study provides scientific support for the cur-
rent FDA’s practice/recommendations on using
Stage 2 data for the setting of the dissolution accep-
tance criterion. In addition, the study provides an
example of a quantitative way to select the acceptance
criterion’s sampling time point based on the mean and
SD of the dissolution data according to Stage 2 contour
line with a 20% failure index in Fig. 13.14.

A similar simulation study was conducted to esti-
mate the three stages of the dissolution for ER formu-
lation, as shown in Fig. 13.15, and similar conclusions
can be made, although the distinction between Stage 1
and Stage 2 (or 3) for ER formulation is not as dra-
matic as that for IR formulation.

Notably, the 80% success rate or the 20% failure
rate discussed here for the simulation is for illustra-
tion purposes, to indicate the statistical power. One
could argue that a failure rate of 20% is too high in
manufacturing and should not be used as the objec-
tive to set the specifications for dissolution. However,
the information from the simulation is valuable to
assist setting a proper specification based on the clini-
cal performance of the clinical batches using a
quality-by-design approach to ensure the consistent
performance of product by controlling the lot-to-lot
variation, and to prevent the release of any lots with
dissolution profiles that have been shown not bio-
equivalent in clinical study.

As discussed earlier, if a valid IVIVC model has been
established, the model should be used to set the specifi-
cations for dissolution. Specifications should be set for
the product with the fastest and slowest release rates to
result in a maximal difference of 20% in the predicted
Cmax and area under the curve (AUC).

If there is no IVIVC/IVIVR established, the follow-
ing steps may be considered to set up the dissolution
acceptance criteria. The procedure fixes the Q value at

80% for IR products and presents a typical case for ER
products using clinical batches as the bases for
consideration.

Step 1: Plot the available dissolution profiles to
appreciate the variability and select the potential speci-
fication time points. Find the root causes if the vari-
ability is too high (.10% CV). Resolve the quality
problems in manufacturing, assay, or both.

For IR formulation, the time point can be chosen
where Q5 80% dissolution occurs. For ER formulation,
three time points should be selected at initial, middle,
and terminal phases of the complete dissolution pro-
file. As shown in Fig. 13.16, in the current example, a

FIGURE 13.15 The influences of mean and variability of dissolution data on failure rates for three stages of dissolution testing of ER
formulations by simulation.
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FIGURE 13.16 A plot of the dissolution profiles of all available
batches for an IR product.
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total of 90 profiles available for an IR product are plot-
ted to get an insight regarding the general shape of the
dissolution profile and the variability. Pay attention to
the outliers and special features, such as strength-
dependent behavior. To further appreciate the variabil-
ity, Fig. 13.17 uses box plots for about 1000 individual
units to identify the mean, the 25th, and the 75th quar-
tiles of the distribution at each time point. From the
plot, two observations can be made for this product.
First, the variability is relatively large, which could
raise a concern regarding the product quality, and sec-
ond, the 30-minute time point could be a potential
specification sampling time for this IR product. If the
large variability is caused by product quality, the
sponsor should make every effort to control the CMAs
and CPPs. If the root cause for variability is assay,
improvements of analytical procedure are needed.
Before setting the appropriate dissolution specification,
the variability should be reduced to a reasonable level
(CV, 10%).

For ER products, the same procedure can be fol-
lowed. As shown in Figs. 13.18 and 13.19, the dissolu-
tion profiles and the distribution of all individual units
at each time point are plotted. From these observa-
tions, potential specification time points at 6, 10, and
18 hours are selected.

Step 2: Plot the clinical batch dissolution data at the
potential specification time point.

As mentioned previously, the dissolution of the clin-
ical batches, which have shown the acceptable efficacy
and safety, are the standards for setting dissolution

acceptance criteria. As shown in Fig. 13.20, the
dissolution of individual unit at 30 minutes for 26
batches used in pivotal clinical trials (showed
acceptable efficacy and safety), are examined with an
intention to set the acceptance criterion as Q5 80% at
30 minutes. As seen, although some batches could not
pass Stage 1 due to individual unit values less than
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FIGURE 13.17 Box plots for the dissolution data at each time
point. The mean, 25%, and 75% quartiles are identified for the distri-
bution for an IR product.
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FIGURE 13.18 A plot of the dissolution profiles of all available
batches for an ER product.
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FIGURE 13.19 Box plots for the dissolution data at each time
point. The mean, 25%, and 75% quartiles are identified for the distri-
bution for an ER product.

372 13. DISSOLUTION TESTING OF SOLID PRODUCTS

II. BIOPHARMACEUTICAL AND PHARMACOKINETIC EVALUATIONS OF DRUG MOLECULES AND DOSAGE FORMS



85% (Stage 1 requires all units to be $Q1 5%), all
batches will pass Stage 2 (the mean, represented by the
bigger red dots (black in print versions) are above 80%
and no single units below 65%). Therefore, the poten-
tial specification time point (30 minutes in this exam-
ple) seems adequate.

Similarly, Fig. 13.21 shows an example of one of the
specification time points (at 10 hours) for an ER prod-
uct. As seen, the acceptance criteria 36�56% are based
on the totality of dissolution data for 16 batches used
in the pivotal clinical studies, considering both the
mean (larger red dots (black in print versions)) and
individual values (blue dots (gray in print versions)).
Although some batches would not pass Stage 1, which
requires all units to be within the specified range, all
batches will pass Stage 2 since the batch means are
within the specified range and no single unit out of the
range by more than 10%.

Step 3: Confirm the selected specification time points
by inspection of available dissolution data, including
stability data.

When confirming the selection of the specification
time point and the acceptance criteria, the simulation
results shown in Figs. 13.14 and 13.15 should be con-
sidered to see if the specification will allow the prod-
uct to pass the acceptance criteria with high power
based on the middle panel in each graph. Generally, a
bootstrap analysis for the clinical batches may be per-
formed to get the mean and SD values, which can
then be used to check against the contour line for the
failure index.

Obviously, one should check the dissolution specifi-
cation using the dissolution performance of the product
employed in the relevant clinical studies, successful or
not, which may provide further understanding of the
product performance and its clinical relevance.

As mentioned previously, stability data on dissolu-
tion are important and should be taken into account
when setting dissolution specifications. While signifi-
cant changes in dissolution over the course of a stabil-
ity study are not acceptable, minor changes in
dissolution of an aged product may occur. In addition,
the dissolution performance during stability for hard
and soft gelatin capsules and gelatin-coated tablets
due to crosslinking should be noted.75

If any issue arises during confirmation, go back to
Step 2. This iteration would provide an optimal selec-
tion for dissolution specifications.

If the dissolution is not a sensitive indicator for the
product quality compared to disintegration testing, it
may be substituted by disintegration, as indicated by
ICH Q6A.70

Note that the final determination on the acceptabil-
ity of the dissolution acceptance criteria is made by
regulatory review. The adequacy of the proposed dis-
solution acceptance criterion for the product is made
during the NDA review based on the totality of disso-
lution data provided in the application.

The general approach used in setting dissolution
specifications for NDAs are summarized in Fig. 13.22.

A dissolution test is commonly used as a quality
control tool for ANDAs in the generic industry. For
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FIGURE 13.20 An example case of dissolution performance of 26
clinical batches of an IR formulation at the selected potential specifi-
cation time point.
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FIGURE 13.21 An example case of dissolution performance of 16
clinical batches of an ER formulation at one of the potential specifica-
tion time points.
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this purpose, the dissolution method and accompa-
nying specifications are established based on the dis-
solution performance of the pivotal BE batch that
has been demonstrated to be bioequivalent to the
referenced listed drug (RLD) and the stability batches
of the same formulation. Except for some rapidly dis-
solving BCS Class 1 or 3 drug products, for which
waiver of in vivo BE studies may be granted under
certain conditions (as discussed in the next section),
IVIVC is very limited for ANDAs at present. In addi-
tion, the total number of batches of acceptable prod-
uct available for setting dissolution specification for
an ANDA is less than that of an NDA. Therefore,
the applicability of the steps outlined here for NDAs
may be limited for ANDAs. However, the concept
is still valid for consideration in setting the specifica-
tions for ANDAs to ensure that the dissolution test
has both ruggedness and repeatability for routine
operation and, ideally, to have sufficient sensitivity to
identify the differences that could potentially lead
to a significant change in the in vivo performance of
the products.

In many cases, the dissolution methods listed in the
FDA’s dissolution database76 and in the USP are used
for new ANDAs. Due to the lack of valid IVIVCs for
multisource products and the fact that the dissolution
of a given drug product can be affected by many fac-
tors, including formulation, manufacturing process,
and powder characteristics such as particle size distri-
bution and polymorphism of APIs and excipients for
the product, the methods in the FDA database or USP
may or may not be suitable for new ANDA products
that have been shown to be bioequivalent to the RLDs.
Therefore, ANDA sponsors may develop new dissolu-
tion methods/specifications if the existing methods in
the FDA database or USP are not adequate for a new
generic product. The FDA perspective and decision
trees for selection of dissolution test and the sugges-
tions for submission of dissolution data for ANDAs of
both IR and ER products can be found in the litera-
ture.77 Similarly, USP may include multiple dissolution
tests or drug release tests in a same monograph for
multisourced products that have different in vitro dis-
solution behavior but yet are bioequivalent to the RLD,

which is common for ER products. However, it should
be noted that, in some cases, only some the products
meeting the different requirements stated in a same
monograph are bioequivalent to the RLD. Some of the
pharmacopoeial monographs may cover products with
different therapeutic equivalence (TE) codes or for dif-
ferent uses, such as for twice-a-day or for once-a-day
dosing; hence, those products are not expected to be
bioequivalent. Product TE codes can be found in the
FDA Orange Book at http://www.accessdata.fda.gov/
scripts/cder/ob/default.cfm.

13.4.4 Biowaiver considerations and
comparison of dissolution profiles

Waiver of BE studies in human (biowaivers) may be
possible for (1) certain types of generic drug applica-
tions (ANDAs), (2) approval of lower strengths (or
higher strengths in some cases) of products based on
the successful BE of the designated strength of the
product, and (3) postapproval changes to NDAs or
ANDAs.

For ANDAs, biowaivers may be possible based on
the BCS and the formulation and dissolution of pro-
ducts.4 According to the FDA draft guidance,5,6 bio-
waivers can be justified for rapidly releasing IR
products containing BCS Class 1 drug substances
(highly soluble and highly permeable), as well as BCS
Class 3 drug substances (highly soluble and low-per-
meable). Rapid dissolution is defined as not less than
85% of the label amount of the drug substance dis-
solves within 30 minutes using USP Apparatus I at
100 rpm, or USP Apparatus II at 50 rpm (or 75 rpm
with justifications), in a volume of 500 mL or less of
each of the following media: (1) 0.1 N HCl or simu-
lated gastric fluid USP without enzymes, (2) a pH 4.5
buffer, and (3) a pH 6.8 buffer or simulated intestinal
fluid USP without enzymes. Dissolution profiles of the
generic drug products under these test conditions
should also be similar to that of the RLDs. Class 1
drug products should not contain any excipients that
will affect the rate or extent of absorption of the drug.
For Class 3 drug products, additional requirements are
imposed for biowaivers, which includes (1) the drug
product (test and reference) is very rapidly dissolving
(NLT 85% dissolves within 15 minutes) in each of the
recommended media and (2) the test product formula-
tion is qualitatively the same and quantitatively very
similar (eg, falls within SUPAC IR level 1 and 2
changes in composition) to the RLD.

Waivers of in vivo BE studies may be possible for
the approval of lower or higher strengths of a product
based on the acceptable BA/bioequivalency of the des-
ignated BE strengths of the product with the additional

FIGURE 13.22 General scheme for determining the dissolution
acceptance criteria for NDAs.

374 13. DISSOLUTION TESTING OF SOLID PRODUCTS

II. BIOPHARMACEUTICAL AND PHARMACOKINETIC EVALUATIONS OF DRUG MOLECULES AND DOSAGE FORMS

http://www.accessdata.fda.gov/scripts/cder/ob/default.cfm
http://www.accessdata.fda.gov/scripts/cder/ob/default.cfm


requirement that (1) the formulations of the designated
BE strengths of the test and the RLD products are
proportional to their corresponding strengths of
products and (2) dissolution testing of all strengths is
acceptable (similar).78

Changes in SUPAC for IR and MR solid oral dosage
forms in different classes, such as components,
manufacturing site, scales, equipment, and process,
can be classified into three levels.5,6 Among the
changes, Level 2 and Level 3 are the cases where addi-
tional dissolution test is needed to justify the changes
and to ensure that the product quality and perfor-
mance of the product remain similar upon the SUPAC
changes, and to reduce the burden for the regulatory
agency and the industry. One of the common criteria
used for comparison of dissolution profiles is the use
of similarity factor f2 (defined in Eq. (13.1)) for justifi-
cation of the similarity of dissolution performance of
the test (or postchange) and the reference (or pre-
change) batches. When f2.50, it can be considered
that dissolution is similar for the prechange and post-
change batches. Dissolution profile comparisons play
an important role under these conditions. According to
the SUPAC guidance,5,6 an in vivo BE study is needed
when the changes are likely to have significant impact
on the product quality and efficacy. The BE study may
be waived if IVIVC has been established for the prod-
uct. The development of IVIVC is discussed in chapter
“In Vitro/In Vivo Correlations: Fundamentals,
Development Considerations, and Applications.”

As discussed previously, the comparison of in vitro
dissolution profiles is immensely important for justifi-
cation of biowaivers and for SUPACs. The mathemati-
cal approaches for quantitative comparison of
dissolution profiles are described in the literature. One
of these approaches was published by Moore and
Flanner.79 They described a “similarity factor,” also
known as the f2 index, which is a logarithmic transfor-
mation of the average of the squared vertical distances
between the test and reference mean dissolution values
at each dissolution time point, as shown in Eq. (13.1):
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where Log5 logarithm to base 10, n5number of
sampling time points,

P
5 summation over all time

points, and Rt and Tt5 the reference and test dissolu-
tion values (mean of at least 12 dosage units) at time
point t.

The value of f2 is 100 when the test and reference
mean profiles are identical. The maximum distance
between mean dissolution profiles at any time point
cannot exceed 100%, in which case the value of f2 will

be close to zero. An average difference of 10% at all
measured time points results in a f2 value of about 50.
Therefore, the values of f2 between 50 and 100 reflect
less than 10% overall difference between the profiles
suggesting similarity of the two dissolution profiles
and thus, the release performance of the two
products.2,4�7

The f2 index is used frequently by the pharmaceuti-
cal industry to compare mean dissolution profiles.
Different FDA guidance documents suggest the use of
the f2 index.2,4�7 The f2 index provides an easily calcu-
lated single number to describe the comparison of dis-
solution profiles. However, the index has certain
disadvantages.80�83 For example, Eq. (13.1) does not
take into account the variability or correlation structure
or direction of the data. Also, the values of f2 are sensi-
tive to the number of dissolution time points. Finally,
the basis for the criteria to determine the similarity
between dissolution profiles is somewhat ambiguous.

There are some restrictions for the f2 index, includ-
ing the fact that the variability of the dissolution data
should be less than 20% at early time points and less
than 10% at other time points, and that only one time
point with more than 85% dissolution should be used
in the calculation. However, these restrictions were
sometimes violated.

An important issue in the dissolution profile
comparison using f2 is the practical significance of dif-
ferences between mean dissolution profiles. That is,
how large can the difference between mean dissolution
profiles be before the differences are likely to affect
in vivo performance?

Knowing how consistent f2 similarity is with the cri-
teria for BE is important for assuring similarity in
product performance. For this purpose, addressing the
following two questions is necessary: (1) how likely
the two products determined to be similar in vitro are
not bioequivalent in vivo (false positive) and (2) how
likely the two products determined to be dissimilar
in vitro are bioequivalent in vivo (false negative).

A study was conducted to investigate the consistency
between the in vitro dissolution profile comparisons
using an f2 matrix and in vivo BE using the 80�125%
criteria for an ER formulation.84 The study utilized a
simulation approach to examine several potential sce-
narios to get a general picture about this issue. Fig. 13.23
exemplifies a set of simulated dissolution profiles.

In the figure, the red (gray in print versions) solid
lines in each panel are the dissolution profiles for the
reference product, while the blue (black in print ver-
sions) lines are those for the test product. As can be
seen, when the parameters of the test and reference
used for simulation are the same, the profiles of the
reference and the test are exactly overlapped (panel 25
with f25 100). However, as the parameters of the test
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product deviate from those of the reference, the pro-
files of the test product may be higher (top panels,
such as panel 4), or lower than the reference (bottom
panels, such as panel 46). In some other instances, the
early parts of the test profile are higher, while the later
parts are lower than the reference profile (the panels
on the left, such as panel 22) or vice versa (the panels
on the right, such as panel 28). The f2 values are
labeled in each panel, which are smaller when the
parameters deviate further. Those values that are less
than 50 are colored red (gray in print versions), and
thick black lines are drawn to separate the similar and
dissimilar profiles.

For each dissolution profile, the in vivo concentra-
tion profile is predicted using an IVIVC model. The
corresponding in vivo profiles for the dissolution pro-
files shown here are presented in Fig. 13.24. In each
panel of this figure, the ratios of AUC and Cmax (and
the Tmax difference) between the test and the reference
are labeled, with those outside the BE range (0.8�1.25)
colored red (gray in print versions). Thick black lines
are drawn to separate the bioequivalent from bio-
nonequivalent profiles.

This study demonstrated the general consistency
between in vitro dissolution comparison using the f2
factor and in vivo BE results. The results also indicate
that dissolution profiles that are judged to be similar
using the f2 factor may not always be bioequivalent
when tested in vivo. On the other hand, in vitro disso-
lution profiles judged to be dissimilar by the f2 factor
may sometimes generate in vivo bioequivalent profiles.
As shown in Fig. 13.25, the Weibull parameter range
used for generating the dissolution profiles, which are
determined to be similar to the reference profile by f2
factor, is called the f2 similarity region (enclosed by
thick, dashed blue (dark gray in print versions) lines),
while the parameter range generating in vivo profiles
that are bioequivalent to reference profiles is called the
bioequivalence region (enclosed by red (light gray in
print versions) solid lines for AUC, and black dotted
lines for Cmax). It can be seen that the f2 similarity
region and the BE region are close, although they do
not exactly match.

This study emphasized the importance of evaluating
the shape and the completeness of in vitro dissolution
curves when f2 is used to determine the similarity

FIGURE 13.23 Simulated dissolution profiles. The parameters used for simulation are labeled at the top of each panel. The f2 similarity
value is noted in each panel. f2 values $50 are colored black, while f2 values ,50 are colored red (gray in print versions). The solid black
border around the panels outlines the profiles that are similar.
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FIGURE 13.24 The in vivo profiles corresponding to the in vitro profiles in Fig. 13.22 based on the IVIVC model. At the top of each panel
are the model parameters used for simulating the in vitro dissolution from which the in vivo profile were obtained. The red (gray in print
versions) solid line denotes the reference profile, and the dotted line denotes the simulated profile. The AUC ratio, Cmax ratio, and Tmax

difference are noted in each panel. The solid black border around the panels outlines the profiles that are bioequivalent.

FIGURE 13.25 Effect of Weibull parameters
(MDT, B, and Dmax) used in the simulation of
dissolution profiles on the AUC ratios, Cmax

ratios, and f2 comparisons. When the MDT and
B take the values enclosed by the two thick red
(light gray in print versions) lines (for AUCR)
and the two black thick dotted lines labeled
(for CmaxR), the simulated in vivo
concentration-time profiles are bioequivalent to
the reference (BE region). The blue (dark gray
in print versions) thick lines enclose a region in
which the combinations of MDT, B, and Dmax

produce dissolution profiles similar to the refer-
ence profile (f2 similarity region).
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between different formulations. This evaluation is
important because the completeness of dissolution
relates to the extent of drug absorption in vivo and the
shape of a dissolution curve is translated to the rate of
drug absorption in vivo. In particular, when there is a
difference of more than 10% in the plateau levels
between dissolution profiles of the test and reference
product, or when the two dissolution profiles cross,
there is a greater likelihood for the test product not to
be bioequivalent to the reference product, although f2
similarity has been demonstrated. Under these circum-
stances, caution must be exercised when drawing
conclusions.

13.5 SUMMARY

In this chapter, in vitro dissolution methods are
developed to evaluate the in vivo bioperformance of
solid oral dosage forms via IVIVCs, and as quality con-
trol tests to ensure the consistency of product
manufacturing and the bioperformance of the resulting
products. Valid IVIVCs are useful for biowaiver, for
quality control, or both. Much research has been done
since the middle of the 20th century, with successful
IVIVCs being developed for some products. However,
IVIVCs are still not yet established for many products,
particularly for many ANDAs, either due to the fact
that the complexity of drug dissolution and absorption
along the GI tract is not yet fully understood, or the
in vitro conditions could not mimic that of the GI sys-
tem. Meaningful results and interpretation of dissolu-
tion data can be achieved only when the responses of
the biological system to the physical properties of drug
products are well understood, and test methods are
properly established through thorough studies during
the formulation and manufacturing process design and
clinical development.

To provide meaningful dissolution data, numerous
dissolution devices and methods (either compendial or
not) have been studied for a variety of products, which
will continue into the future with an attempt to pro-
vide biorelevant dissolution data. For any given appa-
ratus, dissolution results can still be affected by
various elements for the dissolution tests, such as set-
ting and calibration of the apparatus, mixing speed,
medium (volume, pH, ionic strength, surfactant, cosol-
vent, aeration), temperature, positions of dosage forms
in the medium, sampling locations and time control,
and interference by the environment. The effects of
these elements and factors must be evaluated during
the development of dissolution methods for each
product.

The use of dissolution tests for quality control
should also be directed toward guarding the

bioperformance of products. For quality control pur-
poses, the test methods should have sufficient discrim-
inating ability to identify the changes in products and
manufacturing processes that may lead to significant
difference in the BA/equivalency than that of the piv-
otal batches or the BE batches. For this purpose, the
effects of formulation and process parameters on prod-
uct dissolution should be characterized so that dis-
criminating methods can be developed to relate the
dissolution behavior to changes in either formulation
or process. However, the discriminating power of the
methods should be evaluated for relevance to product
bioperformance in order to make the methods and
results meaningful. In the meantime, dissolution meth-
ods should be robust to allow normal variability in
routine manufacturing and testing, and to avoid over-
discriminating, which may lead to unnecessary rejec-
tion of products.

Importantly, product dissolution could be highly
method-dependent as well as product dependent. Some
of the dissolution data may be correlated to the bioper-
formance of the product, while others may not. In the
absence of IVIVCs, the quality meaning of dissolution
data or similarity factor f2 cannot be defined for the bio-
performance of the products. In fact, simulation studies
for a product with valid IVIVCs have shown that not all
batches of the product with f2. 50 could be bioequiva-
lent, and on the other hand, not all the batches with
f2, 50 fail to be bioequivalent. Therefore, unless the
compositions and manufacturing processes are exactly
the same, or unless IVIVCs have been established, the
requirement in some countries for multisource products
to have a similar dissolution before BE study is neither
meaningful nor necessary, except for some
rapid-release IR products of BCS class I and III drug
substances, for which biowaivers may be possible if
justified properly.

Specifications of product dissolution are always part
of the dissolution tests. For NDAs, dissolution specifi-
cations are set based on the dissolution data of all clin-
ical batches that have produced acceptable PK or
clinical results. For ANDAs, specifications are set
based on the dissolution data of the BE batches.
Careful evaluation of the dissolution data of all the
clinical/BE batches can provide an overall picture of
the product behavior to facilitate the setting of specifi-
cations. ICH and FDA have provided guidance for set-
ting dissolution specifications for different types of
dosage forms, with or without IVIVCs. For products
without IVIVCs, FDA guidance recommends setting
the acceptable dissolution ranges as being 610% of
the clinical or bio-batches for all time points. When
valid IVIVCs are available, a wider dissolution ranges
can be set such that, via the IVIVC, the predicted Cmax

and AUC are in the range of 620% of the target. For a
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tighter control, the acceptance criteria is recommended
to be set based on the average in vitro dissolution data
equivalent to USP Stage 2 testing (n5 12) for each lot
under study. Simulation is a useful tool to demonstrate
the effects of mean and variability on the failure rate to
pass different stages of dissolution test with desired
power, which can also be used to examine if the pro-
posed dissolution specifications are set properly.
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C H A P T E R

14

Bioavailability and Bioequivalence�

H. Zhu, B.V. Li, R.S. Uppoor, M. Mehta and L.X. Yu
U.S. Food and Drug Administration, Silver Spring, MD, United States

14.1 GENERAL BACKGROUND

Bioavailability (BA) assessment is essential in oral
dosage form development.1 BA studies, which charac-
terize overall rate and extent of drug absorption, are
commonly conducted to support new drug applica-
tions (NDAs). Different types of BA studies are carried
out for various reasons:

• A relative BA study may be required to assess the
exposure similarity between a new oral dosage form
and an approved product (ie, reference list drug) in
a development program for a 505 b(2) product. The
exposure difference between the two products is
useful to select doses in a subsequent clinical trial
aimed to obtain efficacy and safety information
about the new product.

• Demonstration of sufficient systemic absorption
is essential to justify the necessity of formulating
a new compound, such as a new chemical
entity, into an oral dosage form. A dedicated BA
study may be necessary by comparing systemic
exposure of the new oral dosage form to that of a
reference formulation, such as an intravenous
formulation. BA information can also be obtained
indirectly through multiple early phase clinical
trials, such as a single ascending dose study,
a multiple ascending dose study, or a mass
balance study.

• Sometimes BA can be altered due to food
intake or concomitant medications. The effect of

food on absorption is typically investigated in a
dedicated study in order to provide dosing
instructions.2

• Likewise, for a drug product whose dissolution is
significantly affected by pH (eg, over the pH range
from 1 to 6.5), a drug�drug interaction study with a
pH altering agent, such as a proton pump inhibitor,
may be appropriate to evaluate the potential
changes on BA.3

Bioequivalence (BE) studies focus on demonstration
of absence of difference in the rate and extent of two
products.1,4 In other words, two bioequivalent pro-
ducts are anticipated to be similar in BA. BE studies
can be used to support approvals of NDAs, abbrevi-
ated NDAs (ANDAs), and postapproval changes, illus-
trated as following:

• BE studies can be applied to support NDA
submissions under several situations. One common
situation is that data from a BE study can be
applied to bridge a clinical trial formulation and a
to-be-marketed formulation whose features are
improved in parallel with the clinical development.
In another situation, a new product, which is
developed as a new oral dosage form or uses a new
salt form of an approved active moiety, can gain
marketing access relying on the agency’s efficacy
and safety findings of an approved product if BE
between the new product and the existing product
can be established.

�Disclaimer: The chapter reflects the views of the authors and should not be construed to represent the views or policies of the Food and

Drug Administration (FDA). No official endorsement by the FDA is intended or should be inferred.
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• Generic substitutes, which are therapeutically
equivalent and often less expensive to brand name
products, are approved under ANDAs. BE must be
demonstrated to support approvals of ANDAs.

• BE studies may also be required during
postapproval period of NDAs or ANDAs in certain
situations, for example when a major change in
formulation, or manufacturing process, or
manufacturing site occurs.

The concept of BA and BE has been evolving over
years. In the 1970s, it was reported that patients receiv-
ing digoxin showed large variation in clinical
responses. Subsequent investigations indicated that
different clinical outcomes were associated with varia-
tion in BA of products manufactured by different firms
or by the same firm but from different lots.5,6 In 1974,
one committee organized by the FDA Office of
Technology Assessment (OTA) concluded that “cur-
rent standards and regulatory practices do not assure
bioequivalence.”7,8 In 1977, the Food and Drug
Administration (FDA) started to request in vivo assess-
ment in its published regulation on BE.9 In 1984, the
US Congress passed the Hatch-Waxman Act (also
known as “Drug Price Competition and Patent Term
Restoration Act”), which provides a legal basis to
allow a BE study as a surrogate for clinical efficacy
and safety trials. Since then, FDA published BE gui-
dances for various specific products in addition to its
general BA/BE guidance. BA/BE studies have become
standard assessment in clinical development programs
and support drug product approvals.10 In recent years,
BA/BE assessment has been expanded to address
drug products with unique complexities, such as
for drugs with narrow therapeutic indexes (NTIs),
products with multimodal release mechanisms, and
products acting locally.

The information included in this chapter will pro-
vide readers with an overview of the general concept
of BA and BE. Details on typical BA/BE study designs
and data analyses will be discussed, with a primary
focus on the orally administered drugs. Special topics
on BE for NTI drugs and highly variable (HV) drugs,
together with application of partial area under the
curves (pAUCs) for BE testing will also be presented.

14.2 DEFINITIONS AND KEY CONCEPTS

Different oral formulations may be associated with
different absorption rate and extent. An immediate
release formulation is designed to allow rapid release of
an active moiety. An extended release formulation, on
the other hand, controls drug release rate to ensure
active moiety is available over a prolonged time interval.

In recent years, a more complicated formulation is
designed to include both an immediate-release compo-
nent and an extended-release component. Different for-
mulations intended for different BA features usually
yield different plasma concentration time profiles.

BA/BE assessment is established on the basis of
pharmacokinetics (PK), which characterizes plasma
drug concentration versus time profiles. PK provides
information on ADME process (ie, absorption, distri-
bution, metabolism, and excretion) and describes the
fate of an administered drug. Key PK parameters such
as Cmax, Tmax, and area under the curve (AUC) can be
obtained through concentration�time profiles. Cmax

represents the maximum concentration of the curve.
The time to reach Cmax is known as Tmax. If adequately
frequent plasma samples are taken in an appropriately
designed study, Cmax and Tmax can be directly
observed. AUC is the area under the concentration-
time curve for the time interval of interest and is calcu-
lated by applying a numerical integration formula
such as the trapezoidal rule. AUC0�t represents the
AUC over the time interval from zero to the last obser-
vation, while AUC0�N represents the AUC over the
time interval from zero to infinity. AUC02τ is the AUC
over a dosing interval (ie, τ). In the following section,
the key concepts of BA and BE and the assessment of
BA and BE using the major PK parameters are
provided.11

14.2.1 Bioavailability

As defined in the Code of Federal Regulations, Title
21, Section 320, Part1 (y 320.1), BA is known as “the rate
and extent to which the active ingredient or active moi-
ety is absorbed from a drug product and becomes avail-
able at the site of action.”12 Most drugs administered
orally are not intended to be used locally in the gastro-
intestinal (GI) tract; instead, pharmacological effects
can manifest only after the drug is absorbed and an
adequate amount becomes available at the intended
receptors of the target tissue through systemic circula-
tion. Direct assessment of drug concentration at the tar-
get tissue is technically challenging. In addition, drug
concentration at the local action site is thought to be in
equilibrium with the drug concentration in systemic
circulation. Therefore, in practice, the drug concentra-
tion in systemic circulation is used as a surrogate to
that of the drug presented at the target tissue.

For an oral product, BA is mainly affected by three
factors: physicochemical characteristics of a drug, dos-
age factors, and physiological factors (eg, pH in the GI
tract).13,14 Different studies can be conducted to evalu-
ate changes in BA, which is commonly described by a
ratio of Cmax or AUC, due to these factors.
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A BA study of an oral product estimates the relative
fraction of the administered dose that is absorbed into
systemic circulation when compared to that of a refer-
ence formulation. Ideally, a reference formulation is an
optimally available formulation, which can be an intra-
venous formulation, an oral solution, or an oral sus-
pension. Sometimes a different oral dosage form (eg, a
different oral tablet) can be used too. Absolute BA is
used to describe the relative fraction of systemic expo-
sure for an oral dosage form when an intravenous dos-
age form (100% bioavailable) is used as the reference
formulation, whereas the term relative BA is used
when the reference is another nonintravenous
formulation.1

PK parameter ratios, such as AUC ratios, between
two formulations are commonly used to compare BA
difference between two formulations. AUC0�N (or
AUC02t) is generally applied for a single-dose BA
study, whereas AUC02τ is for a multiple-dose study.
Eq. (14.1) is used to calculate absolute BA, where Div

and Dpo are the intravenous and oral doses adminis-
tered, respectively; and AUCiv and AUCpo are the
AUC estimates for the intravenous and oral routes,
respectively.1

F5
Div

Dpo
U
AUCpo

AUCiv
ð14:1Þ

Relative BA can be calculated by using Eq. (14.2),
where DA and DB are the doses administered for drug
formulation A and B, respectively; and AUCA and
AUCB are the AUC estimates for the A and B formula-
tions, respectively. Formulation A is the reference
formulation:

Frel 5
DA

DB
U
AUCB

AUCA
ð14:2Þ

14.2.2 Bioequivalence

According to y 320.1 (21CFR320.1), BE is defined as
“the absence of a significant difference in the rate and
extent to which the active ingredient or active moiety
in pharmaceutical equivalents or pharmaceutical alter-
natives becomes available at the site of drug action
when administered at the same molar dose under sim-
ilar conditions in an appropriately designed study.”12

Similar to BA assessment, BE assessment for oral dos-
age forms can be performed based on drug concentra-
tion in systemic circulation, which is considered as
a surrogate for concentration available at the site of
action. Drug concentration in systemic circulation is
determined by the ADME process, in which only
absorption is thought to be affected by a formulation.
Similar concentration levels are anticipated in the same

subject receiving different oral dosage forms that show
similar absorption rate and extent.

Cmax and AUC, which are applied for BA evalua-
tion, are the two major PK parameters used for BE
assessment.1 Cmax bears the information on absorption
rate, where an increased absorption rate is associated
with an elevated Cmax. The similarity in Cmax of two
formulations is suggestive for similar maximum effects
or similar risks of the safety events. Like BA evalua-
tion, AUC0�N (or AUC0�t) and AUC02τare used to
describe overall exposure for a single-dose BE study
and a multiple-dose BE study, respectively. Generally,
AUC represents the extent of absorption and is inde-
pendent of the absorption rate. For drugs requiring
chronic treatment, such as antidepressants, AUC is
correlated with effectiveness and long-term safety
events. Two products yielding similar AUCs are
thought to have similar efficacy and long-term safety
profiles. Other PK parameters, such as pAUC and
Tmax, are also used for BE assessment.

Pharmacodynamic, clinical, or in vitro assessment
may also be performed in BE assessment.4,15,16 Under
situations where systemic absorption is not directly
indicative of drug available at its site of action, a phar-
macodynamic, clinical, or in vitro assessment may be
used. This approach is commonly seen in small mole-
cule products for local actions, such as topical pro-
ducts, nasal and inhalation products, locally acting GI
products, and dental products. It is rarely seen in oral
dosage forms intended for systemic indications.

14.2.3 Pharmaceutical equivalents,
pharmaceutical alternatives, and therapeutic
equivalents

Drug products are considered to be pharmaceutical
equivalents if they contain the same active ingredient,
in the same amount, with identical dosage forms and
routes of administration. Pharmaceutical alternatives
are drug products containing the same therapeutic
moiety, but are different salts, esters, or complexes of
that moiety, or are different dosage forms or strengths.
Furthermore, drug products are considered to be ther-
apeutically equivalent only if they are pharmaceutical
equivalents (as described previously) that are expected
to produce the same clinical effects and have similar
safety profiles when they are administered to patients
under the same conditions as specified in the product
labeling information. In general, therapeutic equiva-
lence may be reasonably inferred if two pharmaceuti-
cal equivalent products are shown to be bioequivalent.
Therapeutic equivalence is thus an ultimate measure
of the interchangeability of two distinct drug products
or formulations.10
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14.3 GENERAL COMPONENTS
OF BA AND BE STUDIES

In clinical development, demonstration of BE and
assessment of BA for oral dosage forms intended for
systemic indications generally require dedicated phase
1 clinical trials using PK parameters as the endpoints.
The focus for BA or BE studies is to evaluate absorp-
tion rate and extent, even though the study objectives
differ. Therefore, design features are similar between
the two types of clinical trials. In the following sec-
tions, the design features of a BE study will be dis-
cussed, as an example, in detail.

14.3.1 Study population

Standard BE studies are conducted in adults at least
18 years old and capable of giving informed consent.
For most drugs, the PK processes are affected by demo-
graphic characteristics of patients. Thus, demographic
characteristics of subjects enrolled in a BE study should
represent the patient population, taking into account
age, sex, and race. For example, if an oral dosage form is
intended for both male and female patients, a BE study
should be conducted in subjects with both sexes.1,4

Healthy volunteers are generally preferred in a BE
study over patients for several reasons. BE assessment
focuses on a comparison of drug absorption rate
and extent of two formulations, not the therapeutic
effectiveness of a formulation. The physical processes
of drug absorption for solid oral dosage forms are
usually the same in patients as they are in healthy sub-
jects. Therefore, healthy subjects can adequately iden-
tify the differences in formulations, which fulfills the
BE study purpose. On the other hand, patients may
have different severity levels of the diseases, and some
may require concomitant medication treatment, all
these factors may potentially confound the BE study
outcome. Practically, healthy volunteers are easy to
enroll with simple inclusion and exclusion criteria and
less chance of using concomitant medications. In addi-
tion, intensive PK samples are usually better tolerated
in healthy volunteers than patients.

Sometimes patients are needed for a BE study.
Safety and tolerability risks associated with the
drug product are the general reasons that preclude
healthy volunteers being enrolled in a BE study. For
example, clozapine is approved for treatment-resistant
schizophrenia. Clozapine has been shown to cause
several potentially fatal adverse events, including
agranulocytosis, syncope, seizures, myocarditis, and
cardiomyopathy.17 Because of these safety risks, FDA
guidance recommends that the BE studies be
conducted in stable patients.18

14.3.2 Study design

One typical BE study design is a single-dose, two-
way crossover study design.1,4,19 As illustrated in
Table 14.1, subjects enrolled in the study are random-
ized into two sequence groups (Groups TR and RT)
with balanced baseline and demographic characteris-
tics. After the trial is initiated, subjects in the two
groups receive test products and reference products,
respectively. A reference product is usually the prod-
uct whose efficacy and safety profile has been estab-
lished, whereas a test product is the new product. If
the drug is well tolerated, a subject is usually given a
single unit of the oral dosage form with the highest
strength. Blood samples are collected in subjects from
both groups at various time points for PK characteriza-
tion. Usually, the PK sampling should continue for at
least three half-lives of the drug. To minimize potential
carryover effect, time for wash-out accounting for at
least five half-lives of the drug is recommended before
the second period of dosing is initiated. In the second
period, the treatment is switched. Subjects receiving
the test product in period 1 are given the reference
product in period 2, and vice versa. Blood samples are
collected in the same manner as in period 1.

One feature of a crossover study is the same indi-
vidual receives both the test product and the reference
product, and the formulation effect can be compared
at an individual level. It has been shown that the
ADME process varies among subjects and may affect
the variability of Cmax and AUC estimates. The same
subject provides a relatively homogenous environment
to assess the formulation effect. Statistically, this
approach is powerful and requires small sample size.

For a product with long half-life, a parallel study is
practically more appealing than a crossover study.1,4,19

Subjects enrolled in a parallel study are generally
randomized into two groups with test product and ref-
erence product administered to one of the groups,
respectively. Blood samples are collected for PK assess-
ment over the time interval of at least three half-lives
of the drug. In general, a parallel study requires
less time than a crossover study because a subject
receives treatment once and no washout is necessary.
However, a large sample size is needed in a parallel

TABLE 14.1 Diagram of a Typical Two-Treatment, Two-Way
Crossover BE Study

Sequence group

Period 1 2

1 T R

2 R T

Note: T, test product; R, reference product.
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study to identify the formulation effect because the
difference in ADME process across different indivi-
duals may increase the variability of the estimated
Cmax and AUC.

Through simulations and clinical trials, it has been
shown that a single-dose BE study is generally more
sensitive than a multiple-dose study. For drugs with a
high accumulation factor, a smaller confidence interval
was shown at steady state than that following a single
dose. Therefore, there is a better chance to claim BE
based on results from a steady-state study than from a
single-dose study. This is unfavorable from the regula-
tory standpoint of view.20 However, for practicality
reasons, a steady-state BE study may still be required.
Usually, a steady-state BE study is conducted in
patients stabilized with the treatment. It is not feasible
to discontinue the current treatment or to completely
wash out the patients. Take clozapine, for example.
Per the FDA guidance, the BE study should be con-
ducted in patients receiving multiples of 100 mg of an
approved clozapine twice daily. Once entered the
study (ie, in period 1), the patients should be dosed
either with the test product or the reference product
twice daily for 10 days before blood sample collection.
Then the patients switch the treatment for another 10
days in the second period.18

Sometimes a replicated crossover study may be con-
ducted to assess intrasubject (within-subject) variabil-
ity allowing a scaled BE approach.1,4,19 A typical
replicate BE study is illustrated in Table 14.2, where
subjects enrolled in the study may receive the same
treatment more than once. As shown in Table 14.2a,
subjects in group 1 receive the test product twice and
subjects in group 2 receive the reference product twice.
This study is known as partial replication. A partial rep-
licate design with two treatments on reference product

is commonly used in BE studies for HV drugs.
Table 14.2b shows that subjects in two treatment
groups receive both the test product and the reference
product twice but with different order. This study is
known as full replication. A full replicate design is pre-
ferred in a BE study for an NTI drug.

14.3.3 Biofluid matrices

PK endpoints used in BA/BE studies are commonly
derived from concentration levels in peripheral blood
(eg, plasma, serum, or whole blood). Blood samples
are usually collected at defined time points to fully
characterize a PK profile. Blood plasma, which con-
tains extracellular fluid and protein, is the pale-yellow
liquid after the collected blood samples are mixed with
anticoagulant and blood cells are removed through
centrifugation. Serum is the yellowish liquid after the
whole blood is clotted. The content in serum is similar
to plasma, except serum contains no clotting factors.
Because most clotting factors do not specifically bind
drugs, serum concentration and plasma concentration
are usually similar. Drug concentration in whole blood
includes drug concentration from both plasma and
blood cells. Some drugs specifically bind to red blood
cells. So the drug concentration in whole blood can be
substantially different from that in serum or plasma.

Urine samples are sometimes taken for BA assess-
ment. Urine samples can be useful if the drug is
mainly eliminated through urine as the parent com-
pound and the amount of drug excreted can be col-
lected in a reasonably short period and measured as
accurately as possible. It is uncommon to use other
biofluids, such as saliva, cerebral spinal fluid, and lym-
phatic fluid in a BA/BE study.

14.3.4 Bioanalytical methods

In general, samples collected in a BA/BE study are
quantified using a validated chromatography or a
ligand binding assay.

High-performance liquid chromatography (HPLC)
is the most commonly used chromatography assay to
analyze PK samples. Usually, PK samples collected at
defined time points are purified first. The objective for
sample purification is to remove proteins, lipids, fatty
acids, and other endogenous components that may
affect sample separation and detection.21 Proteins in
the collected samples are precipitated by mixing with
miscible organic solvents (eg, methanol or acetonitrile),
often adjusted by different buffer, acid, or base, and
removed through centrifugation. If needed, samples
are further purified through liquid�liquid extraction
(LLE)21 and solid phase extraction (SPE).22 For LLE,

TABLE 14 2 Diagram of a Typical Replicate BE Study Design

(a) Partial replication

Sequence

Period

1 2 3

1 T R T

2 R T R

(b) Full replication

Period

Sequence 1 2 3 4

1 T R T R

2 R T R T

Note: T, test product; R, reference product.
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immiscible organic solvents (eg, diethyl ether, MTBE)
are mixed with the biological samples. The analyte of
interest, usually transferred into the organic layer, is
cleaned up for assay. For SPE, analyte is absorbed onto
a solid phase column and then extracted by a diluent.
Even with all cleanup procedures, the samples are still
mixtures of various compounds. Second, the prepared
samples are injected into chromatography instrument.
Chromatography is a technique that the compound of
interest is separated from interfering components, such
as impurities, metabolites, and endogenous compo-
nents remaining in the samples. The separation occurs
from the interaction between the analyte and the ana-
lytical matrix (ie, a stationary phase and a mobile
phase). In general, the separation relies on differences
of hydrophobicity (reverse phase), molecular charge
(ion exchange), and size (size exclusion) of the analyte
and interfering components. Scientists may select
appropriate solid phase and adjust mobile phase to
ensure an optimal separation of the analyte and other
components.23 Third, the analyte is detected and quan-
tified through a detection system. Various detection
systems can be used in combination with a HPLC,
where mass spectrometry is probably the mostly com-
monly used. Analytes obtained through a chromatog-
raphy system are ionized first and then detected based
on mass-to-charge ratio (m/z). Eventually, the concen-
tration of the analyte can be obtained from chro-
matographic measurement.

A ligand assay relies on immunological reaction
between an analyte and its specific antibody. In most
cases, a ligand assay is applied to obtain concentra-
tions of macromolecules, such as enzymes, peptides,
and monoclonal antibodies.24 Enzyme-linked immuno-
sorbent assay (ELISA) is a good example. For a non-
competitive ELISA, the surface of a microplate is
coated by a capture antibody to block all nonspecific
binding sites. When the PK samples are applied, the
analyte of interest is immobilized onto the plate in a
concentration-dependent manner. The rest of the
sample is then removed and the plate is washed.
A secondary antibody containing an enzyme is added
to the plate and binds to the analyte of interest,
and then a specific enzyme substrate is added. The
concentration of the analyte can thus be detected
through the formation of the product of the enzyme
and substrate interaction. The detection mechanism for
a competitive ELISA is similar to that for a noncompet-
itive ELISA. The main difference is that a specific anti-
gen is immobilized onto a microplate first. When an
antibody is added, both antigens presented onto the
plate and in the sample (ie, analyte of interest) com-
pete for the limited binding sites of the antibody.
Then, an antibody-analyte conjugate is washed away.
Thus, a high concentration of analyte (antigen

presented in the sample/solution) yield low antibodies
immobilized onto the plate. The analyte concentration
can thus be calculated.

Bioanalytical methods used in BA and BE studies,
no matter a chromatography assay, a ligand assay, or
other assays, are expected be accurate, precise, selec-
tive, sensitive, reproducible, and stability-indicating.25

Accuracy describes the closeness of the test results
to the true concentration of the analyte. Accuracy is
determined by replicated analysis of samples with
known amount of the analyte using a specific analyti-
cal method. In general, a minimum of five determina-
tions per concentration is recommended.

Precision describes the closeness of the test results
upon multiple measurements with the same concentra-
tion level. There are two types of precision. One is
known as within-run precision, which is an assessment
of the precision during a single analytical run. The
other one is known as between-run precision, which is a
measurement of the precision with time, and may
involve different analysts, equipment, reagents and
laboratories. In general, the determined precision
should not exceed 15% of the coefficient of variation
(CV). At the lower limit of quantification, precision
should not exceed 20% of the CV.

Selectivity is defined as the ability of an analytical
method to differentiate and quantify an analyte in
the presence of other components in the sample.
Other compounds presented in the biological samples,
including endogenous moieties, impurities, metabo-
lites, and degraded products, may interfere with the
analyte of interest. A validated method should demon-
strate its ability to selectively quantify only the analyte
of interest.

The stability of the chemical in certain matrix under
specific conditions and in a specific time interval
should also be assessed.

In 2013, FDA revised its guidance on bioanalytical
method validation for bioanalytical methods mainly
used in clinical pharmacology, BA, and BE studies. In
this guidance document, the recommended validation
information is discussed in detail.25

14.3.5 Compounds for bioassay

Concentrations of a parent compound (active ingre-
dient or its active moiety in the dosage form) and
its metabolites can be obtained through a validated
bioassay.1,4 The FDA recommends both the parent
compound and, if possible, its active metabolites be
measured in a BA study with the objective to assess
the release of drug substance from a dosage form, and
presystemic/systemic actions on the released drug
substance. Concentration of a parent compound is
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more preferable than metabolites in a BE study
because changes in concentrations of a parent com-
pound directly reflect the release rate and release
extent of a dosage form. However, metabolite concen-
tration may be preferred when the parent compound
(eg, a prodrug) concentration is too low or measurable
concentration lasts for too short a time. Sometimes
both the metabolite and the parent compound concen-
trations are measured in a BE study when (1) the
metabolite is shown to be formed in the GI tract or
presystemically, and (2) both the parent compound
and the metabolite contribute meaningfully to the
overall efficacy or safety.

Concentrations of individual enantiomers can be
obtained through a chiral assay. In general, FDA
recommends that enantiomers be measured in a BA
study.26 BE assessment is usually performed based on
racemate.1 Sometimes enantiomers are measured if
they exhibit different PK or pharmacodynamics char-
acteristics, especially if the primary efficacy and safety
reside in a minor enantiomer or nonlinear absorption
is shown in one of the enantiomers.1,27

14.4 DATA ANALYSIS FOR
BA AND BE STUDIES

14.4.1 Variables for BA/BE assessment

Cmax and AUC are the most commonly used PK
variables for in vivo BA/BE assessment.1 As discussed
in Section 14.2, Cmax represents the rate of absorption
and AUC represents the extent of absorption.
Sometimes Tmax and the shape of the PK profiles are
also compared in a BA or BE assessment through
visual inspection.

Quantitative analyses for the PK variables, such as
Cmax and AUC, are generally based on logarithmic
transformation, which provides several advantages.19

First, a direct subtraction of a logarithmic-transformed
PK variable obtained from a test product and a refer-
ence product can be easily converted to the ratio of the
same variable under normal scale. Usually, the ratio of
the PK variable provides the most clinically relevant
information. Second, PK variables can be expressed in
a multiplicative fashion. Let’s take AUC0�N as an
example. It can be described by using Eq. (14.3), where
D is the dose given to the subject. F and CL are the
bioavailability and clearance for this individual,
respectively:

AUC02N 5
FUD
CL

ð14:3Þ

The multiplicative terms (ie, F and CL) can thus be
considered as a function of the subject. In the statistical

analysis models for BE testing, all factors (eg, treat-
ment, subjects, and sequence) that contribute to the
variation in PK measurements are considered to be
additive effects. Logarithmic transformation of AUC
yields an additive equation (Eq. (14.4)):

log AUC02N5 log D1 log F2 log CL ð14:4Þ

which is therefore preferable in BE analyses. Similar
arguments can also be applied to Cmax or other PK vari-
ables. Third, the observed AUC (or Cmax) values in BA
or BE studies under normal scale are often skewed and
the variances between the test and reference groups
may differ. The statistical models for BE testing
are established based on two major assumptions:
the normality and homoscedasticity of the variance.
Log-transformation of the PK variables, however,
makes the distribution appear more symmetric, closer
to the normal distribution, and achieves a relatively
homogeneous variance. The underlying assumptions
for statistical testing can be better satisfied. Thus, log-
transformations of PK variables in BA/BE evaluation is
recommended by major regulatory bodies world-wide.
It should be noted that log-transformation compares
the geometric means of the PK variables from different
treatment groups instead of arithmetic means.

Variability for the major PK parameters (eg, log
AUC and log Cmax) may provide useful information
for BA and BE evaluation. There are different sources
of variability for major PK parameters. Between-
subject variability (ie, intersubject variability) is to
describe the variability for the same product adminis-
tered to different individuals. If the same product
is given to the same individual multiple times (eg, in
a replicate BE study), within-subject variability (intra-
subject variability) can be calculated. A subject-by-
formulation variability is used to describe the exposure
change for the same individual upon product switch-
ing. Different types of variability provide information
on product and patient characteristics; hence, the
values should be assessed when needed.

In addition to major PK parameters, such as Cmax and
AUC, Tmax is an important PK parameter obtained in a
BA/BE study. Tmax has relatively high between-subject
variability and does not appear to follow common distri-
butions, such as normal or log-normal distributions. No
formal statistical testing has been recommended on the
basis of Tmax. However, Tmax values can be important for
drugs with quick treatment onset. Therefore, comparison
of medians (and ranges) of Tmax among different treat-
ment groups are considered. There are cases where pro-
ducts are not deemed bioequivalent in which the
median Tmax are substantially different between the test
product and the reference product, even if Cmax and
AUC satisfy the BE standard.
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14.4.2 Statistical analysis for BE studies

14.4.2.1 Average BE

Average BE testing is the most commonly used,
which is established to ensure that the true mean
(ie, population average) difference of the major PK
parameters between the test product and reference
product is within a predefined range.19 The test prod-
uct is considered bioequivalent to the reference prod-
uct only when the true means for all the major PK
parameters (eg, AUC and Cmax) of the test product is
neither superior nor inferior to that of the reference
product.

For most drugs with a reasonable therapeutic win-
dow, an approximately 20% change in mean major PK
parameters (eg, AUC and Cmax) is not anticipated to
yield clinically meaningful changes in both efficacy
and safety. Thus, for these products, the upper and
lower thresholds (ie, δL and δU) are defined as 6 0.22
in log scale or ranging from 80% to 125% under
normal scale. However, BE limits are not fixed for all
products. For HV products (Section 14.5.2) and NTI
drugs (Section 14.5.3), BE limits may be readjusted
accordingly.

Average BE assessment is set up differently from
a conventional statistical test aimed to demonstrate
treatment difference between two groups. The null
hypothesis for a conventional statistical test is the true
means from the test product and the reference product
are the same (ie, μT2μR5 0). The null hypothesis
is rejected and alternative hypothesis is taken
(ie, μT2μR 6¼0) when the calculated P-value based on
the established statistic test is smaller than a prede-
fined value (eg, 0.05). This predefined P-value is used
to control type I error rate. For the sake of discussion,
only in this paragraph, we call two products with
equal true means of the PK parameters the “bioequiva-
lent” products. Under the conventional statistic test,
the type I error is to falsely claim “inequivalence”
for two bioequivalent products. But this is not the
focus of BE testing. Instead, BE testing should focus on
falsely claiming BE for two inequivalent products.
Therefore, different approaches are taken for average
BE evaluation.

One approach is known as confidence interval
approach. The confidence interval approach is to
ensure the true mean difference of a major PK parame-
ter between the test product and the reference product
is likely to be sufficiently small. In this approach,
the point estimate and 90% confidence interval of the
mean difference of a specific PK parameter (eg, log
AUC or log Cmax) between the test product and the
reference product can be calculated based on data. BE
can be established if all estimated 90% confidence
intervals of the major PK parameters are within the BE

limits (eg, 6 0.22 in log scale or ranging from 80% to
125% under normal scale). As just discussed, the error
that needs to be controlled in BE evaluation is falsely
claiming BE for two inequivalent products, which is
the Type II error for a conventional statistical hypothe-
sis test. A Type II error cannot be directly controlled in
a conventional hypothesis test. However, the Type II
error can be reflected in confidence interval approach
as the probability of not including an alternative value
(ie, upper and lower BE limit). Therefore, BE can be
concluded with an error rate not greater than 10% if
the 90% confidence interval falls within the predefined
BE limits.

The second approach is two one-sided tests (TOST).
TOST ensures that the true mean difference of a PK
parameter between a test product and a reference
product is unlikely to be either too large or too small.
TOST is performed with two sets of null and alterna-
tive hypotheses:

Test 1: Null hypothesis: μT2μR$ δU; alternative
hypothesis: μT2μR, δU

Test 2: Null hypothesis: μT2μR# δL; alternative
hypothesis: μT2μR. δL

where μT and μR are the true means for the test
and reference products, respectively; and δL and δU
are the predefined regulatory upper and lower
limits. Each test can be performed independently.
If both null hypotheses are rejected, alternative
hypotheses can be accepted and so can its intersection
(ie, δL,μT2μR, δU). The null hypothesis for each of
the tests is rejected from one side at a P-value of 0.05
level (α5 0.05). Thus, the TOST approach is equivalent
to the approach using 90% confidence interval.

14.4.2.2 Population BE and individual BE

In addition to the average BE test, two other
statistical tests are recommended by the FDA’s BE
guidance—population BE test and individual BE test.19

The focus for average BE assessment is to compare
true mean difference between different treatment
groups, whereas population BE and individual BE
consider both the true mean difference and the
variance difference.

Population BE is constructed to ensure prescribabil-
ity. A physician may choose to prescribe to a new
patient either a brand name product (innovator’s prod-
uct) or a generic product shown to satisfy population
BE criteria. The general efficacy and safety profiles for
the two products should be anticipated to be similar.
To ensure prescribability, an equation is constructed to
compare the expected squared difference between a
test product (T) and a reference product (R) adminis-
tered to two different patients (the jth and j0th patient)
with the same reference product (R) given to these two
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patients (Eq. (14.5)). In Eq. (14.5), μT and μR are the
true means of the test product and reference product,
respectively. σ2

TT is the total variance for the test prod-
uct, and σ2

TR is the total variance for the reference
product. The final test formula is shown in Eq. (14.6).
It is important to ensure the calculated value is smaller
than a predefined threshold in order to conclude BE of
the test product.

EðTj2Rj0 Þ2
EðRj2Rj0 Þ2

5
ðμT2μRÞ21 ðσ2

TT 1 σ2
TRÞ

2Uσ2
TR

ð14:5Þ

Θp5
ðμT2μRÞ2 1 ðσ2

TT 1 σ2
TRÞ

σ2
TR

ð14:6Þ

The point of the individual BE is to ensure switch-
ability, which allows switching from a brand name
product to a generic product without compromising
the efficacy and safety in the patient. The comparison
is between the expected squared difference of the
mean PK variable for the same subject (the jth subject)
receiving the test product (T) and the reference
product (R), and that from the same individual receiv-
ing reference products (R) multiple times (Eq. (14.7)).
As shown in Eq. (14.7), μT and μR are the true means
of the test product and reference product, respectively.
In addition, σ2

WT and σ2
WR are the within-subject

variability (ie, intrasubject variability) for patients
receiving the test product and reference product alone,
respectively, and σ2

D is a term known as subject-by-
formulation variance, which describes the PK variable
change for the same individual upon product switch-
ing. The final test formula for individual BE is shown
in Eq. (14.8). The test statistics must be smaller than a
predefined limit in order to claim individual BE. To
allow full assessment of individual BE, a replicate BE
study is necessary.

E5
EðTj2RjÞ2
EðRj2R0jÞ2

5
ðμT2μRÞ2 1 σ2

Dðσ2
WT 1 σ2

WRÞ
2Uσ2

WR

ð14:7Þ

ΘI 5
ðμT2μRÞ21 σ2

Dðσ2
WT 1 σ2

WRÞ
σ2
WR

ð14:8Þ

14.4.3 Data analysis for BA studies

PK data obtained from BA studies are generally
summarized by descriptive statistics. In general, no
formal statistical test is required for data obtained
from BA studies. However, the mean ratio and the
90% confidence interval of a major PK parameter
should still be reported.

14.5 SPECIALTOPICS FOR
BA AND BE ASSESSMENT

BA/BE assessment has been widely applied in vari-
ous product development programs. In recent years,
certain areas have been expanded with the evolving
science. In the following sections, BE studies requiring
pAUCs, BE studies for HV drugs, and BE studies for
NTI drugs are discussed in detail.

14.5.1 BE studies requiring pAUCs

For some products, pAUC has been used as an
additional PK variable in BA or BE assessment.1 It is
known as the area under the concentration time curve
over a time interval of interest.28 Eq. (14.9) defines the
pAUC between t1 and t2 (ie, pAUCt1�t2). For example,
if there is a need to quantify drug exposure between 8
and 12 hours postdose, pAUC8�12 should be obtained.
In reality, a pAUC can be calculated based on trapezoi-
dal rule. The area between two adjacent observed time
points can be calculated from the area of trapezoid.
Then the pAUC can be obtained by summing up all
the segments within a time interval of interest. It can
be shown that a pAUC represents the average concen-
tration over the time interval of interest. Multiple
pAUCs contain the information of the shape of the PK
profile. For instance, the PK profile following the
administration of a single dose of Ambien CR, a
Zolpidem extended release tablet indicated for the
treatment of insomnia, under fasting conditions, can
be divided into two portions. In this case, pAUC01.5
and pAUC1.5t can be calculated separately: pAUC01.5
represents the early exposure and pAUC1.5t represents
the late exposure. AUC0N represents the total zolpi-
dem exposure. Overall, the two pAUCs define the
shape of the underlying PK profile:

pAUCt12t2 5

ðt2
t1
CtUdt ð14:9Þ

The initial concept of pAUC was introduced back
in the early 1990s. By then, scientists actively searched
for an alternative PK variable to describe the rate of
absorption. As we know, Cmax is related to drug
absorption rate and is used in BA and BE assessment.
Unfortunately, Cmax can be driven by other factors,
such as the extent of drug absorption, distribution, and
elimination. Chen et al. recommended using pAUC in
BA and BE evaluation.31 Tozer et al. interpreted pAUC
as a measurement of early exposure.32 In recent years,
pAUCs have been recommended by the FDA to assess
BA and BE for several products.
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Also, pAUCs may serve several different roles in
products with different release mechanisms. Some
products follow the same release mechanism (mono-
modal release mechanism). For example, an immedi-
ate release tablet always releases the drug following
zero-order or first-order kinetics. There is no release
pattern change over time. Through simulations, it can
be shown that pAUC, defined as the AUC between
the time of dosing to the time of reaching the maxi-
mal concentration, is more sensitive than Cmax in
detecting difference in drug release for an immediate-
release product. This pAUC may be correlated to clin-
ical responses for some immediate-release products.33

In some cases, conclusions of BE-based Cmax and total
AUC between the test product, and the reference
product may be insufficient to demonstrate that there
is no difference in safety or efficacy if the systemic
concentration time profiles of the test product and the
reference product are different (eg, time to reach peak
drug concentration (Tmax) is different). For example,
differences in the shape of the systemic concentration
profile between the test and reference products
could imply that the test product may not produce
the same clinical response as the reference product.
The FDA’s guidance recommends that pAUC be
included as a measurement for BA/BE assessment.1

In 2009, a workshop was sponsored by the American
Association of Pharmaceutical Scientists (AAPS) in
Baltimore, MD.34 It was concluded by the experts
from academia, industry, and regulatory bodies that
“the current regulatory approaches criteria for BE
evaluation were considered adequate for the assess-
ment of therapeutic equivalence and interchangeabil-
ity of conventional monophasic extended-release
formulations.” The current regulatory approaches
refer to general Cmax and AUC.

It has been found that pAUC is extremely useful
for products containing both an immediate-release
component and an extended-release component (multi-
modal release mechanism). In recent years, various
products with multimodal release mechanisms were
developed to ensure unique clinical needs, which
are usually characterized as rapid onset, maintained
pharmacological duration, and rapid offset. Multiple
release characteristics can be altered to generate vari-
ous PK profiles. For example, the drug release rate
(Ka), and extent (F) for both immediate-release and
extended-release components may be altered. In addi-
tion, the proportion of the immediate component
and the delay time (Tlag) for the drug released from
the extended-release component can be changed
through formulation techniques. Hence, it is possible
to generate different shapes of PK profiles with identi-
cal Cmax and AUC, and pAUCs are critical to charac-
terize BA and ensure BE.

A good example of this comes from the sleeping aid
products mentioned previously. The Ambien CR tablet
label indicates that Ambien CR (zolpidem tartrate) is
an extended-release formulation of zolpidem with a
bimodal release profile. Each Ambien CR tablet is com-
prised of an immediate-release component and an
extended-release component, providing a rapid
increase of zolpidem plasma concentration followed
by a sustained plasma concentration level of zolpidem
over the typical time interval for sleep.35

Thus, Ambien CR is a multiphasic modified-release
formulation designed to meet the specific clinical
needs for treating insomnia. According to the FDA-
approved package insert, clinical studies showed sta-
tistically significant improvement of sleep induction in
patients receiving Ambien CR over placebo. In addi-
tion, Ambien CR decreased wake time after sleep onset
for the first 7 hours during the first 2 nights and for
the first 5 hours after 2 weeks of treatment. As this
multiphasic modified-release dosage form is designed
to achieve both rapid onset of activity and sustained
activity with sufficient duration, FDA suggests that
additional BE metrics may be appropriate to ensure
that a generic (test) version is therapeutically equiva-
lent to the corresponding reference product. Thus, for
Ambien CR, the pAUC metrics are proposed in addi-
tion to the traditional (AUC02N and Cmax) metrics.36

For certain locally acting drugs, pAUCs can also
be important in establishing equivalence at the site
for drug action. Take mesalamine, for example.
The drug has been approved for the treatment of
ulcerative colitis,37 an inflammatory disease localized
in the colon and presenting with open sores or ulcers.
Pharmacologically, mesalamine is thought to act
locally in the colon in order to control the inflamma-
tion, even though the drug by itself can be systemically
absorbed. An effective treatment is on the basis of ade-
quate delivery of mesalamine into the inflammation
site in the colon. Based on the mechanism of action, a
product with a delayed-release feature should be more
efficacious than a product without delayed release,
even though both products may yield the same Cmax

and AUC. In this case, pAUC is recommended to be
used in the BE study to ensure that the delayed-release
feature of an effective product is carried to its generic
version, and further, to distinguish the mesalamine
release exclusively in the colon versus mesalamine
released partially outside the colon.38

14.5.2 BE evaluation for HV drugs

Sample size can be an issue for a BE study for a drug
that is HV. HV drugs are drugs that exhibit at least 30%
of the within-subject variability (intrasubject variability)
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in one of the PK variables (eg, AUC or Cmax).
39�41

There are data suggesting that more than 20% of
generic products requesting for marketing approval in
the United States between 2003 and 2005 are considered
HV drugs.40 The main concern for a HV drug is that a
BE study requires a large sample size. For example,
the general BE limits are 80% and 125%. Let us assume
the underlying (ie, true) geometric mean ratio between
the test product and reference product is 1. If the
within-subject variability is 15%, only 10 subjects are
needed in a two-way crossover study in order to ensure
80% of power to determine BE. The required sample
size is tripled when the within-subject variability is
30%. Moreover, the sample size should be as large
as 108 if the within-subject variability is 60%. If the
underlying geometric mean ratio is not equal to 1,
the required sample size should be further increased.
For instance, if the underlying geometric mean ratio
between the test product and reference product is 1.1
and the within-subject variability is 60%, the required
sample size is 236 in a two-way crossover study with
80% power to demonstrate BE.41

Questions have been raised on the necessity of
including large sample size in a BE study for a HV
drug when the BE limits are set as 80% and 125%.
Even though the cause of the high within-subject vari-
ability (ie, interoccasion variability) is unclear, some
researchers believe that this variability is due to the
drug rather than the formulation. Large presystemic
metabolism, low BA, and acid liability appear to con-
tribute to the large variability.40,42 In addition, this
large variability is also likely seen in the reference
product from which the efficacy and safety informa-
tion is derived. The large variability, if deemed to be
clinically critical, is likely to yield efficacy and safety
signals unfavorable to support regulatory approval of
the reference product. In other words, the approval
of the reference product implies clinical acceptance of
the large within-subject PK variability and the product
should have a wide therapeutic range.43 Furthermore,
the reference product may fail the BE testing with itself
if the sample size is not large enough. Hence, it does
not appear to be rational to enroll an unreasonably
large sample size in a study with the objective to meet
a fixed BE limit ranging from 80% to 125%.

The FDA has taken various actions to identify alter-
native BE assessment approaches for HV products. An
advisory committee meeting was held in 2004. At the
meeting, the committee recommended that FDA may
expand the BE limits. One concept taken from individ-
ual BE testing was to allow reference scaling. The com-
mittee requested FDA to explore the feasibility of
applying this approach to BE studies with drugs that
are HV. In response to this request, the agency con-
ducted several simulations, which show that reference

scaling is a feasible approach for BE testing and the
type I error can be well controlled.44 The FDA’s find-
ings were presented to a second advisory committee
meeting held in 2006.45 Since 2006, FDA has formally
adopted the reference-scaled average BE approach for
drugs that are HV.46

The limits for a regular average BE testing are con-
stant. In a regular average BE testing, the difference of
the log-transformed true PK parameters ðμT 2μRÞ are
supposed to be within a defined range (δL and δU) for
a BE claim. Eq. (14.10) demonstrates this relationship.
This relationship can be transformed into Eq. (14.11)
because the upper and lower limits are symmetric
around zero. The test product is considered bioequiva-
lent to a reference product only when the 90% confi-
dence interval of each PK variable of interest (eg, AUC
and Cmax) falls into the BE limit between 80% and
125%.41

lnð0:8Þ5 δL # ðμT 2μRÞ# δU 5 lnð1:25Þ ð14:10Þ
ðμT2μRÞ2 # δ2U 5 lnð1:25Þ2 ð14:11Þ

The key feature for a reference-scaled average BE
assessment is to allow readjustment of the BE limits
based on the within-subject variability of the reference
product. Eq. (14.12) demonstrates the concept of a
reference-scaled BE testing for a HV drug, in which
σ2
WR is the variance term for within-subject variability

of the reference product, and θs is the BE limit. The
new BE limit, θs, is defined in Eq. (14.13), where the
value of σ2

W0 is a constant defined by the regulatory
agency. Eq. (14.12) applies only when the within-
subject variability of the reference product is greater
than the predefined threshold value of variance, σ2

W0.
Eq. (14.14) is formed by combining Eqs. (14.12)
and (14.13). For products whose within-subject vari-
ability of the reference product (σ2

WR) is larger than
the defined regulatory threshold for variance (σ2

W0),
the ratio of σ2

WR=σ
2
W0 is always greater than 1. It

means that the allowable limit is greater than ln(1.25).
The larger the value of σ2

WR, the greater the ratio
(σ2

WR=σ
2
W0). Hence, the allowed limits can be further

expanded:

ðμT2μRÞ2
σ2
WR

# θs ð14:12Þ

θs 5
½lnð1:25Þ�2

σ2
W0

5
U2

L

σ2
W0

ð14:13Þ

ðμT2μRÞ2#
½lnð1:25Þ�2Uσ2

WR

σ2
W0

ð14:14Þ

For drugs whose within-subject variability (σWR) is
less than or equal to σ2

W0, BE testing is established on
the basis of Eq. (14.15). In other words, BE testing uses
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a constant average BE limit (ie, θs , lnð1:25Þ2=σ2
W0 for

the mean difference of log-transformed PK para-
meters). Because σ2

W0 is a constant, the final BE testing
can be shown in Eq. (14.16), which is the general form
for average BE testing:

ðμT2μRÞ2
σ2
W0

# θs
U2

L

σ2
W0

5
½lnð1:25Þ�2

σ2
W0

ð14:15Þ

ðμT2μRÞ2 #U2
L 5 ½lnð1:25Þ�2 ð14:16Þ

Depending on the within-subject variability of the
reference product, a different variance term (σ2

W0 or
σ2
WR) may be used in the test formula. As a result, the

final BE limits may be expanded only when the
within-subject variability of the reference product is
large. Hence, this approach is also known as the mixed-
scaling approach.41

To apply the mixed-scaling approach for a BE test-
ing, within-subject variability of the reference product
should be assessed. Thus, the study must be a replicate
BE study (ie, a full or partial replicate design) where
the reference product is administered to the same indi-
vidual twice.47,48 One key element in using mixed-
scaling approach is to determine the cutoff value of the
within-subject variability of the reference product,
above which a reference-scaling is required. As
defined by the FDA guidance, the practical cutoff
value of the estimate of within-subject variability (σWR)
is 0.294, even though the theoretical σW0 is set as
0.25. Only when the estimate of within-subject vari-
ability for reference product is larger than 0.294 is a
reference-scaling approach allowed. That is, the 90%
confidence interval of the ratio for the PK parameter of
interest should be within an increased BE range
derived on the basis of the within-subject variability of
the reference product. In addition, FDA guidance
recommends that the point estimate of geometric mean
ratio for a PK parameter should be within the regular
BE limits of 80�125% as a secondary constraint.46

The mixed-scaling approach has been successfully
applied to support approvals of multiple products. A
good example is the postapproval formulation change
for a mesalamine delayed-release tablet. Mesalamine
has a high within-subject variability (. 30%). The major
PK parameters were calculated through noncompart-
mental analysis with data obtained from a single-dose
full-replicate BE study. A reference-scaling approach
was used and product passed the expanded BE limits,
which led to the final approval of the product.49

14.5.3 BE evaluation for NTI drugs

In NTI drugs, relatively small changes in doses or
exposures may yield serious treatment failure or

severe adverse events. According to the Code of
Federal Regulations (CFR 320.33), a narrow therapeutic
ratio drug may be determined based on the following
criteria:

1. There is less than a twofold difference in median
lethal dose (LD50) and median effective dose (ED50)
values.

2. There is less than a twofold difference in the
minimum toxic concentration (MTC) and minimum
effective concentration (MEC) in the blood.

3. Safety and effective use of the drug products
requires careful titration and patient monitoring.50

In practice, some of the pharmacodynamics para-
meters, such as LD50, ED50, MTC, and MEC, are essen-
tially unavailable from clinical trials or clinical practice.

The definition of an NTI drug was further discussed
at the 2011 Advisory Committee (AC) meeting for
Pharmaceutical Science and Clinical Pharmacology.
Based on the AC recommendations and the description
in the CFR, NTI drugs was defined as where small dif-
ferences in dose or blood concentration may lead to
serious therapeutic failures and/or adverse drug reac-
tions that are life-threatening or result in persistent or
significant disability or incapacity, such as warfarin.51

Furthermore, it was considered that NTI drugs gener-
ally have the following characteristics:

• There is little separation between therapeutic and
toxic doses (or the associated blood/plasma
concentrations).

• Subtherapeutic concentrations may lead to serious
therapeutic failure.

• They are subject to therapeutic monitoring based on
PK or pharmacodynamic measures.

• They possess low-to-moderate (ie, no more than
30%) within-subject variability

• In clinical practice, doses are often adjusted in very
small increments (less than 20%).

Two major approaches have been followed to estab-
lish BE for NTI drugs worldwide. The first approach is
to tighten the BE limits52 and the second approach is
scaled-BE based on within-subject variability of the ref-
erence product. FDA uses the reference-scaled average
BE approach for NTI drugs.53,54

FDA is recommending a full-replicate, crossover BE
study for an NTI drug. In this study, the same subject
receives both the reference product and the test prod-
uct twice. This study design allows simultaneous com-
parisons of mean PK and within-subject variability
between the reference product and the test product.

The comparison of means between a reference
product and a test product is based on a reference-
scaling approach similar to, but different from, what
has been discussed in BE evaluation for HV drugs
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(Section 14.5.2). A test product is considered bio-
equivalent to a reference product when the relation-
ship shown in Eq. (14.17) is achieved. As discussed
previously, μT and μR are the means of the log-
transformed PK variables for the test product and the
reference product, respectively. σ2

WR is the within-
subject variability of the reference product. θ2L is the
upper BE limit for an NTI drug, which is narrowed
down to ln(1.11). σ2�

WR is the regulatory threshold. For
an NTI drug,

ðμT2μRÞ2
σ2
WR

#
θ2L
θ2�W0

5
½lnð1:11Þ�2

θ2W0

ð14:17Þ

ðμT2μRÞ2 #
½lnð1:11Þ�2

θ2�W0

Uσ2
WR ð14:18Þ

Eq. (14.18) is derived from Eq. (14.17) by multiplying

σ2
WR from both sides. In Eq. (14.18), the value of σ2�

W0 is
0.10 as defined by the regulatory agency. If a drug’s

within-subject variability (σ2
WR) is also 0.10, σ2

WR=σ
2�
W0

may cancel out. So, ðμT2μRÞ2# ½lnð1:11Þ�2, which
means the 90% confidence interval of the ratio of the
major pharmacokinetic parameter between the test
product and the reference product must be between
90% and 111%. The smaller the within-subject variabil-
ity of the reference product, the narrower the BE range
is. Likewise, if the within-subject variability of the
reference product (σWR) is larger than 0.10, the allow-
able BE range can be greater than 90�111%. Under
this situation, FDA requires that all PK parameters
for BE testing must be within the regular BE range of
80�125% by using an unscaled average BE
assessment.55,56

In addition to compare means of the PK parameters,
the within-subject variability between the test product
and reference product are compared in a BE testing.
The main objective is to ensure the test product will
not yield meaningfully larger within-subject variability
than the reference product. The null hypothesis and
alternative hypothesis are shown here55:

Null hypothesis:
σWT

σWR
. δ

Alternative hypothesis:
σWT

σWR
# δ ð14:19Þ

The test statistics are used to compare the within-
subject variability between the test product and refer-
ence product. Here, δ is the regulatory threshold,
which can be considered as the nonsuperiority margin.
If the confidence interval approach is taken, the 90%
confidence interval of σWT

σWR
can be obtained through an

F distribution. The upper value of the 90% confidence
interval can be calculated by using Eq. (14.20), where
SWT and SWR are the estimate of σWT and σWR,

respectively; and ν1 and ν2 are the degrees of freedom
for the F-test, where ν1 is for the test product and ν2 is
for the reference product. The α value is set as 0.1. As
shown in the FDA guidance on warfarin, to support a
BE claim, the upper 90% confidence interval should be
less than 2.555,56:

Upper 90% confidence interval:
SWT=SWRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F12α=2ðν1;ν1Þ

p ð14:20Þ

Several product-specific BE guidances have been
developed to guide the BE study design and data analy-
sis for NTI drugs. For example, in 2012, the FDA pub-
lished a BE guidance for warfarin. The guidance
indicated that a full-replicate BE study is recommended
and a detailed data analysis procedure has been pro-
vided.56 The revised BE guidance for tacrolimus became
available in 2012. The guidance also recommends a full-
replicate BE study under both fast and fed conditions.
In addition, the guidance requests the applicant to con-
sider a scaled BE approach for data analysis.57 These
guidance documents laid out a pathway for companies
to develop a generic product of an NTI drug.

14.6 BIOWAIVER AND BCS

In vivo studies are essential for BA and BE evalua-
tion. However, as per FDA guidance, in the following
three situations, the requirement for an in vivo study
can be waived (ie, biowaiver):

• BA and BE for certain products are self-evident.
• In vitro data are sufficient to support BA and BE

claims.
• Biowaiver may be granted based on BCS.

The details are discussed in the following sections.

14.6.1 BA and BE are self-evident

Biowaivers may be granted when the product is in
solution because BA and BE are self-evident. A solu-
tion for parental, otic, or ophthalmic use does not
require additional in vivo BA or BE evaluation if the
active and inactive ingredients has the same concentra-
tion as another approved product. In addition, no
in vivo BA/BE assessment for nasal solution, solution
for aerosolization, nebulization, and skin use, or oral
solution is necessary if the active ingredient is pre-
sented as the same concentration in the same dosage
form as another approved drug product.58 However, it
is also critical to ensure that the inactive ingredient is
not expected to alter the local or systemic absorption
of the active drug.
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14.6.2 BA and BE claim based on in vitro data

Sometimes in vitro data are sufficient to support
biowaivers.58 Biowaivers can be given to different
strengths of the same solid dosage form based on
information of formulation and in vitro dissolution
test, provided that the following three conditions are
met: (1) BE has been established on one of the
strengths of the product; (2) the formulation of the to-
be-waived strength product is proportionally similar
to that of the other strength of product used in the BE
study; (3) there is comparable dissolution of these two
strengths of the products.

In vitro dissolution testing allows the direct compar-
ison of the dissolution profiles of the test and reference
products. Generally, a model-independent approach is
recommended by the guidance. For example, similarity
factor (f2) can be calculated by using Eq. (14.21):

f2 5 50Ulog 100U
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

11 ð1=nÞUPn
t51 ðRt2TtÞ22

q
2
64

3
75 ð14:21Þ

In this equation, n is the total number of sampling
time points. Rt and Tt are the cumulative percentage
dissolved at the each of the selected time points from
the reference product and the test product. The f2
value between 50 and 100 is suggestive of similar dis-
solution profiles.59

In addition, biowaiver can be granted if in vivo and
in vitro correlation has been established.

14.6.3 Biowaivers and BCS

Sometimes biowaivers may be granted by relying
on BCS,60 a scientific framework to categorize a drug
substance based on its solubility and permeability
(Table 14.3).

A BCS I product should show high solubility, rapid
dissolution, and high permeability. In general, in vivo
BE studies may not be required for a BCS class I prod-
uct with a wide therapeutic index.61 High solubility
means that the drug in the highest strength is able to
dissolve in no more than 250 mL of aqueous solution
over the pH range of 1�6.8 at 37 �C6 1 �C. The ioniza-
tion characteristics of the test drug can be used to

determine the number of pH conditions that should be
studied. An immediate-release product with rapid dis-
solution is anticipated to release 85% of the labeled
drug within 30 minutes, using US Pharmacopeia (USP)
Apparatus I at 100 rpm or Apparatus II at 50 rpm in a
volume of 500 mL or less in each of the following
media: (1) 0.1 N HCl or simulated gastric fluid USP
without enzymes; (2) a pH 4.5 buffer; and (3) a pH
6.8 buffer or simulated intestinal fluid USP without
enzymes. An IR product is considered very rapidly
dissolving when 85% or more of the labeled amount of
the drug substance dissolves within 15 minutes using
the abovementioned conditions. A highly permeable
drug is determined as at least 85% of the administered
dose can be absorbed, given that there is no instability
issue of the drug in the GI tract.61

Multiple approaches can be followed to determine
the permeability of a drug. PK data from human stud-
ies can be used to determine if a compound is highly
permeable. For example, if absolute BA is reliably esti-
mated (with adequate sample size and reliable study
design and conduct) as 85% or above, the data by itself
is sufficient to support that a compound is highly per-
meable. Mass balance study results based on isotope-
labeled drugs can be used to estimate the extent of
drug absorption. However, a mass balance study
usually has large variability. The results alone might
not be reliable. Intestinal permeability studies can be
used to determine the permeability of a drug. These
studies include in vivo human intestinal perfusion
studies, in vivo or in situ intestinal perfusion studies
in animals, in vitro permeation studies using excised
human or animal intestinal tissues, or in vitro perme-
ation studies across a monolayer of cultured epithelial
cells.61

It should be noted that existence of efflux transpor-
ters may complicate the interpretation of the in vitro
permeation study, and in vivo or in situ animal model
results. The in vitro and in vivo or in situ animal
model studies are suitable for passively transported
drugs. If the cell or animal models do not reflect the
transporter level in human, the classification for per-
meability may be misleading. To avoid this situation,
the FDA guidance recommends that limiting the use of
nonhuman permeability test methods for drug sub-
stances that are transported by passive mechanisms
only. For instance, lack of dose/exposure-dependent
change in BA in human studies may be suggestive that
passive transport is the main mechanism for drug
absorption.61

Stability in the GI tract is another factor should be
taken into consideration when the permeability data is
taken from total radioactivity from a mass balance
study or from the loss of drug from an in vivo or in
situ animal permeation study. In vitro stability test is

TABLE 14.3 Biopharmaceutical Classification System

BCS class Solubility Permeability

I High High

II Low High

III High Low

IV Low High
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recommended to be conducted at 37�C over the
time period that represents the appropriate contact
time in the relevant fluids in body. For instance,
stability study can be conducted over 1 hour in gastric
fluid or 3 hours in intestinal fluid. A greater than 5%
loss of the drug amount is indicative of instability of
the drug.61

Biowaivers may be granted for a BCS III product.
EMA62 and Health Canada63 both allow biowaivers for
a BCS III product. In the latest draft FDA guidance
published in 2015, a BCS III product may be consid-
ered for biowaivers.61 This draft guidance is currently
available for public comments.

BCS-based biowaivers provide a convenient way to
avoid unnecessary in vivo BA and BE evaluation. It
has been widely used to support NDA and ANDA
submissions for various oral dosage forms.

14.7 SUMMARY AND FUTURE
PERSPECTIVES

BA/BE evaluations are routinely performed in
product development programs. BA/BE studies pro-
vide critical information to support product approval.

BA/BE assessment is typically based on a well-
designed phase I clinical trial with PK samples col-
lected at various time points from healthy volunteers
or patients. The parent compound, and its metabolites
when necessary, can be assessed through a valid bioas-
say. PK parameters, such as Cmax and AUC, can be
obtained through concentration-time profiles obtained
from each individual. For special products with com-
plicated release mechanisms, pAUC can be calculated
over the time intervals of interest. Log-transformed
major PK parameters between a test product and a ref-
erence product are compared. Average BE testing is
the most common approach. It is designed to ensure
the true mean difference between the log-transformed
PK parameters between the test product and the refer-
ence product falls within a predefined range (ie, ln(0.8)
to ln(1.25)). Two products are considered bioequivalent
if the 90% confidence intervals of the ratios for all PK
parameters of interest between the test product and
the reference product are within the defined BE limits.
However, the BE limits are not always fixed. For a HV
product, the BE limits can be expanded based on the
within-subject variability of the reference product. The
approach is known as a reference-scaling approach.
For an NTI product, the BE limits are defined by
within-subject variability of the reference product
together with unscaled BE approach.

In vivo BA/BE studies might not be necessary
when the product can meet certain criteria. For exam-
ple, in vivo BE studies for a BCS class I product

(ie, high solubility, high permeability, and rapid disso-
lution) with wide therapeutic index may not be
required. In addition, biowaiver can be given to the
solution products when the BA is self-evident, as well
as to different strengths of the same solid dosage form
based on appropriate information on formulation and
in vitro dissolution test.

The concept of BA/BE is still evolving. For example,
long-acting injections, which can be given once every
2 weeks,64 monthly,65 or even longer,66 are developed
to provide convenient ways to administer drugs and
improve compliance. These products usually employ
relatively complicated release mechanisms. As a mat-
ter of fact, the extended dosing intervals require pro-
longed durations for BE studies, which can raise
potential dropout issues and further complicate the
interpretations of the results. In recent years, some
novel concepts have been discussed to assess BA/BE
for long-acting injections. For instance, Gehring and
Martinez indicated that pAUC can be extended in
the assessment of BA/BE for long-acting injections.67

All these activities reflect the continuous efforts from
the scientific and regulatory community to improve
BA/BE assessment and hence protect public health.
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Predictive Biopharmaceutics and
Pharmacokinetics: Modeling and Simulation�

Y. Yang, Y. Zhao, J.Z. Duan, P. Zhao, L. Zhao and X. Zhang
U.S. Food and Drug Administration, Silver Spring, MD, United States

15.1 INTRODUCTION

Biopharmaceutics is the study of the physical and
chemical properties of a drug, and its dosage form, as
related to the onset, duration, and intensity of drug
action. It bridges in vitro characteristics with in vivo
performance. The term biopharmaceutical performance
refers to the influence of pharmaceutical formulation
variables on in vivo performance.1 In vivo performance
can be assessed by pharmacokinetics (PK), pharmaco-
dynamics (PD), or clinical end points, among which PK
is the most frequently assessed in vivo performance.
Predicting biopharmaceutical performance is a com-
mon interest of scientists working on drug product
development and regulation because such predictions
may reduce drug development cost and timelines.
Scientists have been developing qualitative models
(such as the biopharmaceutics classification system
(BCS) and the biopharmaceutical drug disposition
and classification system (BDDCS)), and quantitative
models (such as a number of models that will be dis-
cussed in this chapter) to predict in vivo performance
for various drug products.

Predicting oral absorption is difficult due to the
complicated process involved. Briefly, when a solid
dosage form is administered orally, it will disintegrate,
dissolve, transport into enterocytes, be metabolized,
and travel along the gastrointestinal (GI) tract. This
process can be affected by formulation properties,

drug substance properties, and GI physiology.
The qualitative models, such as BCS and BDDCS, are
classification systems based on a drug substance’s
solubility and permeability, and the extent of drug
metabolism to predict drug absorption, disposition,
and potential drug�drug interactions (DDIs) in the
intestine and liver.2 Details on BCS can be found
in chapter “Oral Drug Absorption: Evaluation and
Prediction” of this book.

The BDDCS is a modification of the BCS. In the
BDDCS, a drug substance can be categorized in terms of
solubility and the extent of metabolism: class I (high solu-
bility, extensive metabolism), class II (low solubility,
extensive metabolism), class III (high solubility, poor
metabolism), and class IV (low solubility, poor metabo-
lism). In addition, in the BDDCS concept, both uptake
and efflux transporters in the intestine and liver are
important in determining drug disposition by controlling
absorption and bioavailability.2 The qualitative models
give a quick assessment of a drug’s in vivo performance
during development. In many cases, qualitative predic-
tion is not adequate to address drug development and
regulatory issues. Therefore, quantitative models are
developed.

The objective of this chapter is to introduce quantita-
tive models that can be used to predict biopharmaceutical
PK performance for orally administered drug products.
The outline of this chapter includes the following:
(1) a general introduction to the conventional- and

�The opinions expressed in this report by the authors do not reflect the views or policies of the Food and Drug Administration (FDA).
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mechanism-based PK models, (2) detailed discussions
about quantitative predictions of absorption, distribution,
metabolism, and excretion (ADME) using biopharmaceu-
tics and PK modeling and simulation and its application
in both drug product development and in regulatory
assessment, and (3) challenges, opportunities, and future
research directions.

15.2 MODELING AND SIMULATION
APPROACHES FOR BIOPHARMACEUTICS

AND PK

This section summarizes the most commonly
adopted modeling and simulation methodologies for
the prediction of the in vivo performance of solid oral
dosage forms. These modeling strategies include the
following: conventional compartment PK modeling,
including population pharmacokinetic (popPK) model-
ing; and physiologically based pharmacokinetic (PBPK)
modeling to predict drug ADME to support drug prod-
uct development and various regulatory activities.
Conventional PK and popPK models are used to
estimate PK parameters and their variability using
observed data sets. Sometimes it is difficult to interpret
the results obtained from the conventional popPK
model due to the lack of physiological framework.
PBPK models take advantage of the physicochemical
properties of drug substances, formulation properties of
drug products, and physiological variability for certain
human populations to predict PK performance of the
drug product. The PBPK model can be developed with
little or no human PK data, and, the predictions may be
very valuable for further drug development.

15.2.1 Conventional compartment PK modeling
and population PK modeling

Simplified conventional compartment PK models
were developed to describe PK and ADME. Most
widely used conventional compartment PK models are
one-, two-, and three-compartment models with zero- or
first-order absorption and linear or nonlinear
elimination. The absorption is generally described by
one or more absorption rate constants (ka). The actual
drug absorption process in a model may be described as
first order, zero order, or a combination. The selection of
either first-order or zero-order absorption is driven by
observed data. Systemic drug absorption after oral
administration of a solid dosage form is usually
assumed to follow a first-order process. Distribution
can be described by volume of distribution (Vd), and
elimination can be described by clearance (CL).

The population PK approach is tightly connected
with the conventional PK modeling in a way that
both approaches are empirical and data driven, which
is often referred as a top-down approach. The term
population PK was coined by Lewis B. Sheiner and
his longstanding statistician friend and coworker,
Stuart Beal.3 For the purpose of population PK
modeling, nonlinear mixed-effects modeling is the
most frequently referred approach.4 Nonlinear mixed
effects modeling during drug development is at
the heart of a “Learn and Confirm” paradigm
advocated by Sheiner.5 The importance of variability
is highlighted in population PK analysis than in tradi-
tional PK analysis. One main premise in population
PK is that each individual is characterized by his
or her own PK parameters; thus, inferences about
the population of PK parameters is analogous
to the population of patients and identifies covariates
(eg, age, body weight, laboratory values, concomitant
medications, other diseases, etc.) that correlate with
PK variability.

Computing software tools of NONMEM (ICON),
Pharsight Phoenix NLME (Pharsight), Kinetica (Adept
Scientific), and Monolix are available for nonlinear
mixed effects modeling.4 Both the US Food and Drug
Administration (FDA)6 and the European Medicines
Agency (EMA)7 issued a specific, detailed Guidance
on Population PK for Industry for the purpose of
planning, analyzing, and reporting the data in a sub-
mission package. Decisions in drug development are
increasingly being made on model-based population
analyses.

15.2.2 Physiologically based PK modeling

Scientists intended to build a physiologically based
model to describe PK many years ago, prior to the
development of today’s conventional PK models,
but they did not make much progress due to the
limitations of computational tools at that time.
Physiologically based models to describe PK became
feasible more recently with the development of
computational tools. PBPK modeling is an approach
in which the interactions of a drug with all compo-
nents of the body are integrated, with the primary
aims of permitting mechanistic insights into the
global behavior of the system to be gained and
of making meaningful extrapolations.8 Prediction of
human PK or ADME in early drug development
using PBPK modeling may facilitate the selection and
risk assessment of drug candidates before they
are used in humans. PBPK models9 also allow the
full time-course of systemic drug and metabolite
exposure to be evaluated realistically under all the
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conditions and situations that are likely to be encoun-
tered during clinical development and beyond.

The concept of the PBPK model is to describe the
concentration profile of a drug in various tissues,
as well as in the blood over time, based on the drug
characteristics, site and means of administration, and
the physiological processes to which the drug is sub-
jected. It comprises three major components: structural
model, system-specific properties, and drug properties
(listed in Table 15.1).9 Structural model comprises
the anatomical arrangement of the tissues and organs
of the body, linked by perfusing blood. System-
specific properties include organ mass or volume,
blood flow, and tissue composition. Drug properties
often include tissue affinity, plasma-protein-binding
affinity, membrane permeability, enzymatic stability,
and transporter activities. PBPK models are composed
of many compartments corresponding to the different
tissues of the body, connected by the circulating blood
system (venous and arterial). A schematic of a PBPK
model is shown in Fig. 15.1. A tissue can be described
as either perfusion-rate-limited or permeability-rate-
limited. Perfusion-rate-limited kinetics applies when
the blood flow transporting the drug is often the
limiting factor to distribution in the various cells
of the body, while the tissue membranes present
no barrier to diffusion.10 A well-stirred tank has been
the predominant flow-limited tissue compartment
model in PBPK modeling.11 Permeability rate-limited

kinetics occurs where the permeability across the
cell membrane becomes the limiting process.10 When
developing this kind of model, the mass-balance dif-
ferential equations used in the model should describe
both eliminating and noneliminating tissues.

The mass balance equation for the rates of change in
drug concentration in a perfused noneliminating tissue
is generally expressed as follows12:

Vt
dCt

dt
5Qt3Cart2Qt3Cvt ð15:1Þ

where Ct is the total concentration in the tissue, Vt is
tissue volume, Qt is tissue blood flow, Cart is the drug
concentration in the arterial blood reaching the tissue,
and Cvt is the drug concentration in the venous blood
leaving the tissue.

Accordingly, for a perfused eliminating tissue, the
mass balance equation for the tissue can be expressed
as follows12:

Vt
dCt

dt
5Qt3Cart2Qt3Cvt2in vivo CLint;u3Cvt;u

ð15:2Þ
where CLint,u is in vivo unbound intrinsic CL and Cvt,u

is the unbound venous tissue concentration.
Permeability rate-limited kinetics occurs where

the permeability across the cell membrane becomes the
limiting process.10 Tissues possessing a permeability

TABLE 15.1 Summarization of the Major Components in
Physiologically Based Pharmacokinetic Modeling and Simulation

Structures

Human
physiological or

PK parameters

Drug substance and

formulation parameters

Physiological
compartment

Human body
weight

Molecular weight (MW)

Anatomy GI transit time Logarithm of partition
coefficient between n-octanol
and water (logP)

Experimental
design

Aqueous volume in
each organ

Logarithm of the acid
dissociation constant (pKa)

Full model Blood flow in each
organ

Dose

Minimal
model

Hepatic extraction
ratio (ER)

Solubility

Blood:plasma
partition ratio

Precipitation time

Protein binding Particle density

pH in GI lumen Permeability

GI fluid
components

Particle size distribution

FIGURE 15.1 Schematic description of physiologically based
pharmacokinetic modeling.
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barrier are modeled with permeability-limited equa-
tions that require consideration of two tissue subcom-
partments of vascular and extravascular spaces of
noneliminating organs13,14:

dC1

dt
5

Qt

V1
� Cart 2C1ð Þ2 PS

V1
� C12

C2

Kp

� �
ð15:3Þ

dC2

dt
5

PS

V2
� C12

C2

Kp

� �
ð15:4Þ

where C1 and V1 are the drug concentration and
volume in the vascular subcompartment, C2 and V2

are the drug concentration and volume in the extravas-
cular subcompartment, PS is the permeability surface
area coefficient, and Kp is tissue:plasma distribution
coefficient of the drug.

When selecting physiological compartments used in
the model, specific considerations may be needed for
a specific drug. Usually, liver can be considered as a
separate compartment since drug metabolism occurs
in the liver. For a lipophilic drug, fat can be considered
as a separate compartment, given that the drug may
have extensive partition into the fat. For a volatile
drug, the blood compartment may be replaced by a
blood�lung compartment.

During drug development, as more and more data
become available, PBPK modeling can be used to
predict the complexities of oral drug absorption, the
likely intersubject PK variability. For small molecules,
PBPK models have successfully been used to predict
human exposure and to design the proposed dose
regimens in phase I studies.12 Intravenous and oral
PK of 21 diverse compounds have been simulated.15

With the use of Monte Carlo methods, a particular
strength of PBPK modeling is the capability to predict
variability in PK beyond observed limits and to antici-
pate individuals whose attributes combine to give
extreme PK risk.8,16,17

Computing software tools such as GastroPlus
(Simulations Plus Inc.), Simcyp Simulator (Simcyp
Ltd), PK-Sim (Bayer Technology Services), MATLAB
(MathWorks Inc.), and STELLA (isee systems) are
available for PBPK modeling; note that the FDA does
not endorse any computational software product or
company. All these programs now strive to account
for all relevant processes of the GI absorption of
drugs, including release from the dosage form;
decomposition/complexation in the GI tract; and the
various mechanisms of drug uptake, efflux, and first-
pass metabolism in either gut wall or liver; and to
describe the interplay of these factors in determining
the rate and extent of drug absorption from the GI
tract.18 The FDA has issued a guidance about
using model-based strategy to evaluate and predict
DDIs.19 Recently, the EMA issued the specific detailed

guideline on qualification and reporting of PBPK
modeling and analyses.20

15.2.2.1 Absorption

Oral drug absorption is affected by drug substance
properties (eg, dose, lipophilicity, pKa, solubility, per-
meability, partition coefficient, and chemical stability),
formulation factors (eg, particle size, release kinetics,
and dissolution kinetics), and the physiology of
the GI tract (eg, intestinal pH; transit time; GI
motility; luminal and hepatic metabolism; blood flow;
endogenous substances, such as bile salts; transpor-
ters; and exogenous substances such as nutrients).
Permeability, solubility, and dissolution are the three
primary drug- and formulation-specific factors that
influence drug absorption.21 Many details about GI
physiology, drug permeability, solubility, and dissolu-
tion are described in chapter “Oral Drug Absorption:
Evaluation and Prediction” of this book. Permeability
reflects the physiological properties of membrane to
the solutes. Solubility is one of the physiochemical
properties of a drug substance that affects the absorp-
tion for a solid oral drug. Dissolution is the dosage
form variable that determines the rate and extent of
a drug dissolved in solution.

Passive permeability (P) of drug molecules across
a cell membrane can be expressed as follows22:

Ppassive 5
J

ΔC
5

D3K

h
ð15:5Þ

where J is the flux (amount of material flowing
through a unit cross section), ΔC is the drug concen-
tration difference between the donor and receiver
compartment, D is the diffusion coefficient, K is the
partition coefficient, and h is the thickness of the cell
membrane. The diffusion coefficient (D) depends
on the drug molecular weight or size, and K is a
measure of the solubility of the drug molecules
in lipids. Therefore, passive permeability is related
to membrane properties and drug properties. For
a specific drug substance, passive membrane perme-
ability should be a constant (Pm) that is independent
of drug concentration.

The permeability for active transport can be presented
similarly22:

Pactive 5
J

C
5

Jmax3C

Km1C
3

1

C
5

Jmax

Km1C
ð15:6Þ

where Jmax is the maximum drug flux, Km is the drug
affinity to the carrier, and C is the concentration in the
donor compartment. Obviously, active permeability
depends on drug concentration.

Therefore, the total effective permeability depends
on the concentration of drugs that are absorbed
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through both passive diffusion and active transport,
and it can be expressed as follows:

Peff 5Ppassive1Pactive 5Pm1
Jmax

Km1C
ð15:7Þ

When at very low drug concentrations (ie, C{Km),
drug permeability is independent of drug concentra-
tion. On the other hand, at high drug concentrations
(ie, CcKm), drug permeability depends on drug
concentration.

Factors such as solubility, permeability, pKa, and
luminal pH behave interactively, affecting oral drug
absorption. Ionization and pH plays an important
role in the balance of solubility and permeability.
The ionized form is usually more soluble in aqueous
conditions than the neutral form, but the neutral form
penetrates the enterocyte layer more easily by passive
diffusion than the ionized form does.

Drug dissolution must take place with a solid
drug dosage form in the GI tract before it can be
absorbed. Factors that affect dissolution also have an
impact on the fraction absorbed. The Noyes�Whitney
equation can be used to describe the dissolution rate
as follows23:

dm
dt

5A3
D

h
3 Cs2Cð Þ ð15:8Þ

where dm/dt is the rate of the dissolution of a solid drug,
A is the surface area of the interface between the
dissolving substance and the solvent, D is the diffusion
coefficient, h is the thickness of unstirred boundary layer,
and Cs and C represent the solubility concentration
of the drug substance and the concentration of the
dissolved substance at a given time t, respectively.

As per the official definition (CFR title 21, section
320.1), bioavailability (F) means the rate and extent
to which the active ingredient or active moiety is
absorbed from a drug product and becomes available
at the site of action. For orally administered drug
products intended for systemic action, F is determined
by a number of processes:

F5 fa3 fg 3 fh ð15:9Þ
where fa is the fraction of drug dose absorbed across
the apical cell membrane into the cellular space of the
enterocyte, fg is the fraction of drug dose escaped
from intestinal first-pass metabolism, and fh is the frac-
tion of the drug dose escaped from hepatic first-pass
metabolism.

15.2.2.1.1 Compartmental absorption and
transit model

PBPK modeling to predict oral drug absorption of
solid drug dosage formulation has wide applications.

Initially, a compartmental absorption and transit (CAT)
model that divides the GI tract into seven compartments
was developed.24 The CAT model was developed by
considering gastric emptying, small intestinal transit,
in vivo dissolution, and first-order absorption.24 It is a
dynamic, mechanistic model that simulates and predicts
the rate and extent of drug absorption from the
human GI tract. The drug solution transfers from
one compartment to the next in a first-order fashion.
The colon is considered only as a reservoir. The CAT
model is developed based on the following assump-
tions: (1) absorption from the stomach and colon is
insignificant compared with that from the small intes-
tine; (2) transport across the small intestinal membrane
is passive; (3) dissolution is instantaneous; and (4) drug
substance moving along the small intestine can be
viewed as a process of flowing through a series of
segments.24 The basic equation for the CAT model is
described as follows25:

dDn

dt
5 kt 3Dn212kt 3Dn2ka3Dn ð15:10Þ

where Dn is the percent of dose in the nth GI compart-
ment, n is the number of total compartments, kt
is the first-order transit rate constant, and ka is the
first-order absorption rate constant. Therefore, in
the CAT model, the fraction of dose absorbed, fa, can
be estimated by24

fa5 12 11
ka
kt

� �27

5 12 110:54Peffð Þ27 ð15:11Þ

where Peff is the human effective permeability,
expressed in cm/hour.

The value of Peff, human can be obtained by the in situ
intestinal perfusion method.26 The model of this
method was described in great detail in chapter “Oral
Drug Absorption: Evaluation and Prediction.” Briefly,
the drug concentration is measured at the inlet and
outlet of the perfusion tube. The drug permeability
(Peff, human) is calculated with the following equation27:

Peff;human 5
Q3 Cin2Cout

Cout

2πrL
ð15:12Þ

where Q is perfusion flow rate, Cin is inlet drug
concentration of the perfusion tube, Cout is outlet
drug concentration of the perfusion tube, and 2πrL
is the mass transfer surface area within the intestinal
segment, which is assumed to be the area of a cylinder
with length L and radius r.

15.2.2.1.2 Advanced compartmental absorption and
transit model

The advanced compartmental absorption and
transit (ACAT) model was developed based on the
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CAT model to include additional functions, including
gut metabolism and modeling of modified-release
drug products. This model is featured with first-order
transport from one compartment to the next, and
nonlinear metabolism/transport kinetics, nine GI
compartments (stomach, duodenum, jejunum 1, jeju-
num 2, ileum 1, ileum 2, ileum 3, ileum 4, and colon),
and six states of drug component (unreleased,
undissolved, dissolved, degraded, metabolized, and
absorbed), and three states of excreted material (unre-
leased, undissolved, and dissolved).25 The ACAT
model in predicting oral drug absorption considers
drug physicochemical factors (pKa, solubility, and
permeability), dosage formulation factors (dose,
particle size, and density), and physiological factors
(gastric emptying, intestinal transit rate, first-pass
metabolism, luminal transport, GI blood flow, and
food effects). The GastroPlus software was developed
based on the ACAT model. It is recommended that
experimental data (human Peff, solubility, etc.) be
included to increase the reliability of GastroPlus.
Since the determination of human Peff is complex
and expensive, in situ permeability values of rat
or dog intestine are used instead. The human Peff is
estimated based on the measured permeability in
rat or dog using a built-in correlation.24 The data
from epithelial cell culture models such as Caco-2
and MDCK can also be used for the purpose of
prediction.28

15.2.2.1.3 Advanced dissolution, absorption,
and metabolism model

Further, the advanced dissolution, absorption, and
metabolism (ADAM) model was also developed based
on the CAT model to include drug dissolution, GI fluid
transit, drug degradation, gut wall permeation, intesti-
nal metabolism, and active transport. The ADAM
model consists of seven compartments (duodenum,
jejunum I, jejunum II, ileum I, ileum II, ileum III,
and ileum IV) for the small intestine. In each segment
of the small intestine, ordinary differential equations
are used to describe the dynamics of the amount of
solid drug mass available for dissolution, the amount
of solid mass trapped in the formulation and not
available for dissolution, the amount of dissolved drug,
and the drug concentration in the enterocyte.29 The
ADAM model considers drug factors (solubility and
dissolution, drug stability, and permeability), dosage
formulation factors (drug release and particle size),
and physiological factors (gastric emptying, intestinal
transit time, GI fluid pH and dynamics, first-pass
metabolism, luminal transport, GI blood flow, and food
effects).29 The Simcyp software employs the ADAM
model.

15.2.2.2 Distribution

The volume of distribution of a drug is a parame-
ter that relates the amount of the drug in the body
to the concentration of the drug at the site of mea-
surement. For example, the volume of distribution
at steady state (Vss) in plasma corresponds to the
equivalent plasma volume in which a drug is appar-
ently distributed into the body at given doses.
Physiologically, the volume of distribution at steady
state is determined by30

Vss 5Vp 1
X

t Vt 3Kt:p

� �
1Ve 3 e:p

� � ð15:13Þ

where Vp, Vt, and Ve are the volume of plasma (about
4 L in humans), tissue, and erythrocyte, respectively; Kt:p

is the tissue-to-plasma partition coefficient; and e:p is
the erythrocyte-to-plasma ratio. The tissue-to-plasma
partition coefficient (Kt:p)

12 can be calculated by the
Poulin�Theil method using tissue composition-based
equations31 with the correction32 or by the Rodgers�
Rowland method using mechanistically derived
equations.33,34

In addition, the PBPK modeling approach is used to
predict local exposure to the brain of central nervous
system�targeted drugs in humans from preclinical
data. In one study,35 acetaminophen was used as a test
compound, as it is not subjected to active transport
processes. The regional brain PK of acetaminophen
was described by developing a physiologically based
model.

Physiological volumes in humans involve plasma
water (about 4 L), extracellular fluid (about 15 L),
and total body water (about 40 L). Drugs bind to
plasma and tissue protein. The binding of drugs
to plasma proteins and tissue macromolecules exerts
an important influence on the pattern of drug
distribution. Plasma protein binding tends to restrict
drug in the plasma, and tissue binding tends to
accumulate drug in the tissue. Drug concentrations
vary from tissue to tissue and is the highest where
binding is most extensive. Overall, drug distribution
is driven primarily by the passive diffusion of a drug
along the concentration gradient created by the
unbound drug in the plasma and tissues. Uptake
and efflux transporters may also be involved and
may either promote or limit a drug’s distribution
beyond that predicted by passive diffusion alone.
Albumin, α1-acid glycoprotein, and lipoproteins are
the plasma proteins principally involved in the bind-
ing of drugs. Albumin is the most abundant and
has a concentration of about 40 g/L. Many drugs
bind to albumin, particularly weak acids and neutral
drugs. Drug binding to plasma or tissue proteins is a
capacity-limited process that is governed by the law
of mass action. Several factors decide drug protein
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binding, including affinity of the drug for the protein,
drug concentration if saturation is possible, and level
of binding protein.

15.2.2.3 First-pass intestinal metabolism

In the human intestine, various metabolic enzymes
(in particular, cytochrome P450s (CYPs) and uri-
dine 50-diphosphate-glucoronosyltranferase (UGT)) are
expressed intensively36 in epithelial cells, which could
largely affect the bioavailability of orally adminis-
trated drugs. For example, CYP3A accounts for 80%
of total intestinal P450s37 and CYP3A substrates (eg,
cyclosporine, nifedipine, midazolam, and verapamil)
have their bioavailability reduced due to the first-pass
metabolism in the gut wall.36,38 Approximately one-
third of the marketed drugs are metabolized to a
substantial extent by CYP3A.39 The impact of intesti-
nal metabolism and intestinal bioavailability merits
investigation for orally administrated drugs.

For the purpose of estimating the fraction of dose
escaped intestinal first-pass metabolism (fg), an approach
named the “Qgut model” has been developed.40 This
model treats the entire small intestine as a single homog-
enous organ following the form of the well-stirred liver
model. It includes a flow term (Qgut), which accounts for
both permeability through the enterocyte membrane and
the villous blood flow. Modeling equations of “Qgut

model” include40

fg 5
Qgut

Qgut1ð fugut3CLint;gutÞ
ð15:14Þ

Qgut 5
CLperm3Qent

CLperm1Qent
ð15:15Þ

where fugut is the unbound fraction of drug in the
enterocytes, CLint, gut is unbound intrinsic gut CL,
CLperm is permeability CL through the enterocytes, and
Qent is mucosal blood flow (18 L/hour in an average
human being). The value of CLint, gut is calculated by
the product of the in vitro intrinsic CL and a correction
factor taking into account enzyme content involved in
substrate transformation. The value of CLperm can be
determined by the measured Caco-2 permeability at
pH 7.4 and an estimate of the human small intestinal
surface area.41

The predictive power of the Qgut model has been
further assessed in a study of 25 CYP3A substrates
ranging over the full range of fg values (0.07�0.94).42
By using the Qgut model, good agreement between pre-
dicted and in vivo fg was noted for drugs with low to
medium intestinal extraction when in vivo fg is $0.5,
but a lower predictive performance is observed when
fg is #0.5.43

15.2.2.4 Hepatic and renal CL

For solid oral drug formulation, after entering
the systemic circulation, both hepatic metabolism in
liver and renal excretion through the kidney can be
involved in the drug’s CL, hence determining the
exposure levels of drugs and metabolites. A drug’s
total CL in the entire body equals the sum of the CLs
of various organs44:

CLtotal 5CLm 1CLr 1CLothers ð15:16Þ
where CLm is metabolic CL in liver, CLr is renal CL,
and CLothers is drug CL in other organs.

A drug’s CL is the irreversible removal of it from
certain organs, and is defined as44

CL5Q3ER ð15:17Þ
where Q is organ blood flow and ER is the extraction
ratio of the drug in the organ.

ER is an index of how efficiently the organ extracts
drug from the blood that goes through it, and it ranges
from 0 to 1. ER across an organ depends on the frac-
tion of unbound drug in the blood (fu) and intrinsic CL
of the organ (CLint, the inherent ability to remove the
drug by the organ in the absence of any limitations)
and is calculated by the following equation44:

ER5
fu 3CLint

Q1 fu 3CLint
� � ð15:18Þ

Drugs with low ER (ER, 0.3) show a capacity-
limited CL (CL5 fu 3CLint), where the CL is primarily
determined by the unbound fraction of the drug and
the intrinsic CL. Drugs with high ER (ER. 0.7) show
organ blood flow-limited CL (CL5Q), where CL is
directly affected by changes in blood flow.

15.2.2.4.1 Drug hepatic CL

The liver is a major site of drug elimination.
Quantitatively, the liver normally accounts for the
metabolism and the CL of a majority of drugs. Drug-
metabolizing enzymes mainly localized to cellular
endoplasmic reticulum catalyze the biotransformation
of drugs to often pharmacologically inactive or some-
times active metabolites (eg, codeine (prodrug) conver-
sion to morphine (active) and morphine conversion to
morphine-6-glucuronide (active)) in humans. NADPH-
cytochrome P450 reductase (P450R)/cytochrome P450s
(P450s, namely CYP1A2, CYP2A6, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, and CYP3A4/5) are enzymes that
mediate phase I oxidative reactions, whereas the
uridine 50-diphosphate-glucoronosyltranferase (UGTs,
namely UGT1A1, UGT1A4, UGT2B4, and UGT2B7),
sulfotransferases (SULTs, namely SULT1A1, SULT1A2,
SULT2A, and SULT2B), glutathione S-transferases, and
N-acetyltransferases are enzymes that mediate the
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phase II conjugative reactions of most drugs.44 For
most drugs on the market, hepatic CL determines the
drug exposure after the drug is absorbed.

Many mathematical models have been developed to
describe in vivo hepatic drug CL. The most commonly
used hepatic CL models are the venous equilibrium
(well-stirred) model, the undistributed sinusoidal
(parallel-tube) model, and the dispersion models.45 The
well-stirred model considers the homogenous drug
concentration throughout the liver, and it assumes bulk
flow, with the model equation as follows45:

CLh 5Qh 3
fu 3CLint

Qh 1 fu 3CLint
� � ð15:19Þ

where Qh is hepatic blood flow and CLint is the intrinsic
CL in the liver (see Eqs. (15.17) and (15.18)).

The parallel-tube model, which considers the liver
to be a tube, assumes an exponential decline in drug
concentration through the liver under the assumption
of plug flow, with the following model equation45:

CLh 5Qh 3 ð12e2 fu3CLintð Þ=Qh Þ ð15:20Þ
The dispersion model is an intermediate of the

previous two models.
For model building, it is necessary to investigate

each determinant of the drug CL in vitro. The drug
in vivo intrinsic CL (unit: L/minute or L/hour) can be
extrapolated based on its in vitro intrinsic CLs based
on the in vitro hepatocyte, liver microsome, or
expressed enzyme experiments (unit: μL/minute per
functional unit of the system).46 In vitro experiments
for CL prediction contain three elements: a general
setup, a biological component, and a compound to be
tested. The setup involves an incubation vessel and a
suitable solution, but these nonbiological components
may have a considerable effect on biological compo-
nents and on the compound and its movement and
fate through the system. The biological component
involves the biological material, such as the enzyme
sources (eg, liver slices, cultured hepatocytes, subcel-
lular fractions (liver microsomes and homogenates),
and recombinant expressed enzymes), and in vitro
kinetics (eg, metabolic/elimination rate and compe-
tence, binding, and uptake/efflux factors (passive
diffusion versus transporters)). For the compound,
one should be able to measure its concentration in
various compartments of the system and its biotrans-
formation. In essence, meaningful information can be
extracted from an in vitro system for in vitro�in vivo
extrapolation.

Enzyme kinetics generally considers that 1 mol
of drug interacts with 1 mol of enzyme to form an
enzyme�drug intermediate. This rate process can usu-
ally be described by the Michaelis�Menton equation,

which assumes that the rate of enzymatic reaction
depends on the concentration of both enzyme and
drug and that an enzyme�drug intermediate is ini-
tially formed, followed by the formation of the product
and then the regeneration of the enzyme. The velocity
of metabolism is described by the Michaelis�Menton
equation:

v5
Vmax 3 S

S1Km
ð15:21Þ

where v is the velocity of the reaction, Vmax is the max-
imum velocity, S is the drug/substrate concentration,
and Km is the Michaelis constant, which is the sub-
strate concentration when the velocity of the reaction
is equal to 50% of the maximum velocity. The two
parameters Vmax and Km determine the profile of a
simple enzyme reaction rate at various drug concentra-
tions. The relationship of the rate of metabolism
to the drug concentration is nonlinear, which can be
represented by a hyperbolic profile.

Scaling factors include the number of hepatocytes,
liver microsomal content, expressed enzyme amount
per gram of liver, liver weight, and body weight.
A body of information on the prediction of CL by
the metabolic enzymes other than CYP and UGT,
particularly involving conjugation reactions mediated
by amidases and sulfatases, is currently lacking.

15.2.2.4.2 Drug renal CL

The renal CL of a drug includes the combination of
glomerular filtration, secretion, and reabsorption
through proximal tubules. Using a noncompartmental
approach, renal CL can be expressed as44

CLr 5
Au

AUCN
0

ð15:22Þ

where Au is the drug amount ultimately excreted
unchanged in urine and AUCN

0 is the area under the
plasma concentration time curve.

Physiologically, renal CL of a drug equals

CLr 5
excretion rate

plasma concentration

5
filtration rate1 secretion rate2 reabsorption rate

plasma concentration

ð15:23Þ
When the drug is not actively secreted and the reab-

sorption is negligible, the renal CL of a drug is often
related to the renal glomerular filtration rate. Drugs
are usually filtered through the glomerulus in a nonse-
lective process if they are in a free, nonprotein-bound
form.
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15.3 APPLICATION OF
BIOPHARMACEUTICS AND PK

MODELING AND SIMULATION IN DRUG
DEVELOPMENT

In the previous section, we have discussed theoretical
models that have been developed to predict the ADME
of drug products. Numerous research articles have
been published on PBPK modeling. A quick search
using “physiologically based pharmacokinetics” as the
keyword would find 1895 articles as of May 2015.
Table 15.2 includes some representative case examples
where mechanism-based models have been used in the

TABLE 15.2 Examples of Published Absorption PBPK Modeling
Used in the Development of Solid Oral Dosage Formulation
Within the Last 10 Years (2006�15)

Modeling

purpose Drug

Human BCS

classification

Program

used for

modeling References

Absolute

oral BA

164 drugs I�IV CAT 47

PK prediction Multiple

compounds

Simcyp &

ADAM,

Gastroplus,
PK-Sim,

and

MATLAB

48�52

Food effects Novartis

compounds

I, II, IV GastroPlus

& CAT

53�55

Interplay of
food, drug,

and CYP3A

enzymes

Nifedipine II PK-Sim,
Simcyp &

ADAM

56,57

Oral absorption
& food effects

Aprepitant IV STELLA 58

Food effects

on drug

absorption

Merck

compound A

IV STELLA 59

Food effects on

absorption

Celecoxib II STELLA 60

Predicting PK

for a buffered
sublingual

formulation

Propranolol I Gastroplus

& ACAT

61

Impact of
nonsink

intestinal

permeation on
BA for poorly

soluble
compounds

1,3-
dicyclohexyl

urea

� GastroPlus 62,63

Identify

biorelevant
solubility

Abbott

compound

� GastroPlus 64

Salts selection Phenytoin II GastroPlus 65

(Continued)

TABLE 15.2 (Continued)

Modeling

purpose Drug

Human BCS

classification

Program

used for

modeling References

Formulation

optimization
by PBPK/PD

modeling

Nifedipine II Simcyp 66

Formulation

optimization

SNX-2112 � MATLAB 67

Formulation

impact on oral
absorption

and CYP3A4

mediated gut
metabolism

Multiple

compounds

I�III Simcyp 68

Formulation

assessment

Atazanavir II/IV STELLA 69

Formulation

development,
PK profiles for

immediate

release and
modified release

products

Furosemide IV STELLA 70

In vivo relevant

dissolution

Diclofenac STELLA 71

Pharmaceutical

product

development

Multiple

compounds

I�III GI-Sim 72

PK of

immediate
release and

extended
release

formulations

Cimetidine III PK-Sim 73

Formulation

optimization
(particle size)

Cilostazol II PK-Sim 74

In vivo PK Commercial

and Pfizer

compounds

I�II PK express

model

75

Predict PK of

various dosage
forms and

formulation

Melatonin II MATLAB

Simulink

76

Predict PK of

various

formulations in
various

population

Quetiapine II Simcyp 77

In vivo relevant
dissolution

Diclofenac II STELLA 78

Human
intestinal first-

pass

metabolism

Multiple
compounds

I�II MATLAB 41

Intestinal

metabolism

Verapamil/

compound A

� MATLAB 79
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area of oral absorption or predicting biopharmaceutical
performance for oral dosage forms within the last
10 years.

Scientists have been very creative in utilizing absorp-
tion PBPK models to address scientific questions during
drug development. As shown in Table 15.2, the drug
substances that have been modeled covered a wide range
of physicochemical properties, including BCS I�IV
drugs. Computational platforms that have been used for
modeling included Gastroplus, GI-Sim, MATLAB, PK-
Sim, Simcyp, and STELLA. A direct use of these model
types is to predict oral bioavailability and PK profiles
for various drug substance and formulations.47�52,73,76,77

As a practical tool for drug product development, oral
PBPK absorption models have been used extensively in
pharmaceutical development.72 For example, it was
reported to be used in salt selection,65 particle size
optimization,74 optimization for PK profiles,70 and even
PD profiles.56 Absorption PBPK models have also been
used to study the intestinal metabolism.41,56,57,66,68,79

Recently, efforts have been made in the area of quantita-
tive prediction of food drug interaction using oral
absorption PBPK models.53�56,58,60 Scientists have been
working to develop in vivo relevant dissolution
methodology for a long time. With the application of
mechanistic absorption models, researchers were able
to link in vitro dissolution with in vivo performance
in a mechanistic framework.59,60,64,78 More important,
mechanistic oral absorption models have been used
to test scientific hypotheses and address barriers
encountered in drug development. For example,
nonsink permeation in the small intestine was
incorporated into an absorption PBPK model to
explain the low bioavailability, which could not be
explained by low solubility alone.62,63 The simulation
was verified in rat studies by perfusing the drug
substance to reach high plasma concentrations to
mimic the nonsink permeation conditions.63

15.4 APPLICATION OF
BIOPHARMACEUTICS AND PK

MODELING AND SIMULATION IN
REGULATORY ACTIVITIES

15.4.1 In the new drug evaluation

There is no doubt that mechanistic-based PK models
have had a great impact on drug discovery and
development in many different areas (Table 15.2),80

such as bioavailability prediction, food effect predic-
tion, formulation optimization, impact of drug sub-
stance properties on bioavailability, in vivo dissolution,
GI metabolism, in vivo CL, first-pass metabolism
prediction, cross-species extrapolation, and DDIs. As a

result, regulatory agencies started to receive more and
more submissions containing PBPK modeling.

The PBPK modeling approach has especially
facilitated clinical pharmacology-related decisions.81

In Zhao et al., PBPK modeling cases submitted
for investigational new drugs (INDs) and new drug
applications (NDAs) between Jul. 2008 and Jun. 2010
were summarized, which have facilitated the follow-
ing types of regulatory decision making: the need
to conduct specific clinical pharmacology studies,
specific study designs, and appropriate labeling lan-
guage.81 In that paper, all the PBPK models were
applied to address metabolism-related questions,
such as DDI prediction; prediction of PK in hepatic
impairment populations in extensive, intermediate,
or poor metabolizers; and in pediatric populations.

Among the areas that PBPK modeling has been
submitted in new drug application and evaluation,
DDI prediction has been the main area of interest
(Table 15.3). There are also examples where PBPK
models were applied to predict PK in different popula-
tions: the levonorgestrel-releasing intrauterine system,
and simeprevir oral capsules, and for absorption-
related process prediction, such as predicting the
p-glycoprotein (p-gp) contribution to oral absorption
(ceritinib) and predicting the impact of stomach pH on
absorption (panobinostat). Similar trends have been
observed by the EMA, where DDI prediction is the
major area of PBPK modeling applications and then
PK in special populations.82

In 2015, a series of articles were published that
summarized the experiences and viewpoints of experts
in industry, European regulatory agency, and the
US FDA regarding the application of PBPK modeling
in drug development as a regulatory review.80,82,83

Overall, all the parties agreed that PBPK modeling is a
tool with great potential to assess benefits and risks.
There are some areas in which scientists have high
confidence, such as PK prediction for CYP-cleared
substrates, absorption prediction for BCS I drugs, and
DDI prediction involving reversible CYP inhibition
alone or CYP induction alone.80 Confidence levels
for many other areas are still low, such as CL and
absorption involving active transport; DDI prediction
involving combined reversible, time-dependent inhibi-
tion; induction of CYPs; and absorption for BCS III
and IV drugs.80

15.4.2 In generic drug evaluation

Unlike with NDAs, where firms have started
submitting PBPK modeling in their application
packages, PBPK modeling in generic drug applications
is rare. The Office of Generic Drugs of the US FDA had
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internally started exploring this type of predictive
tools to address various issues in bioequivalence (BE)
guidance development, citizen petition responses,
abbreviated new drug application (ANDA) review con-
sultations, protocol development for regulatory research
studies, and investigation of postapproval issues.1 In
terms of the distribution of the number of projects using
PBPK modeling in each area, the majority of the model-
ing activity has been in the BE guidance development
and consult response (ie, internal needs to address
questions).122 Specifically, the PBPK absorption models

have helped answer a number of questions, such as
whether the in vivo dissolution profile correlates with
the in vitro dissolution profile; whether the partial
AUCs are appropriate as BE metrics; whether there
will be in vivo alcohol dose dumping for specific formu-
lations based on in vitro alcohol dose dumping studies;
whether the GI local concentration/exposure correlates
with the plasma concentration/exposure; the sensitivity
of PK parameters to the change of formulation para-
meters, such as particle size; and the formulation
parameters that affect PK BE conclusions.122

The main difference between the generic product
and the reference drug product is the formulation
difference. Mechanistic-based absorption and PK
models that capture the formulation characteristics
would be used to identify critical quality attributes
by parameter sensitivity analysis and potentially
very useful in product development. The challenge is
verification of the prediction and building confidence
in using this type of modeling and simulation tools
to aid generic drug development and review.

15.5 SUMMARY

In this chapter, we first briefly introduced two basic
modeling and simulation approaches for biopharma-
ceutical and PK: population PK-pharmacodynamic
modeling and physiologically based PK modeling.
Then we focused on introducing the theories of using
mechanisms based on PBPK models to predict ADME.
A search in PubMed was conducted to summarize
the published case examples and areas where mecha-
nistic PBPK models have been applied (Table 15.2).
Finally, cases were introduced where mechanistic
PBPK modeling and simulation were used in the new
drug evaluation (Table 15.3), as well as generic drug
evaluation.

Overall, mechanistic PBPK modeling and simulation
have great potential for drug development and evalua-
tion. The confidence level differs depending on the
parameters to be predicted. There are also many
scientific challenges connected with the development
of better predictive models.
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TABLE 15.3 New Drug Applications That Involved
Physiologically Based PK Modeling (2009�15)
Drug name Approval year Area

Sildenafil84,85 2009 DDI

Cabazitaxel86 2010 In vivo intrinsic clearance
prediction

Rivaroxaban87,88 2011 DDI

Vilazadone89 2011 DDI

Rilpivirine90,91 2011 DDI

Crizotinib92 2011 DDI

SKYLA
(Levonorgestrol
IUD)93,94

2013 PK among different populations

Bosutinib95 2012 DDI

Perampanel96 2012 DDI

Ponatinib97,98 2012 DDI

Canagliflozin99 2013 DDI

Simerprevir100,101 2013 DDI, PK in subpopulations

Ibrutinib
(PCI32765)102,103

2013 DDI, PK in specific populations,
GI luminal concentration

Macitentan104,105 2013 DDI

Naloxegol106,107 2014 DDI

Eliglustat108,109 2014 DDI

Ruxolitinib110 2014 DDI

Ceritinib111,112 2014 DDI, P-gp contribution to oral
absorption

Olaparib113,114 2014 DDI

Blinatumomab
(AMG103)115,116

2014 DDI

Rilpivirine90,91 2014 DDI

Belinostat117 2014 DDI

Lenvatinib118,119 2015 DDI

Panobinostat120,121 2015 DDI, impact of stomach pH on
absorption
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16.1 INTRODUCTION

For decades, developing in vitro tests and models to
assess or predict the in vivo performance of pharma-
ceutical products has been sought after as a means of
screening, optimizing, and monitoring dosage forms.
With solid oral dosage forms, it most frequently starts
with an attempt to link the results of an in vitro release
test to in vivo pharmacokinetic studies. Through
exploring the association or relationship between
in vitro dissolution/release and in vivo absorption
data, an in vitro/in vivo relationship (IVIVR) may be
identified for a drug product. Such a relationship is
often qualitative or semiquantitative in nature (eg,
rank order). When a predictive relationship or model
is established and validated between in vitro dissolu-
tion and in vivo absorption profiles, it is designated as
in vitro/in vivo correlation (IVIVC).

IVIVC of oral solid products have received consid-
erable attention from the industry, regulatory agen-
cies, and academia over the past two decades,
particularly since the publication of Food and Drug
Administration (FDA) guidance of dissolution testing
of immediate-release (IR) and IVIVC of extended-
release (ER) dosage forms in 19971,2 and subsequent
guidelines issued by European regulatory authorities
(EMA).3�5 As a result, there has been increased confi-
dence, effort, and success using in vitro tests to evalu-
ate or predict in vivo performance of solid drug
products, especially ER dosage forms, based on
IVIVC.6�13 With an established IVIVC, the dissolution
data can be used not only as a quality control tool but
also for guiding and optimizing product develop-
ment, setting meaningful specifications, and serving

as a surrogate for a bioavailability study. This chapter
will discuss basic principles and methodology uti-
lized to establish and evaluating IVIVC models, as
well as applications of IVIVC in developing solid dos-
age forms with a primary focus on ER products.
Additional topics include the importance of under-
standing drug substance, dosage form, their in vitro
and in vivo behaviors, and in vitro test methods to
explore and develop IVIVC.

16.1.1 In vitro/in vivo correlation

IVIVC is defined by United States Pharmacopeia
(USP) and the FDA respectively as follows2,14:

USP: the establishment of a relationship between a
biological property, or a parameter derived from
a biological property produced by a dosage form,
and a physicochemical characteristic of the same
dosage form.
FDA: a predictive mathematical model describing
the relationship between an in vitro property
(usually the extent or rate of drug release) and a
relevant in vivo response (eg, plasma concentration
or amount of drug absorbed).

Evaluation of IVIVCs by different levels was first
proposed for oral dosage forms in the USP’s informa-
tion chapter ,1088.15 and was later adopted globally.
Presently, IVIVC is categorized by the FDA into levels
A, B, C, and Multiple C depending upon the type of
data used to establish the relationship and ability of
the correlation to predict the complete plasma profile
of a dosage form.2
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Level A: A predictive mathematical model for
the relationship between the entire in vitro release
time course and the entire in vivo response time
course, for example, the time course of plasma drug
concentration or amount of drug absorbed.
Level B: A predictive mathematical model for the
relationship between summary parameters that
characterize the in vitro and in vivo time courses,
for example, models that relate the mean in vitro
dissolution time to the mean in vivo dissolution
time, or to mean residence time (MRT) in vivo.
Level C: A predictive mathematical model for the
relationship between the amount dissolved in vitro
at a particular time (eg, Q60) or the time required for
dissolution of a fixed amount (eg, T50%) and a
summary parameter that characterizes the in vivo
time course (eg, Cmax or AUC).
Multiple Level C: Predictive mathematical models for
the relationships between the amount dissolved at
several time points of the product and one or
several pharmacokinetic parameters of interest.

Level A is the most informative and most useful
from both scientific and regulatory perspectives in that
it represents a point-to-point relationship between
in vitro release and in vivo release/absorption from
the dosage form. It can be used to predict the entire
in vivo time course from the in vitro data. Multiple
Level C is also useful as it provides the in vitro release
profile of a dosage form with biological meaning.
Level C can be useful in early stages of product devel-
opment or setting meaningful specifications, although
it does not reflect the complete shape of the plasma
concentration-time curve. Level B utilizes the princi-
ples of statistical moment analysis. However, it is the
least useful for regulatory applications because differ-
ent in vitro or in vivo profiles may produce similar
mean time values.

16.1.2 IVIVC and product development

The value of IVIVC in product development has been
recognized since the early 1960s. Exploring in vitro/
in vivo association or correlation is very useful in guiding
formulation and process development. A validated
IVIVC can support formulation and process changes and
scale-up, help develop meaningful dissolution specifica-
tions, and support the use of dissolution as a surrogate
for an in vivo study, since IVIVC provides a biological
meaning to the results of the in vitro test.2 Thus, avail-
ability of a validated predictive IVIVC can result in a sig-
nificant positive impact on product quality, development
efficiency, and reduced regulatory burden.

The approaches and challenges of developing an
IVIVC have undergone extensive discussion and debate

since the 1980s.16�25 In general, there is increased
uncertainty associated with developing an IVIVC for IR
oral dosage forms because the in vivo apparent drug
absorption is often a function of a multitude of variables,
many of which are difficult to isolate or mimic in vitro.
For example, a correlation between the in vitro dissolu-
tion and the in vivo absorption for IR dosage forms of
highly water soluble drugs (eg, Biopharmaceutical
Classification System 1 and 3) is usually not possible
because gastric emptying or membrane permeation is
often the rate-limiting step. Absorptive and efflux trans-
porters and/or gut metabolism can play a significant role
in the apparent absorption of BCS 2�4 compounds26�28

depending on the dose, physicochemical, biopharmaceu-
tical properties, and dissolution rate, making correlating
dissolution with absorption difficult.29 Compared to IR
products, an IVIVC is more suitable for ER dosage forms
where drug release is, by design, rate limiting in the
absorption process. In addition, because a patient is typi-
cally exposed to a specific range of plasma levels over an
extended period of time (eg, up to 24 hours) following
administration of a modified-release (MR) dosage form,
an in vitro test method with a qualitative or quantitative
relationship with in vivo data is desired to assure the
consistent in vivo performance. Hence, the FDA has
recommended investigation of the possibility of an
IVIVC in the development of ER dosage forms.2

16.2 DEVELOPMENTAND
ASSESSMENT OF AN IVIVC

The regulatory guidance on IVIVC of ER oral dosage
forms issued by the FDA in 1997 provides a compre-
hensive scientific framework and regulatory guideline
to IVIVC model development, evaluation, and applica-
tions. In general, establishing an IVIVC consists of
(1) study design, (2) model building, and (3) model vali-
dation based on an appropriate statistical assessment.

16.2.1 Study design and general considerations

Development of an IVIVC requires in vitro and
in vivo data of formulations with varying in vitro
release rates and corresponding in vivo differences.
These data may come from studies at the early or late
stage of product development, such as bioavailability
studies conducted in the formulation screening stage
or an in vivo study specifically designed to explore
IVIVC.11,30,31 The in vitro release rates, as measured by
percent dissolved for each formulation studied, should
differ adequately (eg, by 10%).2

To obtain useful data for IVIVC, discriminating disso-
lution methodology is essential. Based on the FDA
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guidance,2 in vitro data are preferably generated in an
aqueous medium using USP apparatus I (basket) or II
(paddle), operating within an appropriate range of rota-
tion speeds (eg, 50�100 rpm). In other cases, USP appa-
ratus III (reciprocating cylinder) or IV (flow-through cell)
may also be used. Generally, any in vitro test method
may be used to obtain the dissolution characteristics of
the dosage forms as long as it is shown to be predictive
of the in vivo performance. The dissolution profiles of at
least 12 individual dosage units should be determined
for IVIVC purposes. The coefficient of variation (CV) for
the mean dissolution profiles of a single batch should be
less than 20% at early time points and less than 10% at
other time points.

According to the FDA guidance,2 bioavailability
studies for IVIVC development should be performed
in humans with enough subjects in order to adequately
characterize the absorption profiles of the drug prod-
uct. Although crossover studies are preferred, parallel
studies or cross-study analyses are also acceptable. The
latter may involve normalization with a common refer-
ence treatment. The reference product in developing
an IVIVC may be an intravenous solution, an aqueous
oral solution, or an immediate-release product of the
drug. In addition, IVIVCs are usually developed in the
fasted state. When a drug is not tolerated in the fasted
state, studies may be conducted in the fed state.

16.2.2 IVIVC modeling

The principles and methodologies of IVIVC model-
ing and assessment have been extensively addressed
and reviewed in the literature.32�34 Developing an
IVIVC model begins with understanding the following
mathematical principles for characterizing in vivo
drug release/absorption profiles or parameters associ-
ated with different types of IVIVC.

16.2.2.1 Convolution and deconvolution
approaches used in Level A correlation

Convolution and deconvolution methods are essen-
tial tools for establishing Level A IVIVC. Convolution
is a model-independent method based on linear sys-
tem theory.

A linear system has the property that the response
to a linear combination of inputs is the same linear
combination of the individual responses (superposi-
tion). If the input is shifted in time by some amount,
and the output is simply shifted by the same amount,
such a system that is not sensitive to the time origin is
known as a linear time-invariant (LTI) system.35

Once the impulse response function of a LTI system
(ie, the way the system responds to a unit impulse) is
measured, how the system will respond to any other

possible inputs can be predicted in principle. This is
because (1) the inputs to the system can be decomposed
as a linear combination of some basic inputs, and
(2) responses (or outputs) can be constructed as the same
linear combination of the responses to each of the basic
inputs in a wide variety of ways as illustrated in
Fig. 16.1.

In pharmaceutical applications, drug disposition in
the body is considered an LTI system. One of the mea-
surable responses to the drug input (absorption)
would be the plasma concentration-time profile. The
response to an instantaneous (impulse) input would be
the plasma concentration-time profile of following an
intravenous bolus injection that is unique to individual
drug molecules. Therefore, through applying the
superposition principle of an LTI system in the study
of the drug absorption process, a response, C(t), to an
arbitrary input, f(t), of the system can be obtained
using the following convolution integral36:

CðtÞ5 fðtÞ�CδðtÞ5
ðN
0

Cδðt2 τÞfðτÞdτ ð16:1Þ

where Cδ(t) is the unit impulse response (UIR) that
defines the characteristic of the system. It is the
response of the system to an instantaneous unit input,
usually attainable from an IV bolus or oral solution. By
the same principle, f(t) can be obtained by deconvolu-
tion, the inverse operation of convolution. Their appli-
cations in IVIVC are illustrated in Fig. 16.2, and
representative systems are provided in Table 16.1. The
definition of a system is flexible and is determined by
the nature of the time functions involved.37 Depending
on the specific Cδ(t) and input responses used to define
a system, f(t) obtained by deconvolution in IVIVC may
represent the dissolution process, absorption process,
or the combined processes of the two.

In exploring IVIVC, Level A correlation is usually esti-
mated by a two-stage procedure, that is, deconvolution

Unit impulse Unit impulse response 

∗

FIGURE 16.1 Illustration of input-response relationship of a LTI
system (� denotes the convolution operation).
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FIGURE 16.2 Illustration of convolution and deconvolution in IVIVC development.



followed by correlating the fraction dissolved in vitro
with the fraction released or absorbed in vivo. It may
also be evaluated via a single-stage procedure, that is, a
direct comparison of the observed with the predicted
plasma concentration-time profiles obtained by convolu-
tion of the in vitro data and UIR. According to Eq. (16.1),
the in vitro drug release and the in vivo input (release/
absorption) estimated by deconvolution of the UIR with
the observed plasma data are either directly superimpos-
able or may be made to be superimposable by the use of
a scaling factor when a 1:1 IVIVC exists. Similarly, the
plasma concentration profile observed following oral
administration should be in good agreement with that
obtained by convolution of the UIR with the in vitro
release data if there is a Level A IVIVC.

16.2.2.1.1 General solution

The exact solution of convolution or deconvolution
can be obtained by operation of Laplace transform if
each functional form is defined:

LfCðtÞg5 LfðCδ
�fÞðtÞg5LfCδðtÞgLffðtÞg ð16:2Þ

fðtÞ5 L21 fðsÞ �
5 L21 cðsÞ

cδðsÞ

� �
ð16:3Þ

where L and L21 denote Laplace transform and inverse
Laplace transform, respectively. Deconvolution meth-
ods include explicit (numerical point-area and mid-
point methods, least squares curve fitting using
polyexponential, polynomial, spline functions) and
implicit methods (prescribed function or deconvolu-
tion via convolution).38�50

Since the disposition of most drugs can be described
by polyexponentials,

CδðtÞ5
Xn
i51

Aie
2αit ð16:4Þ

the in vivo input function f(t) can be obtained using
Eq. (16.3). For example, in the case of single-
exponential disposition (n5 1), Cδ(t)5A1e

2α
1
t, and

hence, f(t), the input rate, is given by 40:

fðtÞ5 ½C
0ðtÞ1α1CðtÞ�

A1
ð16:5Þ

TABLE 16.1 Illustration of System Definitions for Oral Administration

Case Unit impulse response Cδ(t) Input response C(t) Input function f(t)

I Plasma level profile of IV bolus Plasma level profile of oral solution Absorption in the GIT

C
δ(

t)

Time

i.v.

Time

Solution

C
(t

)

f(
t)

Time

Absorption

II Plasma level profile of IV bolus Plasma level profile of oral solid
dosage form

Dissolution and absorption in the GIT

Time

i.v.

C
δ(

t)

C
(t

)

Time

Solid dosage form

f(
t)

Time

Dissolution + absorption

III Plasma level profile of oral solution (or IR
dosage form as an approximation)

Plasma level profile of oral solid
dosage form

Dissolution in the GIT

Time

Solution (or ir)

C
δ(

t)

C
(t

)

Time

Solid dosage form

f(
t)

Time

Dissolution

41916.2 DEVELOPMENT AND ASSESSMENT OF AN IVIVC

II. BIOPHARMACEUTICAL AND PHARMACOKINETIC EVALUATIONS OF DRUG MOLECULES AND DOSAGE FORMS



The amount of drug absorbed from time 0 to t,
Xa(t), is then obtained by integration:

XaðtÞ5
ðt
0

fðtÞdt5
CðtÞ1α1

Ðt
0

CðtÞdt
" #

A1
ð16:6Þ

In cases where C(t) or f(t) cannot be fitted to an
explicit function, numerical methods are used to deal
with the raw data.

16.2.2.1.2 Numerical deconvolution

It is well recognized that classical linear compartmen-
tal kinetic models exhibit superposition linearity due to
their origin in linear differential equations. Hence, linear
systems analysis, especially in the form of numerical
algorithms, is conceptually simple, and thus it is a useful
tool for assessing absorption and IVIVC. Deconvolution
using purely numerical algorithms has been used for
evaluation of IVIVC since the 1960s.51�53 The general
process for deconvolution usually uses the basic princi-
ple of deconvolution through convolution (DTC) to
determine the input function. The DTC method is an iter-
ative procedure consisting of three steps. The input func-
tion is first defined by the selection of its initial
parameter values followed by convolution with UIR
function to calculate the response (drug concentrations).
Subsequently, the agreement between the observed drug
concentrations and the calculated according to preset
objective function is evaluated quantitatively. The itera-
tion continues until the objective function reaches the
preset values. According to Eq. (16.1), the response, C(t),
can be obtained given the UIR, Cδ(t), and the input, f(t).
Since the UIR defines the characteristic of the system, a
general assumption is that the UIR would be identical for
different formulations of the same compound. Therefore,
explicit UIR is not required to calculate the response for
one formulation [C(t)1] when another formulation has
input [f(t)2] and response [C(t)2] data available.

The general numerical algorithms for convolution
and deconvolution are shown as:

Convolution C(t)5 f(t) � Cδ(t)
C(t)15 f(t)1

� Cδ(t)1
� T

C(t)25 [f(t)1
� Cδ(t)21 f(t)2

� Cδ(t)1]
� T

C(t)35 [f(t)1
� Cδ(t)31 f(t)2

� Cδ(t)21 f(t)3
� Cδ(t)1]

� T
C(t)n5 [f(t)1

� Cδ(t)n1 f(t)2
� Cδ(t)n-11 ?1 f(t)n

�

Cδ(t)1]
� T

Deconvolution f(t)5C(t) // Cδ(t)
f(t)15 (C(t)1/T)/Cδ(t)1
f(t)25 (C(t)2/T2 f(t)1

� Cδ(t)2)/Cδ(t)1
f(t)35 (C(t)3/T2 f(t)1

� Cδ(t)32 f(t)2
� Cδ(t)2)/Cδ(t)1

f(t)n5 (C(t)n/T2 f(t)1
� Cδ(t)n2 f(t)2

� Cδ(t)n-12?2
f(t)n-1

� Cδ(t)2)/Cδ(t)1

Deconvolution Cδ(t)5C(t) // f(t)
Cδ(t)15 (C(t)1/T)/f(t)1
Cδ(t)25 (C(t)2/T2 f(t)2

� Cδ(t)1)/f(t)1
Cδ(t)35 (C(t)3/T2 f(t)2

� Cδ(t)22 f(t)3
� Cδ(t)1)/f(t)1

Cδ(t)n5 (C(t)n/T2 f(t)2
� Cδ(t)n-12 f(t)3

� Cδ(t)n-22?2
f(t)n

� Cδ(t)1)/f(t)1

The algorithms use piecewise integration to decom-
pose Eq. (16.1). For example, the top block (convolu-
tion) uses pieces of the input and UIR functions, which
are in reversed positions in the interval 0 . . . t by
assuming that both functions, input and UIR, are
known as staircase functions, and both are given with
a regular and common time interval, T, which requires
all raw data points to be consistent. If this condition is
not met, interpolations/extrapolations are needed to
make the data consistent with T. The top block algo-
rithm is most convenient for numerical calculations,
especially when the inverse equations are employed in
deconvolution, as shown in the midblock and the bot-
tom block. Only for extremely small time intervals, all
function values may be used just as points of the rele-
vant time function. Otherwise it is essential to interpret
them consistently as either “point” or “areas” rep-
resentative for each time interval. Langenbucher
presented an example dataset, which was used by sev-
eral authors44,46,54 to illustrate the convolution/decon-
volution algorithms.39 It is reproduced in Table 16.2
for reference. The data include the UIR, input, and
response where T is 0.5 or 1.0.

Based on the numerical algorithm, the data are used
to illustrate the convolution and deconvolution calcula-
tions as shown in Table 16.3. The top block is the con-
volution calculation. The next two blocks are
deconvolutions for calculating the inputs and UIR,
respectively.

Although the numerical calculations are rather
tedious, they are usually done by computer programs
in actual applications. It is helpful to understand the
underlying operations, especially when a customized
program is needed. The commercial software com-
monly used to perform convolution and deconvolution
calculations include IVIVC Toolkit for Phoenix,
WinNonlin by Pharsight Corporation, and IVIVCPlus,
an add-on module of GastroPlus by Simulations Plus,
Inc. MS Excel has also been shown to be a useful tool
for IVIVC applications.55

16.2.2.1.3 Model-dependent deconvolution

Two commonly used deconvolution methods for
estimating the apparent in vivo drug absorption pro-
files following oral administration of a dosage form
are Wagner�Nelson and Loo�Riegelman methods.56

These are model-dependent approaches based on mass
balance. The Wagner�Nelson equation is derived from
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TABLE 16.2 An Example for the UIR, Input, and Response

Time
UIR Input

Response

(h) Cδ(t) Cδ(t)0.5 Cδ(t)1.0 f(t) f(t)0.5 f(t)1.0
Ð
f(t)dt C(t)

0 20.227 � � 0.41 � � 0 0

0.5 16.364 18.296 0.334 0.372 0.185 3.36

1 13.549 14.957 16.888 0.272 0.303 0.341 0.336 5.487

1.5 11.481 12.515 0.221 0.247 0.459 6.774

2 9.946 10.714 11.748 0.18 0.202 0.227 0.56 7.492

2.5 8.792 9.368 0.147 0.164 0.641 7.831

3 7.91 8.351 8.928 0.119 0.134 0.151 0.708 7.921

3.5 7.225 7.568 0.097 0.108 0.762 7.851

4 6.681 6.953 7.296 0.079 0.088 0.099 0.806 7.681

4.5 6.239 6.46 0.064 0.072 0.842 7.452

5 5.873 6.056 6.277 0.052 0.058 0.066 0.871 7.191

5.5 5.561 5.717 0.042 0.047 0.895 6.916

6 5.29 5.426 5.582 0.035 0.039 0.044 0.915 6.639

Reproduced from Cutler DJ. Numerical deconvolution by least squares: use of polynomials to represent the input function. J Pharmacokin Biopharm 1978;6:243�263.

TABLE 16.3 Illustration of the Numerical Algorithm for Convolution and Deconvolution Based on the Data in Table 16.2

Δt Time Calculation and calculated results True

1 1 C(t)15 0.341 � 16.8885 5.759 5.487

2 C(t)25 0.341 � 11.7481 0.227 � 16.8885 7.840 7.492

0.5 0.5 C(t)15 (0.372 � 18.296) � 0.55 3.403 3.36

1 C(t)25 (0.372 � 14.9571 0.303 � 18.296) � 0.55 5.554 5.478

1.5 C(t)35 (0.372 � 12.5151 0.303 � 14.9571 0.247 � 18.296) � 0.55 6.853 6.774

2 C(t)45 (0.372 � 10.7141 0.303 � 12.5 I 51 0.247 � 14.9571 0.202 � 18.296) � 0.55 7.584 7.492

1 1 f(t)15 5.487/16.8885 0.325 0.341

2 f(t)25 (7.4922 0.325 � 11.748)/16.8885 0.218 0.227

0.5 0.5 f(t)15 3.360/(18.296 0.5)5 0.367 0.372

1 f(t)25 (5.4872 0.367 � 14.957 � 0.5)/(18.296 � 0.5)5 0.300 0.303

1.5 f(t)35 (6.7742 0.367 � 12.515 � 0.52 0.300 � 14.957 � 0.5)/(18.296 � 0.5)5 0.244 0.247

2 f(t)45 (7.4922 0.367 � 10.714 � 0.52 0.300 � 12.515 � 0.52 0.244 � 14.957 � 0.5)/(18.296 � 0.5)5 0.199 0.202

1 1 Cδ(t)15 5.487/0.3415 16.091 16.888

2 Cδ(t)25 (7.4922 16.091 � 0.227)/0.3415 11.259 1.1748

0.5 0.5 Cδ(t)15 3.360/(0.372 � 0.5)5 18.065 18.296

1 Cδ(t)25 (5.4872 18.065 � 0.303 � 0.5)/(0.372 � 0.5)5 14.786 14.957

1.5 Cδ(t)35 (6.7742 18.065 � 0.247 � 0.52 14.786 � 0.303 � 0.5)/(0.372 � 0.5)5 12.381 12.515

2 Cδ(t)45 (7.4922 18.065 � 0.202 � 0.52 14.786 � 0.247 � 0.52 12.381 � 0.303 � 0.5)/(0.372 � 0.5)5 10.568 10.714

Reproduced from Cutler DJ. Numerical deconvolution by least squares: use of polynomials to represent the input function. J Pharmacokin Biopharm 1978;6:243�263.
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a one-compartment model and the mass balance,
Xa5Xt1Xe, where Xa, Xt, and Xe are amounts of
drug absorbed, in the body and eliminated at time t,
respectively. By derivation, the amount of drug
absorbed up to time T, (Xa)T, is given by:
ðXaÞT 5VCT 1 kV

Ð T
0 Ctdt, where V is the volume of

central compartment, CT is concentration of drug in
the central compartment at time T, and k is the first-
order elimination rate constant. In the study of IVIVC,
this is often expressed in terms of fraction (F) of the
dose (D) absorbed for comparison with fraction
released in vitro:

FaðTÞ5
ðXaÞT
ðXaÞN

5

C1 k
ÐT
0

Ctdt

k
ÐN
0

Ctdt

ð16:7Þ

where Fa(T) or FD is the fraction of the bioavailable
drug absorbed at time T. It should be noted that
Eq. (16.7) is identical to Eq. (16.6). Therefore, the
Wagner�Nelson method represents a special case of
deconvolution with a single-exponential disposition.
When intravenous data are not available, the appar-
ent in vivo fractional absorption profile can be
obtained by using terminal phase elimination rate
constant, k, and partial areas under the plasma con-
centration curve using Eq. (16.7). However, it should
be pointed out that: (1) k value should be derived
from the true elimination phase, which may be diffi-
cult for drugs with a prolonged absorption phase
and/or long half-life; and (2) only apparent absorp-
tion is estimated using this method.

The approximate equation used in absorption analy-
sis for the two-compartment model was first published
by Loo and Riegelman in 1968.57 Wagner published an
Exact Loo�Riegelman method for a multicompartment
model in 1983.58 It is a general equation for the absorp-
tion analysis of one- to three-compartment models. It
requires IV data for the calculation of absorption pro-
files. For biexponential disposition, mass balance leads
to: (Xa)T5Xc1 Xp 1 Xe, where Xc and Xp are amounts
of a drug in the central and peripheral compartments
at time T, respectively. By derivation,58 (Xa)T can be
determined:

ðXaÞT
Vc

5CT 1 k12e
2k21T

ðT
0

Cte
2k21tdt1 k10

ðT
0

Ctdt ð16:8Þ

where k12, k21, and k10 are the microconstants that define
the rates of transport between compartments. On the
basis of mass balance, (Xa)T5Xc 1 Xp1 1 Xp2 1 Xe, a
similar equation can be derived for triexponential

disposition. The corresponding Exact Loo�Riegelman
equations are given as:

ðXaÞT
Vc

5CT 1 k12e
2k21T

ðT
0

Cte
2k21tdt1 k13e

2k31T

ðT
0

Cte
2k31tdt

1 k10

ðT
0

Ctdt

ð16:9Þ
It can be shown that the Loo�Riegelman method is

also a special case of deconvolution where in vivo dis-
position is described by two or three exponentials.50

The theoretical and practical aspects of absorption
analysis using model-dependent approaches have been
thoroughly discussed by Wagner.56

16.2.2.2 Mean time parameters used in
Level B correlation

Level B correlation is based on correlating mean
time parameters that characterize the in vitro and
in vivo time courses, for example, the in vitro or
in vivo mean dissolution time (MDT) and in vivo
MRT. Mean time parameters have been commonly
utilized in pharmacokinetic studies and used to
describe in vitro release. They are useful in studying
specific models as well as less differentiated, more
general system models. Many important concepts,
definitions, and computations on this subject have
been thoroughly discussed by Veng-Pedersen59 and
Podczeck.60

16.2.2.2.1 In vivo parameters

By definition, MRT is the average total time a drug
molecule spends in the introduced kinetic space. It
depends on the site of input and the site of elimina-
tion. When the elimination of the molecule follows
first-order kinetics, its MRT can be expressed by59:

MRT5

ÐN
0

tCtdt

ÐN
0

Ctdt

5
AUMC

AUC
ð16:10Þ

where AUMC is area under the moment curve.
Estimates for MRT can be calculated by fitting C(t) to a
polyexponential equation followed by integration or
by using trapezoidal rules.

For noninstantaneous input into a kinetic space,
such as oral absorption, the MRT estimated from extra-
vascular data includes a contribution of the mean tran-
sit time for input, known as mean absorption time
(MAT, or mean arrival time, or mean input time).59
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The MAT of drug molecules represents the average
time taken to arrive in that space, and it can be esti-
mated as:

MAT5

ÐN
0

tfinðtÞdt
ÐN
0

finðtÞdt
5

AUMC

AUC
ð16:11Þ

where fin(t) denotes an arbitrary rate of input into the
kinetic space. For oral delivery, the MAT can be deter-
mined according to the equation:

MAT5MRTpo2MRTiv ð16:12Þ
The term MAT thus obtained represents the mean

transit time involved in apparent absorption process in
the gastrointestinal (GI) tract. When the formulation
contains a solid drug, the MAT includes in vivo disso-
lution as well as absorption. If data of the same drug
given in a solution state are available, the in vivo MDT
can be estimated by:

MDTsolid5MATsolid2MATsoln5MRTsolid2MRTsoln

ð16:13Þ

16.2.2.2.2 In vitro parameters

The measured amount of a drug substance in a
cumulative-release profile can be considered as a prob-
ability that describes the time of residence of the drug
substance in the dosage form. Therefore, a dissolution
profile may be regarded as the distribution function of
the residence times of each drug molecule in the for-
mulation.49 By definition, the MDT is the arithmetic
mean value of any dissolution profile. If the amount of
the drug remaining in the formulation is plotted as a
function of time, the arithmetic mean value of the resi-
dence profile is the MRT of the drug molecules in the
dosage form.

The techniques that are used to calculate MDT or
MRT can be divided into model-independent (prag-
matic plane geometry and prospective area) and
model-dependent methods (eg, polyexponential,
Weibull, and overlapping parabolic integration).49 In
general, model-independent approaches are used
when release kinetics are unknown. These methods are
based on area calculations from the amount released at
various times. The following simple method is often
used to determine the MDT and MRT using trapezoi-
dal rules49:

MDT5

ÐN
0

ðMmax 2MðtÞÞdt

Mmax
5

ABC

Mmax
ð16:14Þ

MRT5

ÐN
0

tAðtÞdt
ÐN
0

AðtÞdt
ð16:15Þ

where ABC is the area between the drug dissolution
curve and its asymptote. A(t) is the amount of drug
remaining in the dosage form at time t. M(t) and
Mmax are the amount of drug released at time t and
the maximal amount released, respectively. The
model-dependent methods are based on the derived
parameters of functions that describe the release pro-
files. It should be noted that one important source of
errors in calculations comes from the often incom-
plete release. The calculation of the moments in such
case is based on the maximum drug release. For sys-
tems that have a complete drug release, the size of
errors depends on the number of data points and the
curve shape.49

16.2.2.3 Summary parameters used in
Level C correlation

The extent and rate of drug release from a dosage
form are often characterized by one or more of the sin-
gle measurements (eg, Q60, T50%, or T85%), particularly
when there are not enough data points available to
define the time functions of the profiles, or there are
simply no suitable models that describe the dissolution
curves. These parameters are most often obtained
either directly from the dissolution measurements or
by interpolation. Although they do not adequately
characterize the whole dissolution process, they are
utilized in quality control and in Level C correlation
studies. The in vivo parameters used to correlate with
the in vitro parameters are bioavailability parameters
reflecting the rate and extent of absorption (eg, AUC
and Cmax).

16.2.2.4 Establishment of a Level A IVIVC model

Establishing an IVIVC model requires in vitro data
from formulations with different release rates (eg, fast,
medium, and slow) and a discriminating in vitro test
methodology. The corresponding in vivo response can
be plasma concentrations or the amount of drug
released and/or absorbed in vivo. The latter is
obtained from the observed plasma concentration-time
curve by deconvolution. There are advantages and dis-
advantages for either type of response variable. When
plasma concentration is used as a response variable
(single-stage approach), the link between the in vitro
dissolution profile with the in vivo plasma concentra-
tion profile has clear clinical relevance because many
pharmacokinetic parameters such as Cmax, Tmax, and
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AUC are directly derived from the plasma
concentration-time profile. Using the amount of drug
released/absorbed as a response variable (two-stage
approach) is intuitively straightforward because the
in vitro and in vivo parameters are directly compared.

16.2.2.4.1 Two-stage approach

A deconvolution-based IVIVC model is established
using a two-stage approach that involves an estimation
of the in vivo release/absorption profile from the
plasma concentration-time data using an appropriate
deconvolution technique (eg, Wagner�Nelson, num-
erical deconvolution) for each formulation.
Subsequently, the calculated in vivo percent absorbed
or released is correlated with the percent released
in vitro, as illustrated in Fig. 16.3 using a basic linear
model with intercept (a) and slope (b):

ð% absorbedÞin vivo 5 a1 bð% releasedÞin vitro ð16:16Þ
A slope closer to one indicates a 1:1 correlation, and

a negative intercept implies that the in vivo process
lags behind the in vitro dissolution. A positive inter-
cept has no clear physiological meaning. It can be a
result of relatively high variability or curvature at the
early time points. When the in vitro data are not in the
same time scale as the in vivo absorption, it is usually
necessary to incorporate a scaling factor, such as

time-shifting and time-scaling parameters, within the
model. Nonlinear models, while uncommon, may also
be appropriate.13 The two-stage approach is the most
frequently used in building IVIVC models.

For an IVIVC with a two-stage approach, an impor-
tant aspect is to find the relationship between the
in vitro dissolution and in vivo dissolution/absorption
profiles. The general strategy is to use scaling and/or
shifting or have the time scaled and shifted to match
the in vitro and in vivo profiles. In the software com-
monly used, such as Winnonlin Phoenix, the following
models are built in.

A. Fabs5Diss(Tvivo)
B. Fabs5AbsScale � Diss(Tscale � Tvivo)
C. Fabs5AbsScale � Diss(Tscale � Tvivo2Tshift)
D. Fabs5AbsScale � (Diss(Tscale � Tvivo2Tshift)2

AbsBase)

Where Fabs is the in vivo absorption fraction; Diss()
is a function for dissolution, dependent on the in vitro
time in the parenthesis, which could be the same as
in vivo time: Tvivo as in model A, the scaled in vivo
time by Tscale as in B, or the in vivo time scaled by
Tscale and shifted by Tshift as in C and D. In B, C, and
D, to get the in vivo fraction (Fabs), the in vitro disso-
lution (Diss) has to be scaled by AbsScale. Before this
scaling, in D, Diss would be corrected by baseline
(AbsBase).
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FIGURE 16.3 Illustration: building a Level A IVIVC model using the two-stage approach.
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When all the scaling and shifting factors are included,
it may be difficult to identify the appropriate model. To
get an insight of the effect of these factors, a simulation
study was performed in which the effects of three levels
of each of the scaling (scale, AbsScale in B, C and D),
baseline correction (shift, AbsBase in D), time scaling
(Tscale), and time shifting (Tshift) were examined. The
levels for the four parameters are provided below:

Level Scale Shift Tscale Tshift

1 0.3 230 0.5 25

2 1 0 1 0

3 1.5 30 2 5

There were a total of 81 possible combinations, and
the results are shown in Fig. 16.4, where the values of
the four factors are labeled in each panel.

Panel 41 shows case A, where the in vitro time is
the same as in vivo time, resulting in a 1:1 relationship.
The in vitro and in vivo profiles are superimposed.
When the model is baseline corrected, the shape of the
profiles does not change, and the profile just shifts up
(or down), while scaling gets an n:1 relationship (n is
dependent on the values of AbsScale). The time scaling
and shifting lead to the inconsistent in vitro time and
in vivo time and different shapes of the profiles. Time
scaling and shifting are needed if the in vitro and
in vivo profiles exhibit different rates and/or a differ-
ence in lag time.

In addition to these built-in models, the software
usually allows the user to specify a customized model.
As shown in Fig. 16.5, the relationship between the
in vivo and in vitro profiles seems to follow a sigmoi-
dal shape, and an Emax model could be used.

In summary, the patterns of in vitro and in vivo
profiles may provide clues for an appropriate model.
Plotting the in vitro and in vivo data at the same time
points is helpful for recognition of the patterns in addi-
tion to the Levy plots.

16.2.2.4.2 Single-stage approach

An alternative modeling approach based on convo-
lution can be utilized to directly predict the time
course of plasma concentrations using Eq. (16.1) in a
single step.61 Based on the assumption of equal or sim-
ilar release rates between in vitro and in vivo, the
input rate, f(t), is modeled as a function of the in vitro
release data with or without time scaling to predict the
in vivo plasma profiles by convolution with the dose-
normalized plasma data from an IV or IR reference
dose. The IVIVC is assessed and validated by statisti-
cally comparing the predicted with the observed
plasma levels. This convolution-based modeling focuses

on the ability to predict measured quantities rather
than indirectly estimated in vivo fraction absorbed
and/or released. Thus, the results are more readily
evaluated in terms of the effect of in vitro release on
in vivo performances, for example, AUC, Cmax, and
duration above minimum effective concentrations.
For instance, in using this approach to estimate the
plasma concentrations from the in vitro data, a poly-
exponential UIR with lag time could be used in the
model as follows:

CδðtÞ5
Xnex
i51

Ai
�e2αðiÞðt2tlagÞ ð16:17Þ

where, nex is the number of exponential terms in the
model, tlag is the absorption lag time, and Ct is the
plasma concentration at time t. The input rate may be
modeled as a function of the in vitro cumulative
amount dissolved. For example, Veng-Pedersen, et al.
reported a scaled convolution-based IVIVC approach
by which the dissolution rate curve was first obtained
via differentiation of a monotonic quadratic spline fit-
ted to the dissolution data. Using time and magnitude
scaling, the dissolution curve was then mapped into a
drug concentration curve via a convolution by a single
exponential and the estimated UIR function. The
model was tested by cross-validation and demon-
strated to be predictive of the systemic drug con-
centration profiles from the in vitro release dissolution
data using four different tablet formulations of
carbamazepine.62

It should be noted that the single-stage approach is
based on the assumption of an LTI relationship
between the input (drug release) and the response
(plasma concentrations). Multiple formulations with
different release rates are usually used in establishing
an IVIVC. If a significant fraction of the dose of the
slow-releasing formulations is released beyond the site
(s) of drug absorption (ie, truncated absorption), an
overestimation of plasma concentrations can occur
because Eq. 16.1 predicts the same dose-normalized
AUC as the reference dose used to estimate Cδ(t).

62 To
address the potential discrepancies between in vitro
and in vivo release/absorption, Gillespie proposed an
extended convolution-based IVIVC model using a
function relating the cumulative amounts released or
the release rate in vitro (xvitro) to that in vivo (xvivo),
xvivo5 f (xvitro). Thus, plasma concentrations of multi-
ple ER formulations can be more accurately predicted
by substituting f(t) with xvivo in Eq. (16.1) if there is an
IVIVC. Selection of a specific functional form of xvivo
can be based on a mechanistically understanding of
the in vitro/in vivo relationship or semiempirically
based on the goodness of model fitting. Certain
plausible relationships include linear, nonlinear, or
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FIGURE 16.4 Simulated in vitro and in vivo profiles based on Model D Fabs5AbsScale � (Diss(Tscale �Tvivo � Tshift) � AbsBase) (dashed and solid lines are the in vitro dissolu-
tion and in vivo absorption profiles).



time-variant functions; linear or nonlinear time-scaling
for taking into account the effects of lag time; trun-
cated absorption; or saturable presystemic metabo-
lism.62,63 For ER systems, the apparent absorption
in vivo is limited by the drug release from the dosage
form, of which the kinetics is determined by the sys-
tem design. In many cases, the release kinetics can be
described by one of the following models: zero-order,
first-order, square root of time, or Peppas’s exponent
models.64 Therefore, the parametric function, C(t),
describing the plasma concentrations of an ER dosage
form can be defined via convolution of Cδ(t) with the
input, f(t), prescribed from the in vitro model accord-
ing to Eq. (16.1). For instance, the functional form of
C(t) can first be obtained by convolution of a pre-
scribed function of input (eg, first-order) with a known
UIR. The unknown parameters remaining in the C(t)
equation are those from the prescribed input function,
f(t), which can then be solved by fitting the C(t) equa-
tion to the observed plasma concentrations. The result-
ing f(t) is compared with the observed in vitro data to
evaluate IVIVC. This approach is also known as DTC,
as discussed in the previous section.

In predicting C(t) by convolution, data from an IV
or oral solution is desirable because it provides an
estimate of Cδ(t) independent of the ER data. However,
such a reference dose is not always available, particu-
larly for compounds having low aqueous solubility.
Nevertheless, an estimation of C(t) by convolution for
evaluation of IVIVC is still possible using only data
from ER formulations.62 In such cases, the prescribed
parametric functional forms of both Cδ(t) and f(t) can
be mechanistically or empirically selected and
substituted into Eq. (16.1). The parameters of Cδ(t) are
then estimated by fitting the overall convolution model
to the plasma concentrations of ER formulations.

Predictive performance of the IVIVC is evaluated by
comparing the predicted and observed results. It
should be pointed out that the ability of the model to
predict changes of the in vivo plasma concentrations
with varying release rates should be validated by sepa-
rately or simultaneously fitting the data from multiple
formulations. By doing so, a Cδ(t) function can be reli-
ably defined. Thus, one of the most critical require-
ments of this approach is to use at least two ER
formulations with different release rates in the assess-
ment of IVIVC.61

While the use of the two-stage procedure is more
widespread, the convolution approach has gained
increased interest. O’Hara et al. compared odds and
identity models that include a convolution step using
the data sets of two different products and a nonlinear
mixed-effects model fitting software to circumvent the
unstable deconvolution problem of the two-stage
approach.65 Gaynor et al. used a simulation study to
show the convolution modeling approach produces
more accurate results in predicting the observed
plasma concentration-time profile.66 Jacobs et al.
described an IVIVC model for an oral product consist-
ing of IR and ER components of galantamine by com-
bining the IR and ER pharmacokinetic profiles using a
one-stage convolution-based method.67 The average
percentage prediction error (PE) indicated a good fit of
the new model.

16.2.2.4.3 Compartmental and population approach

Both convolution- and deconvolution-based meth-
ods assume that the system being modeled is linear,
but in practice, this is not always the case, as many
drugs are eliminated by nonlinear (saturable)
processes.68�70 Therefore, a linear system approach
can fail when the disposition of a drug substance falls
within a nonlinear range. The extent of this failure
depends on the magnitude of the nonlinearity
observed.71 To overcome problems resulting from non-
linear kinetics, the use of a method that can reliably
accommodate the nonlinear characteristic is impera-
tive. One of the effective methods to analyze nonlinear
data is to use a compartmental approach. In a pub-
lished study, the performance of a compartmental
approach for nonlinear systems using the population
approach for IVIVC modeling is evaluated.72

The population approach is to seek the sources and
correlation of the variability in vivo, in vitro, and their
relationship. The principles are similar to population
pharmacokinetics (popPK), and understanding of the
basic popPK concept will be greatly helpful. Fig. 16.6
introduces the concept of two types of variability con-
sidered by popPK. The solid circles are the data points
for subject 1, from which a fit line is generated (dashed
line). The open circles are the data points for all other
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FIGURE 16.5 A nonlinear in vitro/in vivo relationship fit by
Emax model.
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subjects. A population fit line (solid line) is generated
from all the points (both solid and open circles). If
one data point at a specific time (3.5 hours) for a
specific subject (ID 1) is considered, conceptually, the
PE is composed of two parts: one resulting from
interindividual variability and another from residual
variability.

For population IVIVC, not only the residue variabil-
ity and the intersubject variability but also the in vitro
variability and the variability of in vitro/in vivo corre-
lation should be considered, as shown in Fig. 16.7.
Clearance (CL) and volume distribution (V) are differ-
ent from their typical values (θCL and θV) due to the
fixed effects such as weight (θWT), age (θAGE), and gen-
der (θSEX). They also can be affected by the intersubject
variability (ω2

CL and ω2
V) and the residue variability

(σ2). In addition, the fixed effect (θK) and the random
effect (ω2

K) for in vitro (dissolution) performance and
the fixed effect (θIVIVC) and the random effect (ω2

IVIVC)
for the correlation should be taken into consideration.

Fig. 16.8 shows how an IVIVC relating to in vitro
and in vivo drug dissolution could be described in
terms of compartments.73 This technique retains most
of the benefits of the convolution approach: in vitro
fractions dissolved and in vivo plasma concentrations
are modeled directly in a one-step process, and the
IVIVC can be specified to incorporate random effects,
time dependence, and scale factors as required by each
particular set of data.

16.2.2.5 Establishment of a Level C IVIVC model

Building a Level C IVIVC model is rather straight-
forward. It involves correlating the amount dissolved
at various time points with Cmax, AUC, or other
suitable bioavailability parameters. Data from at least
three formulations of different dissolution rates are
required for establishing a linear or nonlinear relation-
ship between the in vitro and in vivo parameters
because each data point of the correlation plot corre-
sponds to only one formulation. A single-point Level C
correlation may facilitate formulation development or
allow a dissolution specification to be set at the spec-
ified time point. The information is generally insuffi-
cient for justifying a waiver of a bioequivalence
study. A multiple-point Level C correlation may be
useful to support a biowaiver if the correlation has
been established over the entire dissolution profile
with one or more bioavailability parameters of inter-
est. A relationship should be demonstrated at each
time point with the same parameter such that the
effect on the in vivo performance of any change in
dissolution can be assessed. When such a multiple
Level C correlation is achievable, the development of
a Level A correlation is often more likely. A multiple
Level C correlation should be based on at least three
dissolution time points covering the early, middle,
and late stages of the dissolution profile.2

FIGURE 16.6 An illustration of popPK concept.

FIGURE 16.7 Various sources of variability considered in popu-
lation IVIVC.

FIGURE 16.8 IVIVC based on a compartmental approach.
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16.2.3 Evaluation of a correlation

To assure a useful and reliable Level A IVIVC, the
FDA guidance requires that the model should be dem-
onstrated consistently with two or more formulations
with different release rates. Therefore, the first impor-
tant step in evaluating the appropriateness of the
model is to test whether a single correlation fits all
tested formulations. One of the statistical assessment
approaches is to compare the fit of a reduced model
where all tested formulations are fitted to a single cor-
relation line with that of a full model, where each for-
mulation is fitted to a different correlation line.33 If
both models fit well, the IVIVC is considered vali-
dated. If the full model fits well, but the reduced
model does not, or if the full model is statistically dif-
ferent from the reduced model at significance level of
0.05, the IVIVC becomes formulation dependent and,
therefore, is invalid. It is noted that the time-scaling
factor, if used, should also be the same for all formula-
tions. Different time scales for each formulation indi-
cate the absence of an IVIVC.2

Following the establishment of a Level A IVIVC
model, it is necessary to demonstrate that prediction of
the in vivo performance from the in vitro dissolution
characteristics is accurate and consistent. The FDA
guidance suggests evaluating the goodness of fit by
measuring the prediction error (PE), that is, differences
between the observed and the predicted values over a

range of in vitro release rates. As illustrated in
Fig. 16.9, determination of PE involves calculation of
the in vivo absorption (input) profiles from the in vitro
data using the established IVIVC model, followed by
the prediction of the corresponding plasma concentra-
tion profiles via convolution. The guidance further ela-
borates approaches to validate the model internally
and externally. Internal validation can be accom-
plished through measuring PE using data from the
same study used to develop the IVIVC. The internal
PE evaluates how well the model describes the data
used to develop the IVIVC. It could be adopted for
cases where the IVIVC was derived using two or more
formulations with different release rates, providing the
drug is not considered a narrow therapeutic index
drug. The external validation approach requires a data
set that was not used in the development of the IVIVC,
such as formulations with a different release rate, for-
mulations with minor manufacturing process changes,
or a formulation from a different manufacturing batch
obtained from a different study. It is desirable and
affords greater confidence in the model.

The criteria used in the FDA guidance on IVIVC are
as follows: For predicted Cmax and AUC, the mean
absolute percent prediction error (% PE) should not
exceed 10%, and the PE for individual formulations
should not exceed 15%. A PE of 10�20% indicates
inconclusive predictability and illustrates the need for
further study using additional data sets. For drugs
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FIGURE 16.9 Illustration: prediction in IVIVC model validations and applications.
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with a narrow therapeutic index, external validation is
required despite acceptable internal validation,
whereas internal validation is usually sufficient with
nonnarrow therapeutic index drugs. In general, the
less data available for the initial IVIVC development
and evaluation of predictability, the more additional
data may be needed to define completely the IVIVC’s
predictability. A combination of three or more formu-
lations with different release rates is considered
optimal.2

For Level C correlations, assessment of the predict-
ability will depend on the type of application for
which the correlation is to be used. The methods and
criteria are the same as those for a Level A correlation.
A recent example of the successful development and
validation of a Level C IVIVC was reported by
Kesisoglou et al. for suvorexant IR tablets based on
amorphous solid dispersion.74 Four different batches
of tablets were manufactured using a hot-melt extru-
sion process and compressed at different tablet hard-
nesses to produce distinct dissolution profiles. These
batches were evaluated in a relative bioavailability
study in healthy volunteers followed by investigation
of a relationship between dissolution and Cmax. A vali-
dated multiple Level C IVIVC was developed between
Cmax and Q10, Q15, Q20, Q30, Q45 and the disintegration
time, and it was used to set clinically relevant dissolu-
tion specification and in process control of tablet
hardness.

16.3 CONSIDERATIONS IN IVIVC
DEVELOPMENT

Defining a quantitative and reliable relationship
between in vitro drug release and in vivo absorption is
highly desired for the rational development, optimiza-
tion, and evaluation of solid dosage forms and the
manufacturing process. A validated IVIVC can signifi-
cantly (1) increase the development efficiency by
reducing the time and resources required for formula-
tion and process development, scale-up, and optimiza-
tion; (2) assure product quality by setting meaningful
specifications; and (3) reduce regulatory burdens by
using an in vitro test as a surrogate to in vivo bioavail-
ability studies required for certain postapproval
changes. Therefore, exploring and developing IVIVC
where possible should be an important part of solid
oral product development.

Since the early 1990s, extensive colloquiums and
research publications have mainly focused on the basic
principles, development methodology, modeling, eval-
uation, and applications of IVIVC and have laid a solid
scientific foundation for regulatory guidance and deci-
sions. Most of the relevant scientific discussions are

based on the premise of availability of in vitro and
in vivo information appropriate for establishing an
IVIVC. However, it should be emphasized that model-
ing and statistical assessment is only one aspect of
IVIVC development, and obtaining suitable in vitro
and in vivo data is not a given. To achieve an IVIVC,
at least two formulations that differ in the in vivo and
in vitro performance should be available. In fact, many
failed attempts in achieving an IVIVC for solid pro-
ducts can usually be attributed to a lack of a predictive
in vitro test or an adequate in vivo difference between
test formulations. Thus, it is crucial to understand how
a drug’s physicochemical and biopharmaceutical prop-
erties, delivery technology, and formulation design
and their interplays with both the gastrointestinal tract
(GIT) and the in vitro test methodology may impact
in vitro and in vivo data.

16.3.1 In vivo absorption versus in vitro
test considerations

In developing IVIVC, the in vitro parameter com-
monly utilized is drug release, which can be deter-
mined with precision under a controlled condition. It
is a function of drug and dosage form characteristics
and test methods and conditions. The in vivo response
is usually the dissolution and absorption estimated
from the availability of the drug in systemic circulation
that typically has high variability. It is a function of a
multitude of physicochemical, biopharmaceutical, and
physiological variables, formulation, and their interac-
tions. For test formulations that exhibit varying appar-
ent in vivo absorption characteristics, the most critical
element in establishing an IVIVC is the ability of
in vitro tests to correlate quantitatively with the
in vivo performance. To assess the challenges and the
opportunities of developing a predictive and meaning-
ful in vitro test, it is essential to first understand the
absorption characteristics of the drug substance and
the complexity of drug absorption from dosage forms
in the GI tract.

16.3.1.1 Apparent drug absorption from the
GI tract

The in vivo drug release and subsequent absorption
from a solid product, particularly a modified-release
dosage form, take place in one of the most complex
environments where the interplays of the GI tract with
the dosage forms as well as with intralumenally
released drugs is highly dynamic. The process is known
to be influenced by (1) drug property (solubility, ioniza-
tion, stability, solid phase, lipophilicity, permeability,
surface area, and wetting property); (2) dosage form
design (dose, release mechanism, composition, type,
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size and transit characteristics of the dose unit, sensitiv-
ity to shear force, and drug release location or dura-
tion); and (3) GI physiology and biology (motility,
residence time, food, lumen contents, fluid volume,
transport pathways and mechanism, enterohepatic
recycling, effective permeability, surface area, metabo-
lism, uptake and efflux transporters, and microflora).
This type of information is highly valuable in anticipat-
ing and deciphering in vitro and in vivo data of the
drug molecule and the dosage forms as related to the
development of an IVIVC. For example, an apparently
truncated absorption or a significantly decreased extent
or rate observed with the slow-release formulations
4�5 hours post dosing may be related to one or more
the following factors discussed in chapter “Rational
Design of Oral Modified-Release Drug Delivery
Systems” and literature75�81: lower apparent perme-
ability in the large bowel due to inadequate lipophili-
city or involvement of gut enzymes/transporters; high
dose/solubility ratio; microbiotic degradation or
decreased delivery rate of the formulations due to a
change in lumenal environment. When assessing dis-
crepancies between in vitro and in vivo data, delivery
technology and formulation design, and release mecha-
nism, in vitro test method and condition are important
factors to consider. For instance, a dosage form gener-
ally experiences a low and well-controlled flow field
and shear rate in a typical in vitro test, while it is known
to be subjected to a myriad of physical forces in vivo,
including pressure and shear stress from cyclic strain
associated with villous motility and repetitive deforma-
tion engendered by peristaltic muscular contractions
and relaxation of the intestinal wall.82 As a result, it is
not uncommon to observe differences between in vitro
and in vivo behaviors for formulations that are sensitive
to the release environment, particularly for hydrophilic
matrix formulations containing a relatively high per-
centage of soluble components and/or a low percent-
age of low-viscosity-grade polymers. For example, an
appreciably more rapid in vivo release and/or
increased in vivo differentiation among formulations
exhibiting different in vitro release rates can be attrib-
uted to a change of the release-control mechanisms
from diffusion in vitro and erosion in vivo because a
predominantly diffusion-controlled drug release
in vitro is known to be less sensitive to variations in gel
strength and matrix integrity.11,12,83,84 On the other
hand, decreased in vivo discrimination can be a result
of a weaker and more environmentally sensitive gel,
active pharmaceutical ingredient (API)�polymer
interaction, or nonnegligible contribution of particle
dissolution to the drug release in vivo due to a
nonsink condition.85 More detailed information on
variables that may influence apparent absorption,
including drug properties, biopharmaceutical factors,

and product/process design, can be found in chapters
“Oral Absorption Basics: Pathways and
Physicochemical and Biological Factors Affecting
Absorption,” “Oral Drug Absorption: Evaluation and
Prediction,” “Predictive Biopharmaceutics and
Pharmacokinetics: Modeling and Simulation,” “Rational
Design of Oral Modified-Release Drug Delivery
Systems,” and “Product and Process Development of
Solid Oral Dosage Forms,” respectively.

16.3.1.2 In vitro test method

Among various in vitro physicochemical tests, dis-
solution testing is one of the most important tools for
product quality assessment, process control, and for
assuring sameness after making formulation or process
changes. While different dissolution tests have been
applied to determine drug release, including the com-
monly used compendia methods (eg, basket, paddle,
or reciprocating cylinder), the dissolution rate of a
specific dosage form is, in many cases, an arbitrary
parameter that often varies with the test methodology
with respect to its relevance to the in vivo performance
unless an IVIVC is demonstrated.32,86 One of the main
reasons is that none of the existing in vitro methods
represents or mimics the highly dynamic and complex
in vivo conditions and a wide range of variables
involved in the drug absorption from solid dosage
forms in the GI tract.

Over the years, the exploration and the develop-
ment of various in vitro tests or models have been
undertaken in an attempt to match or predict in vivo
data and/or to simulate specific aspects of the GI con-
dition.87 These studies include designs ranging from
simple and very complex setups and can be divided
into three broad categories listed in Table 16.4. The
common attempt made in these studies is to match
in vivo data by adjusting the in vitro discrimination
and release rate of different test formulations through
altering test media, hydrodynamics, mixing, creating
shear force, or dynamic flows. It should be noted that
many tests are static and only capable of imitating
very limited aspects of the complex in vivo conditions.
For example, some test methods are focused on test
medium, supersaturation/ precipitation, and/or appa-
ratus variables. Other models based on multiple com-
partments or vessels are designed to integrate
dissolution with digestion and absorption or simulate
motility and successive dynamic processes occurring
in the GI tract. The most complicated in vitro model is
a multicompartment, dynamic, computer-controlled
system designed to simulate the human stomach, small
intestine (TIM-1), and large intestine (TIM-2), respec-
tively.88,89 The system is intended for gathering infor-
mation about the effects of various simulated GI
conditions on biopharmaceutical behavior of the API
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and dosage forms. However, setting up experiments
and generating data are time consuming and
extremely labor intensive. It is unsuitable for routine
product quality control. In addition, literature reports
of its utility and application in IVIVC development are
still absent, although there are reports of its use in
evaluating relative formulation performance.90,91

In summary, the most important aspect of IVIVC is
to develop a predictive in vitro test. In practice, prod-
uct quality and performance characterized by such a
test is the drug release from the dosage forms.
However, the state of the art has yet to allow the
development of a universal predictive model indepen-
dent of drug molecule and dosage form characteristics
because physiological, physiochemical, and biological
conditions of the GI tract and their interplays with the
API and drug products in vivo are extremely com-
plex7,85,92 Nevertheless, it remains possible to develop
tailored predictive tests for an individual API and/or
product based on the understanding of the critical
aspects of importance to in vivo absorption. For
instance, when in vivo drug release is the dominant
controlling factor in the rate of appearance of the drug
in the blood, the focus on key API and formulation
variables that affect the drug release and the corre-
sponding in vitro test method is crucial in identifica-
tion of a predictive test condition. Furthermore,
continued pursuit of such a test not only can bring
considerable benefit to product development and qual-
ity control, but it also will help advance scientific
understanding and continued effort in developing new
biopharmaceutical tools for improved prediction of
in vivo drug absorption.

16.3.2 Drug and formulation considerations

The essential conditions for correlating in vitro dis-
solution with in vivo performance include (1) the
apparent in vivo absorption is dissolution-rate limited;
(2) in vitro drug release (dissolution and/or erosion) is
the critical dosage form attributes; (3) test formulations
exhibit different in vivo performances; (4) in vitro test
is discriminating (IVIVR) and/or predictive (IVIVC) of
in vivo performance. When these conditions are met, an
IVIVC is deemed feasible. To develop an in vitro disso-
lution test that can be used to evaluate how changes in
formulation and/or manufacturing processes may
affect in vivo performance, integrated knowledge of
drug properties, delivery technology, formulation, and
biopharmaceutics is required to understand the specific
challenges, choose the right biopharmaceutical tools,
and design the appropriate studies.

16.3.2.1 Immediate-release dosage forms

It is generally accepted that an IVIVC is more diffi-
cult to achieve for IR dosage forms. With rapid drug
release, the apparent drug absorption of the dosage
form usually occurs in the upper small intestine where
many factors other than dissolution are known to limit,
affect, or contribute to the apparent absorption, as dis-
cussed previously. The short absorption phase, in most
cases, is difficult to characterize, making Level A
IVIVC modeling less likely than Level C or multiple
Level C. Thus, the feasibility of an IVIVC is often drug
and product dependent. For BCS class 2 drugs, of
which dissolution is prolonged due to very low solu-
bility and/or product and process characteristics, an

TABLE 16.4 Types of In Vitro Drug Release Tests for Predicting In Vivo Performance

Type Examples Variables altered References

Standard pharmacopoeial
methods

USP I, II, III, or IV Hydrodynamics; agitation; pH; ionic strength;
surfactants; enzymes; additives (eg, bile salts,
lecithin, fat, milk)

10,93�99

Modified pharmacopoeial
methods

USP II1polystyrene beads Hydrodynamics; shear stress; mechanical attrition;
mixing; pH; test medium; release vs dissolution, etc.

100�112
USP II1 Stationary basket

USP II1 two-phase

Milk/fat as test medium

FeSSIF/FaSSIF as test
medium

Ex vivo intestinal fluid

Complex models Rotating dialysis cell pH; food; mixing; motility; transit; digestion,
secretion; microflora, permeation, etc.

8,86,113�119
Flow-through cell drop
method

Multicompartmental systems
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IVIVC is possible. One such example is the relatively
slow-eroding polymer matrix of amorphous solid dis-
persions that contain a high level of carrier polymer(s)
and are manufactured using a melt-extrusion pro-
cess.74,120 In the case of BCS class 1 drugs, an IVIVC is
less likely unless the drug dissolution is significantly
slowed due to formulation, processing, or the com-
pound belongs to a borderline solubility classification.
IVIVC is very rare for BCS class 3 drugs, of which gas-
tric emptying, permeability, and transporters are typi-
cally involved in drug absorption. The opportunity for
IVIVR or IVIVC may sometimes exist for BCS class 4
drugs, of which dissolution, permeability, and trans-
porters can all influence the rate of in vivo absorption
depending on the relative contributions of each factor
and whether the low permeability classification is
borderline or due to metabolism.121 Challenges and
various physicochemical, biopharmaceutical, and
physiological factors that need to be considered in
developing IVIVC and IVIVR of IR oral dosage forms
have been reviewed extensively.92,122 One of the major
issues with assessing the feasibility of IVIVC using the
BCS classification is that the boundaries for high solu-
bility and permeability are set very conservatively.92

As a result, each BCS class includes compounds with a
broad range of properties and potentially different rate-
limiting steps for absorption. For example, a low-
solubility compound that narrowly misses the 90% fabs
boundary would technically fall into BCS class 4, and yet
it is very unlikely to have permeability-limited absorp-
tion. For such a compound, IVIVC remains possible.
Similarly, certain BCS class 2 compounds are less likely
to be candidates for developing an IVIVC.92 Therefore, it
is important to understand the specific characteristics of
API and drug products, including the operating princi-
ples and manufacturing process. It should be noted that
when a quantitative in vitro/in vivo relationship cannot
be established or validated, an IVIVR that defines a dis-
solution range or space with demonstrated bioequiva-
lence can also be useful in assuring acceptable in vivo
performance via mapping in vitro and in vivo data of
different formulations.84,92,123

16.3.2.2 Extended-release (ER) dosage forms

Compared to IR products, an IVIVC is, in general,
more desirable and readily defined for ER solid dosage
forms. In fact, it is often expected that an in vitro
release test is predictive or has an in vivo rank order
because drug input from the GI tract is by design con-
trolled or modified by the drug release from the dos-
age form. With an ER dosage form, the apparent
absorption takes place in the small intestine, ascending
colon, and/or throughout the large intestine depend-
ing on the API properties and the product design.124 A
longer absorption phase over an extended period of

time, in principle, renders it possible to develop Level
A, B, C or Multiple Level C IVIVC. However, matching
in vivo drug release remains challenging due to signif-
icant heterogeneity in permeability and lumenal
environments (eg, pH, water, surface area and con-
tents, transporters, and gut wall metabolism) in differ-
ent segments of the digestive tract. Thus, the feasibility
of an IVIVC remains dependent on the drug molecule,
delivery technology, formulation design of the dosage
forms, and their interactions with an in vitro test
method and condition. Investigation of IVIVC for ER
dosage forms should start with understanding drug
properties, doses, and their relationship with the
associated formulation technologies discussed in chap-
ter “Rational Design of Oral Modified-Release Drug
Delivery Systems.” In general, the in vivo apparent
absorption of ER products containing soluble
compounds (eg, BCS class 1) is primarily limited by
the drug release from a diffusion or osmotically con-
trolled ER system with fewer significant confounding
factors. Thus, an IVIVC is more likely. With BCS class 2
drugs, solubility-to-dose ratio, drug-release mecha-
nism, release duration, and absorption pathways can
significantly influence the in vitro and in vivo rela-
tionship. In addition, drug particle dissolution fol-
lowing its release (metering) from the dosage form
may also play a significant role depending on the
dose and solubility of the drug substance. A detailed
discussion is provided in an example in the case
study section of this chapter. IVIVC for a typical BCS
class 3 or 4 drug is more difficult to obtain because
of the various factors often involved in its apparent
absorption from the GI tract, including low and
variable membrane permeability, transporters, and
regional dependency.75,76,78,79,125 In fact, many of the
drugs in BCS class 3 or 4 are either not feasible for
ER development or exhibit very limited absorption
windows,76,78 such as ranitidine, atenolol, furosemide,
erythromycin, cefazolin, amoxicillin, hydrochlorothia-
zide, methotrexate, acyclovir, and neomycin.

Dosage form behavior as related to IVIVC develop-
ment depends on drug property, delivery technology,
and formulation design. During the drug release from
ER systems across different segments of the GI tract,
the drug and dosage form are subject to a wide range
of environments and conditions, such as varying
surface area, absorption pathways, permeability,
metabolism, mixing, secretion, lumen content, and
amount of fluids. As a result, the in vivo absorption
from ER may significantly vary with regions, making
its estimation for IVIVC modeling unreliable due to
deviations from the system definition of Case III in
Table 16.1. In addition, in vitro and in vivo mecha-
nisms may differ or change depending on the drug
and formulation design. Increased variability of the
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apparent absorption often observed with ER products
may also be exacerbated by improper or less robust
formulation designs. A review of literature indicates a
wide range of in vivo performance and/or relation-
ships with in vitro drug release for many drugs formu-
lated using different or the same types of delivery
technologies. For example, part of the in vivo behavior
of a solid product can be inferred from the effect of
food on its PK characteristics, that is, food effect. Food
intake is known to directly and indirectly induce
changes in the GI environment and conditions, includ-
ing gastric emptying, intestinal motility, mixing,
mechanical and shear stress, lumen content, pH, vis-
cosity, ionic strength, osmolality, secretions (bile salts
and digestive enzymes), and the activity or capacity of
metabolic enzymes and transporters.27 There is no gen-
eral in vitro or animal model that is predictive of the
effect of such changes on drug absorption. However,
the potential impact of these changes on the in vivo
performance may be used as an indirect gauge for
evaluation of the robustness of an ER solid product in
IVIVC development. A survey of food effect on AUC
and Cmax of 47 selected marketed ER products126

shows that out of 32 soluble APIs, seven exhibit food
effect on AUC and eight on Cmax, while among 15
insoluble APIs, six exhibit food effect on AUC and 14
on Cmax. Four out of seven osmotic pump products
displayed food effect on AUC or Cmax. Table 16.5
shows ER products of two well-known BCS class 1
drugs and their food effect.127 It is evident that both
ER technology and formulation play a significant role
in how a product performs in the GI tract. Therefore,
the opportunity and success of developing an IVIVC of
ER dosage forms depends on individual APIs as well
as the delivery systems and the formulation design.

Table 16.6 is a comparison of three broad types of ER
drug delivery systems discussed in chapter “Rational
Design of Oral Modified-Release Drug Delivery
Systems” with respect to the characteristics related to
IVIVC. Among the three types of ER technologies, it is
well known that the drug release from an osmotic sys-
tem is generally insensitive to in vitro test conditions,
thus offering a higher chance of matching the in vivo
drug release. However, once the in vitro test fails to
predict, it is much more difficult to achieve IVIVC via
altering the in vitro drug release of an osmotic system.
On the other hand, the drug release from the other

TABLE 16.5 Example of Extended-Release Systems and Food Effect on Bioavailability Parameters

Product Dosage form Cmax AUC Tmax

Theophylline IR tablet Decrease (30�50%) No change Increase

Theo-Dur Coated beads Decrease (60%) Decrease (50%) Increase

Theo-24 Coated beads Increase (120%) Increase (60%) No change

Theo-Dur Matrix tablet No change No change No change

Uniphyl Matrix tablet Increase (70%) Increase (70%) Increase

Verapamil IR tablet Decrease (15%) No change Increase

Isoptin SR Matrix tablet Decrease (50%) Decrease (50%) Increase

Verelan PM Coated beads No change No change No change

Test Formulation 1a Coated tablet No change No change Increase

Test Formulation 2a Coated beads No change No change Increase

Covera HS OROS tablet No change No change No change

aClin Pharmacol Ther, July, 77�83, 1985.

TABLE 16.6 Common Extended-Release Systems and IVIVC

ER system Characteristics

Matrix • In vitro release sensitive to in vitro test conditions.
• In vivo results depend on individual drugs and

formulation design.
• Hydrophilic matrix: Gel strength and system

integrity also affect rate and mechanism of drug
release in vivo.

• Possible to alter in vitro test condition for obtaining
IVIVC.

Reservoir • In vitro release typically sensitive to in vitro test
conditions.

• In vivo results depend on individual drugs and
formulation design.

• Possible to adjust test condition for obtaining
IVIVC.

Osmotic
pump

• In vitro release generally insensitive to test
conditions.

• In vivo results depend on individual drugs.
• Higher probability to obtain IVIVC.
• Lack of flexibility to adjust test condition to match

in vivo performance.
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two types of systems (reservoir and matrix) is most
often dependent on the drug property and in vitro test
methodology and conditions, thus providing greater
flexibility and opportunity of adjusting the test vari-
ables to match the in vitro data with the in vivo
profiles. It should be pointed out that for matrix sys-
tems, the drug release rate and mechanism are affected
by formulation as well as system strength and integ-
rity. The latter is also a function of formulation design.
As a result, different formulations of the same drug
molecule may exhibit different sensitivity to the test
variables, which, in turn, can influence their respective
in vitro/in vivo relationships. Therefore, it is important
to evaluate key formulation attributes and variables
that influence the behavior of a specific dosage form.

16.4 IVIVC DEVELOPMENTAPPROACH

The scientific values and significant patient and
operational benefits of exploring and establishing an
IVIVC in the development of solid dosage forms have
been well recognized.

It is important to create an IVIVC strategy and
define a rational and effective approach for integration
into the product development lifecycle in the project
planning stage prior to initiating any development
activities.

16.4.1 General strategy and approach

Exploration of IVIVC may start in the early, mid, or
late stage of product development depending on the
objective and resources of a development program. For
example, an IVIVC can be investigated through review
and evaluation of the historical in vitro and in vivo
data or initiation of an IVIVC study at a later stage of
development. This type of retrospective development
strategy is usually either driven by the regulatory
expectation or due to a lack of awareness of IVIVC
and its value in the rational development of a solid
product. To fully realize its potential, IVIVC develop-
ment should begin at the early stage and continue
throughout the formulation development cycle if nec-
essary. A prospective or concurrent development strat-
egy requires an integrated evaluation of a drug
substance, ER technology, in vitro test method, and
IVIVC feasibility followed by incorporating an IVIVC
investigation in the formulation screening and devel-
opment. When the IVIVC is explored as a part of the
first in vivo formulation screening studies or subse-
quent development studies, it can be used to aid in
the development of a project timeline, planning of
formulation/process studies, and scale-up activities. If

an IVIVC exists, it is advantageous to establish the
model and validate it if necessary at the early stage to
facilitate and accelerate subsequent product develop-
ment, thereby saving time and resources associated
with certain necessary bioequivalence studies. It also
helps set the development and regulatory strategy. If
an IVIVC is unlikely, a different product development
strategy will have to be defined, for example, by plan-
ning bioequivalence studies required to support pro-
cess scale-up and/or certain formulation changes in
the development of an ER dosage form.

In the first stage of developing an ER product, two
or more prototype formulations with different in vitro
release rates are usually tested in humans in order to
identify a formulation with a predefined PK perfor-
mance (see chapter: Rational Design of Oral Modified-
Release Drug Delivery Systems). With properly
designed formulations and an in vitro test, the study
can offer the first opportunity to explore and develop
an IVIVC concurrently. For example, to enhance the
chance of success or gain insight into an IVIVR, it is
essential to consider building similar robustness in the
prototype formulations to ensure a consistent release-
control mechanism in vivo. This can be achieved via
formulation design and additional testing prior to the
in vivo test in humans. The former can be accom-
plished by considering key formulation variables that
are likely to affect in vivo performance such as type
and level of the rate-controlling materials, properties
and loading of the drug and fillers, operating princi-
ple, and size and shape of the delivery system in
designing the prototypes. The latter may involve chal-
lenging the prototypes through testing the in vitro
behaviors (integrity, rank order of drug release) under
different conditions (apparatus, medium, type and
intensity of mixing, physicochemical and mechanical
stress) or studying in an appropriate animal model.
To fully exploit the information and potential of such
in vivo studies for IVIVC, it is also beneficial to select
and remain focused on one type of delivery technol-
ogy in dosage form development. As discussed in
chapter “Rational Design of Oral Modified-Release
Drug Delivery Systems,” when testing prototype for-
mulations with drug-release profiles that bracket the
theoretical target absorption profile in vivo, different
outcomes may be obtained depending on the API, for-
mulation design, and in vitro test methodology.
Fig. 16.10 illustrates four examples of possible
in vitro/in vivo relationships of such a study. Unless
a quantitative IVIVC is obtained in the first study
(Example I), further investigation is required to pur-
sue an IVIVC depending on the outcome. Generally, if
little difference is found in the in vivo performance,
the in vitro test is considered overdiscriminating
(Example IV). It would still be useful to modify the
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test conditions to achieve a similar in vitro perfor-
mance for guiding formulation modifications in the
subsequent in vivo studies. If the formulations show
in vivo differences (rank order or underdiscriminat-
ing), the in vitro test conditions can be modified to
correspond with the in vivo data for establishing an
IVIVC. Adopting such an IVIVC strategy and making
it a part of the dosage form development may take
the following sequential steps:

1. Evaluate in vivo behaviors based on the
understanding of drug’s properties, dosage form,
and their interplays with the GI tract.

2. Identify and investigate the mechanism/variables
that likely influence or control both in vitro and
apparent in vivo drug release.

3. Study test variables to identify condition(s) that:
a. Differentiates between formulations with

different in vivo behaviors.
b. Deciphers the dosage form behavior and its

relationship with the release-controlling variables
(eg, critical formulation, processing parameters).

4. Design an in vitro test that matches in vivo
performance (if feasible).

5. Establish, evaluate, and validate IVIVC.

It is evident that for formulations with varying PK
profiles, developing an IVIVC relies heavily on the
successful design of a discriminating in vitro test
method.

16.4.2 Design of a predictive in vitro test

The first step in developing a predictive in vitro test
is to ensure IVIVC feasibility, that is, that the drug

release from the dosage form controls the drug input
from the GI tract. While the in vitro data generated for
an IVIVC are typically drug release, the estimated
in vivo release or apparent absorption is the drug
availability in vivo. As discussed previously, the latter
is often a function of many other variables in addition
to the drug release. Thus, the possibility of using an
in vitro release test to predict the in vivo performance
is drug and formulation dependent and should be
explored on a case-by-case basis.

In the case of IR dosage form of which dissolution is
limiting the rate of absorption (eg, certain BCS class 2
or 4 drugs), it is sometimes possible to develop disso-
lution tests for predicting differences in bioavailability
among different formulations and dosing conditions.
To achieve an a priori correlation, common approaches
include altering the test apparatus or test conditions,
some of which are described in Table 16.4. For exam-
ple, to simulate the composition, volume, and hydro-
dynamics of the contents in the GI lumen, model
compositions of the gastric and intestinal contents
before and after meal intake were used as the dissolu-
tion media.105 However, success as measured by meet-
ing the rigorous IVIVC criteria for IR has been scarce,
primarily because of the many confounding variables
involved in apparent absorption in vivo.

In comparing in vivo with in vitro data of ER dos-
age forms, it is important to take into considerations a
drug’s properties, stability, and absorption pathways
in relation to the effect of pH, transit time, location of
drug release, food, ER technology utilized, and release-
control mechanisms.7 These types of integrated knowl-
edge are essential in anticipating and evaluating the
possible interplays of drug-GIT, formulation-GIT and
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FIGURE 16.10 Examples illustrating possible outcome of the first bioavailability study of prototype ER formulations with varying in vitro
release rates.
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drug-formulation, and their impacts on the relation-
ship between in vivo and in vivo data. While the
results of an in vivo study are invariant, the evaluation
of the API characteristics, delivery system, and formu-
lation design can provide greater insight into the
in vivo absorption behaviors to help assess IVIVC
opportunity and develop a prognostic method.

In general, the observed difference between the
in vivo apparent absorption or release mechanism and
the in vitro data may be attributed to formulation fac-
tors (eg, robustness of the selected delivery technology
or a particular composition), test method factors,
and/or unique physicochemical and biopharmaceuti-
cal properties of the API (eg, low solubility, high dose,
enterohepatic recycling, saturable metabolism, trun-
cated absorption, effect of the absorbed drug or metab-
olite on the GI motility). Some of the drug-related
factors can’t be simulated by the in vitro test, but they
can confound the deconvolution results or make the IR
reference inappropriate as the UIR to estimate in vivo
absorption if not taken into consideration.33 For exam-
ple, the in vivo absorption of the oxybutynin osmotic
pump was found to be not only higher than that of the
IR reference but also significantly longer (.24 hours)
than the in vitro drug release (B15 hours) and the
average GI residence time of solid dosage forms as
well, resulting in a lack of IVIVC.128 The former could
be attributed to the reduced gut metabolism of the
drug released in the lower bowel.80 However, the latter
observation was not understood because oxybutynin
has neither known pharmacological effects on GI
motility, such as opioid analgesics,129 nor enterohepa-
tic recycling. Wang et al. compared in vitro and
in vivo data of a pulsatile release dosage form of meth-
ylphenidate (Ritalin LA). The double peaks were
observed in plasma concentration-time profile results
from two separate IR doses that were 4 hours apart.130

This is likely a result of the favorable absorption prop-
erties combined with the low dose of methylphenidate.
Slower absorption observed for the second phase can
be attributed to the decreased in vivo dissolution rate
of the second IR due to the changing drug-release
environment in the lower bowel.

Sako et al.131 investigated the effect of composition
of a hydrophilic matrix on the in vivo release of acet-
aminophen. Three formulations containing different
fillers showed similar in vitro dissolution profiles
using different agitation intensity but had considerable
different in vivo performances (Fig. 16.11). The
observed discrepancy was believed to result from the
different gel strengths of the matrix systems. In devel-
oping an in vitro test that differentiates the formula-
tion behaviors, the test method was modified
by subjecting the tablets to mechanical stress after
1 hour of dissolution (shaking with glass beads for

10 minutes), which resulted in drug-release profiles
similar to those in vivo. It should be mentioned that in
addition to creating artificial shear and attrition,13,131

other techniques that are useful to characterize gel
microstructure, formation, and strength of a hydro-
philic matrix system include magnetic resonance
imaging (MRI) microscopy, confocal microscopy, rheo-
metry, texture analyzer, dynamic mechanical analyzer
(DMA), and increasing the ionic strength in the disso-
lution medium.132�138

For high dose-to-solubility ratio drug substances
that undergo drug dissolution upon delivery (meter-
ing) from the ER device, changing the regional dissolu-
tion and absorption environment (eg, surface area,
amount of water, motility, enzymes, and transporters)
may become a significant factor affecting the apparent
in vivo absorption, thus IVIVC. For example, a dis-
crepancy between the in vitro and in vivo data of the
nifedipine osmotic pump was believed to be a result of
the inability of conventional in vitro tests to separate
release (metering) from dissolution due to large vol-
ume of test medium used throughout testing.139

Generally, the in vitro test can become overdiscrimina-
tive or underdiscriminative of the in vivo results when
particle dissolution upon release from an ER system
plays a role in absorption, especially if a significant
portion of the dose is delivered in the lower bowel.

FIGURE 16.11 In vitro drug release and in vivo absorption pro-
files of three hydrophilic matrix formulations of acetaminophen:
(a) and (b) conventional USP test; (c) in vivo absorption;
(d) modified USP test. Reprint with permission: J Control Release
2002;81(1�2):165�172.
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An additional challenge in exploring a predictive
in vitro test for an insoluble compound such as nifedi-
pine is that its extent of absorption also depends on
the particle size (or dissolution rate) of the drug upon
its release from ER system,140 which is difficult to
reflect using a conventional test method. Furthermore,
the potential influence of the solid phase of an insolu-
ble drug substance on in vitro dissolution and in vivo
absorption may also complicate the in vitro and
in vivo relationship. For example, solid phase transi-
tion that occurs in situ or results from precipitation
during drug release141,142 may impact the in vitro and
in vivo drug release in a different manner. It should be
noted that these types of differences may affect the
validity of using an IR reference as the UIR to estimate
in vivo absorption.33

In investigating IVIVC for dosage forms with more
complex release profiles or containing more than one
drug substance (eg, bimodal, pulsatile release, and
fixed-dose combination), it is essential to take into con-
sideration both the properties of individual actives and
their release characteristics. Depending on the release
design feature, separate test methods may sometimes
be required to match the in vivo absorption of the indi-
vidual drugs or one part of the profile. It is also possi-
ble that a predictive test can only be developed for one
of the actives or a portion of the dose and release pro-
files. For example, for a bimodal release profile consist-
ing of an IR followed by an ER or an ER followed by
an IR delivery (Fig. 16.12), it may be feasible to
develop an IVIVC for only one (ER) or both portions
of the curve. However, special attention is required
when developing IVIVC models for more complex MR
dosage forms. In a recent paper, Qiu et al. used three
model drugs to illustrate the importance of under-
standing drug properties and product design in estab-
lishing and evaluating IVIVC of bimodal MR
products.143 Directly modeling in vitro and in vivo

data without first considering drug properties, design
characteristics, release mechanisms involved, and
product behaviors may lead to a misleading, erroneous
outcome or incorrect conclusions in the development
of an IVIVC. For products containing more than one
drug with synchronized or divergent-release profiles,
various IVIVC outcomes are possible depending on a
drug’s BCS class, biological properties, dose, and IR-
to-ER ratio. In any case, a predictive test method will
always be useful whether it is for one or both drugs, a
portion or the entire absorption profile in setting disso-
lution specifications and guiding or justifying changes
to part of the formulation and process of interest.

In the method development process, the challenge
frequently encountered is that the in vitro release not
only differs from the in vivo release/absorption in rate
and extent, but it may also exhibit a different release
mechanism when a routine pharmacopoeial method is
used (eg, USP II, 75 rpm, SIF). A general approach to
developing an in vitro test for IVIVC requires identifi-
cation of the mechanism that controls the in vivo drug
release7,144 For delivery systems that are sensitive to a
release environment, the effects of test variables on
release kinetics need to be investigated in order to
understand how formulation variables and dosage
form behaviors respond to environmental changes. In
certain cases, formulations can be subject to more
stressed conditions (eg, shear stress, high osmolality,
ionic strength or agitation intensity, multiple appara-
tuses) to test robustness or to show difference.
Subsequently, a qualitative or quantitative relationship
between the drug release and key test variables may
be established to guide the selection of a test condition
that allows the in vitro data to match both the mecha-
nism and the rates of in vivo release. To define this
type of relationship, a well-planned experimental
design based on understanding of the API, formula-
tion, and their interplays with in vitro tests is more
important than an attempt to simulate particular
aspects of GI conditions without considering the spe-
cific issues associated with the formulation being stud-
ied. For example, switching to FaSSIF and/or FeSSIF
media or a multicompartment dissolution sys-
tem118,145,146 is unlikely to resolve mismatch problems
between in vitro and in vivo data related to a release
mechanism change, gel strength, API-polymer interac-
tion in vitro, impact of gut metabolism, or transporters
or API on intestinal motility, as discussed previously.

Once an in vitro method that correlates with the
in vivo absorption is established, its value as a quality
control tool of a drug product is significantly
enhanced. It serves as a tool to distinguish between
acceptable and unacceptable drug products with
respect to the in vivo performance. Lastly, it should be
noted that a newly developed method cannot be
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FIGURE 16.12 Illustration of bimodal drug release profiles.
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considered reliable and acceptable unless it has been
validated and demonstrated to be predictive of differ-
ent formulations with varying in vivo performance.

16.5 APPLICATIONS AND LIMITATIONS

The most important aspect of developing an IVIVC
is to identify an in vitro test that can serve as an indi-
cator of how a formulation will perform in vivo and
how changes in formulation and/or processing may
influence product performance. According to the FDA
guidance on IVIVC for extended-release solid dosage
forms,2 a validated IVIVC can be used (1) for setting
meaningful dissolution specifications to ensure prod-
uct quality and in vivo performance and (2) for
requesting a biowaiver so that the regulatory burdens,
cost, and time associated with product development or
postapproval changes can be significantly reduced.

16.5.1 Setting dissolution specifications

In vitro dissolution specifications are established to
ensure batch-to-batch consistency and to differentiate
between acceptable and unacceptable drug products,
thus minimizing the possibility of releasing lots that
might not have the desired in vivo performance. In
general, dissolution behaviors of the clinical bioavail-
ability batches are used to define the amount released
at each time point.1,2 Dissolution specification settings
for IR products should be based on consideration of
BCS classification and its ability discriminate with
respect to changes in critical material, formulation, and
process variables.1,147 For ER products, challenges
often arise in determining the acceptable variation
around each time point for ER dosage forms. For new
drug applications (NDAs) or abbreviated new drug
applications (ANDAs), the specifications are based on
the pivotal clinical batch or biobatch of a drug product.
In the absence of an IVIVC, the range at any dissolu-
tion time point specification has to be within 610% of
the mean profile obtained from the biobatch. A devia-
tion greater than 20% would be acceptable provided
that the batches at the specification limits are bio-
equivalent.1,2 For ER products, a minimum of three
time points covering early, middle, and late stages of
the profile are required, with dissolution of at least
80% at the last time point.

In setting dissolution specifications, a validated
Level A IVIVC is most useful in ensuring that all lots
within the specification limits are bioequivalent. In
general, the convolution approach, as illustrated in
Fig. 16.9, is preferred, and the specifications should be
set on mean data using at least 12 dosage units. In

determining the release limits, the dissolution curves
defined by the upper and lower extremes established
from the biobatch are convoluted to project the
corresponding in vivo plasma concentration profiles. A
maximum difference of 20% in the predicted Cmax and
AUC is allowed between lots with the fastest
and slowest release rates.2,148 Alternatively, an
acceptable set of plasma profiles representing formula-
tions with faster and slower release rates relative to
the biobatch can be used to set dissolution specifica-
tions by deconvolution based on the principles illus-
trated in Fig. 16.3. These curves selected based on
extremes of 20% difference in Cmax and AUC are
deconvoluted, and the resulting input curves are used
to establish the upper and lower dissolution specifica-
tion ranges at each time point via the IVIVC model.

In the case of Level C and Multiple Level C IVIVC,
the specification ranges should be set at the correlation
time point such that there is a maximum of 20% differ-
ence in the predicted AUC or Cmax.

2 If the correlation
involves more than one parameter, the one resulting in
tighter limits should be used. In addition, drug release
at the last time point should be at least 80%. Lake et al.
reported an example of applying Level C IVIVC to set
meaningful dissolution specifications using four carba-
mazepine IR tablets.149 In cases where an IVIVC is
absent or cannot pass validation criteria, it is still
possible, though less optimally, to set a biorelevant
specification using lots representing the upper and
lower dissolution limits that have been shown to be
bioequivalent to the clinical/bioavailability lots or to
an appropriate reference standard. An example of
establishing this type of biorelevant specification is
provided in a case study of this chapter.

Although the general procedure and criteria for the
establishment of dissolution specifications that ensure
bioequivalence based on IVIVC have been pro-
posed,2,150,151 few discussions have centered on the
detailed process and practical considerations in setting
meaningful and realistic specification limits in product
development. Elkoshi152 described a procedure based
on release rates that confines Cmax and AUC values
within any desired range to set the minimum range
specifications for both zero-order and first-order
release products. In reviewing the methods for setting
dissolution specifications, Hayes et al.153 evaluated the
most commonly adopted deterministic interpretation
approach; that is, those batches passing the in vitro
specifications would be bioequivalent, and those fail-
ing the specifications would not be bioequivalent if
tested in vivo. According to the authors, the deter-
ministic interpretation may not be appropriate, and
the conditional probability needs to be considered
due to random variation. Through a computer simu-
lation based on an IVIVC model, the conditional
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probabilities are shown to depend on the choice
of dissolution specifications. The authors further
described a method for optimizing the dissolution
specifications that take production into consideration.
A practical procedure of using IVIVC to establish
dissolution specification based on scientific, regula-
tory, and operation considerations is provided in the
case study section of this chapter.

16.5.2 Supporting waiver of in vivo
bioavailability study

In addition to serving as a quality control test, com-
parative dissolution tests have been used to waive bio-
equivalence or bioavailability studies required for both
IR and MR solid dosage forms under certain circum-
stances. Regulatory requirement including scientific
basis, approaches, and evaluation criteria associated
with these biowaivers have been clearly laid out in
various regulatory guidelines. According to the
regulatory guidelines,1,154�156 the biowaiver request
for investigational new drugs (INDs), investigational
medicinal product dossiers (IMPDs), NDAs, MAs,
ANDAs, and postapproval changes of IR solid dosage
forms should be based on the consideration of a drug’s
BCS class,157 therapeutic index, and potential effect of
excipients on bioavailability. The global regulations
with respect to biowaivers for IR solid oral products in
the USA, the EU, Japan and from the World Health
Organization (WHO) were reviewed by Guptaa et al.6

To stimulate discussion of biowaivers and methods,
the focus group on BCS and biowaivers of the
International Pharmaceutical Federation (FIP) to date
have published scientific data and biowaiver justifica-
tions for a total of 45 BCS class 1-3 compounds in the
Journal of Pharmaceutical Sciences,158 although many
of them have not been accepted by regulatory
agencies. These drug substances include: acetamino-
phen, acetazolamide, acetylsalicylic acid, acyclovir,
amitriptyline hydrochloride, amodiaquine, hydro-
chloride, atenolol, bisoprolol fumarate, chloroquine
phosphate, chloroquine sulfate, chloroquine hydro-
chloride, cimetidine, ciprofloxacin hydrochloride,
codeine phosphate, diclofenac potassium, diclofenac
sodium, doxycycline hyclate, efavirenz, ethambutol
dihydrochloride, fluconazole, furosemide, ibuprofen,
isoniazid, ketoprofen, lamivudine, levetiracetam, levo-
floxacin, mefloquine hydrochloride, metoclopramide
hydrochloride, metronidazole, nifedipine, piroxicam,
prednisolone, prednisone, primaquine diphosphate,
propranolol hydrochloride, pyrazinamide, quinidine
sulfate, quinine sulfate, ranitidine hydrochloride, riba-
virin, rifampicin, stavudine, verapamil hydrochloride,
and zidovudine (azidothymidine).

For modified-release products, a dissolution test
based on a validated IVIVC can be used for obtaining
a waiver for demonstrating in vivo bioavailability
often required for NDAs, ANDAs, scale-up, and post-
approval changes.2,159 The criteria for granting the bio-
waivers using IVIVC are (1) the difference in predicted
means of Cmax and AUC is no more than 20% from
that of the reference product, (2) dissolution meets spe-
cifications. According to the FDA guidance, categories
of biowaivers are also based on the therapeutic index
of the drug, the extent of the validation performed on
the developed IVIVC, and the dissolution characteris-
tics of the formulation. For instance, for nonnarrow
therapeutic index drugs, an IVIVC developed with two
formulations can be used for a biowaiver in Level 3
manufacturing site changes and Level 3 nonrelease-
controlling excipient changes defined in SUPAC
Guidance for MR Solid Dosage Forms.159 If an IVIVC
is developed using three formulations, or two formu-
lations with external validation, a biowaiver may
include (1) Level 3 process changes, (2) complete
removal or replacement of nonrelease-controlling
excipients without affecting the release mechanism,
(3) Level 3 changes in the release-controlling excipi-
ents, and (4) change of strength (lower than the
highest strength).

16.5.3 Limitations and additional considerations

Limitations to the IVIVC methodology reside in the
physicochemical, biological, and pharmacokinetic
properties of the drug substance and the formulation
design, as well as the methodology used to model,
evaluate, and validate the IVIVC.

In the development of an IVIVC, the basic assump-
tion of the linear system analysis is that the drug
substance exhibits linear pharmacokinetic disposition.
Thus, saturable absorption, absorption windows, rate-
dependent absorption or rate-dependent presystemic
metabolism, and enterohepatic recycling are important
factors to consider when modeling and validating an
IVIVC because they directly or indirectly result in
deviation from the linear assumption.12,160�163 In addi-
tion, an IVIVC should not be developed using plasma
concentrations of racemate when there is stereoselec-
tive dissolution or absorption between the two enan-
tiomers.164 More importantly, the dissolution process
should be the rate-limiting step in the absorption pro-
cess, as discussed previously. In most cases, IVIVC
models are being established using the average in vivo
response, thus ignoring the intersubject and intrasub-
ject variability. For drugs that have relatively high
intersubject variability, it is important to take into
account the intersubject and intrasubject variability in
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constructing and evaluating the IVIVC model.148,165,166

Cardot and Davit recently described some of the intri-
cacies and possible traps related to the use of mean
versus individual data, correction of formulations with
different bioavailability, lag time and time scaling, the
impact of intersubject and intrasubject variability, and
the potential confounding effects of flip-flop kinetics.
All of these factors must be considered to increase the
chance of a successful IVIVC.25 Lastly, the in vivo
studies used for developing an IVIVC are conducted
in healthy volunteers under a well-controlled environ-
ment. Factors that might affect the in vivo performance
of the dosage form or physiology should also be con-
sidered,167,168 such as food, disease state, age (pediatric
and geriatric), and drug�drug or drug-GIT interac-
tions, all of which can affect the GI motility and/or the
GI transit time.

The state-of-the-art is such that an IVIVC is typically
only valid for one particular type of dosage form con-
taining rate-controlling excipients with the same
release mechanism. Even with the same type of solid
dosage form, such as a tablet, different release mechan-
isms (eg, diffusion vs osmosis) often necessitate the
development of a separate IVIVC for the same drug
molecule. In IVIVC modeling, the absorption para-
meters obtained with the most widely used
Wagner�Nelson method reflect only the rate and not
the extent of absorption. Problems can arise from a
correlation established using formulations that have
different systemic bioavailability. For example,
decreased or truncated absorption in the lower GI tract
may occur with slow-releasing formulations due to
less liquid available for dissolution, lower permeability
and surface area, the presence of bacterial metabolism,
or a short residence time. As a result, the IVIVC will
be apparently formulation-dependent if not corrected.
This is illustrated using a simulated example. Two for-
mulations (I and II) were originally designed to release
a drug over approximately 8 and 14 hours
(Fig. 16.13a). Following oral administration, decreased
bioavailability of Formulation II was observed because
the window of absorption is found to be approxi-
mately 8 hours (Fig. 16.13b). The apparent in vivo
absorption profiles of the two formulations obtained
by the Wagner�Nelson method are also shown in
Fig. 16.13a. A comparison between the in vitro
release and the in vivo absorption indicates a good
1:1 relationship for Formulation I and a significant
deviation from the relationship for Formulation II as
a result of overestimation of the in vivo absorption.
Therefore, in developing an IVIVC, reduced AUC
needs to be accounted for, for instance, by using
time-dependent function: Xin vivo5 g(t) Xin vitro where
g(t) is a step function for truncated or site-dependent
absorption.

16.6 CASE STUDIES

16.6.1 Influence of API solubility on IVIVC

Nifedipine is practically insoluble. Its in vivo appar-
ent absorption from the osmotic pump or matrix sys-
tems consists of sequential steps of release or metering
of drug particles followed by particle dissolution and
permeation across the intestinal membrane. This is
indirectly supported by the known dependency of bio-
availability on the drug particle size discussed previ-
ously. Conventional USP tests using a large volume of
test medium containing a solubilizer to create sink con-
ditions are incapable of separating the particle dissolu-
tion from the drug release. In investigating the IVIVC
of Push-Pull osmotic pump of nifedipine, Grundy
et al.103 designed a two-phase test to measure the rate
of drug transfer from an aqueous phase into an
organic phase, that is, the processes of release of sus-
pension from the device, particle dissolution, and
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FIGURE 16.13 (a) In vitro release vs in vivo absorption profiles
obtained by Wagner�Nelson method based on (b) Simulated
plasma concentration profiles of two ER formulations with differ-
ent release rates.
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subsequent partitioning into the organic phase
(Fig. 16.14a). The authors demonstrated that a zero-
order rate of drug transfer (0.96 mg/h) obtained from
such a test system closely matched the estimated
in vivo absorption rate of 1.03 mg/h (30-mg strength)
as compared to a rate of 1.7 mg/h based on the con-
ventional test. As a result, an improved 1:1 Level A
IVIVC was obtained for all strengths (R2. 0.99).
Similarly, the impact of the drug’s solubility on IVIVR
was also evaluated in studies comparing ER hydro-
philic matrix formulations containing crystalline and
amorphous compound with high dose-to-solubility
ratio.85,169 Three tablet formulations containing crystal-
line API and 10�30% hydroxypropyl methylcellulose
(HPMC) exhibited different dissolution rates in a con-
ventional USP method using 900 mL of test medium.
However, the in vivo performance of the three formu-
lations is similar, likely a result of a nonsink condition
for the in vivo drug release. When the more soluble
amorphous drug was used in the same type of ER
matrices to improve the particle dissolution, a rank
order relationship between the in vitro and in vivo
data was observed in the same in vitro test.

16.6.2 Developing a predictive in vitro
test11,12,83

Depakote ER tablet is a hydrophilic matrix-based,
extended-release system with high drug loading. It
provides approximately 20 hours of apparent zero-
order in vivo absorption (Fig. 16.15). The active ingre-
dient, divalproex sodium, is a stable and permeable
compound with pH-dependent solubility. During early

formulation development, the in vitro drug release of
three different formulations were all found to be
slower and showed inadequate separation compared
to in vivo absorption (underdiscriminating) when a
conventional test was used (Fig. 16.16a). In addition,
the mechanism of the in vitro release was diffusion
controlled, whereas the apparent absorption profile
obtained by deconvolution showed zero-order absorp-
tion, suggesting a predominantly erosion-controlled
in vivo release (also supported by steady-state plasma
concentration curves in Fig. 16.15).

In order to develop a new in vitro test that predicts
in vivo absorption, statistically designed studies were
carried out to investigate the effects of various in vitro
testing variables on drug release. The variables
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FIGURE 16.15 Mean steady-state plasma concentration profiles
of once-daily Depakote ER tablet dosed under fasting and nonfasting
conditions with twice-daily enteric Depakote tablet as reference.
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investigated included agitation intensity, apparatus,
surfactant, pH, and ionic strength of the dissolution
medium. Based on factorial studies and statistical anal-
ysis, a new set of test conditions was determined and
demonstrated to correlate with the in vivo drug
absorption for various ER formulations (Fig. 16.16b).
Statistical evaluation of the in vitro method based on a
hypothesis test indicated that the same IVIVC equation
holds for the three different formulations (Fig. 16.17a).
A mixed-effects model was used for data analysis in

which the dependence among observations from the
same subject in the human pharmacokinetic study was
taken into account. Fig. 16.17b shows the agreement
between the observed and the predicted plasma pro-
files of the tablets. The method has been successfully
validated internally and externally on multiple occa-
sions over a period of eight years. More importantly, it
has been applied to (1) set meaningful drug-release
specifications, (2) justify biowaivers for postapproval
changes, and (3) assure product quality by timely
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FIGURE 16.16 Mean in vivo absorption versus in vitro release profiles of three formulations using (a) conventional in vitro test method
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FIGURE 16.17 Results of in vivo/in vitro correlation studies of extended-release divalproex sodium tablets: (a) IVIVC plot and (b) mean
predicted in vivo plasma profiles of three different formulations.
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detecting significant dissolution changes during com-
mercial production due to a change of the key rate-
controlling polymer property that could not have been
detected had the conventional dissolution test been
used as a QC tool.170

This study illustrates a useful approach in identify-
ing a predictive method for the development of an
IVIVC, that is, adjusting the dissolution test conditions
to correlate the in vitro data with the in vivo behaviors
of the formulations.

16.6.3 Illustration of setting an optimal
dissolution specification based on IVIVC using
Monte Carlo simulation

The ability to establish a meaningful dissolution
specification acceptable for commercial manufacturing
has profound implications in ensuring consistent prod-
uct performance and the routine production of the
solid products. A specification based on product and
process understanding assures both product quality
and supply. If the specification range is unnecessarily
narrow, the probability of failing a batch is increased
due to the inherent variability of the raw materials, the
product, and the manufacturing process. If a wide
range is set for passing batches or solely based on the
individual product and process capability, the in vivo
performance may not always be ensured, especially in
the absence of an IVIVC. One of the most significant
advantages of establishing dissolution acceptance crite-
ria using an IVIVC is that it offers greater flexibility for
identifying a specification that maximize the probabili-
ties of an assured product in vivo performance and a
successful commercial production. More specifically, it
allows for searching an optimal range in a multidimen-
sional space defined by the needs of bioequivalence,
quality control, manufacturability, and regulation.

One of major challenges in arriving at an optimal
dissolution specification prior to regulatory filing is a
lack of sufficient data to measure process capability at
full production scale. To address this problem, Monte
Carlo simulation can be used to evaluate acceptability
of the proposed dissolution specifications with respect
to manufacturability, bioequivalence, and regulatory
requirement based on the inherent material, product,
and process variability.171�173 Monte Carlo simulation
is a statistical tool for stochastic model calculations
and analysis of propagation from uncertainties in
model inputs into uncertainties in outputs (results).174

It is commonly used to assess risk by making use of a
pseudorandom drawing that simulates the real-life
sampling to produce distributions of different outcome
values. Its core idea is to use probability curves and
random samples of inputs to explore the behavior of a

complex stochastic system and determine/model the
probability of different outcomes that cannot readily
be predicted due to the intervention of random vari-
ables. Monte Carlo simulation generally includes four
basic steps175: (1) define a domain of possible inputs,
(2) generate inputs randomly from a probability distri-
bution over the domain, (3) perform a deterministic
computation on the inputs, and (4) aggregate the out-
puts for analysis. A number of statistical software,
such as Minitab, Matlab, and MS Excel are often used
to run Monte Carlo simulations.

This case study describes a useful approach to iden-
tify the dissolution specification limits that ensure
product quality, performance, and robustness of com-
mercial manufacturing. It is a data-driven approach
that utilizes the available dissolution data, a validated
IVIVC model, and Monte Carlo simulation, consisting
of the following steps:

1. Based on the pivotal biobatch, generate multiple
sets of specification ranges that meet bioequivalence
criteria by confining differences in IVIVC model-
predicted Cmax and AUC values within 20%.

2. Review and gather all existing dissolution data,
which often include individual values of hundreds
or thousands of individual tablets generated from a
pilot scale, a larger scale, and stability studies
during product development, and perform
statistical analysis to estimate the probability
distribution and variability of dissolution data
resulting from natural variations in raw materials,
product, processing, and test method.

3. PerformMonte Carlo simulation to select an
acceptable specification that accommodates the
inherent system variability. Specifically, dissolution
data are generated using Monte Carlo simulation
based on the statistical distribution (mean and spread)
of the existing representative data. The simulated data
are tested against the proposed specification limits
using dissolution stage testing criteria (L1, L2, and
L3). The simulation is typically iterated tens of
thousands of times to estimate the overall probability
of failing different stage testing associated with each
set of proposed specification. For example, 100,000
production lots can be simulated by randomly
sampling 100,000 groups of six tablets for dissolution
stage testing when assessing individual sets of
specification. The simulation is repeated for every set
of proposed specifications until a set of specification is
identified with minimum risk of failing the
dissolution stage testing while ensuring all batches
within the lower and upper specification limits are
bioequivalent to one another.

Table 16.7 shows an illustrative example of this
approach. Monte Carlo simulations were conducted
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using four sets of specifications that meet the in vivo
bioequivalence criteria for an ER tablet product. Sets I
and II are considered acceptable for commercial
manufacturing because they show a minimum risk of
batch failures. It is worth noting that the accuracy and
the reliability of this approach depend on the quality
and the representativeness of the database used to esti-
mate the inherent variability. Data from the commer-
cial production following product approval should be
collected and used to verify the simulation results and
further improve the model if necessary.

16.6.4 Setting clinically relevant specifications

In science-based pharmaceutical development,
IVIVC is recognized as one of the most important bio-
pharmaceutical tools for enhancing drug product and
process understanding and for ensuring consistent effi-
cacy and safety throughout the drug product’s lifecycle
because it allows for the establishment of clinically rel-
evant product specifications. Clinically relevant prod-
uct specifications may be defined as those that can
ensure the delivery of the intended dose at a consistent
rate to patients to guarantee safety and efficacy pro-
files for the marked product relative to those achieved
by the clinical trial formulations. By linking product
quality to the clinical performance in product develop-
ment, manufacturing, and continual improvement,
clinically relevant specifications or controls associated
with product critical quality attributes (CQA), critical
material attributes (CMA), and critical process para-
meters (CPP) are expected to assure high product qual-
ity with a consistent safety and efficacy profile desired
throughout lifecycle of a drug product. As a bridge
between in vitro testing and in vivo exposure, an
IVIVC can be effectively employed for understanding
the impact of the drug product CQAs on in vivo per-
formance. Through IVIVC, product quality specifica-
tions can be established optimally with assured clinical
outcomes, using in vitro dissolution testing as a surro-
gate. For example, Duan et al. reported the use of
IVIVC in setting the clinical relevant specifications for

an ER matrix tablet.176 During the development, three
CMAs were identified as high-risk factors: particle size
distribution (PS) of the API, viscosity of a matrix form-
ing agent (MFA), and the PS of a matrix forming
enhancing agent (MEA). Their impact on dissolution
was investigated using a design of experiments (DOE).
The data were analyzed by partial least square regres-
sions and validated by comparing the model predicted
and the observed dissolution values, along with a
“leave one out” cross validation. The validated model
was first used to predict dissolution at different values
of MFA viscosity, particle sizes of MEA, and the API.
The corresponding effects on AUC and Cmax were
subsequently evaluated using a multiple Level C
IVIVC. The predicted AUCs and Cmaxs were com-
pared to those of the clinical batches with demon-
strated efficacy and safety, and the ratios of AUC and
Cmax were calculated and plotted against the three
CMAs. For instance, Fig. 16.18 shows the combined
effect of MFA viscosity and MEA PS on AUC ratio
predicted using dissolution data at 3 hours under
four different values of API particle size, expressed as
the ratios of larger to smaller particle size (3.2, 6.6,
12.1 and 14.4). The rectangular box encloses the
acceptable spaces for setting appropriate specifica-
tions, since they fall well within the bioequivalence
range (0.8�1.25).

16.6.5 Setting biorelevant dissolution
specification

Methylphenidate (MPH) is an amphetamine-like
central nervous system stimulant commonly pre-
scribed to treat attention-deficit/hyperactivity disorder
(ADHD) in children, adolescents, and adults, as well
as narcolepsy. It is a weak base with a pKa of 8.77 and
a logP of 3.19. Its hydrochloride salt is freely soluble in
water (18.6 mg/mL), stable, and well absorbed from
the intestinal tract with a short elimination half-life of
3�4 hours.177 These favorable properties combined
with a low dose make MPH an ideal candidate for oral
MR delivery. As a result, products using different MR

TABLE 16.7 Monte Carlo Simulation Results for Assessing Four Sets of Dissolution Specifications of an Extended-Release Tablet Based
on IVIVC and Manufacturing Consideration

Specification set Q (2 h) Q (8 h) Q (12 h) Pa (Fail L3) P (pass L1) P (pass L2) P (pass L3)

I NML 20% 35�66% NLT 80% 0.0% 89.3% 10.2% 0.5%

II NML 18% 33�62% NLT 80% 0.0% 78.2% 12.3% 0.5%

III NML 18% 36�60% NLT 80% 0.1% 75.4% 24.4% 0.1%

IV NML 20% 38�58% NLT 80% 0.2% 72.9% 26.1% 0.8%

aP: Probability of passing or failing dissolution stage testing.
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design principles have been commercialized (see
chapter: Product and Process Development of Solid
Oral Dosage Forms). Wang et al. reported a study that
evaluated the in vitro dissolution and in vivo absorp-
tion of MPH from a pulsatile release product (Ritalin
LA capsule) using an IR formulation (Ritalin IR tablet)
as a reference.130 The Ritalin LA capsule consisting of
50% IR and 50% DR beads was designed to mimic PK
performance of the IR product given 4 hours apart. In
the study, three formulations, slow-, medium-, and
fast-release, were prepared by varying the release rate

of the DR portion by coating the IR beads to a different
weight gain with an acrylates copolymer (Fig. 16.19a).
The in vitro dissolution of the three MR formulations
was determined using USP apparatus 1 (100 rpm) in
0.01N HCl for 2 hours followed by a pH 6.8 phosphate
buffer. The three formulations were evaluated in 18
healthy volunteers under fasted conditions using a
single-dose, randomized, four-way crossover design.

It was found that the three test formulations exhib-
ited similar plasma concentration-time profiles with
two peak concentrations and were bioequivalent

FIGURE 16.18 Effect of different combinations of three CMAs on AUC ratios predicted using the in vitro data at 3 h based on a Multiple
Level C IVIVC.

FIGURE 16.19 In vitro dissolution and in vivo absorption profiles of three Ritalin LA formulations and Ritalin IR tablet administered
4 hours apart.
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with respect to Cmax and AUC and the corresponding
values describing the first and second peaks, although
the in vitro dissolutions were different.130 Fig. 16.19b
showed that the absorption of MPH was biphasic, with
a rapid absorption phase between 0 and B2 hours and
a slightly slower second absorption between B3 and
6 hours. The results of this study can be used to justify
and establish the biorelevant dissolution specification
by defining a dissolution space that ensures bioequiva-
lence in the absence of an IVIVC. More specifically, a
wide range of dissolution specifications can be set
based on the in vitro profiles of the fast and slow for-
mulations, as shown in Fig. 16.19a, because batches
prepared within the limits have been shown to be
bioequivalent.

16.7 SUMMARY

The general concepts, theory, modeling methodol-
ogy, assessment, and applications of in vitro/in vivo
correlation have been established and extensively
investigated, though differences in scientific
approaches remain in the details of model develop-
ment and evaluation. The state of the art is such that
there is no universal in vitro model that can mimic or
reproduce the highly complex and dynamic GI envi-
ronment or predict the in vivo performance of solid
oral dosage forms. Therefore, development of an
IVIVC must be carried out case by case based on the
understanding of the API properties, product charac-
teristics, and their interplay with in vitro test method/
conditions.

IVIVC is generally more likely for ER dosage forms
than IR products, since drug absorption is typically
limited by the drug release. To increase the chance of
success, it is crucial to evaluate IVIVC feasibility of
in vitro and in vivo results by integrating knowledge
of physicochemical and biopharmaceutical characteris-
tics of drug substances, dosage form design, and their
interplays with the GI environment and in vitro test
conditions. It is also important to make IVIVC strategy
an integral part of the dosage form development
program.

Once an IVIVC is developed and validated, the pre-
dictive in vitro test can be used as a surrogate for
in vivo studies, a guide for setting meaningful product
specifications, and a reliable tool for quality control.
Whenever feasible, an IVIVC-based in vitro test
method should be implemented in the QC laboratories
such that any potential or unexpected changes of
in vivo performance of a product during production
can be detected to ensure safety and efficacy of every
commercial batch.
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17.1 INTRODUCTION

Preclinical studies are designed to verify therapeutic
targets and assess the efficacy and safety of new drug
candidates in relevant in vitro and in vivo models.
The goals of preclinical studies are to select the right
drug candidates to test in humans and understand the
translation from preclinical results to clinical outcomes.

Preclinical in vivo studies include pharmacokinetics
(PK), efficacy, and safety studies. Early efficacy studies,
including pharmacodynamics (PD), dose scheduling,
and combination studies, are usually conducted in
mice and rats. Safety evaluations, including maximum
tolerated dose (MTD), dose range finding, and good
laboratory practice (GLP) studies, are conducted in
rodent and nonrodent species. Furthermore, telemetry
studies and other in vivo assessments may be required
to mitigate development risks at the preclinical stage.

Different routes of administration can be explored at
the preclinical stage for hypothesis testing. Intravenous
(IV) bolus, IV infusion, oral, subcutaneous and intraper-
itoneal administrations are commonly used at the early
drug discovery stage to understand exposure and signal
relationships. However, the same administration route
as the intended route for the clinical and commercial
drug products is typically required for efficacy and
safety evaluations of drug candidates. Oral and IV
infusion are the most common administration routes for
preclinical safety evaluations.

A desired preclinical formulation should provide
sufficient and robust exposure, have fit-for-purpose
stability, and not cause adverse effects or interference
of test signals in animal models. Achieving the
appropriate exposure during the preclinical stage is
important, as it allows evaluations of target engage-
ment, PK/PD and efficacy relationships, and early
safety liabilities. Suitable formulations are critical to
ensure the achievement of the appropriate exposure for
in vivo assessments. Rational preclinical formulation
development can also facilitate candidate selection and
guide clinical formulation development.

The common challenges of achieving optimal expo-
sure and formulation development at the preclinical
stage include: (1) early leads often have suboptimal
physicochemical (eg, poor solubility, purity, stability
and solid-state properties, batch-to-batch variation)
and PK properties (eg, low permeability, high clear-
ance); (2) lack of PK/PD information and a clear
understanding of the optimal exposure or coverage;
(3) limited compound availability and short timelines;
and (4) lack of in vitro and in vivo relationship for
formulation selection.

Preclinical formulation efforts are often focused on
three areas: (1) enhance solubility and exposure for
poorly soluble compounds, (2) reduce Cmax and/or
prolong exposure to improve the therapeutic index,
and (3) increase exposure at the site of action by local
delivery and targeting.
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This chapter is centered on improving oral exposure
through rational formulation design. There are six
sections in this chapter:

1. Considerations in Designing Formulations for
Preclinical Species

Review formulation, study requirements, and
considerations for safety evaluation.

2. Use of Active Pharmaceutical Ingredient (API)
Properties to Guide Formulation Design

Discuss key physicochemical properties and their
impact on formulation design and performance.

3. Preclinical Formulation Development
Detail preclinical formulation approaches with

a focus on enabling technologies for poorly water-
soluble compounds.

4. In Vitro Dissolution Method to Evaluate
Formulations

Describe current advancements in understanding
of dissolution behaviors of enabling formulation
and rational design of in vitro dissolution methods.

5. Preclinical Formulation Selection
Discuss pros and cons of formulation approaches

and rational formulation selection.
6. Case Study

Illustrate the formulation development process
using a compound from real world.

17.2 CONSIDERATIONS IN DESIGNING
FORMULATIONS FOR PRECLINICAL

SPECIES

17.2.1 Type and requirements of nonclinical
safety assessment studies

A nonclinical safety assessment usually begins in
the drug discovery phase as part of the screening
process that leads to the selection of a candidate for
clinical development, and it reaches all the way into
late-stage clinical development of a potential new
drug. The main purpose of non-GLP studies during
drug discovery is the identification of development-
limiting toxicity. Studies are usually performed for the
last 1�3 drug discovery lead compounds in a rodent
and nonrodent species and aid in the selection of the
final compound chosen to progress into development.
Single-dose studies are typically performed at three-
dose levels to gain information on the toxicokinetic
profile and drug tolerability and to ultimately select a
dose range for repeat-dose toxicology studies. Typical
doses for these early single-dose studies are in the range
of 30�300 mg/kg. Prior to the final selection of a drug
candidate for development, a repeat-dose range-finding

study is conducted for typically 7�14 days in a
rodent (rat or mouse) and nonrodent (dog or monkey)
species, with the route of administration usually being
driven by the final intended route of administration
in humans.

During the development phase, single and repeat-dose
studies are designed to assess various toxicology areas
such as carcinogenicity, immunotoxicity, phototoxicity,
reproductive and developmental toxicity, genotoxicity,
local tolerance, and abuse liability. The typical endpoints
for repeat-dose toxicology studies are toxicokinetics,
clinical signs, clinical pathology (hematology, serum
chemistry, coagulation, urinalysis), gross pathology,
histopathology, and safety pharmacology (cardiovascu-
lar, central nervous system, respiratory). Core safety
pharmacology and genetic toxicology studies need to
be conducted prior to a new drug candidate entering
clinical studies in humans for the first time. Timing for
reproductive studies depends on the human population
to be exposed. Prior to the compound entering the first
clinical studies, an investigational new drug-enabling
GLP study is required in a nonrodent and a rodent
species, which usually lasts for 4 weeks, and is needed
to set clinical starting doses and dose-escalation para-
digms. Safety studies in later development stages in
general provide guidance to clinical investigators and
maintain subject and patient safety in clinical studies
and following registration. A stepwise process is utilized
in the planning of clinical trials to assess the potential
toxicity in advance of use in humans. For short clinical
studies lasting for less than 6 months, the same duration
of a preclinical study in a rodent and a nonrodent spe-
cies is required. For long-term clinical studies lasting for
more than 6 months, a 6-month rodent and a 9-month
nonrodent study are performed. Carcinogenicity studies
are usually conducted in mice and rats and last for
2 years, with tumorigenicity as the main endpoint.
However, for products with a maximal clinical dosage
duration of less than 6 months, or those intended for
life-threatening oncology indications, carcinogenicity
studies are generally not required.1

17.2.2 Complexities caused by high exposure
requirement but minimal adverse effect

The timing of a nonclinical study (discovery or
development), dose regimen (dose, frequency, and
duration), test species, and route of administration all
have a significant impact on the formulation develop-
ment strategy. The ultimate goal is to maximize the
exposure in the test species to identify the safety risks
associated with the test compound. The desired target
plasma concentrations of nonclinical toxicology studies
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usually far exceed the intended therapeutic range for a
given drug, oftentimes 100-fold or more, depending on
the therapeutic area for which the drug is developed.
Especially in rodent species, extremely high doses are
often explored to establish a no observed adverse effect
level, the highest dose causing no serious adverse
effect; an MTD; and an overt toxicity level (lethality).
In order to enable the extremely high plasma concen-
trations desired in nonclinical studies, the formulator
is challenged with the identification of formulation
options that solubilize the drug substance and keep
it from precipitating after administration to achieve a
close-to-dose proportional increase in exposure over
a very wide dose range. However, due to the limited
solubility of most test compounds, a less-than-dose
proportional increase in exposure and ultimately a pla-
teau beyond which exposure does not increase further
with increasing dose are often observed at the higher
end of the dose range, as shown in Fig. 17.1.

17.2.3 Complexities in dosing preclinical
species

At the same time, a formulator needs to be aware of
the physiological differences between nonclinical test
species, some of which are summarized in Table 17.1.
Especially for oral administration, these physiological
differences can have a profound effect on the perfor-
mance of a formulation, since the oral absorption is, in
many cases, limited by the test compound’s solubility
or dissolution rate, and, therefore, factors such as gastric
residence time and gastrointestinal (GI) residence time

can greatly impact the exposure achieved from a given
formulation in different species. In addition, since many
test compounds are ionizable, the differences in the gas-
tric and intestinal pH of the test species could cause sig-
nificant differences in the ionization state and solubility
of the test compound, leading to differences in the ten-
dency or extend of precipitation from a solubilized for-
mulation once it enters the gastric milieu after oral
administration.

Differences in the stomach capacity of test species
result in species-specific restrictions to the maximum
volume that can be administered orally per dose.
The administration of excessive dose volumes may
produce pain, excitement, altered physiological para-
meters (eg, serum electrolyte imbalance, increased
blood pressure, and increased respiration rate) and can
cause abnormal test compound absorption. The ideal
and maximum dose volume limits are usually defined
by animal care and use committees in each organiza-
tion that conducts animal studies. While these limits
are typically aligned based on surveys amongst phar-
maceutical companies, biotech companies, and contract
research organizations and based on literature,14 there
might be differences in the limits used from organiza-
tion to organization. Table 17.2 lists commonly used
maximum dose volumes for different species that the
authors have experience with, but these should not
be interpreted as absolute guidelines.

FIGURE 17.1 Interplay between dose and exposure level require-
ment in various studies. MTD, maximum tolerated dose; NOAEL, no
observed adverse effect level.

TABLE 17.1 Physiological Differences Between Nonclinical Test
Species2�12

Parameters Humans Rats Dogs Monkeys

Fasted gastric pH 0.95�3.2 1.5�3.0 3.5�4.5 2.8�4.0
Fed gastric pH 4.3�5.4 3.8�5.0 3.5�5.5
Basal gastric
output (mEq/h)

2.0�5.0 0.8657
(mL/4 h/
100 g)13

0.1 Similar to
humans unless
stressed

Peak output
(fed state),
(mEq/h)

18�23 39 Similar to
humans unless
stressed

Duodenum pH 5.0�7.0 6.5�7.0 5.5�7.5 5.6�6.0
Stomach
capacity (L)

1�1.6 1.0 0.1

Gastric emptying
time (min)

16�140 10�30 100

Sm. intestine
transit time (min)

240 90 60�120

Total GI
residence
time (min)

2400 1200 770 1200
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These dose volume restrictions have a significant
impact on the solution or suspension concentration that
is required to administer a defined dose. Therefore, the
target concentration that a formulator has to aim for
to administer a given dose can vary depending on
what test species the formulation is developed for, as
outlined in Table 17.2.

17.2.4 Complexities due to use-limit of
excipients

An additional challenge for the formulation selection
for nonclinical safety studies is the fact that the majority
of newly selected drug candidates have poor aqueous
solubility and low bioavailability (BA) from suspension
formulations, and oftentimes the formulator needs to
employ a combination of multiple cosolvents, surfac-
tants, or other excipients to increase the solubility and
the precipitation resistance of the test compound to
achieve the desired in vivo exposures. However, it is
important to consider the potential for undesirable
effects of the selected excipients and to stay within the
ranges that do not lead to toxicity findings caused by
the vehicle itself, which could interfere with the intended
readout of the safety study.1,15,16 Excipients employed
in formulations should ideally maximize exposure
while having minimal impact on the pharmacology and
toxicology readouts. The final dosing formulation will be
selected based on the chemical and physical stability,
the solubility, the required concentration (mg/mL),
wettability, crystallinity, and the acceptability of the exci-
pients in animals. Since many excipients have physiolog-
ical effects (eg, GI permeability, transit time, mobility,
efflux, and metabolism), their impact on the PK, effi-
cacy, and toxicity should be taken into consideration.
At times, the side effects observed after the administra-
tion of the vehicle alone may appear manageable,

but these effects could exacerbate drug-related side
effects, thereby complicating the interpretation of the
study results.

The acceptable level of a specific excipient also
depends on the dose frequency and duration of the
study. For single-dose studies or repeat-dose studies
that only span several days, a well-understood, low-
level biological or toxic effect of the vehicle might be
acceptable, allowing the formulator to use higher con-
centrations and doses of certain excipients. However,
for long-term repeat-dose studies, such effects may
not be tolerated, and the formulation has to be
adjusted to lower levels of the excipient that causes
the effect.

When selecting a vehicle, both the concentration
and the total dose of the excipients should be taken
into consideration. The sensitivity towards a specific
excipient can be species-dependent. A common exam-
ple of a vehicle-related effect is the laxative effect of
the cosolvent polyethylene glycol (PEG) 400 or surfac-
tants such as poloxamers, causing loose stool and eme-
sis in dogs and primates, which can lead to variable
and reduced exposure.17�20 Rats and mice, on the
other hand, usually show a much higher tolerance for
such excipients and can, therefore, be safely dosed
with higher levels. Surfactants such as poloxamers,
Cremophor EL or vitamin E D-alpha tocopheryl poly-
ethylene glycol 1000 succinate (TPGS) at high doses
may inhibit the efflux transporters such as P-gp, and,
therefore, have the potential to impact the PK profile
of certain test compounds that are P-gp substrates.
In addition, they may alter the extent of gut wall
metabolism and change the exposure of metabo-
lites.17,21 The acceptability and potential side effects of
a given excipient can also be related to the intended
study duration. Corn oil, for example, is well suited
for short-term studies, but when administered chroni-
cally in rats, it can cause altered body weight, survival
rate, and tumor incidence.1 Vehicle-related toxicities
or changes in PK or metabolite profile of the test com-
pound could complicate the interpretation of the study
results, especially when there is no previous internal
experience or published data. As with dose-volume
restrictions mentioned earlier, many organizations
have established their own internal guidance on the
acceptable limits for each of the commonly used exci-
pients depending on test species (and in some cases
different strains of the same species), route of adminis-
tration, and dose regiment (single or repeat-dose
study).

Table 17.3 provides examples of such limits for
typically used levels of certain excipients and com-
monly observed adverse effects associated with these
excipients that are based on literature1,15�17,22 and
experience from the authors’ organizations.

TABLE 17.2 Dose Volume Guidance

Species

Average

Weight

(kg)

Dose

Volume

(mL/kg)

Average Max.

Volume per

Dose (mL)

Solution/

Suspension Conc.
Required Using

Example Dose of

20 mg/kg (mg/mL)

Mouse 0.025 10 0.25 2

Rat 0.25 10 2.5 2

Rabbit 4 10 40 2

Dog 10 5 50 4

Macaque
(Cyno)

5 5 25 4

Marmoset 0.4 10 4 2
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TABLE 17.3 Examples of Excipients Use Limits

Single Dose

Comments

Mice Rats Dogs Monkeys

Oral %

w/w

(g/kg)

IV %

w/w

(g/kg)

Oral %

w/w

(g/kg)

IV %

w/w

(g/kg)

Oral %

w/w

(g/kg)

IV %

w/w

(g/kg)

Oral %

w/w

(g/kg)

IV %

w/w

(g/kg)

Cosolvents PEG 400
(Polyethylene glycol
400)

100 (10) 50 (1.5) 100 (20) 50 (1.5) 80 (5) 30 (1) 25 (5) 30 (1) Loose stool, emesis,
renal toxicity

PG (Propylene glycol) 80 (2) 80 (1) 80 (6) 80 (1) 80 (5) 80 (5) 50 (5) 50 (5) Loose stool, emesis

DMSO (dimethyl
sulfoxide)

50 (0.5) 100
(0.1)

50 (0.5) 100 (0.1) 50 (0.5) 100 (0.05) 50 (0.5) NR

Ethanol 20 (1) 20 (0.5) 20 (1) 20 (0.5) 50 (2) 20 (0.5) 25 (2) 20 (0.1) Peritoneal adhesions,
liver and spleen
peritonitis

DMA (N,N-
dimethylacetamide)

10 (1) 10 (1) 10 (0.5) 2(0.05) 10 (0.5) 2(0.1)

Surfactants Tween 80
(polysorbate 80 /
polyoxyethylene
sorbitan monooleate)

10 (2.5) 2.5 (0.8) 10 (2.5) 2.5 (0.3) 10 (1) NR 10 (1) NR Anaphylaxis in dogs
when dosed IV

Pluronic F68
(Polyoxyethylene-
polyoxypropylene
block copolymer)

20 (2) 20 (1) 20 (1.5) 20 (1) 15 (1.5) 15 (0.5) 15 (1) 15 (0.5)

Cremophor EL
(polyoxyl castor oil)

10 (3) 10 (0.3) 10 (3) 10 (0.3) 10 (3) 10 (0.1) 10 (0.5) NR Loose stool,
anaphylaxis in dogs
when dosed IV

Labrasol
(caprylocaproyl
macrogol-8-
glycerides)

50 30 50 30 40 (1) 70 (2)

Vitamin E TPGS 1000
(D-α-tocopheryl
polyethylene glycol
1000 succinate)

25 (2.5) 25 (1) Causes hemolysis if
administered IV

Cyclodextrins HP-β-CD
(hydroxypropyl-
β-cyclodextrin)

50 (5) 50 (2.5) 50 (5) 50 (2.5) 50 (5) 50 (2.5) 50 (2.5) 50 (0.5) Loose stool

SB-β-CD
(sulfobutylether-
β-cyclodextrin)

30 (5) 30 (4) 30 (5) 30 (4) 30 (1.5) 20 (3) 30 (1) 30 (3) Loose stool, renal
tubule vacuolation
and foamy
macrophages at large
doses

Lipids Miglyol 812
(mid-chain
triglyceride of
caprylic/caproic acid)

60 (1.5) 30 60 (1.5) 30 15 (1.5) Loose stool

Labrafil 1944CS
(polyoxyethylated
oleic glycerides)

4 4 4 4 Loose stool

Capmul MCM
(medium chain
mono- and
diglycerides)

50 40 50 (1) 40 2.5 Loose stool
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17.3 USE OF API PROPERTIES TO GUIDE
FORMULATION DESIGN

Understanding of API physicochemical properties is
essential for developability assessment and formulation
design. Oral BA can be impacted by many factors,
including solubility, dissolution rate, stability, perme-
ability, and metabolism. It is critical to understand the
BA limiting factors and if exposure can be improved
through formulation design. For example, if the oral
exposure is limited by solubility/dissolution or stabil-
ity, formulation can usually improve the exposure.
However, if the oral exposure is limited by permeability
or metabolism, then it is less likely to be improved
through formulation.

In this section, we will discuss the impact of key
API properties on oral absorption and formulation
design.

17.3.1 Solubility and bioavailability

Solubility is one of the key attributes of a drug
candidate, as it can significantly impact in vitro profil-
ing, in vivo exposure, and formulation development
and performance. Low solubility is one of the major
challenges for drug discovery and development. Up to
75% of drug candidates in development are classified as
low solubility.23 It is believed that high-throughput
screen (HTS)-based chemistry approaches and explora-
tion of more challenging targets are leading to more
hydrophobic and less soluble drug candidates.23�25

17.3.1.1 Factors that impact solubility

Aqueous solubility of a given molecule is the inter-
play of multiple factors, including solid-state properties
(eg, crystal packing, lattice energy), ionization (pH, pKa),
and solute/solvate interactions. It is important to under-
stand what limits solubility to guide the formulation
effort.

17.3.1.2 Solid-state properties

The equilibrium solubility of a pharmaceutical solid
is not only dependent on solvent and solute interac-
tions but also on the intermolecular interactions in
the solid state. The compound has to overcome crystal
packing to dissolve in the solvent. Therefore, solid-
state properties can impact API stability and solubility.
Higher apparent solubility is typically observed from
solids with a higher energy state (eg, metastable or
amorphous solids). The most thermodynamically sta-
ble form has the lowest energy stage and the lowest
solubility. The melting point and heat of fusion can
be reasonable indicators for lattice energy at early
development. Disruption of the tight crystal packing

through the molecule design can be a viable approach
to increase the solubility at the drug discovery stage.
Recently, the solid-state perturbation tool has been
adopted to predict solubility and suggest chemistry
modifications to improve solubility based on the interac-
tion energy calculated from a single crystal structure.26

The rationale of this approach is to improve solubility
by altering the crystal packing energy via designing in
weaker intermolecular interactions without impacting
the other key properties such as potency, selectivity,
and lipophilicity.

17.3.1.3 pH and pKa

The ionization state of a molecule can significantly
impact its solubility. The solubility of an ionizable com-
pound is strongly dependent on the pH of the media and
the pKa of the molecule. The solubility of an ionizable
compound can be described by the pH-solubility rela-
tionship derived from the Henderson�Hasselbalch
equation, where the solubility is a function of intrinsic
solubility (S0), pH of the medium, and pKa of the mole-
cule. Detailed solubility equations are listed in chapter
“Solubility of Pharmaceutical Solids” (Eq. 1.42 for
acidic compound and Eq. 1.45 for basic compound).
Fig. 17.2 shows the solubility of acidic compounds as a
function of pH, intrinsic solubility, and pKa. It high-
lights the importance of selecting a compound with
a higher intrinsic solubility. It also indicates the benefit
of having a stronger pKa in chemical structure for
solubilization purpose.

However, it is well known that the ionization state
not only impacts solubility but also affects permeability,

S0 = 0.001 mg/mL, pKa = 6

S0 = 0.001 mg/mL, pKa = 5S0 = 0.001 mg/mL, pKa = 4

S0 = 0.01 mg/mL, pKa = 4

S0 = 0.1 mg/mL, pKa = 4
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FIGURE 17.2 Illustration of how changes in intrinsic solubility
S0 and pKa affect the pH-solubility profile of an acidic compound.
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distribution, and other PK properties. The ionization
state can also impact binding to transporters, enzymes,
complexation (eg, with cyclodextrins),27 and partition
into organic solvents. Therefore, many properties need
to be considered and balanced when it comes to the
design or the selection of an optimal pKa value for a
drug candidate.

17.3.1.4 Lipophilicity

Lipophilicity plays a significant role in drug discovery
and compound design. The lipophilicity of an organic
compound can be described by a partition coefficient,
logP, which can be defined as the ratio of the concen-
tration of the unionized compound at equilibrium
between organic and aqueous phases. For compounds
with ionizable groups, the distribution of species is
impacted by pH. The ionization state of a molecule can
impact its lipophilicity. This leads to the definition of
the distribution coefficient (logD) of a compound,
which takes into account the dissociation of weak acids
and bases. Generally speaking, more lipophilic com-
pounds are less soluble in aqueous media. However,
lipophilic compounds may have good solubility in oils
and lipids; therefore, they can be good candidates
for lipid-based formulations.

Lipophilicity not only impacts solubility but also
influences permeability; potency; selectivity; absorption,
distribution, metabolism, and excretion (ADME) proper-
ties; and toxicity. High lipophilicity (logP. 5) often
contributes to high metabolic turnover, low solubility,
and poor oral absorption. In addition, highly lipophilic
compounds tend to bind to hydrophobic targets other
than the desired target, and, therefore, there is an
increased risk of promiscuity and toxicity.28,29 Low lipo-
philicity can also negatively impact permeability and
potency and thus results in low BA and efficacy. Leeson
and St. Gallay conducted an analysis on patented com-
pounds between 2000 and 2010 from 18 pharmaceutical
companies, including Abbott, AstraZeneca, Bristol-
Myers Squibb, Lilly, and Novartis. They found that the
mean logP of these patented compounds range from 3.5
to 4.5. In addition, across the 18 companies, there was a
trend of reduction in cLogP over time that was small but
statistically significant.30 It is generally considered that
compounds with a logP greater than 1 or less than 4 are
more likely to have optimal physicochemical and ADME
properties for oral drugs.31�33

17.3.2 Solubility prediction and screen

17.3.2.1 Solubility prediction

Solubility prediction remains an area of interest for
many researchers. Various prediction models have
been reported in the literature. The models for intrinsic

solubility prediction can be divided into several
categories34: (1) fragment or group contribution-based
models,35�37 (2) logP and melting-based models,38,39

and (3) statistically derived models based on 2-D or 3-D
chemical descriptors.40�42 However, the accurate predic-
tion of solubility remains challenging. The majority of
organizations still relies on experimental solubility
results for compound prioritization and decision making.

17.3.2.2 Solubility screen and measurement
methods

High-throughput (HT) solubility screening methods
have been widely used to profile solubility during the
early drug discovery stage. A large number of com-
pounds to be profiled in various assays also requires
standardized procedures in compound handling and
distribution. In most cases, these are performed in
96-well or 384-well microtiter plates. For early HT
solubility assays, the compounds are often dispensed
by two methods. One method is to introduce the com-
pounds as dimethyl sulfoxide (DMSO) stock solutions
into aqueous media. The alternative method is to
dispense the compounds as DMSO solutions, and then
aqueous media are added after DMSO is removed
from the plate. The final pH and solid form are
typically not measured or characterized in either case.
The HT solubility is determined by measuring the con-
centration of the saturated solutions using UV-Vis
spectroscopy or liquid chromatography (UV or LC)
after the solids are removed by filtration/centrifuga-
tion or by detecting precipitation formation using UV
or nephelometric turbidity detector. These HT assays
tend to overestimate the solubility due to the remain-
ing organic solvent and/or formation of amorphous
material during precipitation from DMSO stock solu-
tion. However, it is a very useful tool to rank the order
of the compounds and flag the solubility risks at the
early stage with only a small amount of compound
required. In addition, the early solubility information
also helps to interpret results from other in vitro
assays.

During the lead optimization phase with a short list
of compounds, it is recommended to conduct an equi-
librium solubility study using crystalline solids with
final pH and physical form measurements. This is
because the pH and the physical form can significantly
impact the solubility, as we previously discussed.
In addition, the physical form can change during
the course of solubility experiments. For examples, a
free form can form a salt or a hydrate, or an amor-
phous material or metastable polymorph can convert
to a more stable crystalline form. Therefore, it is
important to understand the physical form of the
initial and final solids. The most commonly used
techniques to characterize the physical form of the
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residual solids from solubility studies are polarized
light microscopy (PLM) and powder X-ray diffraction
(PXRD) (refer to chapter: Solid-State Characterization
and Techniques, for techniques used for solid-state
characterization).

During the drug development stage, the “shake-flask”
method is typically considered as the standard method
for determining the thermodynamic solubility. In the
shake-flask method, a compound with known physical
form (typically with most stable crystalline form) is
added into a flask/vial with an excess amount to the
medium, and the resulting suspension is agitated at a
predetermined temperature and speed. Samples are
collected at the predefined time point(s) typically at
least 1�2 days. The residual solids are removed by filtra-
tion, the solubility of the compound is quantified
by high-performance liquid chromatography (HPLC) or
ultra-performance liquid chromatography (UPLC), the
final pH is measured and recorded, and the physical
form of the residual solids is characterized.

A detailed review of the solubility determination
method is out of the scope of this chapter. There is a
vast amount of information on this topic in literature
for interested readers.43,44

17.3.2.3 Solubility screen in vehicles

The pH solubility measurements are typically per-
formed during the early stage of development. Some
organizations also incorporate solubility in biorelevant
media in the early-stage HT screens to understand
the developability risk as oral candidates. Solubility
in different organic solvents is sometimes conducted
to facilitate polymorph, salt selection, and process
optimization. For poorly soluble compounds, additional
solubility screening is typically performed with differ-
ent solubilizing vehicles to guide the formulation design
and developability risk assessment. Solubilizing vehicles
include cosolvents, surfactants, complexation agents,
and oils/lipids. The common screening excipients are
listed in Table 17.4. In addition, different counterions
also impact solubility due to different Ksp values. In situ
salt screening with different counterions can provide
useful information on solubility enhancement and for-
mulation development. The theory and practical aspects
of in situ salt formation to improve solubility have been
discussed in the literature.45,46

With more technology advances such as solid
dispensing, analytical and solid-state tools, there is an
increasing trend to use prediction tools at early stage
and incorporate HT capability in later-stage solubility
measurement to increase efficiency and reduce the
cost. At the same time, there is also an increasing
desire to build in more focused screens with a more
rational selection of excipients and conditions based
on physicochemical properties of the compound.

17.3.3 Formulation design with solubility
information

If exposure is limited by solubility or dissolution rate,
it is critical to understand what factors limit solubility.
For ionic compounds, pH adjustment and salt formula-
tion are the most commonly used approaches to enhance
solubility and dissolution. For compounds with a high
melting point and tight crystal packing, a number of
approaches, including cocrystal, salt, and amorphous for-
mulations, can be explored to disrupt the crystal packing.
For compounds with a strong tendency to precipitate
from a solution or crystallize from an amorphous form,
exicipients such as polymers or surfactants may be
required to inhibit or delay precipitation or crystallization
by reducing API�API interactions, molecule mobility, or
supersaturation ratio. For highly lipophilic compounds, a
lipid or oil-based formulation such as an emulsion or
self-emulsified drug delivery systems (SEDDS) may be
considered to improve solubility. In some cases, lipid or
oil-based formulations may enhance permeability and
promote lymphatic absorption. These solubility/dissolu-
tion enhancing approaches will be discussed in more
details in the enabling technology section.

17.3.4 Stability

The physical and chemical stability of a compound
is very important for developability assessment and

TABLE 17.4 Typical Excipients and Vehicles Screened for
Solubility During Early Stage of Development

Type of Vehicles Examples

pH buffers pH 1, pH 4, pH 6.5, pH 7.4, pH 9

Biorelevant media SGF, FaSSIF, FeSSIF

Cosolvents Polyethylene 400 (PEG 400), propylene glycol
(PG), ethanol and dimethylacetamide (DMA)

Surfactants Polysorbate 80 (Tween 80), Polyoxyl 15
Hydroxystearate (Solutols HS 15/Kolliphors

HS 15), Pluronics F-68, Polyoxyl-35 castor oil
(Cremophors EL/Kolliphors EL),
D-α-tocopheryl polyethylene glycol 1000 succinate
(Vitamin E TPGS), caprylocaproyl polyoxyl-8
glycerides (Labrasol), sodium lauryl sulfate (SLS)

Complexation Hydroxypropyl-β-cyclodextrin (HP-β-CD),
sulfobutylether-β-cyclodextrin (SBE-β-CD/
Captisols)

Oils/Lipids Medium-chain triglyceride (eg, Miglyols 812),
medium-chain monoglycerides & diglycerides
(eg, Capmuls MCM), phospholipids (eg,
Phosals 53 MCT)

Counterions
(for ionizable
compounds)

Acidic compounds: NaOH, KOH, meglumine,
lysine, arginine, etc. Basic compounds: HCl,
methanesulfonic acid, phosphoric acid, etc.
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formulation design. The primary goal of the stability
assessment at the preclinical stage is to (1) elucidate
the development risk with respect to temperature,
pH, light, humidity, and oxygen; (2) guide formula-
tion design; and (3) define the storage condition and
shelf life.

Liquid formulations are the most commonly used for-
mulations for preclinical studies. The major routes
of degradation are through hydrolysis, oxidation, or pho-
tochemical means. In addition, the presence of excipients
such as cosolvents, complexing agents, and surfactants
can also impact formulation stability. Understanding of
stability and degradation mechanisms is important
for selecting the dosage form, optimizing formulation
variables, and defining storage conditions. During the
candidate selection phase, accelerated stability
studies of drug substances and formulations are typi-
cally performed in selected conditions.

17.3.4.1 Implication to formulation design

In order to mitigate the chemical stability risk via
formulation design, it would be ideal to understand
the rate, mechanisms, and pathways of degradation,
although it may not be feasible at the early stage
of drug discovery and development. Hydrolysis is
affected by pH, temperature, buffer species, and ionic
strength. The reactions are typically acid or base cata-
lyzed; therefore, pH is one of the key factors influenc-
ing the stability of a compound. It is common to adjust
the pH of a formulation to maximize or balance stabil-
ity and solubility. Oxidation is another common degra-
dation encountered. Autoxidation is the most common
oxidative route, and its pathway can be described in
three stages: initiation, propagation, and termination.
In addition, hydroperoxides, common impurities in
pharmaceutical excipients such as Tween 80, PEGs,
and PVP, can catalyze oxidation.

Certain excipients (eg, antioxidants or complexing
agents) can be used to improve chemical stability.
For example, cyclodextrins have been reported to
improve the photo and hydrolysis stability due to pro-
tection of functional groups that are sensitive to
the degradation.47,48 In addition to formulation pH and
excipients, concentration range and storage conditions
can be optimized to maximize stability. If the
compound is extremely unstable in a solution, alterna-
tive formulations need to be considered. Suspensions,
oil/lipid, or solid formulations may have a better chem-
ical stability than solution formulations.

Physical instability such as precipitation of a solution,
dissociation of a salt, or physical form conversion in a
suspension or solid dosage forms can also negatively
impact the formulation quality and in vivo exposure.
Formulation approaches, composition (including con-
centration, pH, and excipients), and storage conditions

can be explored to achieve the required stability for pre-
clinical studies. For example, surfactant and polymeric
excipients can inhibit or delay the physical form conver-
sion in suspensions.

17.3.5 Evolution of solid forms and
batch-to-batch variation

At an early stage, the synthesis route and the
crystallization process are not fully developed or
optimized. Batch-to-batch variation in the physical form
and impurity profiles are common with early drug
discovery batches. The physical form is often not
optimized, and early batches tend to be amorphous or
metastable forms. The impurity profiles can also change
from batch to batch. The physical form can impact solu-
bility, stability, and, therefore, BA of the drug candi-
date. For example, a suspension or a solution
developed with a metastable form from an early batch
can achieve good exposure. However, when a more
stable crystalline form is produced with later batches,
the suspension formulation may not provide sufficient
exposure due to decreased solubility of the new, more
stable crystalline form, or the compound may not be
formulated in the same solution formulation devel-
oped with the early batch. The impurity profile can
also impact the formulatability and chemical stability.

17.4 FORMULATIONS FOR BCS
CLASS I/III COMPOUNDS

One of the biggest challenges for toxicology dosing
formulation development is the high dose requirement
to assess the toxicity of test compounds. Paired with
species-specific restrictions on dose volume, these dose
requirements often result in very high target concentra-
tions for formulations. The biopharmaceutical classifi-
cation system (BCS), introduced in 1995 by Amidon49

and incorporated in 2000 by the Food and Drug
Administration as a guidance for industry,50 divides
drug substances into four classes, depending on their
solubility and permeability (Fig. 17.3). The distinction
between high and low solubility compounds depends
on the highest administered clinical or commercial dose
of a given compound. If this dose is soluble in #250 mL
of an aqueous media across the entire physiological pH
range (pH 1 to 7.5), the compound is considered high
solubility and is assigned to BCS Class I or III. If the
highest dose is only soluble in .250 mL, the compound
is assigned to BCS class II or IV.

Since doses required for a nonclinical safety assess-
ment often exceed clinical/commercial doses by far,
the BCS does not strictly apply to the formulation
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development for nonclinical safety studies, since even
BCS class I and III compounds do not necessarily
dissolve completely in 250 mL at the highest doses
administered during these studies. However, due to
their high aqueous solubility, BCS class I and III com-
pounds still represent the best chance to be formulated
as simple solutions or suspensions without the need
for more complicated formulation strategies involving
solubility-enhancing excipients.

17.4.1 Aqueous solution formulations

The approach that oftentimes allows for the easiest
formulation preparation and handling is a solution.
Amongst solution formulations, purely or mostly
aqueous systems are most preferred, since they elimi-
nate the potential risk of an excipient-related toxic
effect. Even if the solubility of the test compound is
not sufficiently high across the entire physiological pH
range, solution formulations at high concentrations
might still be achievable in the case of ionizable drug
substances. In addition to the reduced risk of
excipient-related toxic effects, solution formulations
have the advantage that solid-state properties of the
drug substance, such as crystal form or particle size,
are of no concern assuming the most stable form is
used in producing the solution formulation. In most
cases, they can be easily prepared by dissolving the
drug substance at the right concentration with pH
adjustment if necessary. Stirring or sonicating of the
formulation for a period of time might be required to
achieve full dissolution of the test compound. Stability
studies that are required to support use-time recom-
mendations for GLP studies need only be focused on
the chemical stability of the test compound and poten-
tial light or temperature sensitivities thereof. It should,

of course, be ensured that no precipitation out of solu-
tion occurs under the recommended storage conditions
and durations.

Due to the often very high concentration require-
ments for safety studies mentioned earlier, only a few
compounds allow for the use of fully aqueous solution
formulations across the entire dose range of a toxicol-
ogy study. Other approaches to increase the solubility
of a test compound and allow for the use of solution
formulations include the addition of cosolvents, surfac-
tants, or complexing agents (these approaches will be
covered in a separate section in this chapter); however,
they introduce the risk of vehicle effects, and care
needs to be taken to stay within the concentration and
dose volume limits for each excipient depending on
the test species.

17.4.2 Suspension formulations

In cases where the solubility of the test compound
is not sufficient to dissolve the dose into a solution
formulation, a suspension formulation is typically
developed. For BCS class I and III compounds, dosing
of a suspension might still result in a dose-proportional
increase in the exposure across most of the dose range,
since the compound might have enough solubility/
dissolution rate in the aqueous environment of the GI
tract to fully dissolve and get absorbed, even if the
solubility is not high enough to dissolve the entire dose
in the dose volume administered. The advantage of a
suspension formulation is that it typically uses a simple,
aqueous vehicle, often a Methocel (hydroxypropyl
methylcellulose) solution with a low level of surfactant
to aid in the wetting of the solid test compound, so that
the risk of vehicle effects is minimal. The suspension
usually can be prepared by the stepwise addition of
small portions of the vehicle to the entire amount of test
compound in a mortar and thorough trituration with a
pestle after each addition of vehicle to ensure the com-
plete wetting of all solid particles and the formation of
a fully homogeneous suspension. In cases where this
trituration method is not feasible due to the large scale
of the suspension preparation, the suspending vehicle
can be added directly to the test compound and
followed by more vigorous mixing to obtain a homoge-
neous suspension. However, the use of a suspension
formulation also adds certain challenges and complexi-
ties to the formulation preparation, handling, and stor-
age that do not exist for solution formulations. If during
the toxicology study the dose volume is subdivided
from a bulk suspension for each dose, the homogeneity
of the suspension needs to be ensured during the entire
use-time period. In addition, an appropriate procedure
for resuspension after storage, such as sonication,

FIGURE 17.3 Biopharmaceutics classification system. Source:
Adapted based on Amidon GL, Lennernaes H, Shah VP, Crison JR. A theo-
retical basis for a biopharmaceutic drug classification: the correlation of
in vitro drug product dissolution and in vivo bioavailability. Pharm Res
1995;12:413�20.
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stirring, or shaking, needs to be identified to ensure that
a homogeneous suspension can be obtained prior to
every dose after the formulation was stored for a period
of time. In cases where the test compound settles and
forms a solid cake during storage that is difficult to
break up and resuspend, continuous stirring during
the entire use-time period might have to be employed.
Changes in particle size of the suspended test com-
pound during the use-time period also need to be
evaluated. Particle size reduction caused by sonication
or stirring during each resuspending cycle or espe-
cially during continuous stirring on storage has to be
avoided. At the same time, particle size growth
(Ostwald ripening) during repeated refrigeration/
warming cycles over the course of the use-time period
might become an issue. Lot-to-lot particle size and
morphology variations of the test compound can
potentially lead to batch-to-batch differences in homo-
geneity of the dosing suspension or its tendency to
settle and cake during storage. Of course, particle size
differences in a suspension can also lead to differences
in the dissolution rate after administration and with
variations in exposure, especially for BCS class II
and IV compounds with low solubility. Lastly, the
potential for crystalline form changes of the drug
substance in a suspension needs to be investigated.
For suspensions of amorphous drug substances or
solid dispersions, there is a risk of drug substance
crystallization from suspension over time.

17.5 FORMULATIONS FOR BCS
CLASS II/IV COMPOUNDS USING

ENABLING TECHNOLOGIES

Low aqueous solubility is the common attribute
that classifies the BCS Class II/IV drug molecules.
Compounds in these two classes have a tendency to
exhibit low BA due to solubility-limited absorption
or dissolution rate-limited absorption. Poor dissolution
can be caused either by large particle size/small
surface area or low solubility. To emphasize the impor-
tance of solubility, the dissolution/solubility-limited
case is referred to as solubility-limited absorption,
while the dissolution/particle size-limited case is called
dissolution-limited absorption.51 If the absorption bar-
rier is dissolution/particle size-limited, then particle
size reduction is a potential path forward. If the absorp-
tion is solubility-limited, improving both the solubility
and the dissolution rate may be necessary.

For BCS II/IV compounds, extra formulation effort
is often required in order to garner sufficient API
exposures in vivo. This makes the formulation design
more complicated compared to that for BCS Class I/III
compounds. Theoretically speaking, if not limited by

time and API quantity, an iterative trial-and-error
type of comprehensive formulation screen may eventu-
ally result in a workable formulation. However, an
aggressive timeline and the high cost of an API at the
preclinical phase preclude a massive formulation
screen. We advocate an efficient and rational formula-
tion development process starting from the under-
standing of the root cause for the low solubility and
dissolution rate.

The dissolution rate has been long established to be
directly correlated to solubility, a thermodynamic
property. The dissolution process can be viewed as
a pseudochemical reaction, which is governed by
thermodynamics. The Gibbs free energy, ΔG, is the
balance between enthalpy, ΔH, and entropy, ΔS, at a
given temperature T (ΔG5ΔH�TΔS). When a solute
is introduced into a solvent system, dissolution
will take place and continue until equilibrium is
established or ΔG becomes zero, at which point the
solubility of the solute is reached.52 Since dissolution
produces more randomness of molecules in the entire
system (including solid and solution states), the ΔS
is generally positive. Thus, dissolution is more driven
by the net enthalpy of solution, ΔHs.

The dissolving of a solid involves two consecutive
processes: (1) the melting of the solute where the solute
molecules break free from the solute-solute molecular
interactions, described by the heat of fusion (ΔHT

f Þ at
the dissolution temperature, T, and (2) the mixing of
the melt solute molecules with surrounding solvent
molecules, namely, the establishment of solute-solvent
intermolecular interactions, resulting in the change
in heat of mixing (ΔHmixÞ. This two-step process can
be expressed by the following equation53:

ΔHs 5ΔHT
f 1ΔHmix ð17:1Þ

From Eq. (17.1), it can be realized that in order to
overcome the ΔHs barrier during dissolution, we can
either reduce the term of ΔHT

f or facilitate the term of
ΔHmix. As such, Eq. (17.1) is the basis behind a wide
array of solubilization and dissolution rate-enhancing
techniques currently used by many researchers. For
example, if the low aqueous solubility of a compound
is due to its high hydrophobicity, indicated by a high
logP value, then we can change the solution environ-
ment to promote more solute-solvent intermolecular
interactions. This can be done by adjusting the pH,
adding a cosolvent, introducing lipids or surfactants,
mixing with a complexing agent, or using combina-
tions of these tactics. If the high heat of fusion (ie, high
melting point) is the major barrier for achieving
aqueous solubility, then techniques to break down the
lattice energy are expected to be more effective.
These techniques either introduce high-energy solid
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forms such as amorphous or metastable solid forms
or change the parent compound into a salt, if the
compound is an acid or base strong enough to produce
salts. The compounds with both high logP/logD and a
high melting point are apparently more difficult to
formulate, and sometimes modification to the chemical
structure is necessary to improve these properties.

It is also well-known that the dissolution rate
correlates with the surface area of drug particles (refer
to Nerst and Brunner equation in chapter: The
Fundamentals of Diffusion and Dissolution of this
book). Reducing the particle size, thus increasing the
surface area, is probably one of the earliest approaches
pharmaceutical scientists have used to increase BA.54

The surface area term in the Nerst and Brunner equa-
tion is often viewed as the total surface of the exposed
solid, such as the flat surfaces or the surface area of
spherical particles. The initial dissolution is actually
more driven by the corner and edge effect55; molecules
at corners, edges, and defect spots are bound together
with smaller interaction energies and are inclined to
dissolve first. Particle size reduction technology creates
proportionately more corners, edges, and other defects
when the particles are turned into smaller ones, which
help increase the dissolution rate.

When crystals are made into nanoparticles, the
dissolution rate can increase significantly. The dissolu-
tion rate constant of a small particle, kS, versus the
dissolution rate constant of a large particle, kL, can be
calculated by Eq. (17.2)55:

kS
kL

5
Csol;S

Csol;L
3

rL
rS

� �2
ð17:2Þ

where Csol,S is the solubility of the small particle, Csol,L

is the solubility of the large particle, rL is the radius of
a large particle, and rS is the radius of a small particle.
The solubility ratio of a small particle over a large
one can be calculated by the Freundlich equation
(Eq. 17.3)56:

ln
Csol;S

Csol;L
5

2γVm

rRT
ð17:3Þ

where γ is the interfacial tension, r is the radius of
the small size particle, Vm is the molar volume of the
particle (the molecular weight divided by the density),
R is the ideal gas constant, and T is the absolute
temperature. Let’s use acetaminophen as an example
to calculate the dissolution rate increase after particle
size reduction to nanoparticles. Assuming the large
particle has a particle size of 50 μm (a commonly
used particle size for APIs), and the small particle is
800 nm, which is a good average size achievable by
nanotechnology. With acetaminophen’s molecular
weight of 151.16 g/mol with a density of 1.2 g/cm3

and the interfacial free energy of 30 mJ/m2 at 310K
(37�C),56 the solubility of an r5 800 nm crystal is calcu-
lated to be 1.0037 times the solubility of a macrocrystal
using Eq. (17.3). This shows that reducing the size
to 800 nm only very slightly increases the solubility.
The gain in the dissolution rate is mainly coming from
the surface area increase: the dissolution rate ratio,
ks/kL, of a r5 800 nm crystal versus a 50 μm crystal
is 1.00373 (50,000 nm/800 nm)25 3920, according to
Eq. (17.2). Putting this value in practical perspective,
if the large 50 μm particles take 60 min to dissolve,
the 800 nm nanocrystals will take 0.9 s to dissolve,
assuming discrete particles are dispersed and wetted
in aqueous solutions. This represents potentially
a tremendous dissolution rate advantage with the
nanotechnology. It should be pointed out, however, no
matter how fast the dissolution rate is, the highest con-
centration the nanocrystals can obtain is the crystalline
solubility or slightly above the crystalline solubility.
This contributes, at least partially, to the observation
that nanotechnology is more suitable for BCS Class II
compounds when the absorption is limited by the dis-
solution rate. With BCS Class IV (poorly permeable),
formulations that generate supersaturation (higher
concentration than equilibrium crystalline solubility)
are expected to work much better. This aspect will
be detailed in the context of developing in vitro
dissolution method.

The aforementioned tactics that manipulate either the
ΔHT

f term or ΔHmix term or particle size reduction have
been collectively referred to as enabling technologies
because they have enabled the delivery of challenging
poorly water-soluble pharmaceutical compounds that
otherwise would have been discarded during the drug
discovery phase. All these approaches have been or
can be used in the toxicology applications. Fig. 17.4
provides a systematic categorization of these formula-
tions. Solution-based approaches are aimed at changing
the solvent environment, while solid-based approaches
reach the purpose by changing the solid properties of
the API. Fig. 17.4 also emphasizes the importance
of crystallization inhibition in every approach, since fast
crystallization from supersaturated systems can reduce
or even negate the effectiveness of these formulations.
Nanosuspension has not become a mainstream formula-
tion strategy for routine toxicological studies due to
the challenges in scale-up. However, it is an excellent for-
mulation for PK studies and early-stage toxicological
studies. Readers are referred to published articles on this
technology.54,57,58 Complexing agents, such as cyclodex-
trins, can be effective solubilizers, but there are concerns
of causing toxicological signals at large doses.59�61 The
other frequently used techniques are detailed in the fol-
lowing text with regard to mechanisms, application and
methods of design, characterization, and preparation.
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17.5.1 Solubilization by changing solution pH

As described in the previous section of factors
that impact solubility, changing the pH is the most
straightforward way to bring weakly basic or acidic
pharmaceutical compounds into solution. The relation-
ship between solubility and pH follows a set of
defined models (equations) derived from Henderson�
Hasselbalch ionization equations (reference to chapter:
Solubility of Pharmaceutical Solids in this book). In other
words, the solubility can be predicted if the intrinsic
solubility and pKa values of the compound are known.62

Since pH is at log scale of [H1], each pH unit change
equals to a 10-fold [H1] concentration change, and, there-
fore, one pH unit away from a pKa will prompt a 10-fold
solubility change (Illustrated in Fig. 17.2 and Eq. 17.4).
For dibasic or diacidic compounds, the solubility will
institute a 100-fold change with each pH unit change
away from the second pKa, and for tribasic or triacidic,
a 1000-fold change. This makes pH adjustment a very
powerful technique.

Using an acidic compound with a pKa of 4.0 and an
intrinsic solubility of 10 μg/mL as an example, based on
one acidic pKa—solubility model (Eq. 17.4), its total
aqueous solubility (ST) is 10 μg/mL at pH 2.0, 20 μg/mL
at pH 4.0, 100 μg/mL at pH 5.0, 1000 μg/mL at pH 6.0,
and 25,000 μg/mL at pH 7.4. If the goal is to make a
20 mg/mL solution, one can simply use a commonly
available pH 7.4 phosphate buffer for this compound.

ST 5 S0 11 10pH2pKa
� � ð17:4Þ

In reality, oftentimes accurately measured intrinsic
solubility and pKa values are missing at the early

stage. However, an estimation can be obtained from
various sources, as described in previous section
(Solubility Prediction and Screen). This information is
used to assess the feasibility of the pH adjustment
approach.

In practice, formulation starts with the targeted
(or required) drug concentration, which is calculated
based on the known targeted dose and the allowed
dosing volume. For example, if the dose is 100 mg per
kg of rat weight, then the target solution concentration
is 10 mg/mL based on the commonly accepted dose
volume of 10 mL/kg for an aqueous solution in a
rat. To minimize API consumption in the prototype
formulation screen, one could use the smallest possible
volume, for example, by weighing about 1 mg and
adding a final volume of 100 uL to make the final
concentration of 10 mg/mL. To adjust the pH, the most
commonly used base is NaOH and acid is HCl. They
are added at a 1:1 molar ratio (API: pH modifier) or at
an amount to reach a desired pH value. In the above
case, if 10 mg/mL becomes a clear solution after pH
adjustment, then the solubility target is successfully
reached.

Although formulation preparation through pH adjust-
ment is as simple as adding a counterion, many details
still need to be taken into consideration and are listed
in the following.

1. Chemical stability of the compound at extreme
pH values. Chemical reactions such as hydrolysis are
accelerated under extreme pH conditions.
The degradant may exhibit increased solubility
compared to the parent compound, which can be
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FIGURE 17.4 Categorization of enabling toxicology formulations for delivery of poorly water-soluble pharmaceutical compounds.
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misleading if visual solubility is used to guide the
direction of formulation development. One real
life example is the solubility of simvastatin.
The aqueous solubility of simvastatin was listed
in the Merck Index63 as 60 μg/mL at pH 1 and
70 mg/mL at pH 13, a greater than 1000-fold
increase from pH 1 to pH 13. Simvastatin is a neutral
compound, and its solubility at the pH 1�13 range
should be a constant not a variant. It is impossible to
observe the 1000-fold solubility difference across pH
1�13. What happened was that simvastatin is prone
to hydrolysis at a basic pH, opening the ester bond
in the six-membered lactone64,65 to form hydroxyacid
(Fig. 17.5). The degradant hydroxyacid is ionizable
at a basic pH; thus it becomes much more soluble at
pH 13, leading to an erroneous solubility assessment.
Therefore, the chemical structure of the API should
be carefully examined prior to pH adjustment, and
stability should be particularly watched for when
pH adjustment is to be attempted.

2. Solid form change during formulation preparation.
At the early stage of discovery, compounds are
purified by chromatographic separation and
drying out the solvent. This often produces a
metastable solid form (amorphous or higher-
energy-state crystalline form), and conversion to
a thermodynamically more stable form through
solution-mediated transformation may occur at any
time. This conversion process may be slow in
neutral pH aqueous solutions due to low solubility.
However, the pH adjustment creates a higher drug
concentration that greatly increases the molecular

collision rate to trigger nucleation and facilitate the
solution-mediated phase transformation (SMPT)
(refer to the section of transformation among solids
in chapter: Crystalline and Amorphous Solids).
Crystallization can occur through two ways: the
transformation to a more stable crystalline form or
to a salt with the added counterion. Either situation
may lead to precipitation during the formulation
preparation. If the precipitation occurs within several
hours, one may still salvage the same formulation by
preparing the formulation right before the dosing
in a quick PK screen. For a long-term safety studies,
reformulation will be necessary using a
stable solid form.

3. Possible poor in vivo performance due to
precipitation/crystallization as a result of pH
gradient in GI tract. As described before, the
solubility increases logarithmically with the
pH decrease for basic compounds or with the pH
increase for acidic compounds. Unfortunately,
the solubility can also decrease with pH changes
at the same dramatic level. This creates a large
supersaturation to induce precipitation/
crystallization. The solubility enhancement thus
obtained may be lost in vivo due to pH gradient in
the GI system. Using the same example acidic
compound as illustrated before with a pKa of 4.0
and an intrinsic solubility of 10 μg/mL, it can be
formulated into a 20 mg/mL solution in a pH 7.4
buffer. When the solution formulation is dosed
in rats (stomach pH of 4), up to 99.99% of the dose
could potentially precipitate out in the stomach,

FIGURE 17.5 Under basic pH conditions, simvastatin lactone undergoes hydrolysis to simvastatin hydroxyacid, which becomes soluble at
pH 13. Source: Chemical Reaction adapted from Ungaro F, Giovino C, Catanzano O, Miro A, Mele A, Quaglia F, et al. Use of cyclodextrins as solubilizing
agents for simvastatin: effect of hydroxypropyl-β-cyclodextrin on lactone/hydroxyacid aqueous equilibrium. Int J Pharm 2011;404:49�56.
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since the solubility at pH 4 is decreased to
20 μg/mL. Redissolving of the precipitates
may not occur quickly enough to allow the dose
to be absorbed, although the pH will gradually
increase to 6.8 at which the solubility is higher.
Similar phenomenon occurs to basic compounds,
which dissolve better in the stomach, but then
precipitate as the compound moves down the
GI tract. It is important to know this precipitation
tendency and profile before finalizing the
formulation. An appropriate in vitro dual pH
dilution test can be used for this purpose. Different
additives such as crystallization inhibitors or
solubilizers can be added to the formulation to
maintain the supersaturation for a longer period
of time or to reduce the severity of the precipitation.
The effectiveness of the additives can be screened
using the same in vitro dilution testing, which
will be described in more details in the section
Evaluating Formulation Performance by In Vitro
Dissolution.

4. Safety concerns of extreme solution pH to animals.
The safe pH range depends on the dosing volume,
dosing duration (one dose versus repeated dose),
and animal species. For example, a pH 2 solution
is acceptable for one-time dosing but may cause
irritation to the esophagus in long-term toxicological
studies. The pH of Coca-Cola and Pepsi was reported
as 2.5�2.6, which is probably at the lower end of a
safe pH.

5. Limitation in dose loading. Every type of formulation
approach has dose-loading limitations, although they
are due to different reasons. The dose-loading limit by
pH lies with the value of the intrinsic solubility and
the acidity or basicity of the compound (pKa). If the
intrinsic solubility is in the ng/mL range, it is
probably not possible to load the target high dose
into a solution formulation, since changing the pH
to 6 units away from the pKa will only bring the
solubility to the mg/mL range. On the plus side,
dose loading through pH adjustment can be
projected relatively easily, and the lengthy time
to evaluate the feasibility can be avoided.

17.5.2 Formulation through suspension of salt

Salt formation is a well-established approach to over-
come dissolution rate obstacles. In a solid dosage form
for human use, salt is mixed with excipients, the blend of
which is then tableted or encapsulated. This formulation
approach is not usually adopted in preclinical studies.
Solid dosage forms are not suitable for rodents, since
they cannot swallow the big dose unit. For long-term

studies in rodents, salt can be mixed into the food as a
dosing route on the conditions that the taste is
acceptable and adequate BA can be obtained. In reality,
hardly any drug tastes good, especially when mixed into
the food at high percentages. Gavage of freely flowing
formulations (suspension) is usually the only dosing
option for salt. Lager animals such as dogs can be trained
to take pills; however, the tablets or capsules made for
clinical studies are not able to deliver the large dose and/
or lack the dose flexibility to meet the wide dose range
that is often required in toxicological studies. These prac-
tical limitations determined why salt is usually dosed as
suspensions in preclinical studies. This section, therefore,
is focused on salt suspension formulations.

For salts of poorly water-soluble compounds, the
major concern is the physical stability. Conversion
back to the parent form can potentially occur when
suspended into an aqueous medium. This is because
the salt is a metastable solid form when the solution
pH is away from the pHmax. An example of a pH-
solubility profile of a weakly acidic drug, flurbipro-
fen,66 is illustrated in Fig. 17.6, and used to explain the
pHmax and its relevance to salt physical stability.
Fig. 17.6 shows that when the solution pH is much less
than the pKa of flurbiprofen (ie, 2 pH units below the
pKa), the solubility of the drug is a constant, termed as
intrinsic solubility (S0). As the pH increases to $pKa,
the solubility continues to increase until the pH
reaches the pHmax (at BpH 7.3 for flurbiprofen) at
which a salt is formed. At any pH above the pHmax,
the solubility again becomes a constant, which equals
to the solubility of the salt.
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FIGURE 17.6 The pH-solubility profile of a weakly acidic drug,
flurbiprofen, with a pKa of 4.2. Source: Adapted from Pudipeddi P,
Serajuddin ATM, Grant DJW, Stahl PH. Solubility and dissolution of
weak acids, bases, and salts. In: Stahl PH, Wermuth CG, editors. Handbook
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46917.5 FORMULATIONS FOR BCS CLASS II/IV COMPOUNDS USING ENABLING TECHNOLOGIES

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



Therefore, the pH-solubility profile is essentially a
phase diagram. The pHmax divides the phase diagram
in Fig. 17.6 into two regions: Region I is located below
the pHmax, and Region II is located above the pHmax.
In Region I, the free acid of flurbiprofen is the thermo-
dynamically stable solid form, whereas in Region II,
the salt of flurbiprofen is the thermodynamically
stable form. At pHmax, the salt and the free form are at
equilibrium with each other. In other words, the salt is
a metastable form at any pH below its pHmax. If the
salt particles of flurbiprofen are added to a solution
with a pH, 7.3, the salt will eventually convert to the
free acid of flurbiprofen. When equilibrium is reached,
the solid recovered will be the free acid rather than
the salt. This process is commonly known as dispro-
portionation of a salt.45,67 The same phenomenon exists
for salts of basic compounds, where the pH-solubility
relationship is a mirror image of that of an acid.
The pHmax is located below the pKa of the base,
and the salt is metastable when placed in a solution
with a pH greater than the pHmax and may convert
back to the free base. The salt-to-parent conversion
occurs through SMPT (refer to the section on transfor-
mation among solids in chapter: Crystalline and
Amorphous Solids) where the salt dissolves first into
the solution to reach a high enough supersaturation,
which then triggers a nucleation of the crystal form
of the free acid or free base.

To stabilize the salt in a suspension, we should
consider both the thermodynamic and kinetic factors in
the salt-to-parent form transformation process. Based
on the pHmax theory illustrated in Fig. 17.6, if the
suspension pH is below the pHmax of a salt of basic
compounds, or above the pHmax of a salt of acidic
compounds, the salt will be in a thermodynamically
stable region and will never convert to less soluble
parent form crystals. In reality, this is less likely to be
achieved, as shown by Eq. (17.5) and Eq. (17.6).
Eq. (17.5) is the Henderson�Hasselbalch equation of a
monobasic drug. [B] is the concentration of the union-
ized base, and [B1] is the concentration of the ionized
base. Eq. (17.6) is written as the Henderson�
Hasselbalch equation at the salt solubility equilibrium
point,68 where [B]s is the solubility of the unionized
base, Ksp is the solubility product of the salt, and

ffiffiffiffiffiffiffi
Ksp

p
is the salt solubility, which can also be written as [B1]s.
In a salt suspension, the maximum concentration of
the salt is the salt solubility. Practically, before the salt
solubility can be reached, the free form may have
already crystallized if the nucleation of the free form is
facile. For the sake of this discussion, let’s assume the
salt solubility can be reached quickly during the sus-
pension preparation step. At the solubility of the salt,
the solution pH will be at the pHmax of the salt, or the
maximum pH of the salt suspension will be equal to

pHmax. The pH is not able to go below the pHmax of the
basic drug. Similarly, the pH of a salt suspension of an
acidic drug will not reach above the pHmax of the salt.

pH5pKa 1 log
B½ �
B1½ � ð17:5Þ

pHmax5pKa 1 log
B½ �sffiffiffiffiffiffiffi
Ksp

p 5pKa1 log
B½ �s
B1½ �s

ð17:6Þ

The discussion indicates that the salt suspension
will not be thermodynamically stable, although being
close to the pHmax does reduce the driving force for
nucleation of the parent form crystals. In order to be
within the thermodynamically stable region, an extra
amount of counterion needs to be present, for example,
adding NaOH to a sodium salt suspension until the
pH reaches above pHmax. This is a viable approach,
since a small pH increase above pHmax for basic
compound salts or a small pH decrease to below
pHmax for acidic compound salts will suffice to make
the salts thermodynamically stable, as long as the final
pH does not extend to extreme acidity or basicity to
render safety concerns.

If the thermodynamic stability pH region cannot
be reached due to safety concerns, the kinetics of the
salt-to-parent form conversion in suspensions can be
intervened using formulation and dosing techniques.
Different methods can be tried to slow down the
conversion process. The suspending agents, usually
polymers used at 0.2�2%, result in a higher viscosity,
which may slow down the conversion rate. Therefore,
a prudent approach is to select a polymer or a combi-
nation of polymers that can act as both a good
suspending agent and a strong crystallization inhibitor
capable of preventing or significantly delaying the
solid form transformation. In recent years, understand-
ing of the mechanisms of crystallization inhibition
by polymers has significantly improved from the stud-
ies of amorphous solid dispersion formulations.69�76

The methodology in selecting the polymers will be dis-
cussed in more detail in the amorphous solid dispersion
section. An alternate way was reported to dose salt par-
ticles suspended in an organic solvent.77 It was thought
that the lower solubility of the salt in the solvent would
delay the conversion kinetics. The solvent-based dosing
method introduces an unnecessary potential safety
risk to animals and removes the benefit of the salt
suspension as a benign aqueous formulation. Stabilizing
the suspension through a polymer-based methodology
is a more reasonable approach.

The length of physical stability required for the salt
suspension depends on the nature of the study and the
different dosing routines established in the different
study units. It is desirable and sometimes necessary
to obtain a suspension formulation with 1 week or
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longer physical stability, since a weekly formulation
preparation schedule is preferred for resource savings.
In the worst-case scenario when week-long physical
stability cannot be obtained, there is an option to
prepare the salt suspension on daily basis or right
before dosing.

Prior to making salt suspensions, the suspension
density (weight percentage) is calculated based on the
dose and the dosing volume. For example, if the dose is
300 mg/kg of rat at a dosing volume of 10 mL/kg, the
minimal suspension density is 30 mg/mL (or 3%).
The procedure for preparing a salt suspension is the
same as that described previously (section Suspension
Formulations) for BCS Class I/III compounds. It should
be mindful, however, to use the initial higher solid-to-
liquid ratio (higher surface area), which helps drive the
salt to quickly reach salt solubility to avoid or minimize
the salt-to-parent form conversion. The acceptable
threshold of the suspension viscosity can be tested by
pulling the suspensions into a syringe with the dosing
gavage tube attached and expelling the suspension
out of the syringe. If the loading and unloading of
the suspension from the syringe is smooth and does
not require excessive efforts, feasibility of dosing can
be assumed. Essentially, the highest possible dose is
limited by the suspension viscosity.

After the suspension is administered in vivo, the
absorption is dependent on the dissolution rate from
the salt particles. API particle size and distribution
should be controlled for reproducible performance.
The particle size control should consider not only the
particle size of the dry API but also the actual API
particle size in the suspension. An aggregation or glo-
meration of particles in a suspension due to wetting
problems reduces the effective surface area. A wetting
agent (eg, 0.1% Tween 80) is typically applied to over-
come wetting issues; however, in this case, caution
should be exercised for the potential of the wetting
agents (ie, surfactants) to promote crystallization of the
parent form.78 Particle size distribution control also
should consider minimizing the Ostwald ripening
effect where particles grow at the expense of smaller
and more soluble particles. Polymers find themselves
yet another application here to inhibit or slow down
the crystal growth.79,80 Appropriate and smaller parti-
cle size also helps stabilize the suspension without fast
sedimentation and pass the suspension through the
narrow diameter of the gavage tube used in dosing
small animals (rat or mouse).

It should be noted that salt selection is a prerequisite
for a successful salt suspension formulation to use
in preclinical studies. Salt selection is often a part of
the solid form selection process, which is complex
and involves multiple functional areas from discovery,
process chemistry, and formulation development.

Salt selection should consider the dissolution rate,
stability, manufacturability, and formulatability of the
salt. Physical stability is one of the important criteria.
We often have a tendency to identify a salt with a higher
solubility and dissolution rate; however, a salt with a
higher solubility produces a pHmax more far away from
the neutral biological pH, which leads to a higher risk of
salt-to-free form conversion (physical instability) when
the salt is placed in a neutral pH aqueous medium.68

Selecting a physically more stable salt will greatly
reduce the challenges in formulating and dosing the salt
suspension for preclinical studies.

17.5.3 Solubilization through cosolvents

Cosolvent-based formulations are widely used due
to relatively fast formulation development and the
generally straightforward preparation for daily use.
The useful solvents are those semipolar such as PEG
300, PEG 400, propylene glycol (PG), ethanol, DMA,
and so forth. These solvents possess the ability to form
hydrogen bonding with water molecules and induce a
certain degree of polarity in nonpolar drug molecules,
thus bringing about miscibility between nonpolar drug
molecules and water.81 For this reason, semipolar sol-
vents are quite versatile. They can be added to aque-
ous solutions to produce a simple aqueous/solvent
blend or an aqueous/multiple solvent blend, or they
can be added to a lipid/surfactant to formulate more
complex lipid-based formulations (to be separately
described). Some of them can be used as a neat solvent
under certain restrictions.

The solubility behavior of drug molecules in solvent-
aqueous mixtures is complex. Fig. 17.7 schematically
describes two types of solubility profiles. In solvent
system A, the solubility of a drug molecule increases
initially with an increasing percentage of a good solubili-
zation solvent but plateaus at certain solvent percentage,
after which the solubility goes downhill with further
increase of the good solvent.82 In solvent system B,
however, the solubility keeps increasing with the addi-
tion of more good solvent, and the maximum solubility
resides at the 100% good solvent composition.

The solubility increase with a good solvent follows a
semilogarithmic relationship established by Yalkowsky
et al. (refer to Eq. 1.58). When more than one solvent
is used in the mixture, a similar relationship applies,22

as described in Eq. (17.7). In Eq. (17.7), [Stot] represents
the overall drug solubility, which is the sum of the
intrinsic solubility, [S0] and the solubility created by
each solvent. The magnitude of the solubility gain
by a solvent is the product of the volume fraction of the
solvent, fi and the solubility power of the solvent, σi,
which is a unique property of the solvent. Eq. (17.7)
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provides a theoretical basis that multiple solvents
can be used together, since the solubilization power is
additive.

log Stot½ �5 log S0½ �1
Xn
i51

σi�fi ð17:7Þ

The formulation using cosolvents starts with a
solubility screen in various cosolvents. The goal is to
identify the best solvent or solvent mixtures for further
formulating into a blend with water or aqueous buffer.
A solubility screen can also be done in predetermined
blends of solvents and buffers that have been working
for a certain group of compounds. For example, if a
group of compounds historically dissolve well in PEG
400 and have a basic pKa of $ 6, a formulation blend
with PEG 400 and a slightly acidic buffer (ie, pH 4
buffer) serves a good starting point.

Cosolvents often provide an excellent solubility
increase over the aqueous solubility. Unfortunately,
cosolvents can be toxic, especially when used neat or
at a high percentage (refer to Table 17.3). Another issue
is that, if mixed with aqueous buffer in the final for-
mulation, the solubility power decreases at a semilog
scale, which threatens to achieve target drug loading.
This dilemma can be mitigated to some degree using
several modifications, for example, using a mixture of
multiple solvents. With an appropriate blending ratio
of various solvents, it is possible to increase the overall
solvent content to maximize the solubility while main-
taining or reducing the vehicle toxicity. This is based

on the assumption that the toxicity enacted by each
solvent is additive, which may not be true in every
case. Additional consultation with toxicologists in
the preclinical safety area is encouraged. Another
approach is to add pH adjustment simultaneously.
Li and Zhao22 determined that the pH/cosolvent com-
bination works synergistically to significantly increase
the solubility. As previously described, the same
caution on chemical stability and side effect at an
extreme pH must be exerted. It should also be noted
that pKa values change in the presence of a solvent; a
base will become a weaker base, and an acid will
become a weaker acid. Therefore, the pH of the cosol-
vent solution may change to a more extreme pH when
the same amount of counterion as used in the pure
aqueous formulations is added. A final pH measure-
ment is recommended before dosing in the animals. An
alternative way is to mix the solvent with a buffer at a
safe pH. To further increase the solubility, the aqueous
phase can contain other solubilizers such as surfactants
or cyclodextrins. Finally, all of the methods can be
combined if necessary. For example, for an acidic
compound (ie, pKa of B4) with a good solubility in
PEG 400, ethanol, and a chemical structural element to
potentially going into the cyclodextrin cavity, a mixture
of 40% of PEG 400, 10% ethanol, and 50% of 30% beta-
cyclodextrin in a pH 7.4 buffer may provide a desirable
outcome. However, some solubilization mechanisms
may not compatible with each. In such cases, it is wise
not to combine these approaches.

Special attention should be paid when the formula-
tion contains a high-solvent content. On one aspect,
diluting a high-solvent-content formulation by aqueous
medium tends to induce fast precipitation based on the
steep portion of the solubility-phase diagram (Fig. 17.7).
Dilution is an inevitable event when dosing in vivo.
This risk should be evaluated by an appropriate in vitro
dilution test, which should be an integral part of the
formulation development. The rational design of an
in vitro dilution test will be covered in the section
of Evaluating Formulation Performance by In Vitro
Dissolution. Another aspect comes from the safety per-
spective. The dosing volume of a high-solvent-content
formulation may have to be reduced for safety reasons.
The allowable dosing volume is often different among
different preclinical species (see Table 17.2). Therefore,
the safe dosing volume should be determined before
rushing into the formulation effort in order to avoid the
last minute surprise.

17.5.4 Lipid and surfactant-based formulations

Lipid and surfactant-based drug delivery systems
are among the most versatile and effective formulation
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approaches to enhance the BA of poorly water-soluble
compounds. The number of commercial formulations,
however, is limited mainly due to practical limitations
in drug loading (thus a high pill burden), the concerns
on API and excipients chemical stability, the require-
ment of compatibility with capsule shells, and a
more complex manufacturing process. Most of these
disadvantages will vanish in the preclinical setting
where dosing volume can be large, much more
flexible, long-term chemical stability is not required,
and the capsule is not a component of the formula-
tion. Therefore, this category of formulations is well
suited for use in preclinical studies. However, lipid
and surfactant-based formulations are often viewed
as more mysterious. One reason is probably due to
the difficulties in predicting the solubility in lipid
excipients as opposed to other systems such as
pH adjustment, cosolvent addition, or complexation.
Another reason is because the performance of the for-
mulations is less predictable by conventional in vitro
dissolution or dilution testing. Adding more to the
mystery is the large variety of lipid excipients; the
numerous commercial names of lipids and surfactants
alone may overwhelm a novice formulator. Therefore,
the successful development of lipid and surfactant-
based formulations will require the learning of rational
selection of the excipients and the use of appropriate
in vitro dissolution methods to determine the potential
in vivo performance.

17.5.4.1 Commercially available excipients

The first and foremost step in learning lipid
and surfactant-based formulation is to gain knowledge
in the various excipients. The ability to formulate
well is heavily dependent on the understanding of
excipient properties and miscibility among the excipi-
ents. The list of commercial available excipients is
shown in Table 17.5. This table separates the excipients
into three categories: water-soluble, water-insoluble,
and surfactants. Such a division is helpful for users to
conveniently locate the needed excipients based on the
class of lipid formulations to formulate. Phospholipids
listed under the water-soluble group actually have
limited solubility in water and can be moved to the
water-insoluble category. The water-insoluble group is
the most varied and diverse group, encompassing
natural oils and fatty acids; semisynthetic monoglycer-
ides, diglycerides, and triglycerides; semisynthetic PEG
derivatives of glycerides and fatty acids; polyglyceryl
fatty acid esters; cholesterol; and phospholipids.
Each of these subcategories further branches out
through varying fatty acid chain lengths, degrees of
esterification (mono-, di-, or tri-), and compositions.
Some of them are unique blends named as particular
trade names such as Gelucire marketed by Gattefosse.

To make it more complex, different vendors assign
different trade names to their products; this gives rise to
a similar blend being called different names. Fortunately,
comprehensive summaries of the water-insoluble group
have been written in a book chapter by L. Gibson.83

Readers are encouraged to read the reference to gain
more comprehensive knowledge.

17.5.4.2 Selection of excipients

Before selecting the excipients, it is beneficial to
understand the structural constituents of lipid-based
formulations. Pouton and Porter85 divided lipid-based
drug delivery systems into four types:

• Type I: Oils (triglycerides, diglycerides, and
monoglycerides) only.

• Type II: Oils and less water-soluble surfactants.
• Type III: Oils, water-soluble surfactants, and

cosolvents.
• Type IV: Water-soluble surfactants and cosolvents

(no oils).

Compounds from modern drug discovery mostly
do not solubilize well in pure oils, especially not in
long-chain glycerides. Achieving a high drug load
in Type I and in some instances in Type II is relatively
difficult. On the other hand, these compounds tend
to solubilize better in polar oils, phospholipids, surfac-
tants, and cosolvents that are part of Type III/IV
formulations. In addition, Type III and IV are SEDDS
or self-microemulsifying drug delivery systems.
They are easily dispersible in aqueous medium, lead-
ing to high supersaturation level, which is the major
reason for the significant BA enhancement. These
properties propelled the much more frequent use of
Type III and Type IV than Type I and II in preclinical
applications.

When the lipid-based formulation is diluted into an
aqueous GI milieu, the drug molecules are protected
from precipitation by remaining as a solution in lipid
droplets, surfactant micelles, and/or other different
lipid/surfactant aggregates. This indicates that the
solubility in the excipients is an important factor not
only for achieving high drug loading in the formula-
tion but also for enhanced in vivo performance.
Therefore, the logical selection of excipients starts
with a solubility screen in the excipients. In general, the
excipients that provide the highest solubility are the
ones that should be considered. Water-miscible solvents
such as PEG 400 and ethanol provide high drug loading
owing to their unparalleled solubilization power and
their ability to reduce the viscosity of the formulations
for easier handling; therefore, they are indispensable in
formulating Type III and IV formulations. As described
before, pure solvent-based formulations often result
in massive precipitation when diluted into aqueous
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solutions. However, when combined with lipids and/
or surfactants, the precipitation will be buffered by
the lipids and surfactants. Ionic surfactants such as
sodium dodecyl sulfate have limited solubility in
lipids; therefore, nonionic surfactants, especially those
with high hydrophile-lipophile balance values such
as Cremophor EL, Cremophor RH40, Tween 20 and
vitamin E TPGS, have been shown to be compatible
with lipids. Surfactants play interesting roles in Type
III and IV formulations. When in the formulation
blend, surfactants sometimes are antisolvent, since
they may not solubilize the API as effectively as lipids
and cosolvents. When the formulation is diluted into
an aqueous media, surfactants stimulate the formation
of emulsion droplets and also form micelles to solubi-
lize the API. Because of the dual roles, the selection of
surfactants should consider the drug solubility in neat
surfactants as well as in surfactant micelles in the pres-
ence of an aqueous medium. The former is related to

drug loading in the formulation, and the latter is
related to formulation performance in vivo.

As shown in Table 17.5, there exist large numbers
of excipients, and screening all of them for solubility
is apparently not feasible with limited API quantity
and time. Several ways can be considered to
narrow the screen funnel. One of them is to take into
account the physicochemical properties of the API.
For example, moderately lipophilic compounds (logP
in the 2�4 range) are usually not very soluble in
long-chain triglycerides. Polar compounds are more
compatible with polar lipids such as phospholipids
and oleic acid. Another is based on the fact that
lipid excipients that do not rely on lipolysis as a
prerequisite for drug release are preferred for rapid
drug absorption.86 This will eliminate the long-chain
glycerides and put emphasis on the medium-chain
monoglycerides, fatty acids, and monoesters of fatty
acids. Last but not least is to examine the properties of

TABLE 17.5 List of Commercially Available Excipients

Water-Soluble Water-Insoluble Surfactants

Dimethylacetamide (DMA) Beeswax Polyoxyl 35 castor oil (Cremophor EL)

Dimethyl sulfoxide (DMSO) Oleic acid Polyoxyl 40 hydrogenated castor oil (Cremophor RH 40)

Ethanol Soy fatty acids Polyoxyl 60 hydrogenated castor oil (Cremophor RH 60)

Glycerin D-alpha-tocopherol (vitamin E) Polysorbate 20 (Tween 20)

N-methyl-2-pyrrolidone
(NMP)

Corn oil monoglycerides, diglycerides,
triglycerides

Polysorbate 80 (Tween 80)

PEG 300 Medium chain (C8/C10) mono- and
diglycerides

D-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS)

PEG 400 Long-chain triglycerides

Castor oil
Corn oil
Cottonseed oil
Olive oil
Peanut oil
Peppermint oil
Safflower oil
Sesame oil
Soybean oil
Hydrogenated soybean oil
Hydrogenated vegetable oils

Solutol HS-15

Poloxamer 407 Sorbitan monooleate (Span 20)

Propylene glycol PEG 300 caprylic/capric glycerides (Softigen 767)

Hydroxypropyl-β-cyclodextrin PEG 400 caprylic/capric glycerides (Labrasol)

Sulfobutylether-β-cyclodextrin
(Captisol)

PEG 300 oleic glycerides (Labrafil M-1944CS)

Phospholipids PEG 300 linoleic glycerides (Labrafil M-2125CS)

Hydrogenated soy
phosphatidylcholine (HSPC)

Polyoxyethylene 8 stearate (PEG 400 monostearate)

Distearoyl
phosphatidylglycerol (DSPG)

Medium-chain triglycerides
Caprylic/capric triglycerides derived from
coconut oil or palm see oil

D-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS)
Solutol HS-15

L-a-dimyristoylphosphatidyl
choline (DMPC)

Polyoxyl 40 stearate (PEG 1750 monostearate)

L-a-dimyristoylphosphatidyl
glycerol (DMPG)

Peppermint oil

Adapted from literature Strickley RG. Solubilizing excipients in oral and injectable formulations. Pharm Res 2004;21:201�30.84
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the lipids. Behind the façade of commercial names,
the vast number of lipids is actually classified into
smaller sets of substances as shown in Table 17.5; for
example free fatty acids; short-chain monoglycerides,
diglycerides, and triglycerides; medium-chain mono-
glycerides, diglycerides, and triglycerides; propylene
glycol esters; and phospholipids. Choosing one lipid
from each class will form a representative lipid panel.
A visual solubility screen in this panel of lipids is
conducted to generate a solubility profile based on
which more focused screen can then be pursued in
a smaller subset of lipids. Similar approaches can be
applied to the screening of the surfactants and solvents.
A solubility screen funnel provides an efficient way to
quickly identify useful excipients.

17.5.4.3 Formulation development

After the promising excipients are identified from the
solubility screen, which may include lipids, solvents,
and nonionic surfactants, the next step is to formulate
vehicles by combining these excipients at appropriate
proportions.

The first question in every new formulator’s mind is:
What is the appropriate proportion to mix these excipi-
ents identified through the initial solubility screen?
In other words, how to determine the percentage
of a surfactant and/or a cosolvent to add to the
oil (in Type III), or how much cosolvent should be
added to a surfactant (in Type IV)? The answer to
this complex question is surprisingly simple in concept.
It depends on the miscibility (forming a one-phase or
isotropic system) among those excipients. The determi-
nation of the miscibility is a straightforward experi-
ment simply by mixing the excipients at different ratios
and then recording whether or not a single-phase
solution is obtained. However, it is tedious and time
consuming. The amount of surfactant required can
be determined by adding incrementally increased
amounts of surfactant to each lipid, evaluating the
stability of the emulsions formed upon dilution, and
then selecting the best emulsified vehicle. This is also a
tedious process. Since the API after being dissolved
into the vehicle may change the phase diagram as well
as the emulsification outcome, determining precisely
the blank vehicle’s miscibility and its ability to emulsify
seems not a wise use of time. In a fast-paced preclinical
setting where the formulation is needed right away,
these tedious and time-draining experiments often
could not be afforded. A useful shortcut is to roughly
determine the miscibility by starting from a center per-
centage point, for example, at 50% lipid with 30�40%
solvent and 10�20% surfactant. If the first blend is
not quite successful, then a couple of adjustments at
10% incremental changes can be made while keeping
the surfactant at the highest possible level to ensure

the best self-emulsifying ability. This can quickly close
into the miscible region and identify the initial
prototype formulations for first PK study. Further opti-
mization in the composition of the prototype formula-
tions can be continued after receiving promising PK
results. Clearly, prior knowledge in the miscibility
of the selected excipients, either from publication or
personal accounts, provides valuable information
to pinpoint the miscible blends. The accumulation of
the knowledge comes with diligence and attention to
detail. Every time a clear vehicle is observed, record
the composition, and save the information. These misci-
ble blends can be further investigated with interest
to identify potential trends within the excipients with
similar physicochemical properties. This can quickly
expand the miscibility database that has been gradually
established with each formulation endeavor. In turn,
the invaluable experiences will expedite the next
formulation design and development.

The next step following the successful development
of the prototype excipient blends is to measure the
final solubility of the API in each of the blends,
usually by using a visual solubility method. Although
the solubility is often additive in nature from the indi-
vidual excipient, the solubility needs to be confirmed
in the final blend. Interaction among the excipients
themselves is not uncommon, which may influence
the API solubility in the vehicle blend. Due to the vis-
cosity of the vehicle, the visual solubility is routinely
measured under moderate heat (ie, 40�C). Hence, it
should be cautious to make sure the solubility can be
maintained when the formulation is cooled to room
temperature in order to determine the drug loading
more accurately.

The solubility in the selected blends and the allowed
dosing volume are the first criterion to triage in differ-
ent prototype formulations. Those with high enough
solubility to deliver the target dose are preferred.
As described in the solvent-based systems, safety is
related to the dosing volume. Similar to the solvent
selection discussed previously, the allowable dosing
volume of lipids, surfactants, and solvents is often
different among the different preclinical species.
Reliable excipient safety data, usually available from
manufacturers’ GLP toxicological or in-house studies,
should be consulted prior to making a decision.
An adjustment in the formulation composition may be
needed in order to meet the safety requirements.

17.5.4.4 Formulation characterization and
selection

Before advancing the selected prototype formulations
to animal PK and BA studies, in vitro characterization
of the formulation should be carried out. First, the phys-
ical stability should be monitored. The high solution
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concentration provides a high-driving force for poly-
morphic transformation. A more stable polymorph of
the API crystal or a crystalline adduct with any of the
excipients may materialize over time, either of which
leads to the precipitation of the otherwise clear solution.
Once the polymorphic transformation has taken place,
the drug loading will have to be redetermined. Lipid
excipient adduct is often more detrimental than API
polymorphic transformation because the lipid as a
dominating component in the formulation exists at high
thermodynamic activity, greatly favoring the adduct
formation and decreasing the solubility. These adduct-
formed formulations are often discarded. In addition,
the chemical stability of an API can be a challenge for
formulation development. The stability required usually
coincides with the formulation preparation intervals
on the dosing site. If the formulation is to be prepared
weekly, then week-long stability is required. If heat is
used to solubilize the API, then its effect on the stability
should be included in the stability study. The last and
the most critical characterization of the lipid/surfactant-
based formulations is the dissolution/dilution testing.
When diluted into an aqueous medium, the formulation
should quickly disperse and form fine droplets and
should not precipitate massively as crystalline particles.
Because of the high importance of the in vitro dissolu-
tion, a special section is dedicated to how to develop
a suitable in vitro dissolution method for enabling
formulations. Details can be learned following the
section of Evaluating Formulation Performance by
In Vitro Dissolution.

17.5.5 Amorphous solid dispersions

Amorphous solid dispersion (ASD) renders the API
into amorphous material, which is dispersed into
a matrix consisting of either 100% polymer (single
or multiple polymers) or polymer mixed with other
excipients such as surfactants and lipids.

ASD formulation comprises of two unique properties
that have collectively contributed to the significantly
increased BA for poorly water-soluble drugs. The first
property comes from the amorphous API. As
described before, by disrupting the crystal lattice of
the crystalline drug substance, the resultant higher-
energy amorphous form provides a higher apparent
solubility having a potential for higher dissolution
rate. Thermodynamically, the higher dissolution rate
is given; however, kinetically, the potential of higher
dissolution rate oftentimes cannot be fully realized
within the GI residence time if the amorphous drug is
not properly formulated. Dosing a neat amorphous
solid, which is analogous to a 100% drug loading
ASD, may give a mediocre performance even when

there is no crystallization. Thus, the second ASD
property attributed to the success is the formulation
itself, which is equally if not more important than the
first property. Appropriately selected excipients in
ASD formulations can drive the amorphous API to
quickly dissolve and reach amorphous solubility in a
solution, along the way creating nanosized amorphous
particles. Ideally, these excipients then maintain this
amorphous solubility by preventing or minimizing
crystallization within the time scale relevant to in vivo
absorption. ASD formulations have been utilized to
deliver many life-saving drugs commercially.87,88

Numerous papers and recently two books have
been directed to amorphous pharmaceuticals and
ASDs.89�92 The readers are referred to these refer-
ences. The focus here is on preclinical application
of ASDs.

In preclinical studies, ASDs are found to be more
readily applicable than in commercial human use.
One of the greatest challenges in human formulation is
the attainment of high drug loading for fewer or
smaller pills. When increasing the drug loading, the
API dissolution rate from the ASDs is inevitably
decreased in addition to a potentially worsened physi-
cal stability. In preclinical ASD formulations, it is
much more flexible to incorporate a wider variety and
a higher percentage of hydrophilic excipients (ie, large
amount of surfactants) to improve the dissolution rate
at high drug loads. These excipients used at high
percentage in preclinical applications are often not
allowed in human formulations either for safety con-
cerns or for processing reasons during commercial dos-
age form manufacturing. In addition, extra excipients
such as binders or lubricants necessary for tableting
or encapsulation can be eliminated, which further
contributes to higher drug loading.

Another major challenge for commercial ASD for-
mulation is the maintenance of physical stability during
the product shelf life. This again is less demanding
for preclinical applications due to the shorter duration
of these studies, and in cases when the physical
and chemical stability is not adequate, storage of ASD
under refrigerated conditions during the relatively
short period can be done to circumvent the shortcom-
ing. Further, ASDs are more acceptable than lipid/
surfactant/solvent-based formulations in that they
are less toxic due to the nature of essentially being an
aqueous suspension. Therefore, ASDs have become
increasingly popular in preclinical studies.

The formulation development process for preclinical
ASDs follows a similar path to that for human ASD
formulations. The difference is that some steps in the
process can be bypassed to accommodate the tighter
timeline imposed at the preclinical stage, which will be
discussed.
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The formulation development starts with the evalua-
tion of the physicochemical properties of the API. It has
been believed that the amorphous solubility advantage
is the prerequisite to justify for the amorphous solid dis-
persion approach. The amorphous solubility advantage
can be either calculated or measured. The calculation
involves the approximation of the free energy difference
(ΔGÞ between the amorphous and the crystalline forms
using the Hoffman equation93:
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where σa

σc
is the ratio of amorphous-to-crystalline

solubility, ΔHf is the molar heat of fusion of the API
crystal, R is the ideal gas constant, T is the temperature
at which the solubility is concerned, Tm is the melting
point, and ΔT is the temperature difference between
the melting point and the solubility temperature.
To improve the accuracy of the estimation, the solubil-
ity ratio should be further corrected, as described by
Bogner and coworkers,94 for the extent of ionization of
the amorphous form versus the crystalline form at the
pH of interest and for the amount of water the amor-
phous form absorbs, which reduces the thermodynamic
activity of the amorphous solid. This correction requires
the pKa value of the API and the moisture sorption
profile of the amorphous form.

The solubility difference can also be directly
obtained through the solubility measurement if both
crystalline and amorphous forms are available and the
amorphous form is physically stable in aqueous media
during solubility measurement. Either the calculation
or the experimental measurement requires a reason-
ably pure and crystalline API, which is often lacking
at the start of preclinical studies in addition to the time
that entails.

In reality, accurate information on the amorphous
advantage is nice to have but not essential when mak-
ing a decision to proceed with an ASD. The reasons are:
(1) in most cases, the amorphous form is more soluble
than the crystalline counterpart; (2) as described,
another attribute to determine the success of an ASD
lies in the formulation. The hydrophilic matrix has been
shown to enable liquid�liquid phase separation (LLPS)
or nanoparticle formation during dissolution.71,95�98

The extent of the dissolution rate increase by LLPS
particles may well exceed the dissolution rate gained
from the amorphous solubility advantage. The notion
that only drugs with a high melting point can benefit
from ASD formulation is not universally true; and (3) at
the preclinical formulation stage, an ASD is not a first-
line approach. It is pursued when other simpler
approaches (such as a simple solvent formulation or pH
adjustment) have failed. ASDs are often evaluated

in parallel with lipid-based formulations. In other
words, an ASD is competing with the lipid formulation
approach, not with a crystalline form formulation.
Therefore, the time and effort used to obtain an accurate
amorphous advantage (ratio of amorphous solubility
over crystalline solubility) can be saved for the moment
until approaching the clinical formulation development
stage.

A much more useful property to determine at
this stage is the crystallization tendency of the API,
which sheds light on the formulation strategy and
design. Crystallization tendency is holistically a function
of configurational entropy and molecular mobility.99,100

Configurational entropy is intrinsic to the molecular
structure. Simpler chemical structure and smaller
molecular weight are attributed to lower configurational
entropy. Lower configurational entropy means a higher
probability to assume the proper orientation and
conformation for crystal nucleation. Higher molecular
mobility is related to smaller molecular size and volume
and also is influenced by environmental conditions (vis-
cosity and temperature). Qualitatively, crystallization
tendency can be ranked by the timing of crystallization
when a supersatured solution is created, when heating/
cooling the melt in a differential scanning calorimetry
(DSC),101 or by stress testing of an amorphous solid
made from solvent evaporation.102 The DSC method101

classifies drug molecules into three categories: Class I is
a faster crystallizer (crystallization occurs when the melt
is cooled to an ambient temperature), Class II is a
medium-fast crystallizer (crystallization occurs when
the cooled melt is reheated), and Class III is a slow
crystallizer (no crystallization occurs when the cooled
melt is reheated). Different formulation strategies
should be adopted for compounds with different
crystallization tendencies.

17.5.5.1 Formulation for fast crystallizers

For fast crystallizers, stabilizing the amorphous form
is evidently the major challenge. The key to success will
be to select the right polymer to effectively inhibit
crystallization. Polymers play an important role in pre-
venting the amorphous material from recrystallization
via crystallization inhibition mechanisms.71,72,74,75,103

The requirement for the polymer is twofold. First, the
identified polymer should be capable of inhibiting
crystallization in a solid state for achieving an adequate
shelf life. Second, the polymer should be able to inhibit
crystallization during the dissolution (in solution state)
to maintain supersaturation for a superior in vivo
performance. In preclinical studies, the latter is shown
to be decisively more important, since ASDs are dosed
as aqueous suspensions. Commonly used polymers
include hypromellose acetate succinate (HPMCAS),
hydroxypropyl methylcellulose (HPMC), copovidone,
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Soluplus, polyvinylpyrrolidone (PVP), hydroxypropyl
cellulose (HPC), and Eudragit.

The selection of a polymer can be done through
a screen process. The crystallization inhibition in a
solution should be the first to be addressed, as it is
the most challenging to success. Based on a recent
molecular dynamics simulation study, hydrophobic
and van der Waals interactions are the dominating
forces in establishing the drug-polymer interaction in
aqueous solutions.104 This indicates that polymers
capable of forming strong hydrophobic interactions
are more effective in inhibiting the crystallization of
poorly water-soluble and hydrophobic drugs in an
aqueous media (such as GI fluid). Polymers with
both hydrophobic and hydrophilic moieties in the
structure, such as HMPC or HPMCAS, are found as
better choices.105

In solution-state polymer screen experiments, differ-
ent polymers are predissolved into aqueous solutions
(pH 1 and pH 6.8 buffers or SSIFs) at concentrations
achievable in vivo. Supersaturation in these aqueous
solutions is created by adding a high drug concentra-
tion stock solution made in an organic solvent such
as methanol or by adding a high drug concentration
solution made at extreme pH values. The extent and
duration of supersaturation as well as the rate of
crystallization from the solution are then monitored
by a suitable analytical technique or multiple techni-
ques depending on needs. For example, the drug
concentration can be assayed by UV/Vis or HPLC.
The crystallization can be detected by PLM, PXRD,
or Raman spectroscopy. The polymer that maintains
the highest supersaturation without crystallization is
preferred. This screen scheme can also be used to
investigate the combinations of polymers that may
provide stronger effect than a singular polymer. For
example, a polymeric blend of copovidone and HPMC
was found to have a superadditive effect to prolong
the supersaturation.106 Some researchers have applied
a more sophisticated HTS to execute the polymer
screen in solutions.107 This allows for more quickly
mapping out the useful formulation space by evaluat-
ing more polymers and more supersaturation levels in
a shorter time.

The second step in the polymer selection is to screen
the polymers that can maintain amorphous stability in
a solid state. Different from the solution state where
crystallization inhibition is mainly mediated through
hydrophobic and van der Waals interactions, solid-
state-specific interactions such as H-bonding108 or ionic
interaction109 can play a significant role. Polymers
with a high H-bond donor or acceptor propensity
are the candidates for consideration if the API struc-
ture has the matching H-bond acceptors or donors.
However, it should be noted that water is ubiquitous.

The hydrophilic polymers used in ASDs will retain or
pick up water during formulation preparation and
storage. For example, griseofulvin-PVP K30 solid dis-
persion crystalized upon exposure to moisture during
storage due to PVP losing its inhibition capacity.110

Whenever there exist water and hydrophobic mole-
cules, there will be hydrophobic interactions taking
place. Therefore, the ability of the polymer to engage
in hydrophobic interaction with the drug is still impor-
tant in solid-state crystallization inhibition. The set of
polymers selected based on crystallization inhibition
in an aqueous solution is presumably also useful in
preventing crystallization in the solid state when
exposed to moisture.

The screen for polymers to work in the solid state is
done differently than in the solution state. Small-scale
ASDs with different polymers each at different API
loadings are prepared, such as by casting films,111,112

and subjected to accelerated thermal and/or moisture
stress conditions with miscibility or lack of crystalliza-
tion being monitored periodically. Miscibility usually
refers to a kinetically stable state where the API
exhibits the apparent solubility in the polymer113 with-
out phase separation. Drug-polymer miscibility can be
measured experimentally using various techniques
such as Raman spectroscopy,114 solid-state nuclear
magnetic resonance (NMR)115, or a combination of
atomic force microscopy-based infrared, thermal, and
mechanical analysis.116 If phase separation occurs, the
drug-rich phase becomes supersaturated, which may
lead to crystallization. The detection of crystallization
can be made using PLM or PXRD, which in general is
easier to do than determining miscibility. Through this
process, polymers that achieve miscibility or lack of
crystallization at the highest drug loading can be
determined and rank-ordered. As stated previously,
toxicological studies are usually shorter in duration.
If the formulation does not crystallize under ambient
temperature and humidity for several months, the
physical stability is deemed acceptable. The ideal
situation is to identify a polymer or a combination of
polymers that can stabilize amorphous material in
both solution and solid state. In some challenging
cases, it is sometimes useful to use the right polymer
to tailor an appropriate drug-release rate at which
the degree of supersaturation during dissolution
is controlled to minimize the driving force for
nucleation.117 Since some polymers perform better
in crystallization inhibition and others do better in
enhancing dissolution rate, sometimes a combination
of more than one polymer can be used to optimize
the formulation.118�120

Increasing drug loading for the fast-crystallization
class is especially challenging. Achieving a higher
drug loading above 30�50% is often questionable.
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The use of a surfactant for improving the dissolution
rate should proceed with caution, since surfactants
may increase nucleation and crystal growth rate.78 For
extremely fast crystallizers, selecting a more soluble
polymer is perhaps the only effective means to
increase drug loading. This is because if the API portion
is solubilized in the polymer, the ASD system is thermo-
dynamically stable and will not crystallize. Although the
Flory�Huggins interaction parameter-based solubility
prediction method is widely reported,121,122 experimen-
tally measured solubility values are more accurate and
reliable. Determining the thermodynamic solubility in
polymers using melting point depression-based methods
have been reported.123�126 API and polymer mixtures
with an increasing percentage of API were cryomilled,
annealed at different temperatures, and analyzed by
differential scanning calorimetry (DSC) until undis-
solved crystals remain, and thus the upper and lower
bounds of the equilibrium solubility temperature were
determined.124 The procedure required many DSC
runs, which may take days to complete. This method
was shortened significantly by taking an empirical
approach utilizing a combination of differential scan-
ning calorimetry measurements and a reliable mathe-
matical algorithm to construct the solubility curve of a
drug in a polymer.126 A polymer screen through this
solubility measurement is lengthy and costly, but it
may identify a niche to formulate the extremely fast
crystallizer. Finally, lower the drug loading may be
still possible to formulate extremely fast crystallizers
in ASDs.

17.5.5.2 Formulation for slow crystallizers

Slow crystallizers are ideal compounds for ASD for-
mulations. Since crystallization is a small risk, it opens
up the possibility to formulate higher-drug-loading
ASDs. Different from faster crystallizers, the major chal-
lenge is switched from how to stabilize the amorphous
form to how to enhance the drug release. Therefore, a
different formulation strategy is considered.

Slow crystallizers that are poorly water-soluble
are often hydrophobic. In spite of incorporating
hydrophilic polymers, at some threshold of increasing
drug loading depending on the hydrophobicity of the
API, the solid dispersion will become too hydrophobic
to dissolve into the aqueous phase at a desirable rate.
The improvement in the dissolution rate will rely
on selecting the appropriate polymers and secondary
excipients.

The formulation development also starts with the
polymer screen, albeit with a different focus. The mis-
cibility or solubility in the polymer is still important,
since any phase-separated hydrophobic drug region
will hinder the dissolution, while the molecularly
dispersed hydrophobic drug molecules may dissolve

together with the fast-dissolving carrier molecules.
Like in the case of fast crystallizers, miscibility is
depending on polymer types. For example, it was
shown that the miscibility of telaprevir is increased
from 10% in HPMC or copovidone to 30% in
HPMCAS.116 Thus, the polymer screen is based on the
dissolution profiles of different polymers incorporated
into different drug loading ASDs made at small scale.
Polymers that meet the criteria of rendering a fast
dissolution rate and stimulating nanosized particle
formation should be ranked as top selections.

Problematic dissolution rates from high-drug-
loading ASDs can also be rescued by adding extra
highly water-soluble excipients. These secondary
excipients consist of mainly surfactants and in some
cases lipids. The surfactants listed in Table 17.5 can all
be potentially utilized in preclinical ASDs. As men-
tioned previously, there is a freedom of intercalating
the high percentage of these secondary excipients (ie,
10�30%) for preclinical amorphous solid dispersion
formulations as long as the Tg is above the ambient
temperature, and the excipient level is tolerable by the
animals at the intended dose. Physically, the ASDs
containing a large amount of the secondary excipients
may exist in multiple phases rather than in a single
phase. The coexisting of several phases seems not hav-
ing any negative impact to either the physical stability
or the reproducibility of in vivo performance, espe-
cially for the slow crystallizers. Rather it brings
the benefit of achieving higher drug loading while
attaining a fast drug dissolution rate. Increasing the
drug loading greatly reduces the dosing volume
and subsequently the animal dosing time every day.
Therefore, effort should be made to formulate the drug
loading as high as possible. In vitro dissolution is the
appropriate tool to gauge whether or not the
dissolution rate is fast enough, which will be discussed
in the section of Evaluating Formulation Performance
by In Vitro Dissolution.

Evidently, formulation strategy for medium-fast
crystallizers will be between the fast and slow
crystallizers.

17.5.5.3 Preparation of prototype amorphous solid
dispersion formulations

After the polymers are identified from the screen
experiments, the next step is to prepare the different
prototype ASD formulations, which are then character-
ized to arrive at the final lead formulation. To recapitu-
late, for the fast crystallizers, these selected polymers
should be promising to inhibit crystallization in the
solid state as well as in the solution state to achieve
the desirable drug-polymer miscibility or solubility,
while for the slow crystallizers, the best polymers are
those that can promote high drug loading and at the
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same time obtain an acceptable drug dissolution rate.
Practically, what determines the formulation composi-
tion of various prototype ASDs is the drug loading.
The drug-loading evaluation has been built into part of
the polymer and the secondary excipients screen as
delineated.

There are different methods available to prepare ASD
formulations.127 In order to make small-scale prototype
formulations, the most convenient method is solvent
evaporation using a rotary evaporator. This technique is
commonly used in chemical synthesis, and a rotary
evaporator is readily available commercially. In cases
where formulations consist of a high percentage of
cellulose-type polymers (ie, HPMCAS or HPMC without
surfactants), rotary evaporation is difficult to operate
due to film formation, which causes difficulties to
recover the solid. The hardship in the recovery of the
solid in general is tolerable because of the small scale.

A key to successful solvent evaporation is to locate
a suitable solvent that meets the following criteria:
(1) sufficient solubility for the API. The higher the
solubility, the less solvent to consume; (2) sufficient
solubility for the polymer and other excipients in the
formulation; (3) low boiling point so that it can be
easily removed; and (4) meeting the residual solvent
safety requirement per ICH guidelines.128,129 Solvents
are divided into three classes per International Council
for Harmonisation (ICH) guidelines: Class 1 solvents
contain known human carcinogens and should be
avoided in all; Class 2 solvents can be used but
should be limited to permitted daily dose (PDE) due to

nongenotoxic animal carcinogens; Class 3 solvents are
preferred since they are relatively safe with low toxic
potential, and the PDE is 50 mg or more per day.
The list of Class 3 and Class 2 solvents and their PDE
values can be found from the ICH guidelines. The most
preferable solvents include Class 3 solvents, such as
acetone, ethanol, and ethyl acetate, and Class 2 solvents,
such as methanol. A combination of solvents may pres-
ent an advantage to increase the solubility for API and
excipients and lower the boiling point (after forming
azeotropes).

After the solvent is found, the API and the polymer
at the ratio of designed drug loading are dissolved to
form a clear solution, sometimes with the help of mod-
erate heating. The clear solution is then dried under
vacuum in a rotary evaporator, usually heated slightly
below the boiling point of the solvent. A second drying
is carried out in a vacuum oven to further reduce the
solvent to the acceptable level. The dried mass is recov-
ered and ground to fine particles. These amorphous
solid dispersion powders should be stored away from
light and moisture prior to characterization and use.

17.5.5.4 Characterization of prototype amorphous
solid dispersion formulations

The studies designed to rank the initial prototype
amorphous solid dispersions are summarized into four
categories (Fig. 17.8). The first three are universal for
characterizing amorphous formulation systems, while
the last is unique to animal studies.

Dispersibility
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Dosability
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4

Evaluation of

prototypes

Solid state:
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FIGURE 17.8 Characterization of initial prototype amorphous solid dispersion formulations.
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The number one priority is to make sure the API is
indeed turned into an amorphous state (tested by PXRD
or PLM), the organic solvent level is meeting ICH
criteria (determined by TGA or gas chromatography),
and the glass transition temperature (tested by DSC)
is preferably significantly higher than the ambient tem-
perature. The second is to confirm that the formulation
is doing what it is supposed to do: increasing the
dissolution rate and maintaining supersaturation. It is
very important to select the right dissolution method
to assess this potential. This is so critical that a special
section is dedicated to the in vitro dissolution method
(see the section Evaluating Formulation Performance
by In Vitro Dissolution). The third area of testing is to
ensure the formulation is physically stable within
a reasonable time frame. Since long-term physical
stability is not required, stress testing at 40�C/75% RH
or 65�C/25% RH is an overkill. Several months of
stability in a closed container at ambient conditions is
adequate. More extensive evaluation may be necessary
for faster crystallizers. Thermal chemical stability
against rotary evaporation temperature and secondary
drying temperature, on the other hand, will be impor-
tant in order to make it at a larger scale for long-term
toxicological studies.

The fourth evaluation is specific to dosing in
animals. The word dosability is created to describe the
ability of any ASD formulation to be dosed smoothly.
Similar to dosing the salt, gavage of freely flowing
formulations (suspension) is usually the only option
for administering an ASD to rodents and sometimes
even for dogs when the dose cannot be carried within
the limited numbers of capsules. The dosability as a
suspension can be jeopardized in several situations:
(1) if the amorphous form is quickly crystallized
during the suspension preparation step, which basi-
cally obliterates the advantage of the amorphous solid
dispersion; (2) if the powders do not disperse well into
a smooth and uniform suspension or produce a
suspension too viscous to load into syringes; (3) if
foaming is substantial, which is a common problem
when surfactants are part of the formulation; and (4) if
the particles of the suspension are too large to pass
through the narrow diameter gavage tube. Therefore,
each of these four risks is to be rigorously evaluated
prior to finalizing the formulation. Some of them are
less challenging to resolve. An antifoam agent can be
added to quench the foam. The particle size can
be reduced by more aggressive milling. The growing
of particle size in a suspension can be controlled using
polymers. The viscosity can be reduced by selecting
less swelling polymers.

However, the most intractable problem is the
crystallization. In the presence of an abundance
of water, the molecular mobility is as high as it

can be, which potentially induces fast crystallization.
The polymers contained in the formulation may lose
the battle when against the strong headwind. Slowing
down the drug release and/or finding a better
suspending solution are possible ways to alter the
kinetics of the crystallization. For example, when using
an enteric polymer, such as HPMCAS or HPMCP as
the polymeric carrier in ASD formulations, the amount
of API (lopinavir) leaching out was shown to be below
the amorphous solubility when the ASD is suspended
in a lower pH buffer (pH 3 or 5).130 This may help
prolong the stability in some cases. A suspending
solution containing different and more effective
crystallization inhibitors (polymer or combination of
polymer and surfactant) may also improve stability.
A time window of several hours is needed from
suspension preparation to dosing. If this dosing win-
dow cannot be met, an ASD is not a viable formulation
approach.

Based on the results from the four areas of characteri-
zations, the prototype formulations are compared,
triaged, and narrowed down to the final or the final a
few. The most promising formulations will be advanced
to in vivo PK studies, often done in a dose-escalating
fashion in comparison with other formulations such
as lipid-based formulations. If the ASD formulation
demonstrates advantages over the others, it will be
declared as the final formulation for future studies.
At this time, how to scale-up the ASD preparation will
be the next discussion topic.

17.5.5.5 Scale-up the amorphous solid dispersion
formulations

Larger scale ASD preparations can be done mainly
through three technologies: rotary evaporation, spray
drying,131 and hot-melt extrusion.132 Each technique
has its unique pros and cons. The selection of the
method is dictated by the polymers selected in
the formulation, the availability of the technology, the
know-how in-house, the thermal stability of the API,
and the nature of the preclinical study. For example, if
the formulation uses dominantly HPMC or HPMCAS-
type polymers, spray drying is necessary. However,
the fine and fluffy particles from spay drying create
more work to prepare the suspensions. Hot-melt
extrusion is solvent-free and produces high-density
particles for easier suspension preparation, but it
generally takes a longer time and more API to
develop in addition to the need of specific equipment.
The rotary evaporation is a more suitable technique for
making an ASD supply for the preclinical studies
for noncellulose polymers.

The principle for large-scale rotary evaporation is
no different from a small scale. The API and formula-
tion excipients are all dissolved into the solvent of
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choice to form a solution, which is then heated under
vacuum to remove the solvent. However, the same
procedure is much more difficult to execute consider-
ing the scale. Assuming the solubility of the API is
50 mg/mL in the solvent, the calculated volume of the
solvent required to turn 1 kg of API into ASD will be
20 L. It will take several batches to deliver the 1 kg API
even using a large 10 L flask. Applying sufficient vac-
uum during the evaporation of 10�20 L of solvent will
require a very powerful vacuum pump. The rate of
solvent removal is a parameter to control in cases
of faster crystallizers; a slow evaporation rate may
cause crystallization. After finishing the evaporation,
the massive amount of ASD cake is scraped out from
the flask and milled into fine powders, which are then
subjected to a second drying. The major challenge
faced during the second drying process is the removal
of the residual organic solvent. Much higher drying
temperatures and longer drying times than the lab
scale are often required to dry several kilograms of
ASD powders to below the residual solvent specifica-
tions. The extensive heating may cause chemical
degradation and crystallization. The drying tempera-
ture, if above the Tg of the formulation, may transform
the ASD into a rubbery state and fuse the particles
together. These risk factors should be evaluated in a
small-scale experiment prior to the scale-up. For exam-
ple, small ASD samples are heated in the anticipated
drying temperature range over hours and days and
periodically tested for chemical stability and particle
morphology. The maximum drying temperature and
time are then defined as control parameters during the
scale-up. The final product is subjected to an analytical
analysis in potency, crystallinity, and stability at GLP
regulations if intended for GLP toxicology studies.
The material is also tested for dissolution and dosability

to ensure the larger scale product does not change these
properties as compared with the small-scale prototype
that was initially dosed in animals. These analyses
define the formulation storage condition and shelf life
for the intended toxicology studies.

17.6 EVALUATING FORMULATION
PERFORMANCE BY IN VITRO

DISSOLUTION

The theory of drug dissolution has been covered
extensively in this book (refer to dissolution chapters
in this book). This section will focus on evaluating the
enabling formulations that create high supersaturation
of the API in aqueous media, including pH adjusted,
cosolvent, lipid and surfactant-based formulations
(particularly Type III and IV), salts, and amorphous
solid dispersions.

Since the mechanism of the enabling formulations is
via creating supersaturation in the GI milieu, it is
palpable that the performance of these formulations
will count on the maintenance of the supersaturation.
It quickly became clear that the standard dissolution
test conducted under sink conditions is not able to
evaluate these formulations because supersaturation is
depleted under the sink conditions. Efforts have been,
therefore, directed to imitate the nonsink conditions
in vivo with the objective to predict in vivo perfor-
mance. For example, the physiological conditions that
can influence the supersaturation have been built into
the design of an in vitro simple dual-pH dilution
model for rats.133 As illustrated in Fig. 17.9, the rat
model mimicked how a formulation sample experi-
ences the pH/medium change from a pH 4 buffer
in stomach to a pH 6.5 FaSSIF in small intestine, the

Dilute at into FaSSIF
Shaken at
37°C,
100 rpm for

Section 2 - Small Intestine

Dilute 1500 µL
suspension at

1:0.1 into pH 4
Shaken at
37°C,
100 rpm for

0.25 hHCl

Section 1 - Stomach

I - 1:0.1

II - 1:1.2

III - 1:1.2

IV - 0

I – 0.2 h

II – 2 h

III – 4.5 h

IV – 8 h

Sample

I - duodenum, II – jejunum, III – ileum, and IV - colon

FIGURE 17.9 Schematic of a simple dual pH-dilution method to mimic dilution/dissolution in rats for evaluating enabling
formulations.133
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concentration change due to gradual dilutions along
the GI tract, and different residence times at each
section of the GI tract. Samples were taken from 0.2 to
8 h after the sample reached the intestine compart-
ments and centrifuged to separate the supernatant
from the solid phase. The solution phase was analyzed
by HPLC assay to obtain the supersatuation concentra-
tions. The formulation that resulted in the highest
supersaturation was determined as the best formula-
tion. This method was found to rank a series of formu-
lations into a correct order in line with in vivo data for
the model compound investigated.133 This dissolution
test can be conducted in a small beaker or vial in lieu
of the standard US Pharmacopeial (USP) apparatus
with $ 500 mL of dissolution medium. The simple
dual-pH dilution is a straightforward experiment but
requires hands-on manipulations to change the dissolu-
tion medium, add diluent, and take and analyze
samples. Using the concept of dual pH and dilution
was also reported in a microdissolution pH-shift test,134

where the drug was introduced into a pH 2 solution
for 20 min, followed by dilution into FaSSIF for another
180 min. The sample analysis was made automatic
using commercially available μDISS Profiler (Pion Inc.,
Billerica, Massachusetts) fitted with UV-fiber optic
probes for monitoring the drug concentration in situ.
The UV dip probe offers an advantage of collecting the
rich information of the drug concentration over a long
period of time in a hands-free fashion, yet the interfer-
ence from the background solution has to be removed
or minimized before reliable data can be generated.

In spite of the effort to make the in vitro dissolution
test more biorelevant, reasonable prediction of the
formulation performance in vivo has been mostly
elusive. Increasing the drug concentration by adding
solubilizing agents such as cyclodextrin, surfactants,
or solvents appeared to confer reduced permeability,
as shown in rat jejunal permeability of several poorly
water-soluble model compounds.135�137 Some studies
showed that monitoring the drug concentration in a
water-immiscible 1-octanol layer added to the top of
the aqueous dissolution medium (biphasic dissolution)
may mimic the in vivo sink conditions and provide a
better understanding of the supersaturation mainte-
nance and absorption process.138�140 The biphasic
method started to link supersaturation with absorption
but with limitations. The method simplified the perme-
ation process for lacking a physical membrane barrier
between the aqueous and 1-octanol layers and for
treating the solubility in 1-octanol as the dominating
factor for permeability.

To design a meaningful in vitro dissolution, it is
essential to understand how the supersaturation
is generated by the enabling formulations and what
exactly the supersaturating system is undertaking

to drive drug absorption. The former question has
been made clear for a while: creating supersaturation
by enabling formulation is analogues to launching
a parachute into the sky.141 However, the latter ques-
tion was not clearly addressed. A further question
was: When the parachute is launched toward the
sky, how high can it go? These important unknown
questions have been tackled in recent years by a
series of publications.

In 2011, Alonzo et al.93 reported that an felodipine
amorphous solid dispersion at a low drug loading
of 10% in a 90% HPMC polymer rapidly dissolved into
a pH 6.8 buffer, forming a semitransparent and colloid
suspension. The tiny droplets in the buffer were deter-
mined to be nanosized particles by dynamic light
scattering, and the felodipine concentration in the
colloid suspension was found to equate with its amor-
phous solubility. The colloidal species could also be
generated by solvent switching and pH shifting.
The transformation from an initially clear solution to a
colloid phase was found to occur after a highly super-
saturated solution was generated and can be attributed
to a physical phenomenon called LLPS.96 In 2013,
Raina et al.142 further confirmed that the LLPS thresh-
old occurs at the amorphous solubility by studying
several poorly water-soluble compounds. The data
implied that the highest supersaturation any formula-
tion can reach is the amorphous solubility above
which the system separates into a two-phase system,
wherein one phase is an initially nanodimensioned
and drug-rich phase, and the other is a drug-lean
continuous aqueous phase.

More interestingly, Raina et al. in the same paper142

investigated the impact of LLPS formation on passive
membrane permeability using a side-by-side diffusion
cell. The flux, measured as a drug diffusional rate
from the donor chamber to the receiver chamber in the
diffusion cell, is theoretically correlated to the solute
thermodynamic activity or free drug concentration. As
shown in Fig. 17.10, when the drug supersaturation
level was increased in the donor side, the flux of drug
diffusion into the donor side increased linearly but
abruptly stopped right at the LLPS threshold, above
which the flux remained as constant. This indicates
that the highest driving force for membrane perme-
ation is when the solute activity is at amorphous
solubility or the LLPS point. A higher concentration
than LLPS is short lived, and the system quickly
equilibrates to the LLPS level.

In a closely followed paper, Raina et al.143 further
demonstrated that the commonly used solubilizing
agents, when added at excess to above the solubility
of the solute, decreased the solute activity and
consequently decreased the flux for membrane perme-
ation. However, once more drug is added to reach
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solubility, the flux is recovered to a normal level.
This paper cleared the confusion about the role of
solubilizing excipients and provided guidance on how
to appropriately utilizing these excipients in enabling
formulations.

These findings have had profound implications to
formulation design as well as to in vitro dissolution
method revamp. LLPS occurs at phase separation
between the drug-rich phase and drug-lean phase
(aqueous phase saturated with the drug). The numer-
ous nanosized drug droplets are in equilibrium with
the aqueous phase. Once the free drug molecules ini-
tially dissolved in the aqueous phase are absorbed, the
nanosized drug-rich phase rapidly releases more drug
to replenish the lost drug molecules in solution, thus
maintaining the highest solute thermodynamic activity
for absorption.144 As long as LLPS can be maintained
within the GI absorption window, the formulation is
or is close to optimal. This new understanding in the
role of supersaturation and LLPS is the foundation for
designing an LLPS-based in vitro dissolution method
that will effectively monitor the generation and main-
tenance of the highest solute (drug) thermodynamic
activity.

Based on the core value of LLPS, a simple in vitro
dissolution method can be designed to fit the purpose.
Fig. 17.11 schematically describes the proposed
LLPS-based in vitro dissolution method for evaluating
the enabling formulation using a rat model in compari-
son with a human model. The scheme can be easily
adapted to different animal models by replacing the
in vivo parameters correspondingly.

As shown in Fig. 17.11, the LLPS concept-derived
new dissolution method still takes into account
the biorelevant conditions: (1) applying dual pH if the

compound or excipients have pKa value(s) within
the physiological pH range of 1�7.4, (2) mimicking
stomach and small intestine residence time and poten-
tial dilution along the GI tract, (3) using simulated
small intestine fluid (FaSSIF or FeSSIF) as a dissolution
medium, and (4) testing at in vivo temperature (37�C).
However, the sample analysis is redesigned with the
focus on determining whether or not the LLPS is
generated and maintained. Nanosized droplets are
manifested as a semitransparent or colloidal suspen-
sion, which can be monitored visually. A microscope
(PLM) and/or nano particle size analyzer can be used
to monitor the phase behavior and LLPS particles;
the precipitates should be amorphous in nature and
preferably in nano dimensions. The smaller the precip-
itated particles are, the better the formulation will be.
Minimally, there should not be massive precipitation
to crystalline form within several hours.

The free drug concentration determination in the
sample analysis scheme presented in Fig. 17.11 requires
interpretation. The drug concentration level measured
to the solution phase of the samples should not be
taken at face value, since part of the solution concentra-
tion can be due to the solubilizing agent, which is not
free drug. An accurate measurement of free drug con-
centration can be accomplished using membrane
diffusion-type experiments (ie, side-by-side diffusion
cell142). It may not be feasible in the preclinical stage to
engage sufficient time and resources in designing and
conducting an appropriate membrane diffusion-based
test. If the diffusion test is not affordable, the free drug
concentration can be estimated by comparing the
apparent concentration obtained from the dissolution
samples with the measured amorphous solubility
obtained under corresponding placebo conditions, as
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illustrated in Table 17.6. If the solubility of the amor-
phous form in the placebo-containing aqueous medium
is the same as that obtained from the dissolution
samples, then the amorphous solubility (thus the high-
est free drug concentration) has been achieved during
dissolution. In Table 17.6, the hypothetical formulations
#1 and #2 have reached amorphous activity, but #3 did
not, although the apparent solution concentration
is much higher than those from #1 and #3. In case
solubility measurement is also not affordable due to
lack of either material or time, as a last resort, the free
drug concentration can be inferred based on the resid-
ual solid properties. When the solid that is in equilib-
rium with the solution phase is determined to be
amorphous, it can be assumed that the solution concen-
tration is at amorphous solubility. Practically, as long
as amorphous droplets or particles are observed, the
solution concentration is at amorphous solubility,
which is the highest possible supersaturation level.
It is more important to know the length of the time
the nano or submicron-sized amorphous drug is
maintained.

The ranking of the formulation is based on the mea-
surements from both solid-state samples (maintenance
of amorphous nanoparticles) and solution-state samples
(maintenance of amorphous solubility). For examples,
#1 ranked: Nano to submicron-sized amorphous parti-
cles are maintained throughout, and the solution
concentration reaches amorphous solubility; #2 ranked:

Precipitates are in micron size but no crystallization,
and the solution concentration reaches amorphous solu-
bility; #3 ranked: Precipitates are initially amorphous
but crystallized after 2�3 h into nano or submicron-size
crystals, and the solution concentration gradually
decreased but not significantly from amorphous solubil-
ity; #4 ranked: Massive crystallization into large parcels
occurs within 2�3 h, and the solution concentration
decreased to significantly below amorphous solubility
or close to crystalline solubility.

The LLPS-based in vitro dissolution method is
suitable not only for amorphous solid dispersions
but also for any other formulations that possibly reach
amorphous solubility during dissolution. These formu-
lations include many enabling formulations such as
cosolvent/pH adjustment-based formulations, salts, and
lipid and surfactant-based formulations.

• Cosolvent/pH adjustment-based formulations. It is
easily understandable that these formulations create
an extremely high supersaturation when diluted into
neutral pH aqueous solutions that can promote LLPS
formation if crystallization can be prevented (ie, by
adding crystallization inhibitors such polymers).

• Salts. The dissolution of salts has been reported to
yield LLPS.145 Considering that pHmax (at which the
salts forms) is at least 2 pH units away from pKa,
the apparent solubility of the salt has to be 100-fold
higher than the intrinsic solubility of the parent
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crystalline form. The amorphous solubility
advantage (solubility ratio of amorphous-to-
crystalline form) usually does not exceed 100-fold
of crystalline solubility. Thus, salt has a high
potential to reach amorphous solubility during
dissolution if without crystallization to the parent
form. The polymer used as the suspending agent
in the salt suspension may just as well act as a
crystallization inhibitor to maintain the amorphous
solubility.

• Lipid/surfactant-based formulations. The lipid/
surfactant-based formulations, especially Type III
and IV, contain a cosolvent, which upon dilution
highly likely results in a higher supersaturation than
the amorphous solubility. Therefore, the LLPS-based
dissolution method is an appropriate avenue to
evaluate any of these enabling formulations and aid
formulation composition optimizations.

In addition, such an LLPS-based dissolution method
is universally applicable to all APIs regardless of their
permeability. It is a fact that the formulation effort
usually does not change the drug permeability. This
reality has been often interpreted as “little can be done
through formulation if the absorption is limited by
permeability,” which is now a misnomer after under-
standing the LLPS and its relationship to drug activity
and driving force for permeability. A more appropriate
interpretation is that formulation can play a critical
role in maximizing the permeability of BCS Class IV
compounds in addition to enhancing the solubility
and the dissolution rate. As stated repeatedly, the
highest thermodynamic solute activity (or the highest
free drug concentration), and thus the highest flux (or
the highest driving force) for permeability, occurs at
amorphous solubility. In the case of poor permeability
due to transporters in the gut (ie, efflux), maintaining

the highest free concentration (amorphous solubility)
is the best way to saturate the enzymes and to enhance
drug absorption.

As a conclusion, considerable advances have been
made in last 5 years in understanding the dissolution
behavior of the enabling formulations. We can expect
this trend to continue into the foreseeable future. With
new discoveries that never cease, the in vitro dissolution
method will keep evolving to more perfection.

17.7 RATIONALE SELECTION OF
FORMULATIONS SUITABLE FOR

INTENDED STUDIES

The decision on which formulation strategy to
choose often resembles a complicated multivariable
analysis. This table summarizes the pros and cons of
the different formulation approaches, which is helpful
in facilitating the decision-making process (Table 17.7).

The timing of a nonclinical study (during discovery
or development), dose regiment (single or repeat-dose
study), duration of the study, test species, route of
administration, and dose range all have a significant
impact on the formulation development challenges
that a formulator is presented with and can influence
the choice of formulation and excipients. Often during
the discovery stage, only very small quantities of a test
compound are available for formulation development
work, and only a very limited amount of time is avail-
able to identify an appropriate formulation for an
upcoming study. The combination of extremely high
doses desired for many safety studies, restrictions on
acceptable dose volumes, and very limited drug sub-
stance availability oftentimes result in a scenario for a
formulator where only a few milligrams of a drug

TABLE 17.6 Author-Created Illustration of Estimating Free Drug Concentration or Solute Activity by Amorphous Solubility
Measurement

#

Hypothetical Formulation

Composition

Amount Used

in Dissolution

(mg of Drug)

Solubility Medium
(mg of Placebo

Dissolved in 5 mL

FaSSIF)

Hypothetical
Solubility Measured

using amorphous form

(mg/mL)

Hypothetical Apparent

Concentration Measured

in Dissolution Samples

Thermodynamic

Solute Activity

1 Amorphous solid
dispersion: Drug X:
HPMCAS5 20: 80 (w/w)

20 80 mg HPMCAS 0.10 0.10 1.0

2 Amorphous solid
dispersion: Drug X:
HPMCAS: Tween 805 20:
65: 15 (w/w)

20 65 mg HPMCAS and
15 mg Tween 80

0.50 0.50 1.0

3 Surfactant formulation:
Drug X: PEG400: Tween
205 10: 70: 20 (w/w)

20 40 mg Tween 20 and
140 mg PEG 400

2.0 1.0 0.5

This assumes that dissolution is done in 5 mL FaSSF.
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substance can be used to test the solubility in multiple
test vehicles to achieve the concentration ranges of
tens to hundreds of mg/mL. At the same time, the
physical properties of the test compounds, such as
particle size, crystallinity, and purity, which have a
significant impact on the dissolution rate and the solu-
bility in a given vehicle, might not be fully understood
and optimized yet and are often not reproducible from
batch to batch. Therefore, during the drug discovery
stage, a formulator will most likely develop a fit for
purpose formulation based on the physical properties
of the drug substance at the time and the amount of
material and time that are available. The resulting for-
mulation might not be optimized for long-term stabil-
ity of the drug substance in the formulation or
acceptability of the used excipients for repeat dose or
long-term studies, for example.

The quantity of the available drug substance
and the knowledge and reproducibility of the physical
properties increase as a project moves from discovery
into development. Once a compound is identified as

a candidate for development or even slightly before, a
salt and polymorph screen is typically performed
to identify a stable crystalline form. This often results
in the selection of a crystal form that is different
from the crystalline or amorphous phase that was
used in the discovery phase, which can result in
changed dissolution and solubility properties. As a
result, the toxicology formulation may need to be
further optimized for GLP safety studies. Depending
on how different the crystal form (free base versus
salt) or the formulation is, a bridging study might be
necessary to evaluate the potential impact on in vivo
exposure and the need to adjust the doses for the
GLP study.

Other factors to consider during selecting the toxicol-
ogy dosing formulation are the ease of formulation
preparation and the chemical and physical stability of
the formulation, which determines the use-time period.
These factors are especially important for long-term
studies where the dosing formulation has to be prepared
many times and should, therefore, be easy to prepare.

TABLE 17.7 Comparison Among Different Formulation Approaches.

Formulation Type Advantages Potential Issues

Solution (aqueous or aqueous
with pH adjustment or
cosolvent)

• Maximizes exposure.
• Easy to prepare and dose.
• Flexibility of combining pH, cosolvency,

and complexation to further enhance
solubility.

• Eliminates exposure variability due to
batch-to-batch variation in physical form
and particle size.

• Difficult to develop for extremely poorly
soluble compounds.

• Tolerability issues from solubilization
excipients.

• Chemical stability issues.

Suspension (neutral solid
form or salt)

• Good tolerability.
• Supports high dose as not limited by

solubility.
• Better chemical stability than solution.
• Better bridging to clinical solid dosage form

(crystalline suspension).

• Exposure impacted by particle size and
physical form.

• Physical stability issues (form and
particle size).

Nanosuspension • Improved dissolution and enhanced
exposure.

• Supports high dose.
• Good tolerability.

• Physical stability issues.
• More complicated development path.
• More complicated preparation and

scale-up.

Lipid/surfactant-based
formulations (forms either
emulsion or microemulsion

• Applicable to many poorly soluble
compounds.

• Improved exposure due to solubilization
and potential lymphatic absorption.

• Easy to prepare and dose.

• Limited drug load.
• Physical instability (adduct formation).
• Lack of IVIVR for formulation selection and

optimization.
• Tolerability when high percentage of

surfactants used.

Solid dispersion • Good tolerability.
• Improved exposure by enhancing

dissolution and creating high
supersaturation.

• Broadly applicable with high success rate.

• Potential physical instability.
• Limited drug load for compounds with fast

crystallization tendency.
• Need to develop a suitable suspension for

animal dosing.
• Scale-up requires development.

48717.7 RATIONALE SELECTION OF FORMULATIONS SUITABLE FOR INTENDED STUDIES

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



There is usually a strong desire for the formulation to be
stable for at least 1 week to reduce the frequency of
preparation. Scale differences also need to be taken into
consideration. A formulation preparation procedure
might work well during formulation development on
a small, milliliter scale under the employment of certain
techniques such as sonication for solubilization or
trituration by hand to achieve wetting, particle size
reduction, or homogenization. However, it might be
very difficult to be reproduced by a CRO (Contract
Research Organization) or the drug safety department of
the same organization on the larger scale of several liters
during the actual toxicology study. Therefore, close com-
munication and alignment between the formulator and
the drug safety department/CRO are essential.

Overall, the strategy is to design and develop fit-
for-purpose formulations based on the physicochemi-
cal properties of the drug candidate, study type,
and requirement. The totality of the various important
factors is considered to balance quality, speed, and
cost when developing a suitable formulation strategy
to enable the study.

17.8 CASE STUDY

Herein presented is an example illustrating the
process of developing an oral formulation for safety
studies.

17.8.1 Model compound properties

Compound X is a molecule with an extremely low
aqueous solubility. The pharmaceutical properties are
provided in the following table.

Properties Data

Molecular weight B500 g/mol

pKa 8.5 (acidic)

Melting point of
crystalline-free acid

B270�C (melt decomposition)

LogD at neutral pH B3

Aqueous solubility

In aqueous buffers at
pH# 8

,12 ng/mL (below detection limit of
HPLC assay)

In faSSIF B0.8 μg/mL

In feSSIF B5 μg/mL

Chemical stability Acceptable stability at pH 1�13
Prone to degradation under peroxide

Permeability by Caco-2 Highly permeable

Based on these properties, Compound X is a BCS II
compound. Its poor solubility is due to the combined
effect of high lattice energy and hydrophobicity.
Enabling technology will be required to deliver this com-
pound. Three formulation approaches were evaluated:
salt suspension, lipid/surfactant-based formulations,
and amorphous solid dispersion formulations.

17.8.2 Crystallization tendency assessment

Since the three formulation approaches (salt suspen-
sion, lipid/surfactant-based formulations, and amor-
phous solid dispersion formulation) will create a
supersaturation upon dosing, the success of these
enabling technologies is hinged on how well the
crystallization can be inhibited. The effectiveness of
four polymers (copovidone, PVP, HPMC E5, and
HPMC K3) in prohibiting crystallization was assessed
by spiking the concentrated compound stock solution
into a pH 6.8 buffer containing predissolved 10 μg/mL
of each polymer. The compound concentration was
monitored by an UV-dip probe at the ambient temper-
ature. The concentration-time profiles are presented
in Fig. 17.12.

The data in Fig. 17.12 indicate that Compound X
has a high tendency to crystallize. The concentration in
the absence of polymers drops immediately after
supersaturation was created, although the concentra-
tion did not go all the way to ,12 ng/mL (crystalline
solubility at pH 6.8), which is attributed to the surface
defect of the precipitates that manifest a higher appar-
ent solubility. However, crystallization is significantly
inhibited or reduced in the presence of polymers.
Any of the four polymers studied was able to maintain
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supersaturation. Copovidone and PVP appear to
provide a somewhat higher concentration than the
HPMC-type polymers, probably due to the nanoparti-
cle effect on the UV-dip probe methodology.
Nevertheless, the data suggest that the amorphous
solubility in the pH 6.8 buffer is in the range of
22�32 μg/mL, which has been maintained over time
by the polymers. Therefore, it is possible to use
enabling formulations to deliver this compound.

17.8.3 Development of salt suspension

Taking advantage of the acidic pKa at 8.5, a salt
with acceptable pharmaceutical properties was made
successfully. The feasibility of the salt suspension
was studied by powder dissolutions in FaSSIF and in
a suspending agent (0.2% HPMC in water) at 37�C,
with samples filtered and analyzed by HPLC assay.
A concentration range of 22�32 μg/mL was main-
tained for B30 min in FaSSIF and for several hours
in 0.2% HPMC. The 0.2% HPMC suspending
agent provided the feasibility to dosing the salt as a
suspension.

17.8.4 Development of lipid/surfactant-based
formulations

The initial PK study was conducted in the standard
PEG 400/DMSO (90/10) vehicle in which the solubility
of Compound X was about 5 mg/mL. With the pro-
jected dose of $ 60 mg/kg, neat PEG 400 was not able
to achieve the required solubility. To develop a viable
formulation, the solubility screen was conducted in
three groups of excipients: cosolvent, lipid, and surfac-
tant, as shown in Table 17.8.

The solubility data in Table 17.8 pointed out poten-
tial ways to formulate a solution formulation: (1) using
PEG 400 and pH adjustment, since the addition of
NaOH (at 1:1 molar of NaOH:API) to ionize the com-
pound increased the solubility by more than 30-fold in
PEG 400; (2) using surfactants, since the aqueous solu-
bility in the presence of 1% Tween or vitamin E TPGS
was increased by more than 1000-fold. Vitamin E
TPGS has a low miscibility with PEG 400, and it can be
replaced by another surfactant, Cremophor RH40.

Based on the miscibility among PEG 400, Tween 20,
and Cremophor RH40, two vehicles were prepared
and tested for API solubility: (1) PEG 400 and Tween
20 at a 80:20 ratio and (2) PEG 400, Tween 20, and
Cremophor RH40 at a 50:20:30 ratio. Adequate solubil-
ity of approximately 100 mg/mL was achieved to
deliver the required dose. A dilution/dissolution test
followed by a PK study in rat showed better in vivo
data of PEG 400/Tween 20/Cremophor RH40 than

PEG 400/Tween 20. This identified PEG 400/Tween
20/Cremophor RH40 as the lead formulation from the
lipid/surfactant-based formulation category.

17.8.5 Development of amorphous solid
dispersions

Fig. 17.12 indicates that polymers can effectively man-
age the physical stability of amorphous Compound X,
which is otherwise a fast crystallizer. Table 17.8 shows
that the surfactant can be beneficial in formulating
Compound X into amorphous solid dispersions. Taking
these two pieces of information together, a prototype
formulation with the composition of 25% drug load
in copovidone and vitamin E TPGS was designed. The
organic solvent screen identified that ethanol, which
under moderate heating, was able to dissolve the API as
well as the polymer and vitamin E TPGS. The amorphous
solid dispersion was made by solvent evaporation and
characterized. The results have met all the requirements
described in the amorphous characterization scheme
in Fig. 17.8. In particular, the following positive results
from the two critical attributes have been observed.

1. Physical stability of the ASD suspension. The ASD
powders were suspended in a pH 6.8 buffer and
gently stirred overnight at the ambient temperature.

TABLE 17.8 Solubility Screen in Excipients to Develop Lipid/
Surfactant-Based Formulations for Compound X

Excipient

Solubility of Crystalline Form
of the Free Acid at Ambient

Temperature (mg/mL if not

Otherwise Noted)

Ethanol 1�2
PEG 400 B5

PEG 400 with NaOH
(1:1 molar ratio with API)

.150

Propylene glycol B3

A fatty acid B70 μg/mL

A phospholipid B8

A medium-chain monoglyceride
and diglyceride

,4

1% Tween 20 in pH 6.8 buffer B25 μg/mL

1% vitamin E TPGS in pH 6.8
buffer

B40 μg/mL

PEG 400/Tween 20 (80/20) with
NaOH (1:1 molar ratio with API)

Close to 100 mg/mL

PEG 400/Tween 20/Cremophor
RH40 (50/20/30) with NaOH (1:1
molar ratio with API)

B102 mg/mL
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The recovered solid remained amorphous, as shown
by PXRD (Fig. 17.13).

2. Powder dissolution of ASD. The dissolution was
conducted in a pH 6.8 buffer at 37�C with samples
filtered and analyzed by HPLC assay. The
measured concentration was kept at approximately
amorphous solubility, as shown in Fig. 17.14.
The concentration measured at 12 h remained
at B22 μg/mL on average.

The results demonstrate that the developed amor-
phous solid dispersion is suitable for dosing as a sus-
pension in preclinical studies. It was, therefore,
selected and advanced to in vivo characterization.

17.8.6 In vivo comparison of different
formulations

The three developed enabling formulations (salt
suspension, PEG 400/surfactants, and ASD suspen-
sion) were compared in several PK studies in rats and
dogs at different doses. Fig. 17.15 shows the represen-
tative results that were generated in dogs at a 25 mg
per dog dose. The three enabling formulations yielded
a significantly higher BA than without the formulation
effort (free acid suspension). Among them, the solution
formulation (PEG 400/Tween 20/Cremophor RH40) is
comparable to the amorphous solid dispersion, and,
therefore, it was selected as the final formulation from
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the perspective of easier formulation preparation than
the ASD. The PEG 400/surfactants formulation was
successfully used in long-term GLP studies to evaluate
the safety of Compound X.
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Rational Design for Amorphous
Solid Dispersions

A. Newman
Seventh Street Development Group, Kure Beach, NC, United States

18.1 INTRODUCTION

Most active pharmaceutical ingredients (APIs) are
crystalline materials that possess long-range order and
well-defined structures. Many properties, such as solu-
bility, stability, and bioavailability (BA) can be related
back to the crystalline form.1 In contrast, amorphous
materials do not possess the long-range order of
crystals, but will exhibit short-range order (Fig. 18.1).2

Amorphous solids are commonly used for improving
dissolution and oral absorption of poorly soluble
compounds because they exhibit higher apparent
solubility values and faster dissolution rates compared
with crystalline materials. However, they also have
disadvantages, such as poor physical stability, which
can result in crystallization, and poor chemical stability,
which can lead to degradation. Since they are meta-
stable forms, development of amorphous compounds
involves a greater understanding of the handling,
storage, and processing conditions needed to prevent
crystallization and maintain the amorphous state.

Amorphous solid dispersions are defined as an
amorphous API mixed with a polymer or mixtures of
polymers and surfactants.3,4 The polymer stabilizes the
amorphous drug by lowering the chemical potential of
the drug and increasing the activation energy needed
for crystallization (Fig. 18.2),5 which results in better
physical and chemical stability, higher apparent solubil-
ity, and faster dissolution. Dispersions can also display
extended supersaturation in solution due to crystalli-
zation inhibition by the polymers. By improving the
stability and apparent solubility, amorphous solid dis-
persions can be more easily processed into common
solid oral dosage forms. Due to the low equilibrium

solubility of many APIs in the polymer,6 and the
amorphous nature of the API in the dispersion, these
materials are generally in a metastable state and, there-
fore, may still exhibit poor physical and chemical
stability.

This chapter introduces amorphous solid dispersions
and their applications in designing solid oral dosage
forms during drug development. It covers the key
components in a dispersion, physical characterization
techniques used to analyze the materials, as well as
screening and selection methodology to help find a
dispersion with the best properties, such as physical sta-
bility and solubility. It also includes a brief introduction
of common processing technologies for manufacturing
amorphous solid dispersions and examples of marketed
products. More in-depth information on the fundamen-
tal principles, materials, formulation and process devel-
opment, characterization, and regulatory considerations
in developing amorphous solid dispersions are can be
found in chapters “Crystalline and Amorphous Solids,”
“Solid State Characterization and Techniques,” and
“Oral Formulations for Preclinical Studies: Principle,
Design and Development Considerations” of this book,
recent books, and review articles focused on amorphous
solid dispersions.

18.2 KEY COMPONENTS
OF AMORPHOUS SOLID DISPERSIONS

The most important components of a stable and effec-
tive amorphous solid dispersion are carrier polymer(s)
and surfactant(s). The choice and concentration of the
polymer can greatly influence the stability and properties
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of the dispersion. Early reports referred to solid disper-
sions as mixtures of polymer and crystalline drug.7

The small particle size of the crystalline drug would help
improve the dissolution for many systems. The term
amorphous solid dispersion has been used to describe solid
mixtures of polymer with amorphous drug. A number
of other terms have been used to describe these systems,
such as solid dispersion,8 solid solution,9 and molecular
dispersions.10 It is important to determine if the material
being described in a study contains crystalline or
amorphous API since the nomenclature has not been
standardized in the literature.

Polymers are the most common excipients incorpo-
rated into amorphous solid dispersions and a wide
variety of polymers are available.11 Other excipients,
such as cyclodextrins12 and phospholipids,13 have
been added to dispersion systems; it should be noted
that both of these excipients provide a different solubi-
lization mechanism than polymers (Fig. 18.3). Small
molecules, such as citric acid15 and amino acids,16

have also been used to produce amorphous solid dis-
persions. The amorphous components in the disper-
sion should be miscible, meaning that the drug and
polymer are composed of a single chemically homoge-
neous phase where all of the components are inti-
mately mixed at the molecular level and the properties
of the blend are different than the properties of the
pure components. In contrast, a physical mixture of
amorphous API and polymer would have the same
properties as the pure components. Many miscible amor-
phous dispersions have improved physical stability,17

but can become immiscible under certain conditions,
such as elevated relative humidity where water is
absorbed to produce a ternary system.18 Partial misci-
bility is also observed and can be dependent on the
concentrations used. For example, felodipine was
found to be partially miscible with polyacrylic acid19

and the dispersion was found to readily crystallize.17

In contrast, felodipine was found to be miscible with
polyvinylpyrrolidone (PVP) and this polymer proved
to be an effective crystallization inhibitor.20 Miscibility
can be investigated using a variety of characterization
techniques, such as differential scanning calorimetry
(DSC) and spectroscopic methods.21 Amorphous solid
dispersions have been utilized at various points in the
development process. For early animal studies, disper-
sions can provide improved apparent solubility result-
ing in a wide range of concentrations required for
toxicology and BA work. Suspensions of amorphous
dispersions have also been used for BA studies; it
should be noted that the propensity of the dispersion

FIGURE 18.1 Short-range order in amorphous material. Source:
Reproduced with permission from Bates S, Zografi G, Engers D, Morris K,
Crowley K, Newman A. Analysis of amorphous and nanocrystalline solids
from their X-ray diffraction patterns. Pharm Res 2006;23(10):2333�49.
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FIGURE 18.2 Hypothetical energy temperature diagram for amorphous, crystalline, and amorphous solid dispersions.5

498 18. RATIONAL DESIGN FOR AMORPHOUS SOLID DISPERSIONS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



to crystallize and the amount of API dissolved in the
carrier should be understood for these preparations. If
the dispersions provide the needed improvements in
the preclinical studies, they can be moved into early
clinical trials with simple formulations. Suspensions
and neat dispersion in a capsule are formulations that
have been used for early human trials. In some cases,
excipients such as disintegrants or flow agents are
added to provide a slightly more complex formulation
with better properties than the dispersion alone. The
amount of formulation development depends on
the characteristics of the dispersion and the needs
of the study. For some systems, the amorphous dis-
persion may have liabilities that do not allow the pro-
duction of a marketed product. For these cases, a
viable solid form is needed and additional work around
a different form and/or formulation may be needed.
There are a number of cases where amorphous solid dis-
persions have been used in late clinical trials and devel-
oped into marketed products, as shown in Table 18.1.
Some dispersions may need special handling, such as
using anhydrous excipients to keep water levels low,
while others may be more robust, allowing for a variety
of excipients and formulation processes.

18.3 CHARACTERIZATION
OF AMORPHOUS DISPERSIONS

Many of the characterization methods used for solid
form analysis can be used for amorphous solid disper-
sions. This section will cover common methods such as
X-ray powder diffraction (XRPD), DSC, and spectroscopy
infrared (IR), Raman, and solid-state nuclear magnetic

resonance (SSNMR). Details on these methods can be
found in chapter “Solid State Characterization and
Techniques”; information provided here will be specific
to amorphous solid dispersions. A number of emerging
analytical methods have also been discussed.22

XRPD of amorphous dispersions should result in an
amorphous halo if both the drug and polymer are
amorphous. Crystalline peaks from the drug should
not be evident in freshly prepared samples. XRPD can
be used to monitor dispersion samples over time to
determine conditions where the amorphous dispersion
is stable (remains amorphous) or unstable (drug crys-
tallizes). A 1:4 nifedipine:PVP amorphous solid disper-
sion compressed into tablets and stored at 60�C/75%
relative humidity (RH) was analyzed by XRPD and
dissolution over a period of 2 weeks.23 Crystalline
material was evident from XRPD after 1 week and was
correlated with a significant slowdown in dissolution
when compared with the initial amorphous dispersion.

The amorphous halo observed in the XRPD pattern
can help determine miscibility. A physical mixture of
the amorphous drug and polymer will be readily
described by the individual components. When the
components are miscible and interact with each other,
the scattering pattern is different and will produce a
different halo. Computational methods, such as pair
distribution functions19,24 and the pure curve resolu-
tion method,25 can also be used with the XRPD data to
help determine miscibility of a dispersion.

DSC and modulated DSC (mDSC) are commonly used
for characterization of dispersions. Small amounts of
crystalline material can be readily observed from a melt
endotherm of the crystalline solid.26 When the drug is
fully amorphous, the DSC will show two glass transition
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FIGURE 18.3 Graphic of different types of amorphous solid dispersions. The red (gray in print versions) box indicates that properties can
change based on solvent and water content.14
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temperatures (Tgs) for an immiscible system and one Tg
for a miscible system.21 The Tg of the miscible system will
be altered depending on the API:polymer concentration
and can be estimated using the Fox equation.27 In some
cases, such as the trehalose-dextran system, one Tg will
be observed for an immiscible system due to the limita-
tions of the DSC technique based on domain size.24

Immiscibility was confirmed for the trehalose-dextran
system using pair distribution functions24 and SSNMR.28

It is important to note that water or solvent content can
also change the Tg of a sample. A rule of thumb is that
1% water can lower a Tg value by approximately 10�C,29

and the Fox equation can be used to estimate the Tg of a
binary dispersion (API and polymer) containing water
or solvent. Care should be taken to measure the water/
solvent content of the sample before collecting DSC data
so the Tg value can be correlated to the solvent content.

Sample preparation is also key to getting reproducible
Tg measurements. For a “wet” Tg (containing water or
solvent), the sample should be placed in a hermetically
sealed pan without a pinhole for the DSC scan; this
preparation keeps the volatiles in the sample pan
throughout the run.30 For a “dry” Tg, temperature cycling
is used to first remove the volatiles with subsequent Tg

measurement for the solvent-free sample.31

IR and Raman spectroscopy are commonly used to
probe intermolecular interactions between the compo-
nents of a dispersion. The different selection rules for
these techniques often result in the API having a stronger
Raman response than the polymer, while polymers and
drugs will typically both have strong IR absorption peaks
that result in more signal overlap for some systems.

A number of studies have used IR spectroscopy to
determine interactions and miscibility in dispersions.

TABLE 18.1 Marketed Products Using Amorphous Solid Dispersions14

Product API Company BCS class Polymer Dispersion process

Afeditab Nifedipine Elan/Watson 2 Poloxamer or PVP Melt/absorb on carrier

Certican (non-US) Everolimus Novartis 3 HPMC Melt or spray drying

Cesamet Nabilone Valeant Pharmaceuticals 2 or 4 PVP Melt extrusion

Fenoglide Fenofibrate LifeCycle Pharma 2 PEG Spray melt

Gris-PEG Griseofulvin Novartis/Pedinol 2 PEG Melt extrusion

Ibuprofen Ibuprofen Soliqs 2 various Melt extrusion

Incivek (US) Telaprevir Vertex Pharmaceuticals 2 or 4 HPMCAS Spray drying

Incivo (Europe) Telaprevir Janssen Pharmaceuticals 2 or 4 HPMCAS Spray drying

Intelence Etravirine Janssen Pharmaceuticals 4 HPMC Spray drying

Isoptin SRE-240 Verapamil AbbVie Inc 2 HPC/HPMC Melt extrusion

Kalydeco Ivacaftor Vertex 2 or 4 HPMCAS Spray drying

Kaletra Lopinavir and ritonavir AbbVie 2 and 4 PVP VA Melt extrusion

LCP-Tacro Tacrolimus LifeCycle Pharma/Veloxis 2 HPMC Melt granulation

Nimotop Nimodipine Bayer 2 PEG Spray drying/fluid bed

Nivadil Nilvadipine Fujisawa Pharmaceutical 2 HPMC

Norvir Ritonavir AbbVie 4 PVP VA Melt extrusion

Noxafil Posaconazole Merck 2 HPMCAS Melt extrusion

Onmel Itraconazole GlaxoSmithKline/Stiefel 2 PVP VA Melt extrusion

Prograf Tacrolimus Astellas Pharma Inc 2 HPMC Spray drying/fluid bed

Rezulina Troglitazone Pfizer (Parke-Davis) 2 PVP Melt extrusion

Sporonox Itraconazole Janssen Pharmaceuticals 2 HPMC Spray layering (fluid granulation)

Torcetrapibb Torcetrapib Pfizer 2 HPMCAS Spray drying

Zelboraf Vemurafenib Roche 4 HPMCAS Antisolvent precipitation

Zortress (US) Everolimus Novartis Pharmaceuticals 3 HPMC Melt or spray drying

aRecalled in 2000 due to toxicity issues.
bDevelopment halted during Phase III clinical trials.
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This technique was used for an indomethacin-PVP
system to show that dimers present in the crystalline
drug were not present in the dispersion, but,
were replaced by intermolecular bonding between
the indomethacin and the polymer.32 The hydrogen
bonding observed in the dispersion helped inhibit crys-
tallization of the drug by preventing indomethacin dimer
formation. Other studies have utilized transmission IR
spectroscopy of thin dispersion films of droperidol,
ketoprofen, nifedipine, and pimozide with PVP, with all
showing complete miscibility of the components.33 Upon
exposure to elevated relative humidity, it was found that
the droperidol, nifedipine, and pimozide dispersions
became immiscible forming drug-rich phases that
eventually crystallized. Another study investigated the
hydrogen bonding of felodipine with different polymers
(PVP, hydroxypropyl cellulose (HPMC), and hydroxy-
propyl methylcellulose acetate succinate (HPMCAS)).20

Based on the peak shifts, it was found that PVP formed
the strongest hydrogen bonds with felodipine.

The use of Raman spectroscopy to analyze disper-
sion samples is also growing. As with IR spectroscopy,
it is used to look at interactions between components
in dispersions and determine miscibility. One report
investigating diflunisal in dispersions containing PVP,
HPMCAS, and HPC showed phase separation in the
HPMCAS dispersions only.34 Physical stability of dis-
persions has been investigated with Raman spectros-
copy by quantifying the amount of crystalline material
present. An example is an ibininabant:PVP dispersion
formulated into a tablet with a 1% drug loading35

where it was possible to detect the presence of 5%
crystalline material (less than 0.05% of the total sample
mass). While this result is not typical for many Raman
methods, it does illustrate the possibilities when there
is strong scattering of the drug and little overlap with
the polymer. Raman microscopy has also differentiated
amorphous and crystalline domains of a dispersion, as
reported for a troglitazone:PVP system.36

Solid-state NMR has been used to investigate a vari-
ety of amorphous solid dispersion properties, such as
miscibility,28,37 intermolecular interactions,38 molecular
mobility,39 domain size,28 crystallization kinetics,40 and
ionization.41 The technique has also been used to
identify28 and quantify crystalline material42 in dispersion
samples.

While 13C SSNMR data are commonly collected for
pharmaceutical compounds, a variety of other atoms
can also be used to gain information on dispersions,
such as 19F42 and 15N.41 15N atoms exhibit a low natu-
ral abundance, as does 13C, so larger rotor sizes, more
sample, and longer acquisition times are needed. 19F
atoms exhibit high sensitivity and high selectivity in
fluorinated drugs and SS19F NMR analyses are becom-
ing more common as the number of drugs containing

fluorine continues to rise. One study used 19F to inves-
tigate the mobility of flufenamic acid at a 20% drug
loading in PVP or HPMC dispersions.40 It was found
that the molecular mobility of the flufenamic acid was
higher in the HPMC dispersion and was related back
to lower physical stability (enhanced crystallization)
compared with the PVP dispersion. Another study dis-
cusses the quantitation of crystalline material in an
AMG517:HPMCAS dispersion using 19F SSNMR.42 A
detection limit of 3% crystalline material was mea-
sured for the dispersion at a variety of drug loadings.

Collecting the moisture sorption/desorption curves
for amorphous solid dispersions provides useful infor-
mation on hygroscopicity, handling conditions, and
possible phase transformations. Data are commonly
collected using an automated moisture sorption system
or static humidity chambers that employ salt solu-
tions.43 The type of sorption/desorption obtained can
then be used to probe the properties of the dispersion.
In a study with various drugs and the hygroscopic
polymer PVP, it was found that some miscible disper-
sions exposed to elevated relative humidity resulted in
crystalline drug being produced (ketoprofen and indo-
methacin dispersions) while pimozide:PVP dispersion
separated into a physical mixture of amorphous drug
and amorphous polymer33 A follow-up study with less
hygroscopic polymers found that systems with strong
drug-polymer interactions and a less hygroscopic poly-
mer (such as HPMCAS) are less susceptible to
moisture-induced phase separation, while more hydro-
phobic drugs are more susceptible even at low water
contents.44 In addition, crystallization kinetics have
been determined using water uptake data.45

18.4 SCREENING AND SELECTION
OF AMORPHOUS SOLID DISPERSIONS

Amorphous solid dispersion screens are used to
find possible API and polymer combinations that pro-
vide the necessary properties for development. There
are a number of steps in the screening and selection
process, as outlined in Fig. 18.4. For an amorphous dis-
persion screen, collecting information on the API is the
first step and data may include chemical structure,
solid form, physical stability, chemical stability, hydro-
gen bond donors and acceptors, calculated solubility
parameters, log P, and known solubilities of the solid
in solvents and biorelevant media. All of this informa-
tion may not be available for early development com-
pounds and may be determined during the screen or
later in development. Characterization of the API will
provide a baseline for comparison when dispersions
are found and can be used to help design experiments,
such as the melting point of the API for melt
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experiments and the temperature of desolvation or
decomposition for heating studies. It is also useful to
prepare the amorphous API for comparison with any
dispersions that may be produced.

Designing the screening experiments will include a
number of steps, such as choosing excipients, API:
polymer ratios, and experimental conditions. Polymer
properties to consider may include molecular weight,
Tg, hydrophilic/hydrophobic properties, hydrogen
bond donors/acceptors, calculated solubility parame-
ter, pH-solubility profile, thermal stability, water
uptake, and monomer levels. A variety of methods
have been reported for choosing polymers to be
included in a screen and some of these are summa-
rized in Table 18.2. Some of these approaches can be
easily incorporated into most screens and some will
require more time and expertise. It is important to
understand the API properties that need to be changed
and try to include polymers that may improve that
property. For example, if an API has a low Tg then a
polymer with a significantly higher value would be
used to help increase the Tg of the dispersion, or if the
API is hygroscopic then a nonhygroscopic polymer
would be targeted. For early development compounds,
binary mixtures of API and polymer will be the easiest
to investigate, but the option of adding multiple poly-
mers or other components, such as surfactants, to
make ternary systems can also be considered. Adding
ternary systems to the screen will increase the number
of samples and add complexity, but should be consid-
ered for difficult systems. The ratio of API:polymer
also needs to be established and many studies use a
range of 50�70% polymer, but it has been reported
that even small amounts of polymer (such as 5%) can
provide stabilization for up to 6 months and 30% poly-
mer can provide stability for at least 2 years.52 A range
of compositions should be explored since it has been

found that miscibility may change with API:excipient
ratio.53 The estimated drug loading should also be con-
sidered because the amount of polymer can signifi-
cantly increase the size of the capsule or tablet to be
produced.

Screening methods typically involve melt or solvent
techniques, and many screening methods can be per-
formed in 96-well plates.54,55 To use melting methods,
it needs to be established that the API will not thermally
decompose at elevated temperature. Thermal screening
methods include melt mixing,56 DSC,57 melt compres-
sion,54 and small-scale extruders.57 For solvent-based
methods, it is important to find a solvent or solvent mix-
ture where all components are soluble and chemically
stable. When designing screening experiments, the goal
is to remove the solvent as quickly as possible to pro-
duce the metastable amorphous dispersion. Methods
include rotary evaporation,47 freeze drying,47 film
preparation,54 electrospinning,58 and spray drying.48 In
many screens, a tiered approach is used and a combina-
tion of methods may be used to make different amounts
of material throughout the screening and selection
process. For example, a combination of DSC (5�10 mg),
melt mixing (10 g), and small-scale extrusion (. 10 g)
was used to explore dispersions of PVP and five
pharmaceutical compounds.57

Initial testing of the dispersions begins with XRPD
to determine which samples are amorphous. From
there a variety of properties can be evaluated, such as
Tg, solvent content, solubility, hygroscopicity, dissolu-
tion, and stability. The amount of initial testing may be
limited by the amount of material available, so it is
important to understand the desired properties of the
dispersion and prioritize these as the initial set of tests
when possible. Based on these properties, a smaller set
of amorphous solid dispersions will be moved to the
next stage, involving scale-up and additional testing.

FIGURE 18.4 Outline of screening and selection activities.46
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TABLE 18.2 Approaches for Choosing Polymers in a Dispersion Screen14

Method Description Comments Reference

Empirical Choose common polymers Use a variety of polymers; melting point or solubility
may be considered

47

Manufacturing Choose polymers based on the desired large
scale manufacturing (melt extrusion and spray
drying)

Need low-melting polymers for melt extrusion, need
solubility in solvent for spray drying

48,49

Solubility parameter Choose polymers with a similar solubility
parameter as the API

Similar solubility parameter maximizes mixing and
promotes miscibility

a,b

Miscibility Choose polymers that are miscible with API Miscible systems may show better physical stability c

Polymer properties Choose polymer with high Tg High Tg of polymer will increase Tg of the dispersion; want
Tg around 70�80�C to be about 50�C above RT

21,47

Choose polymer with low water sorption Water will lower Tg and may decrease physical stability 47, d

Review pH where polymer dissolves compared
to pH of targeted absorption site in GI tract

Compare pH with that of API properties (acid vs base) and
site of absorption (gastric vs intestinal)

50, e

DSC Determine Tm/Tg ratio Choose polymers with high Tg values to increase Tg of the
dispersion compared to the amorphous API:high ratios
may crystallize more easily

f

Reduced crystallization temperature Crystallization peak in DSC increases in temperature with
increased interactions between API and polymer

a

Determine width of Tg Wide Tg may indicate partial miscibility g

Interactions Look at common H-bonding motifs, ion dipole
interactions, or acid-base interactions between
drug and polymer

Try to maximize interactions in dispersion disrupt
bonding in crystalline materials (eg, PVP disrupts
indomethacin dimers)

32, d,h,i

Acid-base interactions Ionic interactions produce strong interactions for
stable amorphous solid dispersions

i,j

Complex interactions Use GEMANOVA analysis based on XRPD
microscopy data

k

Ab initio calculations Rank order crystallization inhibitors h

Determine binding constants using affinity
capillary electrophoresis

Drug-polymer binding constants based on changes in
effective electrophoretic mobility of the drug upon
binding to the polymer

l

Supersaturation Determine polymers that improve
supersaturation or stability in solution

Stable supersaturated solutions provide API:polymer ratios;
spray drying used to produce dispersions

51, m,n

Drug solubility in
polymer

Determine level of drug that will dissolve
in polymer

Gives upper concentration for unsaturated dispersion 6, c,o

aBhugra C, Schwabe R, Telang C, Li Z. Rational selection of polymers for amorphous dispersions: using reduced crystallization temperature to assess stability potential. 2012 AAPS

National Meeting Poster Presentation, Chicago, IL.
bShah N, Sandhu H, Choi DS, Kalb O, Page S, Wyttenbach N. Chapter 8. Structured development approach for amorphous systems. In: Williams III RO, Watts AB, Miler DA,
editors. Formulating poorly water soluble drugs. New York: Springer; 2012. p. 267�310.
cMarsac PJ, Shamblin SL, Taylor LS. Theoretical and practical approaches for prediction of drug-polymer miscibility and solubility. Pharm Res 2006;23(10):2417�26.
dKaushal AM, Gupta P, Bansal AK. Amorphous drug delivery systems; molecular aspects, design, and performance. Crit Rev Therap Drug Carrier Sys 2004;21(3):133�93.
eCuratolo W, Nightingale JA, Herbig SM. Utility of Hydroxypropylmethylcellulose Acetate Succinate (HPMCAS) for initiation and maintenance of drug supersaturation in the GI

milieu. Pharm Res 2009;26:1419�31.
fFriesen DT, Shanker R, Crew M, Smithey DT, Curatolo WJ, Nightingale JAS. Hydroxypropyl methylcellulose acetate succinate-based spray-dried dispersions: an overview. Mol

Pharm 2008;5(6):1003�19.
gSong M, Hammiche, A, Pollock HM, Hourston DJ, Reading M. Modulated differential scanning calorimetry: 4. miscibility and glass transition behaviour in poly(methyl
methacrylate) and poly(epichlorohydrin) blends. Polymer 1996;37(25):5661�5.
hVan Eerdenbrugh B, Taylor LS. An ab initio polymer selection methodology to prevent crystallization in amorphous solid dispersions by application of crystal engineering principles.

CrystEngComm 2011;13:6171�8.
iYoo S-U, Krill SL, Wang, Telang C. Miscibility/stability considerations in binary solid dispersion systems composed of functional excipients towards the design of multi-component

amorphous systems. J Pharm Sci 2009;98(12):4711�23.
jVan Eerdenbrugh B, Taylor LS. Small scale screening to determine the ability of different polymers to inhibit drug crystallization upon rapid solvent evaporation. Mol Pharm 2010;7
(4):1328�37.
kWu JX, Van Den Berg F, Sogaard SV, Rantanen J. Fast-track to a solid dispersion formulation using multi-way analysis of complex interactions. J Pharm Sci 2013;102(3):904�14.
lJia J, Choi DS, Chokshi H. Determination of drug-polymer binding constants by affinity capillary electrophoresis for aryl propionic acid derivatives and related compounds. J Pharm

Sci 2013;102(3):960�6.
mJanssens S, Nagels S, Novoa de Armas H, D’Autry W, Schepdael A, Van den Mooter G. Formulation and characterization of ternary solid dispersions made up of itraconazole and

two excipients, TPGS 1000 and PVPVA 64, that were selected based on a supersaturation screening study. Eur J Pharm Biopharm 2008;69:158�66.
nVandercruys R, Peeters J, Verreck G, Brewster ME. Use of a screening method to determine excipients which optimize the extent and stability of supersaturated drug solutions and

application of this system to solid formulation design. Int J Pharm 2007;342:168�75.
oSun Y, Tao J, Zhang GZ, Yu L. Solubilities of crystalline drugs in polymers: an improved analytical method and comparison of solubilities of indomethacin and nifedipine in PVP,

PVP/VA, and PVAc. J Pharm Sci 2010;99(9):4023�31.



This additional testing may include BA studies
depending on the development plan and timeline.

Dispersion selection is based on the characterization
and property data collected for the dispersion samples.
Early formulations may need certain properties that
are essential in moving the molecule forward, such as
improved solubility or BA, and these should be
included in the selection criteria. A simple formulation
with the necessary handling (such as temperature and
low relative humidity) may be possible for small clini-
cal supplies, but may not feasible for larger or longer
clinical studies. Later in development, as the amount
of clinical supplies increases and the formulation is
modified, other processing, handling, and storage con-
ditions would need to be considered. It is important to
understand and include these development issues in
the selection process.

Data obtained for the various dispersions can be
reviewed in a number of ways. Two common methods
are a decision tree47 and a form matrix.59 A decision
tree narrows down the dispersion options based on a
series of decision points. The dispersions that do not
meet the criteria are removed from consideration and
the rest are moved to the next decision point. Another
option is a form matrix where the materials and prop-
erties are summarized in a table, acceptable properties
are highlighted, and dispersions with the best proper-
ties are selected. For both approaches it is important to
understand what is needed from an API property, for-
mulation process, and development perspective. It
should be noted that properties needed for early devel-
opment may be different for a late-stage program and
each selection should be assessed individually.

18.5 STABILITY CONSIDERATIONS

Amorphous materials are physically unstable and
will have a tendency to crystallize to their more
stable crystalline form (Fig. 18.2). One goal for amor-
phous solid dispersions is to maintain the amorphous
API during drug product manufacturing and for the
marketed drug’s shelf life (physical stability). The sec-
ond goal is to maintain a supersaturated solution of
the API once the amorphous dispersion is dissolved in
the gastrointestinal (GI) tract (solution stability); if the
drug crystallizes upon contact with biological fluids or
shortly after then the solubility advantage of the amor-
phous state is lost. This is illustrated in Fig. 18.5.60

Physical stability, or crystallization rate, in amor-
phous solid dispersions is dependent on a number of
factors, such as the crystallization tendency of the
drug alone,61 miscibility,17,33 storage temperature,62

water content,20 and the amount or type of polymer
used.20,63 Many of the polymers and excipients added

to amorphous solid dispersions can act as crystalliza-
tion inhibitors and help maintain the amorphous
nature of the drug in the solid phase. There are a num-
ber of possible stabilization mechanisms for polymers,
including a decrease in molecular mobility related to
Tg,

64,65 disruption of drug-drug interactions,30 and for-
mation of specific polymer-drug interactions related to
miscibility.32,66,67 It is likely that a combination of
mechanisms contributes to the inhibition in most dis-
persion systems; however, these types of mechanisms
can help guide polymer selection by comparing
relevant API and polymer properties.

Assessing physical stability involves characterization
methods (previously described) and presents a number
of challenges. Physical stability testing is needed to
determine which polymers best inhibit crystallization.
This will involve different polymers, polymer grades,
and concentrations, which can result in a large number
of samples. Due to the small amount of API available in
early development, these types of studies need to be
carefully planned to obtain the most useful information.
The low loading in amorphous dispersions also presents
a challenge with many analytical techniques, and this
aspect becomes more of an issue once the dispersion
is formulated into a marketed product where the
amount of active drug is further diluted. Determining
crystallization rates as a function of temperature
and water content can be difficult due to the lack
of first principle models that accurately describe
nucleation, growth, and overall crystallization kinetics
in amorphous dispersions.60 However, performing
these studies may still provide a starting point for
understanding the stability of a dispersion.

FIGURE 18.5 Schematic of factors important factors for the sta-
bility of amorphous solid dispersions. Source: Reproduced with permis-
sion from Taylor LS. Chapter 5. Physical stability and crystallization
inhibition. In: Pharmaceutical amorphous solid dispersions. A.
Newman, editor. Hoboken, NJ: John Wiley and Sons; 2015.

504 18. RATIONAL DESIGN FOR AMORPHOUS SOLID DISPERSIONS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



Crystallization from aqueous solutions, such as dis-
solution media or biological fluids in the GI tract, is
another consideration. It is important that once the
drug dissolves, the solution supersaturation is main-
tained to allow absorption of the drug. For dispersions
with relatively high polymer content, the rate of
release will likely be controlled by the polymer, not
the API.68 Fig. 18.6 shows two possible routes to crys-
tallization when an amorphous solid dispersion is dis-
solved in an aqueous media: matrix crystallization
(Route 1), where the dispersion may sorb water and
the drug crystallizes in the matrix before dissolution,
and solution crystallization (Route 2), where the drug
is released into solution and then nucleates/crystal-
lizes. For these types of studies, it is important to
determine if crystalline or amorphous material is pro-
duced. If crystalline material is produced, the supersat-
uration of the solution will be lost, whereas if an
amorphous material is produced, then supersaturation
can be maintained.69,70

The ability of polymers or excipients to inhibit crys-
tallization may influence precipitation (where turbidity
is measured and it is not known whether crystalline or
amorphous material is produced),71 crystal nucle-
ation,72 or crystal growth.73,74 In early development,
studies can be performed to quickly assess the ability
of various polymers to inhibit precipitation using
turbidity75 and can be performed in well plates.76,77 A
better understanding of the inhibition may be needed
and more complex studies can be performed to obtain

further information on the system as the drug pro-
gresses into development.

18.6 SOLUBILITY AND DISSOLUTION
CONSIDERATIONS

Solubility and dissolution are important properties
for amorphous solid dispersions because they have
been linked to performance, such as BA. It has been
shown that the flux across a membrane is enhanced
for supersaturated solutions, but not for solubilized
solutions;78,79 therefore, using amorphous solid disper-
sions to create and maintain supersaturated solutions
could lead to enhanced performance.

Solubilization depends on a number of drug proper-
ties, such as pKa, lipophilicity, and intermolecular
forces in the solid state, as well as solvent properties,
including pH, polarity, and solvent interactions.
Solubility is a thermodynamic property and is defined
by the concentration in solution in equilibrium with
excess solid, therefore the value is based not only on
the concentration in solution, but also by the solids
present during the experiment. It is important to deter-
mine if equilibrium is established with an amorphous
solid present during the measurement, with a crystal-
line material that has been produced during the
solubility experiment, or colloidal drug aggregates.80

The reference solubility is typically obtained with the
most stable crystalline form. The solubility of other

FIGURE 18.6 Schematic showing the
possible routes of crystallization after add-
ing an amorphous solid dispersion to an
aqueous medium. Route 1 is matrix crystalli-
zation and Route 2 is solution crystalliza-
tion. Source: Reproduced with permission from
Taylor LS. Chapter 5. Physical stability and
crystallization inhibition. In: Pharmaceutical
amorphous solid dispersions. A. Newman,
editor. Hoboken, NJ: John Wiley and Sons; 2015.
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metastable forms and supersaturation measurements
reference that value.81 In the case of an amorphous
solid dispersion, the term apparent solubility is used to
differentiate the amorphous value from the most
stable crystalline form.50,51,82 A suggested method for
determining solubility is given in Table 18.3, which
includes analysis of both the solution and the remain-
ing solid.83

It is also important to decide which media will pro-
vide the most useful information. Solubility in water
will provide a relatively straightforward comparison
between the amorphous solid dispersion and a crystal-
line reference material This comparison can be used
for initial assessment or for dispersion selection.

However, it will not provide significant information
on the solubility increase in biological media, which
can be different based on pH and other factors. If
absorption is expected in the intestine, then a corre-
sponding media, such as simulated intestinal fluid,
may be more appropriate. The transit time through the
GI tract should also be considered when reviewing the
time course of the experiment. If crystallization does
not occur for 24 hours and the estimated residence
time in the intestine is only a few hours, then the dis-
persion would be considered at low risk for
crystallization.

Dissolution is different than solubility and applies
to the kinetics rather than the thermodynamics of the
process. Dissolution rate will increase with increasing
surface area of the particles and drug solubility, and
decrease with an increase in the thickness of the aque-
ous boundary and the concentration of drug already in
solution. Dissolution will drive the initial solubilization
of the dispersion and intestinal absorption will remove
the solubilized drug, causing additional solubilization
of the dispersion.

Typical dissolution methods based on United States
Pharmacopeia (USP) criteria are used to determine
similarity between lots for quality control purposes.84

These methods are not usually applicable for evaluat-
ing in vivo performance. There are a number of para-
meters that need to be considered when developing a
dissolution method for in vivo correlation, which are
summarized in Table 18.4.50 When developing dissolu-
tion methods for dispersions, the conditions chosen
should mimic the GI tract, such as biorelevant media
that matches the delivery route, pH, stirring rate, and
volume. Most dissolution methods are run under sink
conditions, however, nonsink conditions should be
explored for poorly soluble drugs that may crystallize
in the GI tract. Polymer properties also need to be con-
sidered and issues such as gelling, floating, or solids
clinging to paddles, shafts, and glassware may be
observed during method development. Crystallization
propensity in the media over biologically relevant time
frames should also be explored. For some dispersions,
issues with wetting are overcome using surfactants.26

While Apparatus 1 (basket method) and Apparatus
2 (paddle method) are the most common USP methods
used, it has been shown that Apparatus 3 (reciprocat-
ing cylinder) and Apparatus 4 (flow-through cell) offer
advantages for low solubility compounds by allowing
controlled pH and volume changes of the dissolution
media throughout the analysis. A number of studies
report the use of two-phase dissolution systems that
attempt to mimic the GI tract (stomach and duode-
num) and provide a better correlation with BA
studies.85�87 In one study, the crystallization of an
amorphous form during dissolution was observed and

TABLE 18.3 Method for Determining Solubility for Amorphous
Solid Dispersions

Step Comment

1. Ensure material has a uniform
particle size to avoid multiple
dissolution rates 75�150 μm is
recommended

In early development this may
difficult to obtain based on
sample size: a range can be
estimated using optical
microscopy or SEM

2. Add a known excess of
amorphous to medium (at
least 103 the crystalline
solubility is recommended)

Amount of medium will depend
on solubility and amount of sample
available. Stirring (overhead or stir
bar) can be limited by the volume
of medium used

3. In order to improve powder
dispersion, a paddle speed of
at least 300 rpm is
recommended

If wetting is not an issue, a lower
speed, such as 100 rpm, is
recommended

4. Draw sample at select time
points and filter using an
appropriate filter

Multiple time points are used to
determine whether the profile
levels off (equilibrium) or
decreases (likely precipitation or
crystallization)

5. Dilute samples immediately
using organic solvent
suitable for analysis method to
prevent precipitation and/or
crystallization

6. Determine concentration in
solution

7. Pull an unfiltered sample at
each time point and analyze
for appearance of crystallinity

Wet sample analyzed by XRPD
will provide information on the
solid formed in solution; drying
the sample may promote a form
conversion and confuse the results

8. Determine the concentration
versus time profile and note
the first appearance of
crystalline material

Adapted from Murdande SB, Pikal MJ, Shanker RM, Bogner RH. Aqueous solubility of

crystalline and amorphous drugs: challenges in measurement. Pharm Dev Technol

2011;16(3):187�200.
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dissolution results compared favorably with dog BA
studies.85 Fed versus fasted conditions can also be sim-
ulated with the media chosen for the dissolution
method and this factor should be considered, and be
similar to what will be used in the animal studies,
when developing the method.

18.7 METHODS OF MANUFACTURING
AMORPHOUS SOLID DISPERSIONS

A variety of methods are used to produce amor-
phous solid dispersions at small scales, but the most

common methods to produce large amounts of mate-
rial (hundreds of grams or kilogram quantities) are hot
melt extrusion88 and spray drying.48 Another method
that uses common formulation processing equipment
to produce large-scale quantities of dispersions, fluid
bed granulation, has also been used for certain drugs.
All three methods have been used to produce mar-
keted products, as summarized in Table 18.1.

Melt extrusion forms a dispersion by melting the
API/polymer mixture followed by rapid cooling to
solidify the components and prevent API crystalliza-
tion (Fig. 18.7). A variety of polymers can be used for
this process49 and the most common polymers include

TABLE 18.4 Considerations for Amorphous Solid Dispersions50

Area Considerations Recommendations

Physical Choice of polymer Polymer characteristics (solubility, melting point, wettability, hygroscopicity, effect of pH,
dissolution rate, etc.) and large-scale manufacturing process (spray drying, melt extrusion)
need to be considered early in the development of the amorphous solid dispersion

Polymer:API ratio Optimize the amount of polymer required to provide the long-term physical stability
desired in the solid state and crystallization inhibition in solution

Miscibility Determine if a one-phase miscible system has been produced

Manufacturing processes Consider that the amorphous solid dispersion produced at elevated temperatures may be
miscible but may separate upon cooling to room temperature or under other conditions

Hygroscopicity Water uptake and the effect on Tg, physical stability, and crystallization need to be
evaluated

Dissolution Dissolution apparatus and
media conditions

Dissolution method development should focus on conditions that mimic the GI tract
(biorelevant media that match the delivery route, pH, stirring rate, volume); these
conditions may not be applicable for routine dissolution testing to discriminate differences
between lots

Sink versus nonsink conditions Both sink and nonsink conditions should be investigated and compared with data from
the in vivo studies; for poorly soluble drugs nonsink conditions and the possibility of
crystallization in the GI tract need to be evaluated

Polymer controlled
dissolution/wettability

Incorporate polymer properties into the dissolution method development (gel formation of
the polymer, floating of particle/dispersion particles, solid clinging to paddles/shafts/
glassware)

Supersaturation in dissolution
testing over hours

Test supersaturation over biologically relevant time frames in biorelevant media to
determine if the API will stay in solution or crystallize out

Biological Fasting versus Fed-pH effects Food effects need to be evaluated; specifics on fasting times and post-dose feedings need
to be detailed in reported studies

Sink versus nonsink conditions Dose-range dependent sink conditions along the GI tract (pH, volumes, residence times)
need to be considered and investigated; these will be dependent on the solubility of the
API and the amorphous solid dispersion

Local effect of polymers on pH pH effects of polymers, especially polymers used for enteric coatings, need to be evaluated
throughout the entire GI tract

Species differences Investigate the use of alternative animal models, such as pigs and minipigs, that are a
better model for non-primate studies

Transporters and metabolism Determine if APIs are substrates for human transporters and/or metabolizing isoforms
and the affect this will have on absorption

Gastrointestinal physiology For highly lipophilic molecules, lymphatic absorption and not only blood absorption need
to be determined in early studies; use extended GITA model to predict regions of optimal
absorption; use feedback from in silico models to help refine formulations
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copovidone, povidone, HPMCAS, polyethylene oxide,
polyethylene glycol (PEG), HPMC-E5, and methacry-
lates. The melting and Tg values of both drug and
polymer are used to determine processing tempera-
tures, usually 20�50K greater than the polymer Tg.
Plasticizers, such as PEGs, poloxamers, and triethyl cit-
rate, may be added to lower thermal transitions of the
individual components or the extruded dispersion.89

Additives to alter dissolution, such as surfactants, may
be included to extend the duration of supersaturation
or delay drug release. Extruders usually run in a con-
tinuous mode. Key process parameters include
extruder screw design, feed rate, and temperature. It is
critical that the API and excipients do not degrade at
the processing temperature. The extrudate undergoes

downstream processing to tailor the physical form for
the final dosage form. Downstream processing can
include pelletization or milling.

Spray drying is a solvent-based method commonly
used to produce amorphous solid dispersions where
droplets are produced and the solvent is removed
within milliseconds (Fig. 18.8).90 It is important to
obtain solubility values of both the API and polymer
in a solvent suitable for spray drying, such as dichloro-
methane, acetone, methanol, tetrahydrofuran, ethanol,
ethyl acetate, water, and mixtures of these solvents.
Both the API and polymer are dissolved in the solvent
system. The spray-drying process consists of four
stages: atomization of the liquid, mixing of the liquid
with the drying gas, evaporation of the liquid, and

FIGURE 18.7 Hot melt extrusion process schematic.
Source: Reproduced with permission from Crowely K, Gryczke A.
Chapter 10. Hot melt extrusion of amorphous solid dispersions. In:
Pharmaceutical amorphous solid dispersions. A. Newman,
editor. Hoboken, NJ: John Wiley and Sons; 2015.

FIGURE 18.8 Spray-drying process schematic. Source: Reproduced with permission from Dobry DE, Settell DM, Bauman JM. Chapter 9. Spray
drying and scale-up. In: Pharmaceutical amorphous solid dispersions. A. Newman, editor. Hoboken, NJ: John Wiley and Sons; 2015.
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separation of the dried particles from the gas. By con-
trolling various parameters, such as the atomization
and drying parameters, dispersion particles can be
engineered with specific properties, such as particle
size and density. Secondary drying, using tray drying
or vacuum drying, is added in many systems to
remove residual solvent from the spray-dried di-
spersions. Small-scale spray dryers are available for
milligram quantities of material, laboratory-scale
equipment can produce gram-scale quantities, and
production scale dryers produce metric ton batches.
Spray drying has demonstrated scalability over these
various batch sizes.48,90

Amorphous dispersions can also be produced using
conventional manufacturing equipment, such as a
fluid bed dryer/granulator or high-shear mixer, by
spraying an API/polymer solution onto an inert sub-
strate. The marketed product Sporonox is produced by
a spray-layering process where a round core is initially
sprayed with a coating film, followed by an amor-
phous dispersion layer containing HPMC and itraco-
nazole, and then a seal-coating layer of PEG to prevent
sticking of the beads.91 These beads are then filled into
capsules for the marketed product. Other methods
have been used to produce dispersions at a scale for
marketed products, such as melt onto a carrier
(Afeditab) and antisolvent addition (Zelboraf).
Detailed discussion of basic principles, process devel-
opment, and scale-up of these manufacturing technolo-
gies can be found in relevant chapters in this book.

18.8 DOSAGE FORM DEVELOPMENT
CONSIDERATIONS

Amorphous solid dispersions have been used in a
variety of marketed products, as shown in Table 18.1.
Once the amorphous solid dispersion has been chosen,
it is important to understand how the large-scale pro-
duction parameters may be related to the physical
properties of the dispersion influencing dissolution,
such as particle size and bulk density. Often, the
manufacturing process will need to be examined and
modified to produce large-scale batches with the
desired properties.

Dispersion properties also need to be considered for
the formulation process for a solid oral dosage form.
Melt extruded dispersions have a tendency to be more
dense, which may favor capsule formulations but may
exhibit poor compression properties for tablets; there-
fore, a method to decrease the density may be needed.
Spray-dried dispersions may consist of fine particles,
exhibit poor flow and compression properties, and be
poor candidates for capsule formulations. Methods to

improve flow and compressibility of the spray-dried
materials may be needed before tableting.

The physical stability of the dispersion will influ-
ence handling and storage conditions. For early formu-
lations, the dispersion may be dispersed as a slurry in
a liquid formulation vehicle. In correlating to BA, it is
critical to determine how much API can be dissolved
in the vehicle, as well as how long the solid remains
amorphous in the liquid vehicle to determine a time
frame for dosing after preparation. For dispersions
that will be filled into capsules, the relative humidity
of the room during encapsulation may need to be
monitored and kept below a certain threshold to pre-
vent crystallization. The amount of water in the cap-
sules and possible migration to the solid amorphous
dispersion placed in the capsule may need to be
investigated.

The choice of excipients is a critical parameter to
evaluate when using dispersions, especially in later
development when the formulations become more
complex. If the dispersion exhibits poor physical stabil-
ity, especially around water, then anhydrous excipi-
ents should be considered. Some dispersions will show
less issues with water. For Intelence, the package insert
states that the tablet can be dispersed in water and
taken immediately as a slurry.92

Formulation processes need to be considered because
compression, heat, and exposure to moisture are
commonly used to produce the final dosage form.
Determining methods to measure physical stability (crys-
tallization) and chemical stability (degradation) will be a
key step in producing viable formulations. Analysis of
the solid at different stages of the process will help nar-
row problem areas that would need remediation.

Stability testing of the drug product is needed to
determine packaging, storage, and shelf life. The Food
and Drug Administration has issued guidelines for sta-
bility conditions and time periods needed for long-
term, intermediate, and extended stability studies on
drug products.93 Data must be examined to determine
the conditions that affect the stability of the drug, and
the process and packaging will need to be modified to
ensure that the API remains amorphous.

18.9 CASE STUDIES

As discussed in this chapter, amorphous solid dis-
persions in early- and late-stage development will
have different requirements, and the types of studies
needed at each stage will be tailored as the product’s
launch approaches. In this section, case studies involv-
ing amorphous solid dispersions in early and late
development, as well as in life cycle management, will
be presented.
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18.9.1 Early Development: Vemurafenib

Vemurafanib (Fig. 18.9) is a compound that is prac-
tically insoluble at pH 3 and 7 (,0.1 μg/mL), and an
amorphous solid dispersion was used to improve its
solubility. In the case of vemurafanib, a very high
melting point and very low solubility in low-boiling
solvents made conventional spray drying and melt
extrusion methods unsuitable. The dispersions were
prepared by a coprecipitation process shown in
Fig. 18.10, which is an alternative preparation method
that can be used when spray drying or melt extrusion
are not feasible.94 Dispersion samples prepared by the
coprecipitation method were called microprecipitated
bulk powders (MBP). Enteric polymers HPMCAS,
hydroxypropyl methylcellulose phthalate (HPMCP),
and Eudragit L 100-55 in a 40:60 or 30:70 w/w% drug:
polymer ratio were used in the study. A solution of
drug and stabilizing polymer in dimethylacetamide
(DMA) is added to a dilute hydrochloric acid (HCl)
solution maintained at 2�5�C; precipitation occurs

based on the insolubility of the drug and polymer in
acidic aqueous media, resulting in the API being dis-
persed in the polymer matrix.

Characterization of the samples showed that all
three dispersions were amorphous. Upon storage at
40�C/75% RH in open containers for 4 weeks, the
HPMCP dispersion exhibited signs of crystallization
after 2 weeks while the other two polymers exhibited
no crystallization after 4 weeks. Based on this, the
HPMCP dispersion was not pursued further. One Tg

value was measured for the remaining dispersions
(102�C for the HPMCAS system and 111�C for the
Eudragit system), suggesting a miscible system and
good physical stability at room temperature (RT).
Dissolution studies showed that HPMCAS was able to
maintain a higher level of supersaturation (90%) than
Eudragit (55%) over a 5-hour time frame. These values
represent supersaturated concentrations levels of
approximately 40 μg/mL (HPMCAS) and 22 μg/mL
(Eudragit), which is almost a 100-fold increase for the
HPMCAS dispersion over the crystalline drug. A pH
solubility study ranging from pH 2 to 8 resulted in a
two�threefold greater solubility in the enteric pH
range of 6.8�8.0 for the HPMCAS material over the
Eudragit L 100-55. Based on the higher supersaturation
potential, the HPMCAS dispersion was chosen for fur-
ther development.

Additional studies on the HPMCAS dispersion were
performed. Scanning electron micrography (SEM)
micrographs showed that the MBP particles have a rel-
atively smooth and round surface, whereas the inner
structure is a spongy network with pores in the range
of 50�200 nm and larger bubbles in the range of
3�10 μm. Crystalline particles related to crystalline
API were not detected in SEM images, indicating a
homogenous dispersion of amorphous API and poly-
mer, which agrees with the XRPD and DSC data.
Dissolution studies using a flow-through cell showed
that 100% of drug was released from the MBP after
120 minutes, compared with about 10% release from
amorphous drug and a physical mixture of crystalline
vemurafenib and HPMCAS. The particle size distribu-
tion of the MBP samples exhibited a d50 value of 60 μm
and a d90 value of 220 μm. The dissolution rate of MBP
samples of different particle sizes showed a decrease
in dissolution with larger particles (125 μm) compared
with smaller particles (48 μm), indicating that dissolu-
tion could be further enhanced by optimizing the par-
ticle size distribution.

HPMCAS MBP samples stressed at 40�C/100% RH
showed a partial conversion to crystalline API
(Fig. 18.11a) based on an XRPD quantitative method
able to detect crystalline levels as low as 1.6%.
Dissolution profiles of stressed and unstressed MBP
samples (Fig. 18.11b) resulted in lower dissolution
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FIGURE 18.9 Structure of vemurafanib.

FIGURE 18.10 Schematic of the coprecipitation method used to
produce MBP samples. Source: Adapted from Shah N, Iyer RM, Mair H-
J, Choi DS, Tian H, Diodone R, et al. Improved human bioavailability of
vemurafenib, a practically insoluble drug, using an amorphous polymer-
stabilized solid dispersion prepared by a solvent-controlled coprecipitate pro-
cess. J Pharm Sci 2013;102:967�81.
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rates for the stressed samples due to the increased
levels of crystalline material. A correlation plot of per-
cent crystalline material and dissolution rate showed a
good relationship between the two parameters (coeffi-
cient of correlation5 0.9753). Upon storage, the water
content of MBP samples with different initial moisture
contents (,1% vs approximately 2%) was found to be
about the same, reaching a final water content of approx-
imately 4% within 2 months of open storage at 30�C/
75% RH and 40�C/75% RH. These data were used to
determine handling and storage conditions of the MBP
to maintain the amorphous nature of the solids.

The HPMCAS MBP was formulated into 40-mg
strength capsules of vemurafenib, employing dry
blending (MBP-1) and wet-mixing (MBP-2) processes.
The effect of temperature and humidity on moisture
content and percent crystallinity was evaluated after

15 months using open and closed storage conditions
(25�C/60% RH, 30�C/75% RH, and 40�C/75% RH).
The open conditions resulted in water contents ranging
from 3.5% to 4.5% and crystalline contents ranging
from 2% to 24%. Closed conditions showed signifi-
cantly less water (1.3�1.6%), and only 2% crystalline
material under the most severe stress conditions.
Based on these data, it was determined that protective
packaging was essential to control moisture and main-
tain the amorphous nature of the HPMCAS dispersion.

A relative BA study in healthy volunteers was con-
ducted using MBP-1, MBP-2, and a 100-mg Phase I
crystalline drug capsule formulation containing 10%
poloxamer F127. The study was conducted for 84 days
with 18 healthy, male subjects ranging in age from 18
to 65 years old. Both MBP formulations had nearly
identical exposures following a single 160-mg dose,
with area under curve (AUC) values of 86 (MBP-1)
and 80 μ Mh (MBP-2), compared with a value of 34 μ
Mh for a single 300-mg dose of the Phase I crystalline
formulation (Fig. 18.12). The relative BA for the MBP-1
and MBP-2 formulations was 4.4�4.7 times compared
with the crystalline formulation. The maximum con-
centration (Cmax) ratios were also found to be similar
for both MBP formulations (3.6 and 3.1) when com-
pared with the crystalline formulation. Based on these
data, it was evident that the MBP formulations were
superior to the Phase I crystalline formulations and

FIGURE 18.11 (a) XRPD profiles of control and stressed capsules
of vemurafenib:HPMCAS MBP; (b) dissolution profiles of vemurafe-
nib:HPMCAS MBP and crystalline vemurafenib: (A) unstressed
vemurafenib:HPMCAS MBP, (B) stressed vemurafenib:HPMCAS
MBP, (C) metastable crystalline vemurafenib, (D) stable crystalline
vemurafenib. Source: Reproduced with permission from Shah N, Iyer RM,
Mair H-J, Choi DS, Tian H, Diodone R, et al. Improved human bioavail-
ability of vemurafenib, a practically insoluble drug, using an amorphous
polymer-stabilized solid dispersion prepared by a solvent-controlled copreci-
pitate process. J Pharm Sci 2013;102:967�81.
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FIGURE 18.12 Comparison of dose-normalized exposure data
among three capsule formulations: Phase I crystalline vemurafenib
and two MBP amorphous vemurafenib formulations. Source: Used
with permission from Shah N, Iyer RM, Mair H-J, Choi DS, Tian H,
Diodone R, et al. Improved human bioavailability of vemurafenib, a practi-
cally insoluble drug, using an amorphous polymer-stabilized solid disper-
sion prepared by a solvent-controlled coprecipitate process. J Pharm Sci
2013;102:967�81.
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supported further development of the amorphous dis-
persion to improve the BA of vemurafenib.

This case study uses a bulk precipitation method
that can be used when conventional spray drying and
melt extrusion methods are not feasible. This prepara-
tion can be used at small or large scale, enabling rela-
tively easy production of larger batches throughout the
development process. A number of studies were
needed on both the MBP and formulated product to
understand the physical stability and effect of crystalli-
zation on dissolution, as well as to determine handling
and packaging conditions. The result was an amor-
phous dispersion capsule formulation with improved
BA at lower doses, which was a significant improve-
ment over the Phase I crystalline formulation.

18.9.2 Late Development: Telaprevir

Telaprevir (Fig. 18.13) is small molecule that targets
the hepatitis C virus. The molecule is an active site inhibi-
tor and needs to be apolar in order to bind effectively,
which then results in a very low aqueous solubility. Early
development studies determined that an amorphous dis-
persion was needed to obtain the necessary properties
for oral administration. An amorphous dispersion with
HPMCAS was chosen for further development.95

After early development studies were completed,
the amorphous solid dispersion needed to be formu-
lated into clinical and commercial drug products. A
spray-drying process was chosen for large-scale
manufacturing of the dispersion based on the
acceptable solubility of telaprevir in organic solvents
and the ease of scaling up the process.96 The overall
formulation process would include secondary drying
to remove excess residual solvent, blending with exci-
pients, compressing the blend into tablets, and film
coating the tablets. A quality by design (QbD)
approach was used for late-stage development. The
quality target product profile for the commercial drug
product included (1) an immediate release tablet; (2)
stable during 24 months of shelf storage; (3) orally
administered; (4) bioavailable; (5) safe; (6) efficacious;
and (7) easily distinguishable from other medications.
From this profile, the critical quality attributes (CQAs)

for the dispersion and the coated tablets were defined,
and the possible impact on quality, safety, or efficacy
were assessed (Table 18.5).

The initial risk assessment suggested that the dis-
persion is a potential critical material due to its impact
on dissolution. Each unit operation was studied to
determine possible critical and key processing para-
meters using a design of experiment (DoE) approach.
Table 18.6 lists dispersion manufacturing and tablet
preparation steps that were identified to affect the dis-
solution. Based on this list, a set of experiments were
identified to define the process design space for tablet
CQA of dissolution. Dispersion attributes that needed
to be controlled as part of the spray drying and sec-
ondary drying process were identified as particle size,
bulk density, and wet solid form prior to secondary
drying (must be amorphous). Thirteen factorial experi-
mental designs were conducted, covering 148 runs, to
evaluate factors that influenced the spray-drying pro-
cess. An additional 14 runs were added from data
obtained from the initial runs. The spray-drying pro-
cess space was found to rely on (1) wet particle size,
wet bulk density, and spray drying process parameters
and (2) the change in particle size and bulk density
after secondary drying. The acceptable ranges for par-
ticle size and bulk density were found to be
50�110 μm and 0.33�0.52 g/mL, respectively, and
spray drying conditions were found to consistently
provide material with these specifications.

The spray-drying parameters were then used as
inputs for a DoE on tablet compression (Fig. 18.14).
A model was developed to estimate tablet dissolution
based on the dispersion particle size, bulk density, and
average tablet hardness. To produce the dissolution
models, 241 tablet sublots were employed, and the mean
cumulative release of drug from the tablet after 15 min-
utes (normalized to the 90 minutes point) was used to
determine the factors affecting the dissolution. The early
timepoint was found to be more sensitive to processing
and dispersion particle size and bulk density. A value of
.80% dissolution at 15 minutes was used to define the
design space for compression and to ensure that
the dissolution specification (Q at 45 minutes5 80%)
was met. A mean average tablet hardness of 13 kP was
assumed for the next stage, which was to reduce the
model to a relationship between particle size and bulk
density, representing the limiting design space to
achieve acceptable dissolution.

The next phase was a QbD study on the physical and
chemical stability of the drug product to determine
shelf life. A temperature and relative humidity study
was included to not only assess physical stability, but
also to develop a chemical stability model that corre-
lated the amount of epimer (the primary degradant of
the API) with factors such as surface pH of excipient,
moisture content of the tablet, storage temperature, andFIGURE 18.13 Structure of telaprevir.
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storage time. Tablets were equilibrated at conditions
ranging from 10% to 60% RH, and using tablet moisture
contents ranging from 0.4% to 3.4%; the tablets were
then sealed into foil pouches to maintain constant water
content. The pouches were exposed to 25�C, 30�C, and
40�C for up to 12 months. A regression model was
developed to predict the growth of epimer and was

used to determine appropriate acceptance criteria for
water content in the tablets and impurity content in an
excipient. Good agreement was found with traditional
stability data and the model was able to predict the
amount of epimer formed.

Based on the epimer data, the maximum allowable
tablet water content and maximum epimer value

TABLE 18.5 Summary of Critical Quality Attributes for Telaprevir96

Quality attributes

Spray-dried

dispersion Drug product Potential impact on quality, safety, and/or efficacy

Identification X X Ensures correct active ingredient

Appearance X X Visual indicator of product quality

Assay X X Ensures potency of subsequent tablet

Degradation products X X Ensures that levels of impurities do not affect assay or safety (by
exceeding the levels deemed safe in toxicology or clinical studies)

Residual solvents X Affects safety, potency, and physical stability of the product

Water content X X Ensures that water content is not so high as to lower chemical stability or
impact physical stability during the product’s shelf life

Physical form Xa Xa Ensures that telaprevir remains amorphous and, therefore, bioavailable

Particle size X Affects flowability and compactability of the powder during tableting
which could lead to low potency or broken tablets (efficacy). Incorrect
particle size affects downstream manufacturability through inability to
meet content uniformity, tablet weight, and/or hardness. Particle size
may impact dissolution

Powder bulk density X Affects flowability and compactability of the powder during tableting
which could lead to low potency or broken tablets (efficacy). Incorrect
bulk density affects downstream manufacturability through inability to
meet content uniformity, tablet weight, hardness and/or appearance.
These variations could have an impact on tablet dissolution

Tablet hardness X Ensures that the integrity of tablets is not compromised

Dose uniformity X Ensures dose is uniform across the batch

Dissolution X Impacts the rate of drug release

Microbial limits X Ensures safety of the drug product

aPhysical form should be amorphous for dispersion and tablet.

TABLE 18.6 List of Parameters Identified to Affect Dissolution of Vemurafenib Drug Product96

SDD process steps Tablet process steps

Spray drying Secondary drying Blending Compression Film coating

Parameters Equipment
Solids load
Nozzle diameter
Feed pressure
Outlet T
Condenser T
Drying gas flow rate

Drying T
N2 flow rate
% Fill volume
Wet SDD property
Agitation rate

Lube blend revolution SDD PS
SDD BD
Main compression force

Coating weight gain

Output to evaluate PS
BD
Physical form

PS
BD
Physical form

% RSD Hardness
Dissolution
Friability
Thickness
Appearance

Dissolution
Water Content
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(4.5%) during storage for 24 months at 25�C/60% RH
was determined, and two packaging regimes were
tested. The first, impermeable packaging, needed a
maximum tablet water content of 2.4% to keep the epi-
mer content less than 2% during a 24-month shelf life
at 25�C/60% RH, and a tablet water content of 2.1%
for storage at 30�C/60% RH for 12 months. Permeable
packaging required a moisture vapor transmission rate
(MVTR) less than 0.149 mg/day/tablet for a tablet con-
taining 1.5% water and stored at 25�C/60% RH for 24
months and below 0.137 mg/day/tablet for storage at
30�C/60% RH for 12 months. These data showed that
a maximum tablet water content of 1.5% at release and
2.5% on stability, along with the packaging having a
maximum MVTR of 0.137 mg/day/tablet would give
the necessary shelf life.

This case study illustrates the work needed during
late development to produce a late-stage product that is
suitable for market. A QbD approach was used to link
spray-drying conditions, dispersion attributes, and tablet
compression properties to dissolution performance.
Understanding the interrelationships between all of these
parameters was needed to produce a stable amorphous
dispersion with acceptable properties. Once the optimal
formulation was produced, additional work was per-
formed to determine packaging that would maintain
chemical stability over a 2-year shelf life.

18.9.3 Life Cycle Management

18.9.3.1 Kaletra

Kaletra is combination product containing ritonavir
and liponavir, both biopharmaceutics classification
system (BCS) 4 compounds, used to treat AIDS.

Development started with ritonavir, which was discov-
ered in 1992. It was not bioavailable from the solid state
and not water soluble. The marketed product (Norvir)
was available in 1996, with ritanovir dissolved in
ethanol:water-based solutions to produce an oral liquid
or a semisolid capsule formulation. Only one crystalline
form was identified during development and in 1998,
after 240 lots of capsules, a second form was identified
in the capsules which was significantly less soluble in
the ethanol:water system (Fig. 18.15).97,98 The product
was then reformulated with the new form.

FIGURE 18.14 Interaction between outputs of spray drying and tablet compression. Source: Reproduced with permission from Sanghvi T, Katstra
J, Quinn BP, Thomas H, Hurter P. Chapter 11. Formulation development of amorphous dispersions. In Pharmaceutical amorphous solid dispersions. A. Newman,
editor. Hoboken, NJ: John Wiley and Sons; 2015.
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Alternative methods to improve the solubility of
ritonavir were explored, including amorphous solid
dispersions.99,100 Early studies investigated dispersions
with PEG, and a significant increase in plasma concen-
tration was observed for samples containing 10:90 rito-
navir:PEG compared with crystalline material in dog
studies. The 10% dispersion exhibited a 22-fold
increase in AUC and a 13.7-fold increase in Cmax.
Lopinavir was a second HIV protease inhibitor under
development and was found to be 10-fold more potent
than ritonavir.101 It was also found to be poorly solu-
ble, and issues with low BA and fast elimination were
observed when lopinavir was orally administered. It
was found that coadministration with ritanovir dra-
matically improved the poor pharmacokinetic proper-
ties by preventing metabolism of liponavir. The
combination of lopinavir and ritonavir produced a 77-
fold increase compared with dosing with liponavir
alone. Conventional solid tablet, capsule, and suspen-
sion formulations did not produce adequate plasma
levels compared with soft-gel capsules,102 and Kaletra
soft-gel capsules were launched in 2000.

An amorphous solid dispersion of lopinavir and
ritonvavir was investigated using melt extrusion tech-
nology, and a dispersion containing both drugs and
copovidone was developed.103�105 A number of pro-
cessing parameters were investigated, such as mixing
zone length (first, second, and overall), mixing zone
angle, temperature, feed rate, and screw speed.
Analytical results included amorphous nature, degra-
dation products, and water content. A 200/50-mg lopi-
navir/ritonavir tablet formulation was developed that
had a number of advantages over the soft gel formula-
tion that was on the market. The soft gel was approved
at a dose of 400/100-mg (three capsules) taken twice
daily with food. Studies with the solid amorphous dis-
persion (200/50-mg lopinavir/ritonavir tablet formula-
tion) resulted in more consistent lopinavir and
ritonavir exposures, diminished food effect, and no
refrigeration.102 The plot for lopinavir and ritonavir
BA under different fed/fasted conditions clearly
showed no difference (Fig. 18.16).106 Kaletra tablets
were introduced in 2005.

This case study shows how changing the solid-
state form from a crystalline material to an amor-
phous solid dispersion allowed development of a
solid dosage form, which exhibited significant
advantages over the initial soft-gel capsules. Melt
extrusion was used to produce a dispersion that
could be easily be formulated into a conventional
tablet. A better product for patients was produced
by decreasing the number of tablets, reducing food
effects so it would not have to be taken with a meal,
and storage at room temperature rather than refriger-
ated conditions.

18.10 CONCLUSIONS

Amorphous solid dispersions are one way to improve
the properties of an API and they are typically used to
help improve the solubility of poorly soluble compounds.
They also have disadvantages, such as poor physical sta-
bility, which can result in crystallization, and poor chemi-
cal stability, which can lead to degradation. The screening
and selection process needs to include knowledge of
required dispersion properties as well as downstream
processing to produce the formulated product. Since they
are metastable forms, development of amorphous disper-
sions involves a greater understanding of the handling,
storage, and processing conditions needed to prevent
crystallization and to maintain a miscible dispersion. A
number of marketed products containing amorphous
solid dispersions show that this technology has been suc-
cessful in developing poorly soluble compounds.
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19.1 INTRODUCTION

Modified release (MR) drug delivery systems are
developed to modulate the apparent absorption and/or
alter the site of release of drugs to achieve specific clini-
cal objectives that cannot be attained with the conven-
tional immediate release (IR) dosage forms. Possible
therapeutic benefits of a properly designed MR dosage
form include improved efficacy and reduced adverse
events, increased convenience and patient compliance,
optimized clinical performance, a greater selectivity of
activity, or new indications. A clinically successful MR
product with enhanced medical benefits also offers
commercial advantages, such as product differentiation
and/or line extension, maximized drug potential and
market expansion, and increased cost effectiveness.1�3

As a result, MR product development has been an
important tool of product line extension and an integral
part of product life cycle management strategy.

Drug release modification is a technique or
approach by which the delivery pattern of a therapeu-
tic agent is altered via engineering of physical, chemi-
cal, and/or biological components into delivery
systems for achieving desired/target plasma drug
levels defined by clinical pharmacology. According to
the US Food and Drug Administration (FDA), drug
release characteristics of time, course and/or location
of a MR system are chosen to accomplish therapeutic
or convenience objectives not offered by conventional
dosage forms.4 More specifically, MR solid oral dosage
forms include extended release (ER) and delayed
release (DR) products. A DR dosage form releases a
drug (or drugs) at a time other than immediately

following oral administration. An ER dosage form is
formulated to make the drug available over an
extended period after ingestion, thus allowing a reduc-
tion in dosing frequency compared to a drug pre-
sented as a conventional dosage form (eg, a solution or
an IR dosage form). For oral applications, the term
“extended release” is usually interchangeable with
“sustained release,” “prolonged release,” or “con-
trolled release.”

The design objective for modifying oral drug release
is to alter the rate of drug input (dissolution/absorp-
tion) in the intestinal lumen to achieve a predeter-
mined plasma profile. Common modes of oral MR
delivery include (1) delayed release (eg, using an
enteric coating); site-specific or timed release (eg, for
colonic delivery); (2) extended release (eg, zero-order,
first-order, biphasic release); and (3) programmed
release (eg, pulsatile, delayed extended-release).
Fig. 19.1 illustrates some examples of MR delivery pro-
files. Significant clinical and commercial advances
have been made over the last two decades in deliver-
ing therapeutic agents via a nonmonotonic pattern at
predetermined time intervals as a result of an
improved understanding of the relationship between
clinical pharmacology, on the one hand, and bodily
physiology and biological conditions, on the other. For
example, many body functions and diseases follow
circadian rhythm (eg, daily fluctuations of
hormones, gastric secretion and emptying, bronchial
asthma, myocardial infarction, angina, rheumatic dis-
ease, ulcer, and hypertension). By timing the adminis-
tration of a programmed release device, therapeutic
plasma concentration can be obtained at an optimal
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time to counter or utilizing the diurnal nature of
certain diseases, such as angina, hypertension, asth-
matic attacks or stiffness of arthritic patients during
early morning hours, and heart attacks at night.
Classic examples of utilizing MR delivery that have
achieved significant clinical and commercial successes
include MR products of Nifedipine, Methylphenidate,
Mesalamine, Verapamil and Diltiazem, to name a few.
For example, Procardia XL is a zero-order release tab-
let of Nifedipine that not only reduces dosing fre-
quency from t.i.d. to once-daily but also drastically
improves the efficacy-to-safety ratio. Controlling the
input rate results in a gradual decrease in blood pressure
without an increase in heart rate and syncope associated
with t.i.d. administration. Methylphenidate is a com-
pound indicated for attention deficit hyperactivity disor-
der (ADHD) without patent protection. Several new MR
products of methylphenidate were introduced in the
1990s by different developers that offer clear clinical
advantages over the products on the market at the time
(eg, Ritalin, Ritalin SR). These products include a
bimodal-extended release tablet (Concerta), a capsule
(Metadate CD), and a pulsatile release capsule (Ritalin
LA,). All of them were designed to produce fluctuation
of blood levels over time to overcome acute tolerance
associated with a constant rate of delivery, thus enabling
dosing convenience of this controlled drug for school
children. Asacol and Lialda are delayed release tablets
designed to release mesalamine in the distal ileum and/
or colon for ulcerative colitis treatment while Pentasa is
an extended-release capsule that delivers the same active

throughout the gastrointestinal (GI) tract. Hypertension
and angina remain two of the most important risk factors
for cardiovascular morbidity and mortality. MR pro-
ducts of cardiovascular drugs have been successfully
developed to address the pharmacokinetic and circadian
challenges to controlling blood pressure and angina by
matching drug release to the natural circadian rhythms
of the cardiovascular system; that is, chronotherapeutic
drug delivery. Examples of such cardiovascular chron-
otherapeutics products include Adalat CC tablets that
provides zero-order release followed by delayed IR of
Nifedipine, as well as Covera-HS tablets and Verelan
PM capsules, both of which utilize delayed extended
release of verapamil. Following bedtime administration,
these products provide a higher concentration of drug in
the blood to protect against the early-morning increase
in blood pressure and heart rate while maintaining effec-
tual blood pressure reduction for 24 hours. Another clas-
sic example is Diltiazem hydrochloride, also a calcium
antagonist for the treatment of hypertension. Three gen-
erations of dosage forms were developed with increasing
clinical success and commercial competitiveness
between the 1980s and 1990s. Annual revenues were
approximately $260 million, $400 million, and $900 mil-
lion for IR tablets (Cardizem) in 1988, twice-daily ER
capsules (Cardizem SR) in 1991, and once-daily ER
capsules (Cardizem CD) in 1996, respectively. Several
years after patent expiry of the active ingredient,
another new ER dosage form designed based on chrono-
therapy concept (Cardizem LA) was introduced to the
market in 2003.
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FIGURE 19.1 Examples of oral modified release profiles.
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Many compounds are not suitable for MR delivery
due to a variety of reasons, such as undesirable drug
properties, large dose size, poor colonic permeability,
lack of pharmacological rationale, or technical feasibil-
ity. Otherwise, solely for the purpose of convenience,
one would expect very few marketed drug products
with a dosing frequency of more than twice a day.
Furthermore, despite many successes with developing
oral MR products, as many or more failed attempts
went unreported in the R&D laboratories of the phar-
maceutical industry. Failures in the innovator compa-
nies can be partly attributed to the simple fact that the
molecule of interest is not feasible for MR delivery. It
can also be related to a lack of expertise in rational
design and development of a robust MR product. For
generic companies, unsuccessful attempts are mostly
related to inadequate knowledge and skill in develop-
ing MR products and/or overcoming patent hurdles
because the feasibility of the active has already been
proven by the innovator’s product. This chapter pro-
vides an overview of current MR technologies and
rational approach to delivery system design. Case
studies are used to illustrate how drug property and
formulation influence the design and performance of
oral MR delivery systems.

19.2 ORAL MR TECHNOLOGIES AND
DRUG DELIVERY SYSTEMS

Oral MR Drug delivery technology has been applied
to new product development for more than 60 years.
Over the past three decades, tremendous progress has
been made in the advancement of theory, mathemati-
cal modeling, new rate-controlling materials, technol-
ogy platforms as well as processing technologies. In
particular, the emergence of high-performance poly-
mers and aqueous based polymeric dispersion has
made manufacturing of MR dosage forms more ame-
nable to conventional means of processing. Today, oral
MR technology has become more widely utilized for
the in-house development of new products at both
innovator and generic companies.

19.2.1 Common oral extended-release systems

Various physical and chemical approaches have
been successfully applied to produce well-
characterized delivery systems that extend drug
release into the GI tract within the specifications of the
desired release profile. Today, most proprietary and
nonproprietary ER technologies are based on poly-
meric systems. The fundamental design principles, the-
oretical considerations and applications of these

systems have been extensively addressed and
reviewed.1,5�8 A survey of commercial ER oral solid
products indicates that most systems fall into one of
three broad categories: matrix, reservoir (or membrane
controlled) and osmotic systems (see Table 19.1). Drug
release from these ER delivery systems generally
involves one or a combination of the following
mechanisms: drug diffusion (through pores of a bar-
rier, through tortuous channels, through a viscous gel
layer or through the interstitial space between polymer
chains), system swelling (followed by diffusion and/or
erosion and dissolution), or osmotic pressure-induced
release (osmotic pressure buildup forced drug solu-
tion, suspension or wetted mass flowing out of the sys-
tem). Each type of system has its advantages and
shortcomings with respect to the performance, applica-
bility, manufacture, control, development time and
cost, among others.

19.2.1.1 Matrix systems

In a matrix system, the drug substance is homo-
geneously mixed with the rate-controlling material(s)
and other inactive ingredients to form a monolithic
crystalline, amorphous, or in rare cases, molecular
dispersion matrix. Drug release occurs by drug

TABLE 19.1 Oral ER Systems Commonly Utilized in
Commercial Products

Matrix Reservoir Osmotic

Systems Hydrophilic
Matrix

• Erosion/drug
diffusion
controlled

• Swelling/
erosion
controlled

Membrane
Controlled
Constant activity
Nonconstant
activity
Membrane-matrix
Combination

Elementary
Osmotic Pump
Microporous
Osmotic Pump
Layered Osmotic
Pump (eg, Push-
Pull, Push-Stick)

Hydrophobic
Matrix

• Homogenous
(dissolved
drugs)

• Heterogeneous
(dispersed
drugs)

Common

Dosage
Forms

Monolithic tablet
Multiparticulates
(pellets
orminitablets)
Layered tablet
Compression
coated tablet

Multiparticulates
(coated pellets,
beads or
minitablets)
Monolithic tablet
containing coated
beads
Monolithic coated
tablet

Coated
monolithic tablet
Coated layered
tablet
Coated beads
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diffusion from and/or erosion of the matrix system.
Based on the characteristics of the rate-controlling
material, the matrix system can be divided into (a)
hydrophilic and (b) hydrophobic systems, as shown in
Fig. 19.2. For practical purposes, the former refers to a
matrix system in which the rate-controlling materials
are water-soluble and/or swellable, while the latter
consists of a water-insoluble inert matrix with
minimum swelling (ie, rigid matrix). Matrix systems
consisting of a mixture of hydrophilic and hydrophobic
rate-controlling materials belong to one or the other of the
two systems depending on the dominant mechanism of
drug release control. For instance, a matrix containing
both types of polymers can be considered a hydrophilic
matrix if the release control function and release kinet-
ics (mechanism) remain essentially unchanged when
the insoluble hydrophobic polymer is substituted with
a conventional insoluble excipient (eg, dicalcium phos-
phate) that does not possess a rate-controlling property.
However, at a high percentage, a nonswelling insoluble
excipient may disrupt or destroy the ER properties of
the matrix due to nonuniformity in the gel layer. The
same holds true for a hydrophobic system if the hydro-
philic polymer is substituted with a soluble excipient
(eg, lactose). Additionally, the manufacturing method
can also influence the primary release-control mecha-
nism because the internal structure of a matrix can dif-
fer depending on whether the insoluble rate-controlling
polymer(s) undergo solid phase transition (eg, dissol-
ving, melting) during processing.

The matrix system has been most widely utilized
to provide extended delivery of drug substances
because of its effectiveness and capability of accom-
modating both low and high loading of drugs hav-
ing a wide range of physical and chemical

properties. From a product development point of
view, it is cost-effective and easy to scale-up and
manufacture. Additionally, this type of system is
also suitable for in-house development since it is
usually manufactured using conventional processes
and equipment. However, the release characteristics
of a matrix (eg, kinetics and pH-dependency) are
usually determined by the properties of the drug sub-
stance and the rate-controlling polymer. To alter
release profiles or to achieve unique release patterns
(eg, biphasic or delayed ER), a more complex design
and process, such as a layered or compression coated
tablet or layered beads, would sometimes
be required. Furthermore, a matrix system may lack
flexibility in offering multiple strengths that are
usually required for Phase 1�3 clinical studies in
developing a new chemical entity because
compositionally proportional dosage forms of
different strengths may not provide the same
proportional release rate in vitro and/or in vivo.9

Thus, additional resources and development time are
often required for new dosage strengths except for
low dose drugs (eg, drug loading ,5%).

19.2.1.1.1 Hydrophobic matrix systems

The hydrophobic matrix system was the earliest
oral extended release platform for medicinal use. In
fact, its prototypes can be traced back to the 2nd
century BC and the 4th century AD, respectively,
when animal fats and wax pills were used to pro-
long the medicinal effects of Chinese medicines.10,11

For example, medical practitioners were instructed
to “use wax pills for their resistance to dissolve
thereby achieving the effect gradually and
slowly.”12,13 In modern medicine, the matrix

(a) (b)

Ingestion of tablet (as is or in capsule)

Hydration, gel formation,
continued water
ingression, expansion of
gel layer/ polymer
dissolution, drug release
controlled by diffusion and
erosion

Gel layer

Complete hydration,
continued tablet erosion
and drug release

Complete drug release
and tablet erosion

Dry core

Ingestion of tablet (as is or in capsule)

Water permeates,
drug release via
diffusion

Continued water
ingression and drug
release

Complete drug release

Dry core

FIGURE 19.2 (a) Hydrophilic and (b) hydrophobic matrix systems and corresponding drug release process.
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technology has been successfully applied to com-
mercial products for many decades. For example,
Premarin tablets, one of the classic examples, has
been on the market since 1942. In a hydrophobic
inert matrix system, the drug is uniformly dissolved
or dispersed throughout a matrix that involves an
essentially negligible increase of the device surface
area or change in dimension. For a homogeneous
monolithic planar matrix system containing dis-
persed drug, the release behavior can be described
by the Higuchi equation, which is a remarkably
simple expression derived without solving the com-
plex governing differential equations14:

Mt 5 ½DCsð2A2CsÞt�1=2 ð19:1Þ
Mt is the drug released per unit area at time t, A

is the drug loading per unit volume, Cs is drug sol-
ubility, and D is the diffusion coefficient in the
matrix phase. Eq. (19.1) was derived based on the
assumptions that: (1) the initial drug loading in the
matrix is greater than the drug solubility; (2) a
pseudo-steady state exists (equivalent to the
assumption of a linear drug concentration profile in
the matrix); (3) the drug dissolution rate at the dis-
persed drug front is rapid; (4) a semiinfinite geome-
try applies and the area of the matrix is large that
the edge effect can be neglected; (5) the diffusion
coefficient is constant; (6) perfect sink conditions
exist in the external media; (7) the distance between
suspended drug particles is much smaller than the
matrix thickness; and (8) no swelling or erosion but
only the diffusion process occurs. In the case of
AcCs, Eq. (19.1) reduces to:

Mt 5 2DACst½ �1=2 ð19:2Þ
Thus, the amount of drug released is proportional

to the square root of time, A, D, and Cs. Higuchi also
extended this pseudo-steady state analysis to the
release of suspended drug from a spherical matrix
system.15

Drug release from a porous monolithic matrix sys-
tem involves the simultaneous penetration of sur-
rounding liquid, dissolution of the drug, and leaching
out of the drug through interstitial channels or pores.
The volume and length of the openings in the matrix
must be accounted for in the diffusion equation, lead-
ing to a second form of the planar Higuchi
equation15:

Mt 5 εCsð2A2εCsÞ
Da

τ
t

� �1=2
ð19:3Þ

where ε and τ are the porosity and tortuosity of the
matrix, respectively, and Da is the drug diffusion coef-
ficient in the release medium. Tortuosity is introduced

to account for an increase in diffusion path length due
to branching and bending of the pores. Similarly,
Eq. (19.9) can be derived based on pseudo-steady-state
approximation (AcCs):

Mt 5 2DaACs
ε
τ
t

h i1=2
ð19:4Þ

The porosity, ε, in Eqs. (19.3) and (19.4), is the frac-
tion of matrix that exists as pores or channels into
which the surrounding liquid can ingress. It is the total
porosity of the matrix after the drug has been
extracted. The total porosity consists of the initial
porosity, εa, due to air, or void space in the matrix
before the leaching process begins, and the porosity
created by extracting the drug, εd, and the water solu-
ble excipients, εex

16,17:

ε5 εa1 εd 1 εex 5 εa1 A
ρ 1

Aex

ρex
ð19:5Þ

ρ is the drug density, and ρex and Aex are the density
and the concentration of water soluble excipient,
respectively. When no water-soluble excipient is pres-
ent in the matrix and initial porosity, εa, is smaller
than the porosity, εd, Eq. (19.5) becomes:

εDεd 5 A
ρ ð19:6Þ

Hence, Eq. (19.3) and (19.4) yield:

Mt 5A 22
Cs

ρ

� �
DaCs

τρ
t

� �1=2
ð19:7Þ

Mt 5A
2DaCs

τρ
t

� �1=2
ð19:8Þ

Similar to Eqs. (19.1) and (19.2), a square-root-of-
time release profile is expected with a porous mono-
lith. In contrast to the homogeneous matrix system, the
release from such system is proportional to drug load-
ing, A.

It should be noted that (1) the Higuchi equation was
originally derived for planar diffusion into a perfect
sink; (2) the square-root-of-time relationship only fits
data up to approximately 2/3 of the total release; and
(3) the Higuchi equation is strictly valid only when the
drug loading is in great excess of the drug solubility;
that is, AcCs. In fact, it can be shown that, at the limit
of A - Cs which often occurs with drugs of high aque-
ous solubility, the Higuchi equation tends to fail giving
an error of 11.38% as compared to the exact solution
due to the failure of the pseudo-steady state assump-
tion at this limit.18 To provide a more practical and
accurate equation that applies to all A/Cs values, Lee
presented an approximate analytical solution to this
moving boundary problem without making the
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pseudo-steady state assumption which has been
shown to be uniformly valid for all A/Cs values:

18,19

Mt5
11Hffiffiffiffiffiffiffi

3H
p Cs

ffiffiffiffiffiffiffi
D t
ph i

ð19:9Þ

where

H5 5
A

Cs

� �
2 41

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A

Cs

� �2
2 1

s
ð19:10Þ

Similar to the Higuchi equation, Eq. (19.9) also pre-
dicts a square root of time dependence for the amount
of drug release per unit area but with a different
dependence on A and Cs (compare with Eqs. 19.1 and
19.2). As shown by Lee, when Eq. (19.9) is applied to
the analysis of drug release from planar matrix sys-
tems, the deviations from the exact results are consis-
tently one order of magnitude smaller than that of the
Higuchi equation, particularly in the case of low A/Cs

values or drug loading approaching the drug solubility
(A-Cs). Lee also provided an approximate analytical
solution to the release of suspended drug from a
spherical matrix system without making the pseudo-
steady state assumption.19 To extend to porous mono-
lithic matrix systems, one can incorporate similar
approaches of Eqs. (19.3)�(19.8) and modify the work-
ing equations (eg, Eq. 19.9) accordingly, as done by
Foster and Parrott.20 It should be emphasized that an
initial deviation (or a delay) from the square root of
time dependence may arise due to (1) the existence of
a diffusion boundary layer at the matrix surface due to
insufficient mixing; (2) the drug dissolution rate at the
dispersed drug front becomes slow and rate limiting
especially for low solubility drugs; (3) some limited
swelling of the matrix occurs; or (4) a combination of
the above.18

A simple semiempirical exponential relation was
introduced by Ritger and Peppas in 1987 to describe
the general release behavior from hydrophobic non-
swellable matrices in the form of slabs, spheres, and
cylinders.21

Q5
Mt

MN
5 ktn ð19:11Þ

Q is the fractional release, Mt is the drug released
per unit area at time t, MN is the total drug release per
unit area, k is a constant, and n is the diffusional expo-
nent. In the case of pure Fickian diffusional release, the
exponent n has a limiting value of 0.50 for thin slabs,
0.45 (range of 0.43�0.50 depending on the aspect ratio)
for cylindrical samples, and 0.43 for spherical samples.
For n5 1, zero-order drug release exists and for
1. n. 0.5, non-Fickian diffusion behavior is observed.
In the 1990s, Wu and Zhou analyzed the same mathe-
matical problem of dispersed drug release from matrix

systems using the finite element method and showed
the dependence of release kinetics on the initial solute
loading, the external volume, and the boundary-layer
thickness. Their models involved a moving boundary
problem (or Stefan-type problem) and were solved
numerically to describe the entire process of diffu-
sional release for slabs, spheres, and cylinders without
the need to make any pseudo steady-state
assumption.22�25 More recently, Yonezawa et al. pub-
lished a model that can be used to describe the entire
release process of a heterogeneous hydrophobic matrix
system made from physical mixture of wax, soluble
excipients, and the actives by compensating the devia-
tion from the pseudo-steady-state approximation
(AcCs) at the later portion of the release profiles.26�28

In general, hydrophobic matrix systems are not
suitable for insoluble drugs because the concentration
gradient is too low to allow complete drug release
within a reasonable time frame; that is, GI transit time.

19.2.1.1.2 Hydrophilic matrix systems

Hydrophilic matrix systems are utilized in over 75%
of the extended release products on the market today29

because they are applicable across a broad range of
oral products containing high and low loading of
drugs with low, medium, or high solubility, and can
be manufactured using conventional equipment and
processing methods. Hydrophilic matrix systems are
polymer based drug delivery systems designed to con-
trol the rate of drug release during the passage of the
matrix through the GI tract.30 During GI transit, the
matrices are reduced in size through surface erosion
and dissolution, which reduces the probability of
expulsion of an exhausted “ghost” tablets usually seen
with osmotic pump, hydrophobic matrices or reservoir
system. Drug release from hydrophilic matrices
involves two competing mechanisms: Fickian diffu-
sional release and matrix erosional release. The pri-
mary rate-controlling materials are polymers that
hydrate and swell rapidly in an aqueous medium and
form a gel layer on the surface of the system. Diffusion
across the viscous gel layer is not the only drug release
pathway as the erosion of the matrix following polymer
swelling also contributes to the overall release. The rela-
tive contribution of each component to total release is
primarily dependent upon the properties of a given
drug and matrix composition. For instance, the release
of a sparingly soluble drug from hydrophilic matrices
involves the simultaneous ingression of water and
desorption of drug via a swelling-controlled diffusion
mechanism. As water penetrates into a glassy matrix
and lowers the polymer glass transition temperature,
the polymer swells, forms a gel layer, slowly disentan-
gles and eventually dissolves, releasing the undissolved
drug. At the same time, the dissolved drug diffuses
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through this swollen gel region into the external releas-
ing medium. This type of diffusion with concurrent
swelling and erosion generally does not follow a
Fickian diffusion mechanism. The continuously chang-
ing variables that affect drug release (eg, diffusion path-
length, polymer swelling, viscosity, system dimension)
make obtaining a precise mechanistic equation or
model describing the release profile impossible. Over
the past three decades, various models have been
explored and developed toward fundamental under-
standing of drug release from hydrophilic
matrices.6,7,19,31�37 Among them, a semiempirical expo-
nent equation that had its root in early studies of pene-
trant transport in homogeneous glassy polymers,38 but
was reintroduced in the pharmaceutical literature in the
mid-1980s, has been widely used to describe drug
release behavior from heterogeneous hydrophilic
matrix tablet systems which has the same form as
Eq. (19.11)39,40:

Q5
Mt

MN
5 ktn ð19:11aÞ

where Q is the fraction of drug released in time t, Mt is
the drug released per unit area at time t, MN is the
total drug release per unit area, k is the rate constant
specific to the characteristics of the macromolecular
network system and the drug, and n is the diffusional
exponent.

This equation has been widely used in this
field.41�44 It has been shown that the value of n is
indicative of the drug release mechanism. For n5 0.5,
drug release follows a Fickian diffusion mechanism
which is driven by a chemical potential gradient. For
n5 1, drug release occurs via relaxational transport,
which is controlled by the swelling phase-transition
and erosion in hydrated polymers. For 1. n. 0.5,
non-Fickian diffusion behavior is often observed as a
result of contributions from both diffusion and poly-
mer erosion. This is also termed “anomalous” release.
Unfortunately, over the years, Eq. (19.11) has been mis-
used, misinterpreted or misunderstood by many in the
pharmaceutical field attempting to assign a controlling
mechanism based on fitting the release data to this
equation to identify an exponent, without gaining any
insight into the underlying physical processes and con-
trolling events of the systems involved.

To describe the polymer dissolution process in swel-
lable polymers, Lee and Peppas were the first to inves-
tigate this phenomenon in the field of controlled
release and, through the incorporation of a pseudo-
steady state assumption; they showed that at the
beginning of the dissolution process the gel layer
thickness increases as a square root of time.35,45 Lee
and Peppas further extended this dissolution model to

arrive at an equation of the following form describing
the drug release from a polymer matrix undergoing
dissolution46:

Q5 k1t
0:51 k2t ð19:12Þ

where the first and second terms represents drug
release due to diffusion and polymer erosion, respec-
tively, and k1 and k2 are constants reflecting the rela-
tive contributions of these two processes which are
functions of the polymer and drug volume fractions at
the gel/drug core and gel/solution interfaces as well
as the drug and solvent diffusion coefficients. This
model has been adopted successfully for predicting
drug release from pharmaceutical tablets during swell-
ing and dissolution.47,48

A more general equation describing systems of dif-
ferent geometries with both diffusional and relaxa-
tional contributions to release was proposed by Peppas
and Sahlin, who derived the following equation by
introducing a second term into Eq. (19.11)42:

Q5 k1t
n 1 k2t

2n ð19:13Þ

In the case of a flat geometry where surface area is
fixed, the value of n would be equal to 0.5, resulting in
Eq. (19.12).

Since the early 1990s, additional models have been
investigated in an attempt to enhance the understand-
ing of the matrix delivery systems.49�52 One of the
examples is the so-called “Spaghetti” model proposed
to gain insight into the complex release process from
hydrophilic matrix systems. This model treats polymer
erosion as diffusion of polymer across an unstirred
“diffusion layer” adjacent to the polymer gel layer.
Thus, two competitive diffusional processes contribute
to overall drug release; that is, diffusion of drug
through the gel layer and diffusion of polymer across
the diffusion layer. In addition to the solubility of the
drug molecules that defines the diffusion component,
polymer disentanglement concentration (Cp,dis) defined
in Eq. (19.14) is used to gauges the contribution of
polymer diffusion/dissolution for hydroxypropyl
methylcellulose (HPMC)53:

ðCp;disÞeq 5 0:05
MWpXp

96000

� �20:8

ð19:14Þ

Mp � kt1 ð19:15Þ
MWp and Xp denote the molecular weight and

weight fraction of polymer in the matrix, respectively,
and Mp is polymer release at time t. Interestingly, the
release profile of polymer (Eq. 19.15) resembles that
for an erosion-controlled system of Eq. (19.11a). It
should be noted that Cp,dis is an intrinsic property of
the polymer while (Cp,dis)eq is an “equivalent” Cp,dis of
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polymer in a matrix. One may consider Cp,dis as the
equivalent “solubility” of polymer, as it defines the
concentration at which a polymer detaches from a
pure polymer system. Conceptually, the relative contri-
bution of both mechanisms can be characterized by the
solubility ratio of the drug, Cs to (Cp,dis)eq:

If
Cs

ðCp;disÞeq
.. 1; then Qt 5 kt0:5

ðRelease is controlled by drug diffusionÞ

If
Cs

ðCp;disÞeq
,, 1; then Qt 5 kt1

ðRelease is controlled by polymer erosionÞ

Thus, drug release profiles from a hydrophilic
matrix vary significantly with formulation design and
solubility of the drug. For insoluble compounds, the
zero-order release is readily attainable as Cs values are
lower than (Cp,dis)eq. For soluble drugs, release kinetics
typically follows the square-root-of-time relationship.
To achieve zero-order release, one would need to
increase (Cp,dis)eq in the matrix to lower the ratio of Cs

to (Cp,dis)eq, for example, by using polymers of low
MWp or decreasing Xp according to Eq. (19.4).
However, the practical feasibility of this approach is
dependent on the ratio, limited choice of polymer, and
the minimum MWp and/or Xp that is often required to
form a robust matrix for extended release.

The drug release from hydrophilic polymer matrix
systems involves (1) diffusion of dissolved drug
through the gel layer; and (2) release of dissolved drug
or drug particles through matrix erosion or dissolution
of the polymer gel layer. As the aqueous medium
penetrates a hydrophilic matrix tablet, the initial rate
of hydration of the hydrophilic polymer such as
HPMC would be rapid which immediately forms a gel
layer around the matrix tablet and eliminates any pre-
existing pores near the tablet surface. Additional
uptake of the aqueous medium into the matrix system
takes place by diffusion through the gel layer. Thus,
the drug release from such hydrophilic matrix tablet
occurs via diffusion through this expanding gel layer
and is typically represented by a square root of time
dependence in the cumulative drug release with some
early deviations from linearity (or delays) due to the
initial matrix hydration and swelling. The thickness of
this swelling gel layer increases with time initially
until the outer gel surface reaches a critical disentan-
glement concentration and erodes. Once this occurs,
the drug release typically shows a positive deviation
from linearity in the square root of time plot due to the
contribution from polymer erosion.33,39 Very often, the
gel layer development may reach a steady state (or a
constant gel thickness) as a result of synchronization of

the moving solvent and erosion fronts; the gel thick-
ness eventually decreases as the dry core disappears
and the gel layer gradually depletes due to polymer
dissolution as depicted in Fig. 19.3.19,54

Although the drug release profiles from hydrophilic
matrix systems have often been associated with two
limiting mechanisms as described above including
purely diffusion controlled for soluble drugs (square-
root-of-time kinetics) and purely polymer erosion con-
trolled for insoluble drugs (zero-order release), this
distinction appears to be overly simplified. First of all,
for poorly soluble drugs where the drug dissolution
rate is slower than the polymer erosion rate, it is rea-
sonable that the polymer erosion rate will dictate the
release of the drug particles, and the released drug
particles will undergo further dissolution. On the other
hand, while it is true that reasonably soluble drugs
will be released mostly by diffusion across the gel
layer because the low drug concentration at the erod-
ing gel surface contributes very little to the total drug
release, the polymer erosion process, however, does
affect the gel thickness (the faster the polymer erosion,
the smaller the gel layer thickness) and thereby
directly influencing the diffusional path length for the
release of the dissolved drug. As described by
Eq. (19.14), higher molecular weight polymers have
lower disentanglement concentrations while lower
molecular weight polymers have higher disentangle-
ment concentrations. In this case, reducing the molecu-
lar weight of the polymer makes the matrix erode
faster (and the gel layer thinner) because of the
increase of the disentanglement concentration.

As mentioned above the development of the gel
layer thickness and the resulting drug release due to
diffusion and polymer erosion was first investigated
by Lee and Peppas35,45,46 employing a pseudo-steady
state assumption, however, it is important to note that
their final working equations are only useful in dealing
with systems containing dissolved drug since the

FIGURE 19.3 Dynamic gel thickness development in a hydro-
philic matrix tablet.
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dispersed drug situation was not analyzed. On the
other hand, the problem of dispersed drug release
from such a hydrophilic polymer matrix system is sim-
ilar to the problem of dispersed drug release from an
erodible polymer matrix investigated by Lee19 without
making the pseudo-steady state assumption. Although
Lee’s work does not explicitly deal with the initial
swelling phase, the moving boundary problem investi-
gated does include the release of dispersed drug due
to both drug diffusion and polymer erosion, identical
to the physical situation of the present hydrophilic
polymer matrix system beyond the initial swelling
phase. Therefore, Lee’s approximate analytical solu-
tions provide a reasonable physical picture of dis-
persed drug release from such a hydrophilic matrix
system, in particular, they describe how the drug
release is affected by the dispersed drug loading, drug
solubility, polymer erosion rate constant, and drug dif-
fusion coefficient.

More specifically, Lee’s mathematical analysis19 con-
siders the competition between the diffusion and ero-
sion processes in a matrix involving two moving
boundaries as a function of two key parameters: drug
loading to solubility ratio (A/Cs) and the relative mag-
nitude of erosion versus diffusion (Ba/D), where a is
the half thickness of the planar matrix, and B is the
surface erosion rate constant. For the gel layer thick-
ness development in a dispersed polymer matrix with
A/Cs5 5, it can be shown in Fig. 19.4 that Lee’s results
predict that the faster the polymer erosion relative to
diffusion (eg, Ba/D5 10 as compared with Ba/D5 1),
the sooner it reaches a constant gel thickness due to
front synchronization and the smaller the resulting gel
thickness.

As to the effect of drug loading on the resulting
drug release kinetics, Lee’s results show that at a fixed
relative polymer erosion to diffusion (eg, Ba/D5 1) the
erosion characteristics (linear release region) becomes
more dominant as the drug loading to solubility ratio
(A/Cs) increases, whereas the early portion of the
release profile remains dominated by the diffusion
mechanism as illustrated in Fig. 19.5.

With respect to the effect of polymer erosion rate on
drug release, Lee’s results further illustrate that when
the drug loading is much higher than the drug solubil-
ity (eg, A/Cs5 5), the polymer erosion characteristics
dominate the drug release profile with increasing Ba/
D as shown in Fig. 19.6. As expected, the erosion effect
diminishes as the drug loading is at or below the drug
solubility (ie, A/Cs5 1) (results not shown).

From Figs. 19.5 and 19.6, it is clear how the inter-
play of these parameters: drug loading to solubility
ratio (A/Cs) and the relative magnitude of erosion ver-
sus diffusion (Ba/D) would affect the resulting drug
release profiles. These are useful practical and
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phenomenological parameters which can be directly
related to intrinsic variables such as the polymer
disentanglement concentration, polymer MW, among
others. as described in this chapter. It should be noted
that although these results were obtained originally for
the planar erodible matrix, the predicted general
trends apply equally well to matrix tablets based on
hydrophilic swellable and erodible polymers. More
complex models describing the drug release from
swellable and erodible matrix tablets (eg, HPMC-
based) including the geometry effect have been investi-
gated,55 however those normally require numerical
solutions every time a parameter is changed and there-
fore, is more cumbersome to use than approximate
analytical solutions described above.

19.2.1.1.3 Modulation of drug release profile

Historically, constant-rate delivery has been one of
the primary target profiles of extended-release systems
for maximized coverage and minimized fluctuation in
plasma concentrations, especially for drugs with a nar-
row therapeutic index. In a diffusion-controlled matrix
system, the active agent has a progressively longer dis-
tance to travel and smaller releasing surface as the dif-
fusion front moves inwardly, resulting in decreasing
release rate over time; that is, nonlinear release charac-
teristics. For hydrophilic matrices, the extent of drug
release deviation from zero-order kinetics depends on
the ratio of Cs to (Cp,dis)eqand A/Cs. Drugs with rela-
tively high Cs typically exhibit a diffusion-controlled
release profile. To overcome the inherently nonzero-
order kinetics due to decreasing surface area and
increasing diffusional path length associated with the
diffusion-controlled matrix systems, considerable
efforts have been and continue to be expended in modi-
fying the delivery system. Over the past several dec-
ades, many creative designs have been reported that
effectively alter the inherent nonlinear release
behavior.56�69 For example, nonuniform drug loading
was used to offset the decrease in release rate by
increasing the diffusional driving force over time.
Geometry factors including cone shape, biconcave,
donut shape, hemisphere with cavity, core-in-cup,
among others, were utilized to compensate the decreas-
ing release rate by increasing drug release surface over
time. Control of matrix erosion, surface area and swell-
ing, and matrix-membrane combinations have also
been shown to be effective in providing zero-order or
near zero-order release kinetics. However, many of
these designs are more difficult to manufacture or
impractical for commercialization.

With the growing need for optimizing clinical therapy
and improved understanding of the pharmacokinetics-
pharmacodynamics (PK-PD) relationship, additional
delivery profiles other than zero-order kinetics are often

desired, such as the profiles illustrated in Fig. 19.1. These
targeted extended delivery patterns vary with drugs
depending on their respective clinical pharmacology. To
produce matrix systems having some of these unique
drug release patterns or to overcome the inherent limita-
tions such as pH-dependency of drug release, modifica-
tions to both hydrophilic and hydrophobic matrices
have been investigated. Many of them have been suc-
cessfully applied to commercial products. Among them
are functionally coated matrix, layered tablet, compres-
sion coating, combined use of multiple polymers, func-
tional excipients or geometry. For example, TIMERx and
Geminex (bilayer) matrix systems utilize the synergistic
interaction of xantham gum and locus bean gum in an
aqueous environment to form a strong gel with a slowly-
eroding core. Matrix systems containing both hydro-
philic and hydrophobic rate-controlling materials also
offer certain advantages.70 Below are examples in spe-
cific areas in which significant progress has been made
over the years in improving matrix delivery system.
Many of the functional enhancements are achieved via
utilization of interactions between polymer and drug,
polymer and polymer, drug and excipients or polymer-
excipients.

19.2.1.1.3.1 pH-independent drug release The rate
of drug release of weakly basic or acidic drugs from
matrix or reservoir systems usually differs with the
environmental pH change due to the pH-dependent
solubility (driving force) of the drugs and/or rate-
controlling polymers. In principle, pH-independent
release is desirable for a more consistent in vivo deliv-
ery because pH values in the GI tract vary with loca-
tion and food intake. To achieve pH-independent drug
release, pH modifying excipients are commonly incor-
porated in the formulation to provide constant local
pH inside a dosage form.71�75 However, the effective-
ness of this approach is highly dependent on the quan-
tity and properties of both API and the pH-modifiers,
including pKa, solubility, and molecular weight. For
example, to ensure effectiveness and adequate dura-
tion of pH modulation for a weak base, an organic acid
with lower pKa and solubility is preferred because it
provides increased acidity and longer residence time
due to slower release. Use of highly soluble pH-
modifiers can be less effective since these small mole-
cules often leach out of the matrix system at a faster
rate than that of the active, resulting in only transitory
pH modification of the gel layer.63 An example of such
scenario would include an attempt to use a very solu-
ble acid in an erosion-controlled hydrophilic matrix
system or in a reservoir system requiring prolonged
in vivo delivery (eg, 8�20 hours). Additionally, high
concentration of the exceedingly soluble acid, such as
citric or tartaric acid, in the matrix can create high local
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osmotic pressure and/or ionic strength that would
enhance initial water penetration, alter properties of
the rate-controlling polymer, interfere with barrier
properties of the gel layer and result in a change in
hydration/gelling behaviors, release mechanism or
overall drug release.76�78 Some of the mechanisms
involved include lowering of sol-gel transition temper-
ature of the polymer, the suppression of water-
polymer interaction that reduces polymer particle
swelling and gel layer coalescence, hence disrupting
the establishment of the diffusion barrier properties of
the gel layer, and an increased water penetration.
There was also some evidence for an increased gel
layer fragility and susceptibility to erosion.76

Furthermore, other properties of the pH-modifier that
may influence processing and stability should also be
taken into consideration. For instance, compression
and blending of the matrix tablets may be affected by
the bulk and compaction properties of the
pH-modifier when a relatively high percentage is
incorporated in the formulation. A significant change of
dissolution on storage can occur as a result of gradually
altered polymer properties including degradation,
hydration/gelling behavior due to long-term exposure
to acidic and/or highly osmotic and ionic microenvi-
ronment created by high hygroscopicity of the pH-
modifier. For example, the viscosity of HPMC solution
is known to be stable within pH of 3�11 but tends to
decrease on storage under acidic or alkaline condi-
tions.79 Certain soluble acids, such as citric acid, can
create an acidic environment with pH # 2 at a concen-
tration $ 2%, compromising HPMC performance.
Wells et al. reported a drastic increase in dissolution
rate of the original Wellbutrin SR tablets containing
HPMC and cysteine hydrochloride, an acidic additive,
at storage condition of 25�C/65%RH, resulting in sig-
nificant reduction of product shelf-life to 9 months.32,80

Through investigation, it was found that the accelerated
dissolution could be primarily attributed to the slow
acid hydrolysis of HPMC on storage. The problem was
later resolved through product reformulation by
increasing HPMC content to slow the initial dissolution
and increase the ratio of HPMC to acidic additive.

To reduce or minimize the impact of these potential
performances and processing issues, ionic polymers
such as alginate, anionic polymers containing
methacrylic acid or phthalate functional groups, cat-
ionic polymers with dimethylamino ethyl methacrylate,
among others, in a matrix system have also been used
and shown effective in maintaining a constant local pH
environment.74,81�83 Howard et al. and Zhang et al.
showed the pH-independent zero-order release of a sol-
uble basic drug (Verapamil HCL) using alginate/
HPMC84 and Alginate/HPMC/enteric polymer,85

respectively. Rao et al. investigated combined

HPMC/cationic polymer for pH-independent release of
acidic molecules.86 The advantages of using polymer as
pH-modifiers include long residence time in the matrix,
generally favorable processing characteristics, avoid-
ance of extremely acidic, basic or highly osmotic and
ionic microenvironment and contribution to the release
rate control by certain polymers (eg, alginate). One pos-
sible limitation of using anionic polymers as pH modi-
fiers includes its relatively higher pKa (4�5).
Depending on the pKa, pH-solubility profiles and
required dose/drug loading of the individual API, the
effectiveness of polymeric pH-modifiers may be limited
for certain formulations that require stronger buffering
capacity. Lastly, it is important to understand whether
a selected pH-modifier may interact with either the
drug molecules or rate-controlling polymers. Such
interactions may result in a undesired outcome in prod-
uct performance and/or processing, such as compres-
sion, slow drug release or disruption of gel
structure.74,87 In some cases, excipient-polymer interac-
tions may be utilized to adjust drug release behaviors
for reduced sensitivity to environmental variations. For
example, a so-called self-correcting hydrophilic matrix
having strong gels was reported to be less sensitive to
both pH and stirring condition.88,89 This self-correcting
system was based on the incorporation of a high con-
centration of electrolytes. However, its potential advan-
tages over a conventional matrix system in vivo remain
to be confirmed, and long-term stability information is
unavailable in the public domain.

In summary, the use of buffering excipients in formu-
lating pH-independent ER systems increases the com-
plexity that can have consequences. Besides assessing
drug release performance, the influence of the pH-
modifier on the formulation, the API and processing need
to be understood when designing such dosage forms.

19.2.1.1.3.2 Solubility enhancement Developing ER
formulations of a poorly soluble drug can sometimes
be challenging. Conceptually, certain insoluble drugs
may exhibit a “natural” ER behavior when a right bal-
ance between particle size distribution and intrinsic
dissolution rate is achieved such that the slow particle
dissolution in vivo takes place within the drug parti-
cle’s transit time through the absorption window in
the GI tract. However, using formulation technology to
control the release rate is more desirable for ensuring
delivery control, consistency, and completion within
GI residence time. Thus, incorporating more soluble or
faster dissolving form of API in a matrix system is
sometimes required for this purpose as well as for
maximizing absorption of the drug released in the
lower bowl where a limited amount of water is avail-
able for dissolution. Increased solubility and/or disso-
lution rate can be obtained through use of the
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amorphous drug, a soluble salt, a complex or API
nanoparticles. Rao et al. showed that both enhanced
and pH-independent release of insoluble drugs were
achieved using cyclodextrin as a complexation agent
in an HPMC-based matrix.86 Because of the slow erod-
ing nature of the matrix system, complexation can take
place in situ. Thus, it does not require a prior forma-
tion of the complex using a solution-mediated process.
Tanaka et al. reported an eroding hydrophobic matrix
system containing an amorphous solid dispersion of
nilvadipine with HPMC.90 Supersaturation was
achieved without any recrystallization during dissolu-
tion, likely a result of crystallization inhibition by
HPMC. In addition to that, the release rate was found
to be independent of pH and agitation.

19.2.1.1.3.3 Modification of release kinetics One of
the limitations in controlling the release rate of soluble
drugs using a hydrophobic or hydrophilic matrix system
is the inherently nonlinear release kinetics. In addition to
the use of unique geometry or nonuniform drug loading
mentioned above, commercially viable designs have been
utilized to achieve zero-order drug release. For instance,
multilayered matrix systems were shown to be effective
through control of swelling and surface91. Hydrophobic
matrices were press-coated with hydrophilic and/or
hydrophobic barrier layer(s) to provide delayed drug
release from the barrier surface to compensate for the
decreasing release rate over time.92 The same type of
design can also be used to control effectively the release
rate of highly soluble drugs that are difficult to slow
down using monolithic hydrophilic or hydrophobic
matrices.93 Successful use of synergies of polymers for
release control of soluble compounds was proven in vitro
and in vivo with the TIMERx delivery matrix system. In
studying a polymer complex between methylcellulose
(MC) and carboxyvinylpolymer (CP) on the release char-
acteristics of phenacetin (PHE), Ozeki et al. showed that
the release profile of PHE from a 20% solid dispersion
granules in MC�CP complex can be modulated via alter-
ing the MC/CP ratio and the molecular weight of MC.
Contributions of diffusion and polymer erosion to PHE
release increased as the molecular weight of the MC
increased.94 The synergistic effect of Starch 1500 in an
HPMC-based matrix was claimed for a soluble drug mol-
ecule in vitro.95 However, the underlying mechanism of
this observation and in vivo performance require further
investigation. While the desired outcome of release modi-
fication may be achieved by utilizing interactions
between polymer and drug or excipients, it is always
beneficial to investigate the underlying mechanism of the
interactions based on both theoretical consideration and
advanced analytical techniques in order to evaluate the
practical utility, application, control and limitations.96,97

19.2.1.2 Reservoir polymeric systems

A typical reservoir system consists of a core contain-
ing a solid drug or highly concentrated drug solution
surrounded by a film or membrane of a rate-
controlling material. In this design, the only structure
effectively limiting the release of the drug is the poly-
mer layer surrounding the reservoir. Based on Fick’s
first law of diffusion, the governing one-dimensional
release rate of a drug from a reservoir system at steady
state is given by:

dMt

dt
5

DSK

L
ΔC ð19:16Þ

Mt is the total amount of drug released at time t,
D is the diffusion coefficient of the drug, S is the effec-
tive membrane or barrier surface area for drug diffu-
sion, L is the diffusional pathlength (eg, thickness of
the film), K is the partition coefficient of drug between
the barrier membrane and external aqueous phases,
and ΔC is the drug concentration gradient between
the solubility, Cs in the reservoir and the drug concen-
tration, Ce in the external aqueous medium. Since the
membrane coating is essentially uniform in composi-
tion and thickness, for a given molecule and system
composition, D, S, K, L, and ΔC are constant in
Eq. (19.16) under sink conditions (CscCe). Thus, the
amount of drug released as a function of time can be
obtained by integration:

Mt 5
DSKΔC

L

� �
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where k is the release rate constant. The driving force
of such systems is the concentration gradient of active
molecules between reservoir and sink. Thus, the drug
release from this type of system follows apparent zero-
order kinetics until ΔC is no longer constant due to
complete dissolution of the solid drug in the core.
Because the reservoir system relies on ΔC as the driv-
ing force for drug diffusion, applies to soluble drugs.
For insoluble drugs, the values of Cs may be too low to
render adequate driving force, resulting in over-
attenuated and incomplete drug release.

In developing oral products based on ER reservoir
technology, polymer film coated beads or tablets and
microencapsulates (microparticles, pellets or minitab-
lets) are common dosage form presentations. A poly-
mer membrane that contains the drug also includes a
hydrophilic and/or leachable additive (eg, a second
polymer, surfactant or plasticizer) to give a porous
device, offering a predetermined resistance to drug dif-
fusion from the reservoir to the sink. The resistance
provided is a function of film thickness and character-
istics of both the film and the migrating species in a
given environment. In the real-world products, the
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mechanisms of drug release from the film-coated dos-
age forms can be categorized into (1) transport of the
drug through a network of capillaries filled with disso-
lution media (K5 1); (2) transport of the drug through
the homogeneous film barrier by diffusion; (3) trans-
port of the drug through a hydrated swollen film; and
(4) transport of the drug through flaws, cracks and
imperfections within the coating matrix (K5 1).98�100

The key factors affecting drug diffusion are polymers
and pore former in the membrane coat, drug load, and
solubility.101 The preferred reservoir system normally
consists of many coated units such as beads, pellets,
and minitablets. In fact, most of the marketed products
based on the reservoir system are multiunit dosage
forms. Unlike a single-unit tablet, the number of parti-
culates of a reservoir system is often sufficient to mini-
mize or eliminate the impact of any coating defect
associated with a limited number of units. An impor-
tant feature of a multiunit system is that tailored drug
release can be readily obtained by combining subunits
with different release characteristics. The multiunit
system is also adaptable to varying dose strengths
without the need for a new formulation. This is highly
desirable during clinical development program of the
new drug candidates, where dose levels are frequently
adjusted based on study outcome.

Similar to matrix systems, drug release from a
reservoir system usually varies with pH unless the sol-
ubility of the active is pH-independent. To achieve
pH-independent release for drugs with pH-dependent
solubility, Cs in the core needs to remain unchanged.
Success with incorporating buffering agents to main-
tain constant pH in the core has been reported. As
with the pH-independent matrix system discussed pre-
viously, the effectiveness of this approach also
depends on the loading, buffering capacity, relative
quantity, solubility and molecular weight of the buffer-
ing agent relative to the drug. Finally, the osmotic
pressure in the reservoir can become a significant fac-
tor in influencing release control depending on loading
and solubility of both the active and certain soluble
excipients. In some cases, the osmotic components
may lead to the undesired coating rupture.

19.2.1.3 Osmotic pump systems

The osmotic pump system is similar in construction
to a reservoir device but contains an osmotic agent
that acts to imbibe water from the surrounding
medium via a semipermeable membrane which is per-
meable to water but impermeable to drug. Such a
device, called the elementary osmotic pump (EOP),
was first described by Theeuwes and Higuchi
(1975).102 The delivery of the active agent from the
device is controlled by water influx across the semiper-
meable membrane. The drug is forced out of an orifice

in the device by the osmotic pressure generated by the
device. The size of the orifice is designed to minimize
solute diffusion, while preventing the build-up of a
hydrostatic pressure head that has the effect of
decreasing the osmotic pressure and changing the vol-
ume of the device.

In an osmotic system, the rate of water imbibition
into the system in terms of volume can be expressed
as:

dV

dt
5

Ak

l
ðΔπ2ΔPÞ ð19:18Þ

dV/dt is the rate of water flow, k is the hydraulic per-
meability, A is the membrane area, l is the thickness,
Δπ is the osmotic pressure difference, and ΔP is the
hydrostatic pressure difference. When the device is
rigid, the volume of the device remains constant dur-
ing operation. Thus, the amount of drug released at
time t can be expressed by

dM

dt
5
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[S] is the drug solubility. When the hydrostatic pres-
sure difference is negligible and there is an excess of
solid (saturated solution) in the device, Eq. (19.19)
becomes

dM

dt
5
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Δπ S½ � ð19:20Þ

Therefore, the drug release rate remains constant
delivering a volume equal to the volume of osmotic
water uptake.

In developing oral products, two types of osmotic
pump systems have been commonly used, a one-
chamber EOP system and a two-chamber system (eg,
Push-Pull and Push-Stick). A comparison of different
types of osmotic devices is provided in Table 19.2. In
general, an EOP system is only feasible for molecules
with a narrow range of solubility, for example, approx-
imately 50�300 mg/mL, to achieve zero-order and
complete release. To overcome such limitation,
McClelland et al. investigated the conversion of release
profiles from first-order to zero-order kinetics for
highly soluble (. 590 mg/mL) diltiazem hydrochlo-
ride that was released from controlled -porosity
osmotic pump devices following first-order kinetics.
By utilizing the common ion effect, the solubility was
reduced in the presence of NaCl to 155 mg/mL. As a
result, zero-order drug release was achieved over a
14�16-h period. To maintain an effective NaCl concen-
tration within the drug compartment over the release
duration, NaCl granules were coated with a micropo-
rous cellulose acetate butyrate 381-20 film.103 In recent
years, studies have shown more general application of
controlled-porosity osmotic pump system to drugs
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with different properties.104,105 For instance, Okimoto
et al. described the successful application of a
controlled-porosity osmotic pump tablet utilizing
(SBE)7m-beta-cyclodextrin as both a solubilizer and an
osmotic agent for drugs with varying physical proper-
ties, including five poorly soluble and two highly
water-soluble drugs.106 Sotthivirat et al. demonstrated
that the incorporation of sulfobutylether-cyclodextrin
results in the complete and sustained release of a spar-
ingly water-soluble drug, prednisolone from a con-
trolled porosity-osmotic pump pellet dosage form,107

and further delineated the release mechanism from
such controlled-porosity osmotic pump pellet system
taking into consideration the viscosity effect due to
changes in the cyclodextrin concentration.108

The two-chamber device was designed mainly to
accommodate less soluble molecules and/or higher
drug loading. It consists of a bilayer tablet compressed
latitudinally or longitudinally with one push layer con-
taining a highly swellable polymer and a drug layer
(Fig. 19.7). In the GI tract, water is imbibed through
the semipermeable membrane into both layers as a
result of the osmotic activity gradient established
across the membrane by the osmotic excipients. As
both the drug and push layers hydrate, a drug suspen-
sion (eg, in Push-Pull) or semi-solid mass (eg, in Push-
Stick) is formed in situ and the push layer begins to
expand as a result of the hydration and swelling of the
hydrophilic polymers. Delivery of the drug substance
begins when the volumetric expansion of the osmotic
push layer begins to “push” the active in the drug
layer through the orifice, which is drilled through the
semipermeable membrane on the drug layer side.
Since rate control resides within the rate-controlling
membrane, drug release is essentially insensitive to
environmental effects, such as pH, agitation, and type
of apparatus. However, this does not apply to the
Push-Stick system, which contains a significantly
larger orifice that is required for the delivery of the
high payload. Since the 1990s, new single layer
osmotic pump tablets have been designed and success-
fully applied to developing commercial products for
poorly soluble drugs. The designs are based on the
incorporation of solubility enhancement in the tablet
core (eg, EnSoTrol) or in-situ creation of larger ports or
channels for delivering less soluble compounds (eg,
SCOT: Single Composition Osmotic Tablet).

In summary, classic osmotic pump systems offer
zero-order release profile that are independent of the
drug properties and release environment in most
cases. However, fabrication of this type of system often
requires specialized equipment and complex processes
with a long cycle time. This is particularly true with
the two-chamber systems, which often translates into
higher cost, longer development time and larger num-
bers of formulation and processing variables to define
and control. Additional drawbacks include (1) the sol-
vent process required for semipermeable membrane
coating, (2) sensitivity of the drug release to device
dimension variation and membrane uniformity of indi-
vidual units, and (3) delayed the onset of drug release.

19.2.1.4 Other extended-release systems

Additional systems that have been demonstrated to
provide extended release are based on the formation
of a less soluble complex or the use of ion-exchange
resins,109 among others. Polysalt flocculates were
reported as an effective physicochemical approach to
extending the release of aluminum sulfate through the
formation of an insoluble complex with sodium

TABLE 19.2 Comparison of Selected Oral Osmotic Pump
Systems

Osmotic system Similarity Difference

EOP Osmotic core
Semipermeable
membrane
controls water
flow

Single layer tablet
One small orifice
Drug released as a
solution

Push-Pull Bilayer tablet often
latitudinally compressed
Osmotic agent in both
layers one or more small
orifices
Drug released as a
solution or suspension

Push-Stick Bilayer tablet
longitudinally compressed
Osmotic agent in push
layer
One large orifice
Drug released as a wet
mass that requires
subsequent
disintegration and
dissolution

EnSoTrol Single layer tablet
One or more small
orifices
Incorporation of wicking
agent and solubility
enhancer
Drug released as a
solution

Controlled Porosity

and Single

Composition Osmotic
Tablet (SCOT)

Single layer tablet
No predrilled orifice
Drug released as a
solution or wet mass
through channels or
cracks formed in situ

L-OROS Single softgel capsule
One small orifice
Drug released as a liquid
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carboxymethylcellulose. Drug entrapment was effected
by polymeric flocculation, induced by the addition of a
physiologically inert electrolyte.110 Utilization of a less
soluble interaction product between diltiazem HCl and
lambda carrageenan was investigated. Extended
release of diltiazem from a compacted tablet was
achieved via surface dissolution/erosion. The influ-
ence of complex particle size, compression force, pH of
the dissolution medium, and compact dimensions on
drug release was also evaluated.111

Synthetic polymer-based ion exchange resins were a
result of advances in polymer chemistry in the middle
of the 20th century. They were first developed for appli-
cations in wastewater purification and processing of
fermentation products. Chaudhary and Saunders (1956)
first suggested the utility of these materials for
extended delivery of charged drugs.112 Ion exchange
resins are nonabsorptive polymeric insoluble particles
containing basic or acidic groups in repeating positions
on the polymer chain that can form ionic complexes
with oppositely charged drugs.113 The drug is bound to
the resin and released by exchanging with appropri-
ately charged ions in contact with the ion-exchange
groups. The interactions are strongly governed by the
pH of the medium or by the presence of competing
ions. At a particular pH, one of the two entities may
become neutralized depending on their respective pKa

values, thus eliminating the charge. The presence of
high ionic strength buffers may reduce electrostatic
interactions between the resin and drug due to a shield-
ing/competitive binding effect. Thus, the resin may
carry the drug and release the payload in a certain

region of the GI tract due to a pH change or presence of
competing ions. Abdekhodaie et al. developed and
experimentally verified new mathematical models for
drug release from ion-exchange microspheres.114,115

The models were successfully applied to investigate the
influence of important parameters pertinent to material
properties and loading conditions on the kinetics, effi-
ciency, and equilibrium of drug loading to aid the prod-
uct design. Sriwongjanya and Bodmeier investigated
the effect of ion exchange resins when incorporated as
release modifiers into the HPMC-based hydrophilic
matrix tablets.116 Two model drugs, propranolol, and
diclofenac, were studied. Drug release from matrix
tablets containing drug-resin complexes was signifi-
cantly slower than from the matrix tablets containing
drug without resin. Pennkinetic technology developed
by Pennwalt involves the use of ion exchange resins in
combination with diffusion-controlling membranes to
create extended-release liquid dosage forms. Examples
of commercial products that utilize ion exchange resins
include Tussionex Pennkinetic suspension containing
hydrocodone and chlorpheniramine and Codeprex
extended-release suspension of codeine polistirex/
chlorpheniramine polistirex. Additional examples
include Duromine containing the basic drug phenter-
mine forming a complex with an anionic resin, and MS
Contin suspension, which uses a polystyrene sulfonate
resin. Medical-grade resins are available from a range
of suppliers, including Rohm and Haas and Dow
Chemicals. Duolite AP143 is an anionic resin, whereas
Amberlite IRP64, Amberlite IRP69, and Amberlite
IRP88 are cationic resins marketed by Rohm and Haas.

(d) Push-Pull Push-Stick
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FIGURE 19.7 Schematic representation of different types of osmotic pump systems.
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Drug delivery systems designed to be retained in
the upper GI tract have been extensively explored
and investigated for targeted and/or extended oral
delivery since the 1970s. The primary objective of
such systems, especially the gastroetentative devices,
is to overcome regional dependency of drug absorp-
tion. For ER product, it is intended to prevent a loss
of AUC due to truncated absorption of drugs with a
limited window of absorption. A variety of experi-
mental approaches that have been explored include
utilizing floating (eg, low density for buoyancy) or
settling mechanism (eg, high density), (2) bioadhe-
sion, (3) altering motility with active or excipient, and
(4) large size to limit gastric emptying, for example,
via expansion by swelling or unfolding.117,118 The
proof of concept studies for some of these designs in
humans have been reported using direct (eg,
γ-scintigraphy) or indirect (PK) measures. However,
none has been shown to function in a reliable and
reproducible manner; that is, consistent performance
under a fasting condition with acceptable intersubject
and intrasubject variability of retention time.
Additionally, most of the studies were carried out in
a limited number of healthy subjects. For oral ER
delivery, reproducibility of the gastric retention char-
acteristics is most critical because it directly influ-
ences the bioavailability of a product. Therefore,
presently none of the so-called gastroretentive tech-
nologies employed in the marketed products can be
considered authentic and reliable despite the claims
made by some drug delivery companies. However, it
is noteworthy that an expandable system, Accordion
Pill, using the design of a foldable sheet (eg, about 5
3 2.5 cm 3 0.7 mm) has shown some promising
in vivo results based on MRI, γ-scintigraphy, PK
studies, and clinical trials. Its prolonged gastric reten-
tion with low-calorie meal has been shown in healthy
volunteers.119�121

19.2.2 Other common oral modified-release
systems

With the improved understanding of an active sub-
stance and its clinical pharmacology, various delivery
profiles such as those illustrated in Fig. 19.1 are often
required for enhanced or more rational and effective
clinical therapy. Common examples of these nonmono-
tonic and multicargo delivery patterns include delayed
drug delivery in the small or large intestines, pulsatile
delivery, biphasic delivery (ie, IR followed ER or ER
followed by IR), etc. These drug release profiles can be
obtained by incorporating a range of immediate-
release, delayed release, and extended release formula-
tion approaches.

19.2.2.1 Enteric release

The enteric release is intended to delay the release
of the drug (or drugs) until the dosage form has
passed through the stomach.4 The delayed liberation
of orally administered drugs has been achieved
through a range of formulation approaches, including
single- or multiple-unit systems provided with coat-
ings, capsule device, and osmotic pumps. The earliest
physicochemical approach to delaying drug release is
by applying an enteric coating to dosage forms as a
barrier that controls the release location in the diges-
tive system. Materials used for enteric coating prevent
drug release in the stomach because they are typically
acidic polymers that are stable/insoluble at acidic pH.
The coatings dissolve rapidly at higher intestinal pH
when the dosage forms reach the small intestine as
shown in Fig. 19.8. Drugs such as aspirin, which have
an irritant effect on the stomach, can be coated with an
enteric film that will only dissolve in the small intes-
tine. Enteric coating is also used to prevent the acidic
environment of the stomach from degrading certain
acid-labile medications, such as proton pump inhibi-
tors. The common enteric dosage forms include coated
tablet or capsule, coated multiparticulates in a capsule
or compressed into a disintegrating tablet.

19.2.2.2 Colonic release

Targeting drug delivery to the colonic region of the
GI tract has received considerable attention and is
known to offer therapeutic advantages for certain
drugs, such as more effective treatment of local disor-
ders of the colon (eg, ulcerative colitis, Crohn’s disease,
irritable bowel syndrome and carcinoma) with reduced
incidence of systemic side effects and lower dose.
Colonic delivery systems are essentially delayed
release dosage forms that are designed to provide
either an immediate or sustained release in the large
intestine. One of the better-known examples is the
colonic delivery of mesalazine in the treatment of
inflammatory bowel disease. More recently, scientific
endeavors in this area have also been driven by the
need of a portal for the systemic entry of the active
substances including proteins and peptides that are
unstable or poorly absorbed in the small intestine for a
variety of reasons (eg, instability, metabolism). For
drugs that are well absorbed throughout GI tract, sus-
tained delivery in the colon has also been utilized in
the treatment of nocturnal asthma or angina such as
the previously mentioned cardiovascular chronothera-
peutics products, Adalat CC and Verelan PM.

For optimal colonic delivery, the active needs to be
protected from the environment of the upper GI tract
before being released into the proximal colon. Based
on the considerations of the unique features of the
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colonic environment: pH, transit time, pressure or
microflora, various strategies and approaches have
been investigated for colon-specific drug delivery.
These include coated delivery systems using
pH-sensitive or slow eroding polymers, swelling or
controlled osmotic system for timed release and
exploitation of carriers that are degraded specifically
by colonic bacteria. Prodrugs have been designed to
deliver 5-amino salicylic acid in the colon (eg, balsala-
zide, sulfasalazine, olsalazine). Certain plant polysac-
charides (such as amylose, inulin, pectin and guar
gum), pH-sensitive hydrogels and microbially degrad-
able polymers especially azo cross-linked polymers
have also been studied for targeting drugs to the colon.
Among these approaches, coated systems that utilize
the transit time and pH differential in the GI tract, as
well as prodrugs that rely on colonic bacteria for
release, have been utilized in commercial products.

A majority of the marketed colonic delivery pro-
ducts are timed release systems (see Fig. 19.8) that
depend on the relatively constant transit time of
3�4 hours in the small intestine. Dosage forms such as
beads or tablets are coated with enteric polymers that
dissolve more slowly at intestinal pH (eg, Eudragit S).
To ensure sufficiently delayed drug release of
3�4 hours following gastric emptying, the weight gain
of film coating is significantly higher than that used in
the enteric coating. Slowly eroding coating by com-
pression or spraying has also been shown to be effec-
tive in timing drug release.122 The concept of using pH
alone as a trigger to release a drug in the colon is
based on the pH variations along the GI tract.
However, the reliability of this approach in vivo is
questionable considering (1) the relative small pH dif-
ference between small and large intestines, (2) the high
intersubject and intrasubject variability of intestinal
pH, and (3) the impact of disease state on intestinal

pH. The presence of azo reductase enzymes and glyco-
sidase activity of the colonic microflora is the basis for
designing prodrugs or polymers with a triggering
mechanism for the release of drug in the colon. The
release of drugs from azo bonded prodrugs or azo
polymer coated dosage forms is supposed to take place
after reduction and thus cleavage of the azo bonds by
the azoreductase enzymes present in the colonic micro-
flora. Similarly, natural polysaccharides that remain
intact in the upper GI tract may degrade by polysac-
charidases, providing site-specific drug release into the
colon. To protect polysaccharides from swelling and
dissolving in the stomach and small intestine, chemical
cross-linking or use of a protective coat has been used.
In principle, exploitation of the most distinctive prop-
erty of the colon, abundant microflora, offers the most
accurate site-specificity and delivery consistency
in vivo compared with reliance on transit time or pH.
However, applications of these modified polymers or
prodrugs in commercial products have been limited
primarily due to the additional resources, cost and
time required for regulatory approval. Over the last
two decades, the designs and evaluation of colonic
drug delivery systems, as well as manufacturing con-
siderations, have been extensively reviewed in the
literature.123�128

19.2.2.3 Pulsatile release

Pulsatile delivery refers to the release of a portion of
the total payload in a burst followed by periods of lit-
tle/no release (lag phase) in a defined temporal pat-
tern. In particular, oral pulsatile drug release pertains
to the burst delivery of drugs following a programmed
pattern from the time of oral administration. For exam-
ple, Ritalin LA capsule is a pulsatile delivery system
that provides IR of 50% of the total dose upon oral
ingestion followed by a burst release of the remaining
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FIGURE 19.8 Examples of differ-
ent types of delayed release systems
and drug release process.
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drug after 4 hours. In the field of MR, these nonmono-
tonic and multicargo release profiles have been recog-
nized and/or proven to offer clinical benefits in (1)
optimizing chronotherapy, (2) mimicking natural pat-
terns of endogenous secretion, and (3) providing opti-
mal therapy for tolerance-inducing drugs where
constant levels cause receptor down-regulation.
Therefore, delivery systems with a pulsatile release
pattern have received increasing interest in the prod-
uct development.

A variety of pulsatile release systems have been
investigated and successfully applied in commercial
products. The fundamental system design is based on
the combination of a range of formulation approaches,
including single- or multiple-unit IR and delayed
release systems discussed in Sections 1.2.2.1 and
1.2.2.2. The delayed release component in pulsatile
delivery systems includes site-specific systems in
which the drug is released at the desired site within
the intestinal tract or time-controlled devices in which
the drug is released after a well-defined time period.
The literature reviews have provided detailed summa-
ries of design rationale, the prominent design strate-
gies and various single- and multiple-unit oral
pulsatile delivery systems, including Pulsincap,
Pulsys, and PORT Technologies.129�134

19.2.2.4 Bimodal release

Among nonmonotonic extended release patterns,
bimodal (or biphasic) delivery profiles have been most
commonly utilized to alter plasma level. The usual
rationale for such designs include (1) providing rapid
onset of action by adding an IR component to an
extended release dosage form, (2) optimizing dosing
schedules for chronotherapeutic drugs by incorporat-
ing a delayed release component in an extended
release dosage form, (3) generating fluctuations of
plasma levels to avoid or attenuate the development of
acute tolerance due to constant exposure of drug at the
receptor site, and (4) overcoming the problems associ-
ated with nonlinear pharmacokinetics, extensive first-
pass metabolism, idiosyncratic pharmacokinetics or
pharmacodynamics resulting in reduced bioavailability
or altered drug/metabolite ratios.135�138 Since the
1980s, many marketed products with biphasic drug
release have been developed for various drugs, such
as verapamil, diltiazem, nifedipine, methylphenidate,
acetaminophen and zolpidem.

As with pulsatile delivery systems, biphasic release
profiles are often achieved utilizing a range of formu-
lation approaches, including single- or multiple-unit
IR, delayed release and extended release systems
based on the coating, matrix, and osmotic pump tech-
nologies or combinations thereof. Among common
designs that have been applied are mixing systems

with varying release rates, using layered tablets or
multiwalled coatings, compression coated tablets with
a slow eroding outer layer, combinations of delayed
release coatings with osmotic pumps, among others.
For example, Cardizem CD consisting of a rapid
release bead and an extended release bead producing
a unique “stair-step release profile.”111 Adalat CC is a
compression-coated matrix tablet that provides zero-
order sustained release followed by a delayed burst
release. Lodotra also uses press-coated tablets
(GeoClock) that provide rapid release of prednisone
about 4 hours after administration at bedtime for a
more effective treatment of the morning symptoms of
rheumatoid arthritis.139 Tylenol 8-hour is a bi-layer
caplet designed to provide both fast and long-lasting
pain relief. The first layer provides IR for fast relief
and the second maintains the blood level of acetamino-
phen during the dosing interval. A similar design was
discussed by Radebaugh et al.140 Eichel described a
delayed and sustained-release system comprising a
multiwalled coated drug having an inner wall micro-
encapsular enteric coating, a solid acid either incorpo-
rated in the enteric layer or layered over the enteric
layer, and an outer microporous membrane wall for
release rate control. The solid acid delays drug release
by maintaining the enteric polymer in an impermeable
state until the acid diffuses out of the drug or is neu-
tralized. The multiwalled coated drug is admixed with
an uncoated drug to provide biphasic release
profile.141

19.2.3 Materials used for modifying drug
release

Commonly used materials for modifying drug
release from oral solid dosage forms can be catego-
rized into long chain substituted or unsubstituted
hydrocarbons and polymers. Natural or synthetic long
chain hydrocarbons such as fatty acids, fatty acid
esters, glyceryl esters, alcohol esters and waxes were
among the earliest materials applied in modifying
drug release from matrix systems. The use of waxes
for prolonging the medicinal effect of herbal medicines
can be traced back to the 4th century AD.10,11

Polymers are sourced from natural products (eg, poly-
saccharides), chemically modified natural products
(eg, cellulose ethers and esters) or synthetic in nature
(eg, methacrylic ester copolymers). Today, polymers
have become the dominating rate-controlling excipi-
ents in the MR arena due to their multitude of func-
tionalities and relatively more consistent properties,
especially those of synthetic or semisynthetic origin
when compared with materials of natural origin. Some
of the common materials that are approved for oral
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administration are briefly discussed in this section
based on their applications in different types of MR
systems. The list is not intended to be exhaustive, but
rather serves as a starting point for the interested
reader.

19.2.3.1 Materials for matrix systems

The materials most widely used in preparing matrix
systems include hydrophilic and hydrophobic poly-
mers, as well as long chain hydrocarbons. Commonly
available hydrophilic polymers include (1) nonionic
soluble cellulose ethers available in a wide range of
viscosity grades, such as HPMC (eg, Benecel K100LV,
K250, K750, K1500, K4M, K15M, K35M, K100M and
K200M, Methocel K100 LV, K4M, K15M, K100M;
Metolose 100, 4000, 15,000, and 100,000 SR), hydroxy-
propyl cellulose (HPC, eg, Klucel GXF, MXF, HXF),
hydroxyethyl cellulose (HEC, eg, Natrosol 250 HHX,
HX, M, G) with varying degrees of substitutions and
viscosity grades; (2) nonionic homopolymers of ethyl-
ene oxide, such as, poly(ethylene oxide), [H
(OCH2CH2)nOH] with a molecular weight range of
100,000 to 7,000,000 (eg, Polyox WSR N-12K, WSR
N-60K, WSR-301, WSR-coagulant, WSR-303); (3) water-
soluble natural gums of polysaccharides of natural
origin, such as xantham gum, alginate and locus bean
gum; (4) water swellable, but insoluble, high molecular
weight homopolymers and copolymers of acrylic acid
chemically cross-linked with polyalkenyl alcohols with
varying degree of cross-linking or particle size
(Carbopol 71G NF, 971P, and 974P); (5) cross-linked
high amylose starch. In most cases these polymers can
perform qualitatively similar functions, but possess
different release-retarding capability and processing
characteristics when used at the same level. They are
usually available in micronized forms for facilitating
the rapid formation of gelatinous barrier layer on the
system surface.

Fatty acids, fatty acid esters, mono-, di-, and tri-
glycerides of fatty acids, fatty alcohols, waxes of natu-
ral and synthetic origins with differing melting points
as well as hydrophobic polymers are used in hydro-
phobic, nonswellable matrices. Examples include stea-
ric acid, lauryl, cetyl or cetostearyl alcohol, glyceryl
behenate, carnauba wax, beeswax, candelilla wax,
microcrystalline wax and low molecular weight poly-
ethylene, to name a few. Insoluble polymers include
fine powders of ammoniomethacrylate copolymers
(Eudragit RL100, PO, RS100, PO), polyvinyl acetate or
its mixture with povidone (Kollidon SR), ethyl cellu-
lose (Ethocel), cellulose acetate (CA-398-10), cellulose
acetate butyrate (CAB-381-20), cellulose acetate propio-
nate (CAP-482-20), and latex dispersions of the insolu-
ble polymers (Eudragit NE-30D, RL-30D, RS-30D,
Surelease). However, their applications as the sole

rate-controlling material in the marketed matrix-based
products are still limited.

19.2.3.2 Materials for reservoir systems

The common materials to form a drug release bar-
rier surrounding a core tablet, drug particles, beads or
pellets for diffusion-controlled reservoir systems
include water-insoluble acrylic copolymers, ethylcellu-
lose and polyvinylacetate. These film-coating polymers
had historically been used in an organic solution prior
to the 1980s. Today, they are applied as aqueous
dispersions that form films by a process of coalescence
of submicron polymer particles in most cases
except where the solvent coating is required.
Ammoniomethacrylate copolymers (Eudragit RL 30D,
RS 30D) are water permeable and swellable film for-
mers based on neutral methacrylic esters with a small
proportion of trimethylammonioethyl methacrylate
chloride. Methacrylic ester copolymers (Eudragit,
NE30D) are neutral esters available as a 30% aqueous
dispersion without the need of plasticizers unless
increased film flexibility is desired. Ethylcellulose for
film coating is available as an aqueous polymeric dis-
persion containing plasticizers under the brand name
of Surelease and as pseudolatex dispersion, Aquacoat
ECD, which requires an addition of plasticizers to
facilitate film formation during coating. More recently,
a polyvinylacetate aqueous dispersion (Kollicoat SR
30D) has been shown to offer similar functionality
while providing improved resistance to an aqueous
medium containing alcohol in dissolution test.

19.2.3.3 Materials for osmotic pump systems

Cellulose acetate is the most commonly used poly-
mer that constitutes the semipermeable membrane of
an osmotic pump device. Cellulose acetate containing
a controlled percentage of acetyl content is often used
together with other pH-dependent or pH-independent
polymers to form films of varying water flux and per-
meability. Polymers used for such purpose include cel-
lulose butyrate, polyurethane, ethylcellulose,
poloxamer polyols, PEG, PVC, and PVA. Osmotic
agents, such as sodium chloride, are another key ingre-
dient of an osmotic system. In the more sophisticated
two-chamber system, a hydrophilic polymer with a
very high swelling ratio; that is, poly(ethylene oxide),
is an essential component in the osmotic driving ele-
ment, the push layer.

19.2.3.4 Materials for delayed release systems

Materials that have been applied to oral medication
for enteric release primarily comprise of (1) shellac
and zein of natural sources and (2) derivatives of cellu-
lose and methacrylic acid copolymers containing car-
boxylic functional groups. Technology advances over
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the past three decades have made synthetic and semi-
synthetic polymers the most preferred system for
enteric film coating of tablets or particles. At low pH
in the stomach, the polymer is impermeable and insol-
uble, but in the higher pH environment present in the
small intestine (eg, .5.5), the polymer dissolves and
exposes the core tablet for the rapid or slow release of
the actives. Examples of these pH-dependent anionic
polymers include cellulose acetate phthalate (CAP),
hydroxypropyl methylcellulose phthalate (HPMCP),
methacrylic acid and methacrylic esters (Eudragit
L 100, L 100-55, L12.5, L30D-55, S 100, S 12.5, FS 30D,
Acryl-EZE), and polyvinyl acetate phthalate
(Sureteric). Some of these polymers (eg, Eudragit) are
often used to obtain predetermined lag times of the
delayed release via pH and/or coating thickness con-
trol for colonic and pulsatile (later pulses) release. It
should be noted that these ionic polymers have also
been incorporated into the matrix, reservoir or osmotic
pump systems to modify drug release profiles as dis-
cussed in this chapter. For delayed release system
based on slow eroding mechanism, materials such as
those utilized in matrix systems are used in
compression-coated tablets that provide predeter-
mined lag (eg, Adalat CC).

19.3 RATIONAL DESIGN OF MODIFIED
RELEASE SYSTEMS

The majority of the systems for modifying apparent
drug absorption are, in general, based on proprietary
or nonproprietary polymeric delivery technologies.
The ability to achieve the desirable in vitro and in vivo
performance for a given drug substance is highly
dependent upon several important factors that include
the dose, physicochemical, biopharmaceutical, phar-
macokinetic, and pharmacodynamic properties of the
drug, as well as the proper selection of a formulation
approach and formulation design. Each drug sub-
stance possesses inherent properties that require con-
siderations specific to both the drug and the delivery
system. Thus, successful dosage form development is,
in fact, dictated by the properties of a compound in
the context of physiological/biological constraints,
rather than by the technology platform. This conclu-
sion is supported by the fact that almost all MR pro-
ducts with the expired composition of matter patents
have been unable to maintain market exclusivity solely
based on delivery technology. There are numerous
examples where the performance of the branded pro-
ducts has been matched by their generic counterparts
based on similar or different ER technologies.
Notable examples include Procardia XL, Cardizem CD,
Concerta, Adalat CC, Wellbutrin XL, Ditropan XL,

Glucotrol XL, Glucophage XR, Asacol, Toprol-XL, to
name a few. Therefore, the first stage in designing an
MR delivery system should be to conduct technical
feasibility assessment by integrating a defined clinical
rationale with the characteristics of the drug. The sec-
ond stage is to select an appropriate MR technology
based on the desired dosage form characteristics and
other development considerations discussed in chapter
“Product and Process Development of Solid Oral
Dosage Forms” for in vitro and in vivo evaluation.
More specifically, a rational design process should
include the following steps:

1. Identify the clinical need and define target in vivo
product performance

2. Conduct a study through experiments and detailed
analysis to assess feasibility of intestinal absorption,
challenges, and risk associated with MR delivery
based on
• Characterization of the molecule concerning its

physicochemical and biopharmaceutical
properties, dose, regional absorption, in vivo
disposition and pharmacodynamics.

• Pharmacokinetic simulation to calculate
theoretical drug input rate and its range required
to produce the desired plasma concentration-time
profile based on in vivo disposition parameters
and certain assumptions.

• Determine whether physicochemical properties
and absorption characteristics of the API in
different segments of the GI tract allow for the
required drug input within the residence time of
the dosage forms (eg, solubility/dose ratio,
apparent permeability, single unit versus
multiparticulates)

3. If feasible, design and evaluate formulations with
different release rates by selecting an appropriate
MR technology, associated dosage form,
manufacturing process and in vitro test methods.
• Select prototype formulations with profiles that

bracket the theoretical target absorption profile
for testing bioavailability in vivo

• Identify a formulation with acceptable in vivo
performance or a direction to aid subsequent
round of formulation refinement if iteration is
required.

• Explore an in vitro-in vivo relationship (IVIVR)
or correlation (IVIVC) if different prototypes
exhibit different in vivo performance.

In this section, the essential design elements and
general considerations will be discussed in detail.
Case studies are provided to illustrate how drug prop-
erty, delivery technology and formulation approach
influence the performance of oral MR delivery
systems.
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19.3.1 Identification of the clinical need and
definition of the target in vivo product
performance

The basic clinical rationale of developing a MR
product is to achieve optimal drug treatment via pro-
gramming the input profile such that the product
offers one or more advantages in efficacy, safety, and
patient compliance. According to the regulatory direc-
tive issued by European Medicines Agency
(EMA),142,143 development of MR products should be
based on (1) a well-defined relationship between the
pharmacological/toxicological response and the sys-
temic exposure to the drug/metabolite(s) forms and
(2) an integration of physiological, pharmacodynamic
and pharmacokinetic considerations. In other words,
modulating the rate, kinetics, timing and/or site of
drug release in the GI tract requires an understanding
of the time course of drug concentrations in the body
(PK) and its relationship with the pharmacological
effect including time course and intensity of therapeu-
tic and adverse effects (PD). However, emphasis has
been, in many cases, placed on reducing the dosing
frequency or fluctuation of plasma concentrations asso-
ciated with IR formulations than on understanding
and ensuring improved pharmacological effect profile.
As a result, it is not uncommon to see new drug deliv-
ery systems looking for a suitable drug candidate or
projects being terminated due to a lack of feasibility of
or the desired outcome. This can be attributed to the
often assumed or overly simplified linear PK/PD rela-
tionship, and to the fact that the PK outcomes of drug
delivery are easy to monitor and quantify. In reality,
the relationship between systemic drug concentration
(C) and intensity of effect (E) is very complex because
of the vast array of pharmacological mechanisms and
physiological processes that control drug responses.
For instance, the common design objective of an ER
dosage form is to maintain the plasma drug concentra-
tions above the minimum effective concentration
(MEC) and below the minimum toxic drug concentra-
tion (MTC) for drugs with defined therapeutic win-
dow. However, for antibiotics with known minimum
inhibitory concentration (MIC), there are three types
(or indices) of PK-PD relationship that define concen-
tration needed for maximal bacterial killing: (I)
concentration-dependent with prolonged persistent
effect, (II) time-dependent with minimal persistent
effect and (III) time-dependent killing with moderate
to prolonged persistent effect.144�146 The rate of killing
is determined by either the length of time necessary to
kill or the effect of increasing concentrations. Persistent
effects include the Post-Antibiotic Effect (PAE) which
is the persistent suppression of bacterial growth fol-
lowing antibiotic exposure. In designing MR dosage

forms, the PK target profiles need to differ depending
on the PK-PD indices147 of different classes of antibio-
tics to maximize clinical efficacy and tolerability. For
Type I antibiotics, achieving high AUC24h/MIC and
Cmax/MIC ratios is more important for antibiotic effi-
cacy. For example, a Cmax/MIC ratio of at least 8�10 is
needed to prevent resistance of aminoglycosides. For
fluoroquinolones, AUC24 h /MIC ratios of approxi-
mately 125 and 40 are optimal against gram negatives
and positives, respectively.144 For Type II antibiotics,
the design of MR products should aim at maximizing
the duration of exposure because the cumulative per-
centage of a 24-hour period that the concentration is
above MIC (T.MIC) is known to best correlate with
efficacy. For beta-lactams and erythromycin, maximum
killing is seen when the time above MIC is at least 70%
of the dosing interval. Type III antibiotics exhibit time-
dependent killing and moderate persistent effects.144

Thus, the MR product design needs to strive for
obtaining high AUC24 h /MIC ratio with adequate
T.MIC.

148

A variety of models based on the mechanisms of
drug actions (reversible, irreversible and tolerance)
have been developed to describe PK/PD, such as
sigmoid Emax, biophase distribution, slow
receptor-binding, turnover, indirect response, signal
transduction and tolerance models.149 For example, a
sigmoidal Emax model or the full Hill equation is a
four-parameter direct response model:

E5 ðEmax C
γÞ=ðECγ

50 1CγÞ ð19:21Þ
E is the intensity of the effect, Emax is the maximum

effect, C is the concentration, EC50 is a sensitivity
parameter representing C producing 50% of Emax, and
γ is the Hill or sigmoidicity coefficient that reflects the
steepness of the E-C curve. Lower values (,1) will
produce broad slopes, higher values (. 4) are reflec-
tive of an all-or-none type of response. According to
this equation, different fluctuations in pharmacological
response (ΔE) may result from the same or similar
concentration changes (ΔC) depending on the concen-
tration ranges. Additionally, the slow and constant
mode of drug input often provided by ER dosage
forms may have varying therapeutic impacts depend-
ing upon drugs and their PK-PD relationships.
Furthermore, the time course of drug effects can be
fairly different from the time course of drug concentra-
tions. A short elimination half-life does not necessarily
indicate a short duration of action.

Fig. 19.9 shows the sequence of steps between drug
administration and clinical response. The importance
of efficacy and safety implications of the complex rela-
tionship between drug input and pharmacodynamics
and research strategies for guiding the design of drug
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delivery mode have been discussed in details by
Breimer and Hoffman.150,151 For instance, the shape
factor (γ), which determines the slope of the E-C curve
of the Emax model, can have a significant impact on the
design of an ER system. A relatively shallow E-C pro-
file (small γ) may suggest a lack of pharmacodynamic
rationale to develop an ER product because E is rela-
tively insensitive to even a large change in concentra-
tion. When the concentration range required to elicit
drug response is very small (large γ), such as for levo-
dopa, the E-C profile represents an all-or-none phe-
nomenon. Thus, as long as the drug concentrations
remain above the MEC, the drug effect is essentially
independent of the fluctuation in plasma levels. It is
known that the nonsteady state E-C curves of certain
drugs may exhibit clockwise or counter clockwise hys-
teresis due to desensitization or equilibrium delay or
formation of an active metabolite.1 In the former
case, either pulsatile or constant rate input may be
designed depending upon the desired pharmacological
responses of the drugs (eg, gonadotropin-releasing
hormone). On the other hand, a slow input rate may
minimize the counter clockwise hysteresis and thus
require lower Cmax to achieve the desired response.

The impact of input rate on the efficacy and safety
ratio is best illustrated by nifedipine. Comparative
studies of slow versus rapid input have led to the real-
ization and confirmation that the rate-of-increase of
nifedipine concentration, rather than absolute concen-
tration, is the determining factor for the observed
hemodynamic effects; that is, a gradual decrease in
blood pressure was observed without side effects
(increase in heart rate) occurring with a slow regimen
while the opposite was observed with a rapid regi-
men.119 Methylphenidate represents another classical
example where the delivery pattern can have a signifi-
cant impact on the efficacy. To meet the clinical need
for a more convenient dosing regimen of this con-
trolled drug, several new MR products with different
release modes were designed and clinically proven to
be effective since the mid-1990s. The product designs
include pulsatile release and biphasic extended release
that provide fluctuations of plasma levels during drug
release, thus overcoming the acutely acquired toler-
ance due to a constant level of drug exposure associ-
ated with Ritalin SR, the extended release version of
Ritalin product lines that had been available for many
years. These two examples show that a positive or

negative clinical outcome may be rendered by constant
PK profiles depending on the relationship between the
kinetics of drug effects and the pattern and timing of
drug input. Therefore, the design of release character-
istics for an MR product should be based on the
desired optimal drug concentration-time profile; that
is, target product profile, defined by the quantitative
information of the PK/PD relationship.

With increased research and understanding of bio-
markers and surrogate endpoints that reflect the
underlying mechanism of drug action, it is anticipated
that understanding PK/PD relationships will play a
more significant role in the establishment of clinical
rationale, a definition of in vivo target product profiles
and early decision in MR product development.

19.3.2 Feasibility study

In developing MR dosage forms, feasibility assess-
ment is crucial to product design and development
success. Once the delivery mode and in vivo target
product profile are defined and disposition parameters
are available, the corresponding theoretical drug input
profile can be obtained by prospective PK simulation;
for example, via adjusting input rate and kinetics to
generate in vivo PK profiles, or by deconvolution of
the target plasma profile. With a known therapeutic
window or MEC, the required input or absorption
duration and kinetics can be readily determined, for
instance, by ensuring the plasma levels of the MR
design constantly above the MEC over the dosing
interval. When the quantitative PK-PD information is
unavailable, the steady-state Cmin of the clinically effec-
tive IR counterpart may be used as a conservative esti-
mate of the MEC. For example, Fig. 19.10 shows a new
ER dosage form was designed to maintain the average
plasma concentration at or above the Cmin (about
100 μg/mL) of a marketed IR dosage form throughout
the dosing interval of 24 hours.

Following the completion of the theoretical MR
design or paper exercise, the next step would be to do
a “reality check”; that is, to evaluate the feasibility of
the designed delivery in the GI tract because favorable
and complete drug absorption throughout the GI tract
is often an exception rather than a rule. For example, if
a predefined plasma profile of a drug corresponds to
16 hours of zero-order drug input, it suggests that
majority of the administered dose will have to be
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FIGURE 19.9 From drug administration to clinical response.
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absorbed in the large intestine under fasting condition
because of the limited residence time of solid dosage
forms in the small bowel. Thus, understanding absorp-
tion characteristics of the individual molecule of inter-
est in the lower GI tract is crucial to the rational design
of an MR dosage form. To assess technical feasibility
and development challenges, it is essential to integrate
the drug’s physicochemical and biopharmaceutical
properties in the context of the total dose, physiologi-
cal/biological constraints and disposition kinetics.
Among the key properties of a particular drug sub-
stance are solubility, lipophilicity, chemical stability,
regional permeability, gut and hepatic first-pass
metabolism, whether or not the drug is a substrate of
gut enzymes and transporters and susceptibility of the
drug to metabolism by gut microflora. To help better
understand the suitability of a particular drug for MR
delivery, some of the important factors and their
impact on the product development are summarized
in Table 19.3.

Orally administered drugs may be subject to acid or
base hydrolysis and other chemical or enzymatic deg-
radation that can influence bioavailability and design
of the delivery system. For example, drugs that are
unstable in the stomach require delayed onset of drug
release until the dosage form enters the small intestine.
This may result in shortened total GI residence time
for extended absorption. On the other hand, drugs
unstable in the lower GI tract due to metabolism by
microflora would require complete drug delivery in
the small intestine.

The regional absorption characteristics of a com-
pound in the GI tract and residence time of dosage
forms are the most important parameters in assessing
the suitability of oral MR delivery.1,153 With significant
regional differences including surface area, permeabil-
ity, secretion, enzymes, transporters, the volume of

water, and so on, a drug substance often exhibits vary-
ing degrees of apparent absorption in different seg-
ments of the GI tract. In general, the transit time of
most dosage forms before arrival at the colon, a less
favorable site for drug absorption, is approximately
4�6 hours depending on the type of dosage forms,
food intake, and composition. This may become a lim-
iting factor for drugs requiring absorption beyond this
time frame after dosing.154 For certain drugs, favorable
absorption in the large intestine can allow continued
drug delivery for up to a total of 20�24 hours.155,156 If
drug release is not completed by the time the dosage
form passes through the absorption region, a portion
of the dose will not be delivered. Hence, it is very
important to define the absorption regions or window
of a specific compound in the GI tract before further
development proceeds. MR dosage forms designed
and tested in adults may not work the same with the
young children because of the known differences in GI
transit time of the delivery systems between adults
and children younger than 3�4 years old. With shorter
GI residence time in young children, truncation of
drug absorption may occur depending on the charac-
teristics of the drug substance and MR design, result-
ing in lower AUC and/or subtherapeutic plasma
levels.157

Over the years, many techniques have been utilized
to assess regional absorption potential or window of a
compound, including in vitro or in-situ models and
site-specific delivery in animal models and human
subjects. Permeation characteristics of drugs in differ-
ent GI segments can be evaluated through in vitro per-
meability of excised tissues or in situ perfusion studies
in animal models (eg, rat or rabbit). Site-specific deliv-
ery via indwelling access ports in conscious animals
(eg, dog and rat) offers a direct comparison of drug
absorption in jejunum, ileum, and colon through
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FIGURE 19.10 Mean (6 SD) plasma concentration-time profiles of (1)� Tramadol after multiple-dose administration of an immediate
release dosage form and a once-daily extended release dosage form in the fasting state (key: 50 mg IR (V); 200 mg ER (’)). Reprint with permis-
sion from Blackwell Publishing: Malonne, H. et al., Pharmacokinetic evaluation of a new oral sustained release dosage form of tramadol. Br J Clin
Pharmacol 2004;57(3):270�278.
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concurrent monitoring of plasma levels. It can serve as
a predictive model for human exposure depending on
the drug’s properties and absorption mechanism. In
fact, a reasonably good correlation of regional absorp-
tion characteristics has been found between dog and
human, particularly for passively transported com-
pounds.158 For small hydrophilic molecules for which
the paracellular pathway also plays a role in perme-
ation, the dog model usually overestimates the absorp-
tion in humans due to the “leakier” canine intestine,
especially in the large intestine. To quantify colonic
absorption for delivery potential, intubation studies
have also been used via bolus and/or continuous infu-
sion of a drug solution or suspension into the trans-
verse colon in animal or healthy volunteers. Since the
early 1990s, gamma scintigraphic studies have become
one of the commonly used techniques for screening
drug candidates for oral MR delivery.159 For instance,
regional differences in absorption can be determined
by using noninvasive delivery devices, such as the
Enterion capsule of Quotient Clinical160 and the
InteliSite capsule of Scintipharma, Inc. These radiola-
beled capsules loaded with a drug solution or powder

can be tracked via gamma scintigraphy and externally
activated to release the drug when it reaches the
desired location in the digestive tract following inges-
tion. Another effective method used by the two com-
panies and Bio-Images Research Ltd. is to administer a
radiolabelled MR dosage form followed by combined
analysis of its GI transit characteristics along with loca-
tion and timing of drug release.161 Recently,
Medimetrics developed a new system known as
IntelliCap that combines the functions of drug deliv-
ery, measurement, and wireless communication.162,163

It is an electronic drug delivery capsule that enables
programmable dispensing of a drug while continually
measuring and reporting pH and temperature as it tra-
vels through different segments of the GI tract. Based
on the measured pH profile the capsule location is
determined and individual GI transit times are
obtained from each capsule. Hence, concurrent scinti-
graphic imaging is not required. Two product versions
are available for controlled delivery of fluids, solids or
powders: (1) IntelliCap CR is constructed for a fluid
payload and dispenses drug in small increments under
control of the microprocessor, allowing the creation of

TABLE 19.3 Factors Affecting the Feasibility of Developing Oral Modified Release Systems

A. SOLUBILITY/DOSE
Low solubility combined with high dose may limit the suitability for developing an MR system that requires drug delivery in the lower
bowel. Drug absorption is usually more variable or incomplete when the in vivo release occurs past the ileocecal junction where the amount
of fluid available for dissolution is progressively limited, and the permeability and surface area are lower. In some cases, apparent absorption
of poorly soluble drugs may be inherently prolonged due to the slow dissolution of the drug particles. However, achieving consistent drug
release requires tight control of bulk powder properties of the API, including particle size distribution, morphology, surface properties and
agglomeration, etc.

B. STABILITY
Drugs must be stable to pH, enzymes and flora throughout the entire intended delivery regions of the GI tract. For example, a drug subject to
degradation by the colonic microflora is not a suitable candidate for MR delivery that requires an in vivo absorption beyond approximately
5�6 hours post dosing.

C. LIPOPHILICITY/PERMEABILITY
Absorption of BCS Class 3 or 4 drugs may be limited by permeability that also differs with regions of the GI tract due to difference in
available surface area, uptake and/or efflux transporters involved.152 Altering the release of such drug substances in the lower GI tract
typically have little effects on the shape of PK profiles and usually result in truncated absorption when . 5�6 hours of in vivo absorption is
required.

D. ELIMINATIONt1/2
The need for ER systems is often a result of short half-life. However, other variables (eg, MEC, a volume of distribution and dose) are also
important in determining the ER feasibility. Hence, developing a twice-daily (or once-daily) system may be possible for one compound, but
not feasible for another drug having similar half-lives.

E. THERAPEUTIC WINDOW
One of the common design objectives of oral ER drug delivery is to maintain plasma levels within the therapeutic window with reduced
fluctuation. For drugs with relatively short half-lives, the lower the MEC and the higher the minimum toxic concentration (MTC), the more
likely it is to achieve prolonged drug exposure above MEC using higher dose. However, this will result in a greater fluctuation in steady-state
plasma levels that is often undesirable for narrow therapeutic index drugs.

F. FIRST-PASS METABOLISM
For drugs with saturable first-pass metabolism (hepatic or gut), bioavailability may be compromised due to slow input if drug absorption
from IR dosage form is higher because of transient saturation. No significant impact is expected if drug absorption of both IR and ER is
within linear range (ie, dose proportional).

G. PK-PD RELATIONSHIP
The relationship between drug concentration (C) and the pharmacological effect (E) plays a critical role in determining rationale and need for
MR delivery as previously discussed.
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a variety of delivery profiles; (2) IntelliCap FR is
designed to deliver drug as a single fast-release event
for flexible payload type including powder, particles,
solid fluid. All of these studies are useful in evaluating
absorption characteristics of the drug molecules in dif-
ferent segments of the intestinal tract with minimum
confounding factor. However, the oral delivery feasi-
bility of MR systems not only depends on regional
absorption properties of the API but also variables
associated with dosage form design, composition,
and/or processing. Hence, an alternate approach that
can often be efficient and effective is to incorporate fea-
sibility assessment as part of the early product devel-
opment. By applying interdisciplinary knowledge and
integrating the drug’s properties (physicochemical,
biopharmaceutical and biological) with regional
absorption information in animal models, a decision
can often be made initially with regard to proceeding
with formulation screening study in humans. The first
screening study typically involves administering pro-
totype formulations with varying in vitro release pro-
files that bracket the simulated target in vivo
absorption profile by first assuming a wide window of
absorption. If the study indicates decreasing bioavail-
ability with slowing drug release, the absorption win-
dow can be inferred or approximated by
deconvolution or examination of plasma profiles (eg,
using a semilog plot). For example, the limit of drug
release duration in vivo normally corresponds to
where the observed truncation of apparent absorption
occurred. The reliability of the information thus
obtained usually depends on the number of the proto-
types tested, the IVIVR, and understanding of certain
potential confounding factors. This approach is appeal-
ing because (1) the time and cost required for a screen-
ing study are similar to that of a “cleaner”
scintegraphic study and (2) with sufficient rationale,
knowledge and experience invested in the design of
prototypes and in vitro screening tools, there is a rea-
sonable chance of identifying a target formulation in
the same study or obtaining a rank order of in vivo
performance which can often be used to guide formu-
lation modification when necessary. The main draw-
back of this approach is its potential impact on making
a “go/no go” decision when the study result is incon-
clusive with respect to the absorption window due to
confounding factors.

The therapeutic window and MEC and their inter-
plays with disposition characteristics of a drug also
play a critical role in suitability evaluation for ER
delivery. In theory, a lower MEC combined with
slower elimination corresponds to a shorter required
duration of drug input. Drugs with very short half-
lives (t1/2) and high volume of distribution undergo
rapid clearance, which can make extended delivery

challenging especially if the MEC is relatively high or
therapeutic window is narrow. For instance, prolonged
absorption is often required to achieve essentially flat
plasma profiles for drugs with short half-lives and nar-
row therapeutic indices since fluctuation of the plasma
profiles depends on the rates of elimination and input
duration/kinetics. Therefore, a wide absorption win-
dow is often necessary to achieve extended release of
this type of drugs. Lastly, it should be noted that a fea-
sibility study is not required for developing generic
MR products because it is already confirmed by the
presence of branded products.

19.3.3 Selecting the MR system and testing
system design

When oral MR delivery is feasible or shows promise,
the logical subsequent step is to choose an appropriate
MR technology that is capable of meeting a specific
delivery need along with in vitro tests for evaluating
prototype formulations with different release rates
in vitro. This should be built on the understanding of
drug properties, required dose and release/absorption
kinetics, clinical and market needs including type and
size of dosage form, number of strengths, among
others. Additional practical considerations include
development time and cost, and commercial produc-
tion factors discussed in chapter “Product and Process
Development of Solid Oral Dosage Forms” (eg, process,
equipment, facility, manufacturability, robustness, cost,
capacity, environment, and so on). In selecting an MR
system that matches development needs, dose and sol-
ubility of the active are often the most important factors
to consider because, within the size constraint of oral
dosage forms, both variables impact the release mecha-
nism and processing behaviors. Thus, there is no tech-
nology that is “one-size-fits-all.” Nevertheless, it is not
uncommon for a drug delivery company to tout a spe-
cific technology while downplaying the practicality and
viability of technology transformation, such as system
and process complexity, and many other factors dis-
cussed previously. Table 19.4 compares delivery capa-
bilities and limitations of commonly utilized ER
systems. From an enablement point of view, different
MR systems can be equally effective in achieving the
delivery objective when drug properties and dose are
desirable. For example, similar MR performance of
verapamil, theophylline and methylphenidate have
been obtained using matrix, reservoir or osmotic pump
technologies. Depending on dose and solubility, one
type of delivery system may become more or less
suitable for meeting a particular delivery need.
Table 19.5 provides a high-level guide to the selection
of ER systems on the basis of dose and solubility.
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TABLE 19.4 Comparison of Commonly Used Oral Extended Release Technologies

System Advantages Disadvantages

Hydrophilic
matrix

Suitable for compounds with a wide range of
properties and low to high drug loading
Generally robust formulation and process when
rationally designed
Use of conventional manufacturing equipment and
process
Cost effective: Shorter development time and lower
cost
Release kinetics and profiles can be tailored with
modification
Multiunits possible

Drug release often sensitive to test conditions
Less flexibility to adjust dose strengths for single-unit system
Increased formulation/process complexity to achieve tailored drug
release (layered or compression coated system)

Hydrophobic
matrix

Suitable for soluble compounds and low to high drug
loading
Use of conventional manufacturing equipment and
process
Release kinetics and profiles can be tailored with
modification
Multiunits possible

Not applicable to compounds with low solubility
Nonzero-order release
Propensity for incomplete drug release
Drug release often sensitive to processing and test conditions
Less flexibility to adjust dose strengths for single-unit system
Increased formulation/process complexity for tailored drug release
(layered or compression coated system)

Multiunit
reservoir

Readily tailored release kinetics and profiles (eg, zero-
order, pulsatile, biphasic, colonic)
Minimized risk of dose dumping and local irritation
Lower in vivo variability owing to favorable GI
transit properties
More consistent in vivo performance
Easy dose adjustment: Single formulation amenable to
multiple strengths
Suitable for pediatric/geriatric use
Use of conventional manufacturing equipment and
process

Only applicable to compounds with relatively high solubility
Drug release often sensitive to test conditions
Limited drug loading
Process development and scale-up more challenging

Osmotic
pump

Applicable to compounds with a relatively wide
range of properties
Drug release generally independent of drug
properties and test conditions
Zero-order release

Limited drug loading
Ghost tablets
Delayed onset (1-2 h) and/or incomplete drug release
Solvent-based process
Lengthy, complex and inefficient manufacturing processes and control
(eg, Layered tablet)
Specialized equipment, facility
Highest development and manufacturing cost and time

TABLE 19.5 Guide For ER System Selection on the Basis of Dose and Solubility

System HS/HD HS/MD HS/LD MS/HD MS/MD MS/LD LS/HD LS/MD LS/LD

Hydrophilic

matrix tablet
0 1 1 1 1 1 1 1 1

Hydrophobic

matrix tablet
1 1 1 � 0 1 � � �

Hydrophobic

matrix pellets
� � � � 1 1 � 1 1

Coated matrix tablet 1 1 1 � 0 1 � � �
Coated pellets � 1 1 � 1 1 � � �
Osmotic pump � 0 1 � 1 1 � 1 1

HS, high solubility; MS, medium solubility; LS, low solubility; HD, high dose; MD, medium dose; LD, low dose; 1 , suitable; 2 , unsuitable; 0, borderline (may be

suitable via system modification).
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Once an MR system is chosen, in vitro characteriza-
tion of its behavior and attributes is essential prior to
testing in human. Factors that often affect the system
performance such as, type and size of the dosage form,
drug loading, excipient property, processing method,
release mechanism, sensitivity to environmental
changes, need to be considered when choosing appro-
priate in vitro test methods. For solid MR dosage
forms, drug release test is the most important among
various physical and chemical characterization meth-
ods. The USP drug release test (eg, using apparatus II
or I) is commonly utilized for gauging the likely
in vivo performance, thus guiding formulation screen-
ing despite its undefined relationship with in vivo per-
formance at the early design stage. Depending on the
drug properties and system design, test parameters
including apparatus, agitation, pH, surfactants, addi-
tives, ionic strength, mechanical stress, among others,
can be varied to better mimic certain specific GI condi-
tions or to create shear stress on the structure for test-
ing the performance robustness. A detailed discussion
of development considerations related to meaningful
in vitro release tests is provided in chapter “In Vitro/
In Vivo Correlations: Fundamentals, Development
Considerations, and Applications.”

In designing and evaluating an MR dosage form,
the initial objective is usually to prepare a formulation
with an in vitro release profile similar to the theoretical
in vivo absorption profile. Due to unknown IVIVR,
additional formulations having in vitro profiles that
bracket the target profile are useful for identifying a
formulation with desired in vivo performance when
they are tested in humans for the first time. In the
event where an iterative study is required, the data
from such a screening study provide not only a direc-
tion to formulation refinement but also an opportunity
for early exploration of IVIVR or IVIVC. As discussed
in chapter “In Vitro/In Vivo Correlations:
Fundamentals, Development Considerations, and
Applications,” the earlier an IVIVC or IVIVR can be
established, the more beneficial it is to the design and
development of a MR product. A validated IVIVC
offers a useful scientific and regulatory tool to aid for-
mulation and process development and scale-up, jus-
tify specifications and make changes related to
process, equipment and manufacturing site. Lastly,
with any technology chosen, it is imperative to inte-
grate the selection of formulation components and
associated manufacturing process based on the multi-
faceted fundamental understandings discussed in
chapter “Product and Process Development of Solid
Oral Dosage Forms” in order to ensure consistent qual-
ity and a reproducible performance in vivo. For exam-
ple, oral dosage forms are subjected to a range of shear
forces such as peristalsis and also encounter a variety

of pH and chemical environments during GI transit. In
poorly formulated hydrophilic matrices, these mechan-
ical and chemical challenges can potentially cause the
matrix to lose its integrity prematurely and break up.30

Thus, product design requires consideration of mate-
rial properties, process operation and possible interac-
tions that may influence the matrix integrity and
consistent drug release. In particular, knowledge of the
basic characteristics of the rate-controlling polymer
and fundamental factors that affect drug release30 is
essential to design hydrophilic matrices with robust
performance.

19.3.4 Case studies: impact of drug property
and formulation design

The examples discussed in this section are intended
to illustrate (1) the criticality of understanding drug
characteristics and feasibility assessment and (2) there
is no one-size-fits-all solution to designing an MR
product (3) delivery technology is inconsequential for
drug molecules with desirable properties for MR
development.

19.3.4.1 Case study 1: methylphenidate HCl

Methylphenidate (MPH) is an amphetamine-like
central nervous system stimulant commonly pre-
scribed to treat ADHD in children, adolescents, and
adults, as well as narcolepsy. It is a weak base with
pKa of 8.77 and a logP of 3.19. Its hydrochloride salt is
freely soluble in water (18.6 mg/mL), stable and well
absorbed from the intestinal tract with a short elimina-
tion half-life of 3�4 hours.164 These favorable proper-
ties combined with a low dose make MPH an ideal
candidate for oral MR regardless of technologies
applied.

The IR product (eg, Ritalin) that has been on the
market since the 1950s is taken two or three times
daily with rapid onset of action and demonstrated effi-
cacy. In an attempt to offer more convenient adminis-
tration and prolonged control of behavior, especially
for school children for whom most prescriptions are
written, several modified-release formulations have
been developed with the objective of maintaining effi-
cacy over the entire school day. This is of particular
importance because it would eliminate the need for
repeated administrations of methylphenidate, a
Schedule II controlled substance while the patient is at
school. An early MR product, for example, Ritalin SR,
is a matrix tablet designed to maintain relatively flat
plasma drug levels for the required treatment dura-
tion. However, the product did not provide equivalent
efficacy to the multiple dosing of the IR product dur-
ing the day due to the tolerance to the effects of the
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drug discussed previously and a delayed onset of
action.165 Other similar ER matrix tablets include
Metadate ER and Methylin ER. It was not until the
1990s when it was demonstrated that varying rate of
drug input would be able to overcome the tolerance
observed with the formulations that release the drug at
nearly constant delivery rate. Subsequently, a new gen-
eration of once-daily MR products was developed that
offer the equivalent efficacy of repeated administra-
tions of IR MPH by altering the drug’s input profile.
The successful commercial products include (1) ER
products generating biphasic release profiles for a
rapid onset of action and a prolonged duration of
action, such as Metadate CD capsules consisting of
30% IR and 70% coated ER beads and Concerta tablets
consisting of an ER osmotic pump coated with IR com-
ponent (Fig. 19.11a and b).166,167 (2) Pulsatile release
products that mimic PK performance of standard sche-
dules of IR product, such as Ritalin LA capsules con-
sisting of 50% IR and 50% DR beads that provide IR
release 4 hours later (Fig. 19.11c).168,169 This case study

shows that all three types of ER technologies are
equally effective in achieving a range of in vivo deliv-
ery performance when the molecule exhibits desirable
characteristics suitable for MR design.

19.3.4.2 Case study 2: clarithromycin

The above example shows that favorable absorption
characteristics combined with the rapid elimination of
MPH make it possible to achieve the desired PK fluctua-
tion using short pulsing intervals of drug input. To fur-
ther evaluate the influence of drug’s PK properties on
the feasibility of oral pulsatile delivery, clarithromycin
was selected based on its physicochemical and biophar-
maceutics properties that are suitable for MR drug deliv-
ery.170 It is a weak base with pKa of 8.76 and solubility of
1.2 mg/mL at pH 6.8. It has a logP of 2.69 and adequate
stability in the intestinal tract. Its disposition parameters
available from the literature indicate a terminal elimina-
tion rate constant of 0.115 hour21. PK simulation of the
in vivo performance of the pulsatile release designs with
varying pulsing intervals was performed by shifting the
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observed plasma profiles of a single dose study in
humans using superposition principle. The basic
assumptions for the simulation included (1) the formula-
tion technology can deliver the exact pulses at predeter-
mined time intervals and (2) the apparent absorption is
uniform over the delivery duration with minimum
impact of variable GI transit time, gut metabolism and
release/absorption environment. An example illustrated
in Fig. 19.12 shows that a design of three equally spaced
pulses of equal doses over 6 hours hardly generated dis-
tinct peaks and troughs in plasma levels corresponding
to the input variations. The fluctuations in plasma levels
at steady state (not shown) were essentially nonexistent.
Thus, the chance is very low for achieving multiple
peaks/troughs at the biophase or site of drug action,
which is the design objective.171 It should be noted that
this type of simulation represents the best-case scenario
because the PK profile used for generating the profiles of
the subsequent pulses resulted from absorption that
occurs in the most favorable absorption environment in
the upper intestinal tract. In reality, the second and third
pulsing doses are expected to produce slower ascending
plasma concentrations compared to the first pulse since
they are absorbed in the distal ileum and/or large intes-
tines. This case study illustrates that applying an in vitro
MR design to obtaining a desired in vivo PK and clinical
results requires the application of multidisciplinary
knowledge and prospective evaluation of in vitro and
in vivo outcomes before execution of the experiments.
For pulsatile delivery, rapid clearance is essential to
achieving distinct PK fluctuation resulting from pulses
of shorter intervals. In addition to that, the influence of
absorption window and inherently highly variable GI
systems on performance of oral dosage forms should
also be taken into consideration.

19.3.4.3 Case study 3: development compound A

A development compound in Phase III clinical trials
is a neutral molecule with molecular weight of 236 and

favorable logP of 1.44.2 It is stable and practically
insoluble (170 μg/mL). The IR formulation requires a
q.i.d. dosing regimen due to rapid elimination in
humans (t1/25 2.5 hours). Based on the MEC of 1 μg/
mL and a total daily dose of 2.4 g, PK simulation indi-
cated that twice-daily administration would require an
approximately 10 hours of in vivo input, suggesting at
least 50% of the dose would be released/absorbed in
the large intestine for a zero-order delivery system.
However, regional absorption data were not available.
To investigate technical feasibility of ER delivery, pro-
totype hydrophilic matrix tablets and multiunit spheri-
cal hydrophobic matrix beads were designed as adult
and pediatric dosage forms, respectively. Matrix sys-
tems were used because of the required high loading
of an API with low solubility. In vitro studies showed
apparent zero-order drug release from the matrix tab-
let due to the erosion-controlled mechanism. Drug
release from the matrix beads more closely followed
diffusion-controlled kinetics as a result of a combina-
tion of high surface area-to-volume ratio, short diffu-
sion path-length and low driving force for drug
release. Crossover PK studies of these formulations
with varying release rates were conducted in healthy
volunteers. The dosage forms were administered
under a high-fat condition to increase gastric retention
time. Evaluation of the plasma concentration-time pro-
files showed (1) decreasing release rates correspond to
lower AUCs, (2) truncated absorption as indicated by
the evident slope inflection of the semilog plot of the
terminal phase occurred at approximately 5�6 hours
post dosing. Interestingly, the average truncation time
was delayed by about 1�2 hours for the matrix beads,
suggesting a more favorable GI transit properties of
multiparticulate dosage forms. Nevertheless, neither
dosage form met the predetermined criteria of main-
taining plasma levels above the MEC for approxi-
mately 12 hours. Concurrent evaluation of the
metabolites showed that the absorption truncation was
a result of degradation of the active compound by
microflora present in the large intestine, which is con-
sistent with the transit time of dosage forms in the
upper GI tract. This case study shows that in vivo
delivery window in the GI tract is determined by the
inherent property of the drug molecule. Delivery tech-
nology is ineffective in overcoming feasibility obstacles
when there is a large gap between the technology
capability and required oral MR delivery need.

19.3.4.4 Case study 4: development compound B

A development compound in Phase II clinical trials
is a polar molecule with molecular weight of 284, a
pKa of 8.3 and a logD of �2.0 at pH 6.8. It is stable and
highly soluble (. 0.8 g/mL) in the physiological pH
range. Low permeability (Caco-2 Papp5 0.27 3
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1026 cm/second) suggests it is likely a BCS class III
compound. Phases I�II clinical studies used an IR for-
mulation administered every 6 hours due to rapid
clearance in humans (t1/25 4 hours). Based on the pro-
jected MEC of 10 μg/mL and a total dose of 6 mg, PK
simulation indicated that twice-daily administration
would require approximately 10 hours of in vivo
input, suggesting a significant portion of the dose
would be released and absorbed in the large intestine.
A preliminary study for assessing the regional absorp-
tion in dogs via indwelling access ports to different
regions of the intestinal tract showed that AUC values
of ileum and colon delivery relative to that of jejunum
were 0.94 and 0.67, respectively. In vitro drug release
that follows square-root-of-time and near zero-order
kinetics were obtained from matrix and ethylcellulose
coated multiunit minitablets, respectively. However, a
crossover single dose study of three ER formulations
with decreasing release rate in healthy volunteers
resulted in relative bioavailability values of 50%, 34%,
and 29%, respectively. Truncated absorption was evi-
dent at approximately 4 hours post dosing under a
fasting condition for all three ER formulations, indicat-
ing a lack of absorption in the lower bowel. The result
of the dog regional absorption model was considered
an outlier because an extensive database generated
had demonstrated the predictive nature of the model.
Combined analysis of drug properties, absorption
mechanism and the physiological differences between
human and the dog model suggests that the favorable
absorption characteristics in the dog colon are likely a
result of the leakier dog intestine that favors paracellu-
lar transport mechanism of a low dose, small polar
molecule. This is consistent with the discussion of
Section 1.3.2 and the results of a study that used
the dog model for predicting colon permeability in
humans. This study found that the relative bioavail-
ability from administration to the colon of the dog cor-
related well with that of humans for model
compounds of all four BCS classes except for atenolol,
a hydrophilic small molecule. This case study illus-
trates the importance of understanding both the prop-
erty and transport pathways of a compound in
assessing in vivo absorption window for oral MR
delivery.

19.3.4.5 Case study 5: oxybutynin HCl

Oxybutynin is an antispasmodic, anticholinergic
agent indicated for the treatment of overactive bladder
with symptoms of urge urinary incontinence, urgency,
and frequency by relaxing bladder smooth muscle. It
is a weak base with a pKa of 9.87 and logD of 1.83 at
pH 7.3. Its hydrochloride salt is freely soluble in water
(12 mg/mL), stable and well absorbed from the intesti-
nal tract. These favorable properties combined with

the low dose (5�15 mg/day) make it an ideal candi-
date for oral MR independent of technologies applied.

For over 20 years, use of IR dosage forms of oxybu-
tynin has been limited by anticholinergic adverse
events, such as dry mouth, difficulty in micturition,
constipation, blurred vision, drowsiness, and dizzi-
ness. These side effects are dose-related and sometimes
severe. Studies have indicated that oxybutynin metab-
olism mediated by the cytochrome P450 3A4 isozyme
occurs primarily in the proximal GI tract and liver. Its
primary active metabolite, N-desethyloxybutynin, is
also responsible for much of the adverse effects. After
administration of the IR formulation, N-desethyloxy-
butynin plasma levels may reach as much as six times
that of the parent drug, substantially affecting the tol-
erability of the compound within the individual. For
instance, in one population studied, after 6 months
more than half of the patients had stopped taking the
medication due to side effects. Another study estimate
is that over 25% of patients who begin oxybutynin
treatment may have to stop because of dry mouth.

Since the 1990s, ER products have been investigated
and developed (eg, Ditropan XL, Cystrin CR tablets) to
allow once-daily administration and prolonged control
of symptoms. Clinical studies have shown that ER for-
mulations not only consistently enhanced patient com-
pliance and efficacy but also resulted in improved
tolerability including significantly higher continuation
rate due to marked reduction of moderate/severe dry
mouth. The latter was attributed to substantially lower
intestinal metabolism because a majority of the parent
drug of the ER dosage form is delivered to the distal
intestinal tract where metabolic enzyme activity in the
gut wall is lower or absent. As a result, a substantial
increase in bioavailability relative to the IR formulation
was also imparted. More recently, to totally bypass
presystemic metabolism, a 4-day transdermal patch
(Oxytrol) was later successfully developed with tolera-
bility profile similar to that of a placebo.172�174 This
example shows that understanding of a drug’s disposi-
tion properties, biological and pharmacodynamic char-
acteristics enable rational development of MR delivery
strategy and design with maximized medical benefits.

19.3.4.6 Case study 6: phenylpropanolamine HCl
in EOP

Phenylpropanolamine (PAA) is a sympathomimetic
amine that shares structural similarities with amphet-
amine and ephedrine. The effects of PPA are largely
the result of α-adrenergic agonist activity. Before
its removal from the market after being around for
almost 50 years, it was mainly sold in over-the-counter
(OTC) preparations as decongestants or as appetite
suppressants. Because of its association with increased
risk of hemorrhagic stroke, FDA removed PPA from
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OTC sales in 2005. Despite its current ban on human
drug use, it is worthwhile to examine it from a histori-
cal perspective to illustrate the application of rational
MR dosage form design principles to the development
of the first osmotic oral dosage form containing PPA
as an appetite suppressant in the early 1980s (Acutrim
marketed by Ciba-Geigy). PPA is a weak base with a
pKa of 9.4 and a logP of 0.67. Its hydrochloride salt is
freely soluble in water and well-absorbed in the GI
tract with over 60% bioavailability. It also exhibits lin-
ear pharmacokinetics in the dose range 25�100 mg
with a plasma half-life of 2�3 hours. Because of its
short half-life, an attempt was made to design a
membrane-controlled drug delivery system to main-
tain a constant rate of drug delivery for once-a-day
dosing rather than three times a day IR dosing to
reduce the fluctuation of plasma levels. As reported by
Good and Lee,175 a desired steady-state plasma PPA
concentration of 80 ng/mL was initially selected as the
in vivo target (from the known minimum therapeutic
plasma concentration range of 60�100 ng/mL) with
the requirement that this steady-state level is attained
as soon as possible after ingestion. Based on a one-
compartment open model using the known pharmaco-
kinetic parameters for PPA (ka5 1.58, ke5 0.159 &
VD5 245.6 L from oral solutions), a steady-state drug
flux of 3.12 mg/hour from the delivery system was
determined to be required to achieve this target
steady-state plasma level, and an immediately avail-
able dose of 21.6 mg to be needed to quickly establish
the desired steady-state level. An EOP for
phenylpropanolamine-HCl was then designed to
achieve these target levels taking into consideration of
additional constraints that the total dose size is limited
to 75 mg, and at least 90% of the total dose must be
delivered within 24 hours. The final dosage form pre-
served most of the predicted properties except with
some fine tuning, in which 20 mg of the drug is pro-
vided as an IR portion as a bolus coating on the EOP,
the reservoir of 55 mg to be delivered through the ori-
fice at a constant nominal rate of 3.5 mg/hour for
12.5 hours, and the remainder having a decreasing
delivery rate as the excess solid drug in the core is
being depleted. The in vitro dissolution profile for this
EOP dosage form is compared with the predicted
release profile in Fig. 19.13.

This EOP dosage form was subsequently tested in a
pilot clinical study in six healthy subjects.175 The
resulting mean plasma concentration profile is shown
in Fig. 19.14 together with that predicted from the
known pharmacokinetic parameters. Additionally, the
in vivo release profile deconvoluted from plasma data
is compared with the in vitro dissolution profile in
Fig. 19.15. It is clear from Figs. 19.14 and 19.15 that the
agreement between the experimental data and that

predicted from the pharmacokinetic analysis is excel-
lent, particularly the indication of IVIVC in Fig. 19.15
further supports the usefulness of applying the ratio-
nal design principles described here for a priori MR
dosage form design.

FIGURE 19.13 In vitro dissolution of PPA form EOP dosage con-
taining a 20-mg bolus and 55-mg core. K, experimental; �, pre-
dicted. Figure adapted from W.R. Good and P.I. Lee. Membrane-controlled
reservoir drug delivery systems. In: Langer RS, Wise DL, editors. Medical
applications of controlled release, vol. I. Boca Raton, FL: CRC Press,
Inc.; 1984. p. 1�39 (reproduced with permission from CRC Press, Inc.
Copyright, 1984).

FIGURE 19.14 Comparison of plasma concentration profiles of
unchanged PPA after a single dosing of an EOS dosage form contain-
ing a 20-mg bolus and 55-mg core (n5 6). K, experimental; �, pre-
dicted. Figure adapted from W.R. Good and P.I. Lee. Membrane-controlled
reservoir drug delivery systems. In: Langer RS, Wise DL, editors. Medical
applications of controlled release, vol. I. Boca Raton, FL: CRC Press,
Inc.; 1984. p. 1�39 (reproduced with permission from CRC Press, Inc.
Copyright, 1984).
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19.4 SUMMARY

The most important elements of utilizing MR drug
delivery design to achieve desired clinical benefits
include defining the clinical rationale and understand-
ing the drug molecule. The success of designing a com-
mercially viable MR dosage form depends on the
physicochemical, biopharmaceutical, pharmacokinetic
and biological properties of the drug candidate, rather
than on a particular delivery technology. Today,
almost all oral MR delivery needs can be addressed
using at least one of the three broad types of well-
established delivery technologies discussed in this
chapter. However, there is no “one-size-fits-all” tech-
nology. It is more important to select a technology
based on technical, practical, developmental, opera-
tional and commercial considerations because for
many compounds with desirable properties, different
“sizes” of technologies will fit “one” molecule.
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20.1 INTRODUCTION

A pharmaceutical dosage form development
program typically includes preformulation studies,
analytical method development and validation, design,
development, scale-up and optimization of formula-
tion and manufacturing process, in vivo bioavailability
and stability studies. This chapter focuses on trans-
forming technology-based dosage form design into
commercial drug products that meet patient require-
ments. The technology transformation process requires
design and development of effective formulation and
manufacturing process that assure consistent product
quality and performance. In addition, it should also
take into consideration regulatory requirements, manu-
facturability, process capability, robustness, efficiency
and control, equipment, facility, capacity, development
cost and time, environmental impact, and market
dynamics, among others. For solid oral products, these
considerations often have strong implications in devel-
oping a reliable dosage form and robust process to
assure consistent product quality, manufacturability,
and productivity, or in developing new formulation or
manufacturing technologies for out-licensing.

A solid dosage form is a complex multicomponent
heterogeneous solid system that is typically subject to
mechanical stresses during its production. The majority
of the components are organic compounds with a very
wide range of physical, chemical, and mechanical prop-
erties, as opposed to the inorganic components, such as
metals and solid solution alloys used in the high-tech
and aerospace industries. Combining these different
solid materials via pharmaceutical processing to form a

product is usually accompanied by changes in density
and volumes of coexisting solid phases, which can pro-
duce large stresses and strains, alter thermodynamic
properties of the materials and affect mechanical and
chemical equilibrium within and between solid phases
and ultimately the structure of the material. As a result,
product quality, performance, and/or processability
usually depend on chemical, physical or mechanical
properties, and compatibility of these materials. The
complex interactions involved are difficult to under-
stand as engineering and scientific models are unavail-
able to accurately determine or predict structures and
processing behavior of physically combined solid pow-
ders containing multiple sources of stress, including
thermal, mechanical, and gravitational. Moreover, the
multistage batch process commonly used in pharma-
ceutical manufacturing makes it more difficult to deter-
mine the process controls and outputs due to the
presence of a multitude of interacting material, formula-
tion and process variables. For instance, the governing
equations of the dynamic flow, stochastic mixing and
bonding of solid particles with diverse morphology,
and the density and surface properties in the presence
or absence of a liquid are undefined or poorly under-
stood in the context of high-shear wet granulation, dry-
ing, or blending, limiting the ability to reliably model
these unit operations. Furthermore, a product’s ultimate
test is its intended clinical in vivo performance in
patients. However, universal in vitro biopharmaceutics
tools or models are unattainable for evaluating and
predicting possible impact of dosage form attributes
and process parameters on the bioavailability perfor-
mance of various drug products due to complexity of
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biological systems. Hence, developing pharmaceutical
products and ensuring consistent quality are both
complex and challenging.

The present state of the art of linking product quality
to the desired biological performance is to consider and
test in vivo performance in the design and development
phases of the drug product and process using rational
approaches and predictive models where possible on
a product-by-product basis. Therefore, for a product
developed under a set of conditions, even a small incre-
mental change/adjustment of the composition, proces-
sing steps or conditions, or equipment design, often
requires an investment of extensive resource and time
to generate experimental data to demonstrate that the
product quality remains unchanged. This is partly
caused by a lack of understanding of, and inability to
predict, the possible impact of such change because of
the complexity mentioned earlier of solid dosage forms.
It is also affected by the conservative philosophy and
policy adopted by both the sponsors and regulators
since the pharmaceutical industry is one of the most
regulated industries that generally requires very exact-
ing quality standards. However, these challenges
should not deter scientists and engineers from applying
principles of multidisciplinary science and a systematic
approach in developing solid dosage forms.

20.2 DEVELOPMENT OF SOLID DOSAGE
FORMS

Because of the complexity of solid dosage forms
and limitations and challenges in applying
First-Principles approach in the pharmaceutical indus-
try, the strategies, and approaches that have been, and
continue to be, utilized in product and process devel-
opment vary significantly from company to company,
and even across project teams within the same organi-
zation. Some groups tend to rely more heavily on
empirical studies and prior knowledge that can get the
job done, albeit often inefficiently. Some work with
past experiences or “gut feeling” that may or may not
be valid or applicable. Others take a more rational
approach by systematically applying applicable scien-
tific and engineering principles to development. In
general, these practices can be divided into three broad
categories summarized in Table 20.1.

Today, it is widely recognized and accepted that
adopting a rational development approach with
increased level of scientific understanding can result in
many benefits for patients, industry, and regulatory
agencies. Advantages can include a higher level of
assurance of product quality and performance, more
robust manufacturing process and process control,
increased cost savings and improved efficiency through

minimized product rejects or recalls, reduced regulatory
burden and enhanced opportunities for the first cycle
product approval. It also helps to identify risks, contri-
butes to the development of risk management strategy,
streamlines postapproval changes, and offers opportu-
nities for postapproval continuous improvement. In
fact, this is the approach that the Food and Drug
Administration (FDA) has been advocating as part of its
ongoing quality initiative, “cGMPs for the 21st
Century,” first announced in 20021 to enhance and
modernize pharmaceutical product quality and
manufacturing. Over the past decade, the FDA has col-
laborated with the International Conference on
Harmonization (ICH) and the industry in defining a
shared vision, key concepts and general framework of
the initiative. Among the critical concepts is pharmaceu-
tical quality by design (QbD).2 It is a systematic scientific
approach to product and process design and develop-
ment to ensure consistent product quality through
understanding and controlling material, formulation,
and manufacturing variables. In 2006, the principles of
QbD were incorporated in the ICH Q8 (Pharmaceutical
Development), Q9 (Quality Risk Management), and Q10
(Quality Risk Management)3 guidance which has since
been updated. In 2007, Office of Generic Drugs (OGD) of
FDA officially started implementation of a question-
based review (QbR) developed for its chemistry,
manufacturing, and control (CMC) evaluation of the
abbreviated new drug applications (ANDAs). The QbR
is a science and risk-based quality assessment system
that incorporates key concepts and elements of QbD.
It requires applicants to use the common technical
document (CTD) framework to address a series of
prescriptive questions by applying QbD principles.4

In November 2014, the FDA issued a Manual of
Policies and Procedures (MAPP 5015.10) that covers
chemistry review of QbR submissions of drug and
product applications (NDAs, ANDAs, and DMFs).
More recently, FDA’s quality initiative was further
enhanced by forming a new office, the Office of
Pharmaceutical Quality (OPQ) that streamlines pro-
cesses of monitoring quality throughout the product
lifecycle for both innovator and generic drug products.
To assure consistent product quality and prevent qual-
ity failures that may potentially lead to drug recalls or
shortages, product and process understanding is not
only expected during the design and development
stage but also in the postapproval improvements and
commercial manufacturing stage. Specifically, the
product and process should be designed to meet prod-
uct critical quality attributes (CQAs) consistently.
Product standards should be captured in scientifically
sound and clinically relevant CQAs and specifications;
the impact of starting materials and process para-
meters on product quality and manufacturing should
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be understood; critical sources of material and process
variation should be identified and controlled; and the
manufacturing should be continually monitored with
quantitative quality metrics and updated to allow for
consistent quality over time. To achieve these objec-
tives, the adoption of the principles of rational product
development is essential.

20.2.1 Rational development approach

Product realization process (ISO 9001:2008
Section 7) typically involves product identification,
concept development, product, and process design
and development including scale-up of the
manufacturing process, and commercial production.
Rational development of product and process requires
integrated consideration of three essential areas: (1)
preformulation studies, (2) formulation and process
investigation, and (3) in vivo performance evaluation
to develop a high quality dosage form with predefined
quality attributes and drug delivery performance. The
key to attaining a consistently high quality product
and robust manufacturing process is to adopt proac-
tively a systematic approach through applying
multiple sciences and engineering principles, such as
pharmaceutical sciences, chemistry, biological sciences,
engineering, mathematics, and statistics as shown in
Fig. 20.1.

Development of a solid dosage form starts with
defining a quality target product profile (QTPP) based
on the clinical and patient needs. In addition to the
desired in vivo performance, other important criteria
include strength, type, size, drug loading, quality and
performance attributes of the dosage form, as well as
manufacturing and commercial requirements. The sec-
ond step is to characterize properties of the active
pharmaceutical ingredient (API) and excipients,
including their physicochemical, biopharmaceutical,

TABLE 20.1 Comparison of Approach to Solid Product Development

Approach Characteristics Likely outcome

Trial-and-
error

Paying limited or inadequate attention to properties of raw
materials and composition, and relevant scientific principles
Trying out various experiments or hypotheses in various
directions until a desired outcome is obtained through testing
with certain degree of reliability
Primarily relying on past experience and intuition: for
example, copying “recipe” from one product to another; Using
“shotgun” approach

Disconnect between results and underlying mechanism or
principle
Data generated can be overwhelming or sometimes
misleading due to experiments with confounding variables
Considerable demand for time and resources, resulting in
poor efficiency
Inconsistent or nonrobust product and process that can lead
to quality failures during development and/or commercial
manufacturing

Semiempirical Using best guessed “trial-and-error” approach and/or
observational studies based on prior knowledge and statistical
principles with little or limited mechanistic understanding
Combining experience with analysis of abundant data to
identify trends or build empirical or semiempirical
relationships

Results can be practically useful, but may be unreliable or
misleading in certain cases due to improper design,
limitations of experiments and/or lack of a thorough scrutiny
of data and various formulation/process variables involved
Higher demand for time and resources for data generation
Lower level of assurance of consistent product quality and
reliable process

Rational Characterizing raw materials, formulation, process, and
possible interactions
Integrating formulation/process design and development by
utilizing multidisciplinary scientific and engineering principles
and applying a systematic approach
Using knowledge-based, probabilistic, and best-guess
approach appropriately through combining prior knowledge
and data with basic understanding in experimental design

Enhanced understanding of how material properties, process
variables, and product attributes relate to product
performance, as well as the interplays between biological
system and the drug substance or dosage form
Increased efficiency and streamlined continual improvement
Higher level of assurance for consistent quality of drug
product and commercial manufacturing; minimized product
rejects or recalls

Physical pharmacy

Physical chemistry 

Organic chemistry

Analytical chemistry

Structural chemistry

Pharmaceutics

Industrial pharmacy

Polymer chemistry

Materials science and engineering

Chemical engineering

Mechanical engineering

Statistics

Biopharmaceutics

Pharmacokinetics 

Pharmacodynamics

Analytical chemistry

Biochemistry

Physiology

Biology

Statistics

Formulation
and

Process

Preformulation
In vivo
Performance

FIGURE 20.1 Multidisciplinary principles important to rational
product development.
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mechanical properties, and compatibility, which has
been discussed in detail in the relevant chapters of this
book. Once the quality characteristics of the drug sub-
stance and excipients are determined, formulation and
process feasibility and options should be evaluated.
There are often more than one processing technologies
that can be used to produce a solid dosage form with
predefined product quality and performance attri-
butes. The best possible manufacturing approach
should be selected based on technical, economical, and
practical considerations, including compatibility with
the components, maturity of technologies, time-to-
market, development cost, process complexity, scal-
ability, manufacturability, robustness, commercial pro-
duction efficiency, and cost along with available
equipment, facility, capacity, and footprint. One of the
most critical elements in developing a solid dosage
form is to ensure a connection between the design of
the formulation and manufacturing process. In addi-
tion to API, a formulation typically consists of essential
excipients called for by a specific dosage form design,
such as filler, binder, disintegrant, lubricant, release
modifier, physical or chemical stabilizer, processing
aid, etc. Selection of these components and a particular
process train requires an integrated consideration of
material properties, functionality and processing char-
acteristics in connection with properties of a specific
API, unit operations and the interactions between
them. Such a concurrent development approach not
only can result in quality products with consistent per-
formance and robust process, but also help ensure
optimum manufacturability and productivity, mini-
mize or avoid potential material-related processing
issues or process-related product quality or perfor-
mance problems.

20.2.2 Integrated formulation and process
design

The realization process of pharmaceutical products
has undergone a number of significant changes over
the last decade. Many of them are brought about, in
large part, by the FDA’s quality and patient-focused
initiatives1 and increased globalization. A successful
dosage form development program requires specific
knowledge at three critical stages: (1) designing prod-
uct and process based on clearly defined requirements,
(2) demonstrating a product design that meets product
requirements, and (3) producing a reliable product
reproducibly within established quality, cost, resource,
and schedule targets. To create and efficiently manu-
facture reliable and consistent high-quality products, it
is crucial to use an integrated concurrent approach in
conceptualizing, designing, and developing products.

This is done by incorporating a broad set of require-
ments, objectives, and constraints of the product life
cycle, including patient needs, product quality,
reliability, manufacturing, materials, cost, supply, envi-
ronment, and safety aspects. In developing pharma-
ceutical products, drug properties, required dose, and
mode of drug delivery typically dictate the choice of
the dosage form and determine the overall approach
to formulation and process design. Hence, understand-
ing the characteristics and natural variability of formu-
lation components, the process characteristics, and
their interplay is the foundation for product develop-
ment and commercial manufacturing. Specifically,
knowledge of API physicochemical, mechanical, and
biopharmaceutical properties is essential to the concur-
rent product and process design because it provides a
basis for optimizing product quality and performance
and ultimately maximizes the chances of developing
stable, safe, effective, and commercially viable dosage
forms of consistent quality. In parallel, understanding
of the excipient properties and control are often
equally important.

20.2.2.1 Material property consideration

For solid oral dosage forms, API properties often
have a significant influence on the product’s CQAs
including purity, uniformity, drug release, and stabil-
ity, as well as manufacturability. Therefore, it is impor-
tant to take into account API material properties when
designing a drug product and its manufacturing pro-
cess. The basic concepts and techniques of physico-
chemical, biopharmaceutical, and mechanical
characterization useful in the rational product develop-
ment have been discussed in the relevant chapters of
this book. In this section, we will discuss in details (1)
how API physicochemical, powder/bulk, and biophar-
maceutical properties can affect drug product quality
and performance with a focus on dissolution/bioavail-
ability, stability, and manufacturability and (2) what
options are available to overcome challenges posed by
such properties? In addition, we will also discuss how
to practically integrate API material properties into the
development of a fit-for-purpose formulation during
various phases of clinical trials in order to balance risk,
cost, speed, and quality of new drug development.

20.2.2.1.1 Physicochemical properties

API physicochemical properties can have a signifi-
cant impact on stability, manufacturability, and in vivo
performance of drug products. Therefore, designing
formulation and manufacturing process should always
start with understanding properties such as solubility,
permeability, dissolution rate, ionization constant/
pKa, melting point, polymorphism, and crystallinity.
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The aqueous solubility of a drug molecule is one of
the most critical factors that influence the rate of drug
absorption after oral administration. The fundamental
aspects of solubility can be found in chapter
“Solubility of Pharmaceutical Solids.” In general, high
aqueous solubility is desired for maximizing the driv-
ing force in intestinal drug absorption. The majority of
pharmaceutical compounds are absorbed via a passive
diffusion process in the small intestine. For drugs that
have high permeability, transport across the intestinal
membrane is usually fast. However, low aqueous solu-
bility or slow dissolution rate may limit the rate and
extent of drug absorption. To enhance oral absorption
of poorly soluble drugs, different formulation
approaches have been developed and will be described
in detail later. Permeability is another important factor
that influences the rate and extent of drug
absorption following oral administration. There are
essentially three mechanisms by which a drug mole-
cule may cross the intestinal membrane: passive diffu-
sion, uptake transporter-mediated transport, and
vesicular transport. These are discussed in details in
chapter “Oral Absorption Basics: Pathways and
Physicochemical and Biological Factors Affecting
Absorption.” Permeability is a composite of diffusion
coefficient, partition coefficient, and membrane thick-
ness. There are practically no formulation options
available to effectively and consistently increase local
permeability of poorly permeable drugs (such as BCS
Class III/IV compounds) in the gastrointestinal (GI)
tract. Certain excipients may alter membrane perme-
ability in the in vitro setting, however, their use and
effectiveness has not been proven in vivo mainly due
to limited quantity present in a dosage form, need for
synchronized transit with the API and effect of dilu-
tion in the dynamic environment of the intestinal tract.
If a local enhancer is found to be effective, it will need
first to address potential safety concerns before its reg-
ulatory clearance. Dissolution rate (see chapter:
“Fundamental of Diffusion and Dissolution”) is pro-
portional to both solubility and surface area of API
powder. Dissolution rate and free drug concentration
in solution may be altered by formulation design to
achieve the intended therapeutic exposure. For exam-
ple, API particle size reduction, use of high energy
solid phase, and/or selection of soluble excipients may
be used to increase dissolution/solubility rate of less
soluble drugs. In other applications, a modified release
(MR) dosage form may be designed to reduce dosing
frequency and/or achieve more prolonged and consis-
tent exposure with the maintenance of the blood con-
centration within a specific range. These formulation
technologies are described elsewhere in this book.

The majority of small molecules are either weak
acids or bases. The ionization (or dissociation) constant

pKa has a significant influence on solubility, perme-
ability, dissolution rate, and stability. The total aque-
ous solubility of a weak acid or base drug is the sum
of the concentrations of ionized and unionized species.
Therefore, it is heavily influenced by both pKa and
pH, which, in turn, could affect drug absorption in the
GI tract, where the pH is known to be highly variable.
For example, a weak acid with a pKa of 4 has low sol-
ubility in the stomach (pH 1�3), but the solubility dra-
matically increases as the drug enters small intestine
where pH ranges from 5.5 to 7. Using a soluble salt
helps rapid dissolution of the drug. However, one area
of concern of using a soluble salt is that it may precipi-
tate in vivo with abrupt pH changes. For instance, a
soluble salt of a weak base with a pKa of 8 could rap-
idly dissolve in the stomach, but as the drug enters the
small intestine, precipitation of the free base could
occur. Another important physicochemical property is
the melting point, which can be viewed as a measure
of “energy” required to overcome attractive forces that
“hold a crystal lattice” together.

Crystal lattices with greater molecular symmetry and
the presence of hydrogen bonds significantly increase
intermolecular interactions in the solid state, resulting in
higher melting point. From a product development point
of view, melting point is useful information because
compounds with a higher melting point tend to have a
lower solubility and hence slower dissolution rate.
Melting point may also be used to assess and quantify
the presence of impurities and the interconversion of
solid forms.5 From a manufacturing perspective, melting
points below about 60�C are potentially problematic.
Temperatures in conventional solid manufacturing such
as fluid bed drying, tablet compression, and coating can
exceed 50�60�C. During the milling process, hot spots in
the milling chamber may have much higher tempera-
tures. On the other hand, an API (or excipient) with a
high melting temperature can be challenging for using
melt processes to perform granulation or form molecular
dispersion in polymers (eg, melt extrusion or congeal-
ing). Thus, the selection of manufacturing process
should take into consideration the melting point of both
API and excipients.

Polymorphism (see chapter: “Crystalline and
Amorphous Solids”) can have profound implications
in formulation development because polymorphs may
exhibit significantly different solubility, dissolution
rate, compactibility, hygroscopicity, physical, and
chemical stability. A metastable form often has higher
solubility and dissolution rate, which may lead to
higher oral bioavailability, such as chloramphenicol
palmitate.6 Although the use of a more soluble
polymorph may provide higher bioavailability, it is
important to keep in mind that a metastable poly-
morph (higher energy form) tends to convert to a
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thermodynamically more stable form over time. The
conversion between solid forms is affected by multiple
factors, such as solvent, relative humidity, tempera-
ture and mechanical agitation. Conversion from a
metastable form to a stable form could reduce dissolu-
tion rate and lead to inconsistent product quality.
Therefore it is often preferred to select the thermody-
namically most stable polymorph for development. It
is also important to note that polymorph conversion
may also occur during manufacturing processing (such
as milling, wet or melt granulation, drying) even when
a stable crystal form is chosen as a starting material for
development.7 Therefore, one should assess the risk
of process induced transformation for any API with
multiple solid forms.

Over the past decade, higher apparent solubility
and faster dissolution rate of amorphous solids have
increasingly been utilized to enhance delivery of insol-
uble APIs. The basic principles and formulation
aspects of utilizing amorphous solids are discussed in
details in chapters “Crystalline and Amorphous
Solids”, “Oral Formulations for Preclinical Studies:
Principle, Design, and Development Considerations”
and “Rational Design for Amorphous Solid
Dispersions.” For this type of product, crystallinity is a
critical factor to consider during formulation and pro-
cess development. The degree of crystallinity refers to
the ratio of crystalline to amorphous content in a pow-
der. Because the amorphous solid is thermodynami-
cally unstable, it will eventually crystallize to a more
stable, and potentially less soluble solid form when
given sufficient time and under the right conditions.
Generally, the rate of crystallization depends on many
factors, such as temperature, relative humidity, proces-
sing history, and excipients, etc. To ensure consistent
product quality and performance, it is essential to con-
trol batch to batch variation in amorphous content
with no or minimized crystallinity. In practice, poly-
mers are usually used in the formulation to inhibit
crystallization within the desired product shelf-life. It
is a rule of thumb that an amorphous solid dispersion
(ASD) has reasonable physical stability when it is
stored 50�C below its glass transition temperature.
Hence, selection of the polymers, manufacturing pro-
cess, packaging, and storage condition needs to be
based on product and process understanding.

20.2.2.1.2 Powder and bulk properties

API powder properties can have an impact on bio-
availability, stability, and processing of solid oral dos-
age forms. In particular, powder properties that include
particle size distribution, particle shape, density, poros-
ity, surface area, cohesiveness, and hygroscopicity may
affect powder bulk handling properties such as com-
paction and flow characteristics which may, in turn,

impact manufacturability of tablet dosage forms, partic-
ularly for formulation containing high percentage of
API.8 For example, to obtain consistent tablet weight
and content uniformity during tablet compression on a
high speed rotary tablet press, sufficient flow is neces-
sary for discharging a formulation blend from the hop-
per to the feed frame and distributing it into a die
cavity. In addition, an adequate compaction property of
the powder blend is also required to form a strong and
physically stable compact. Hence, understanding and
controlling lot-to-lot variability of key API bulk proper-
ties are essential to ensure quality product can be pro-
duced consistently.

API particle size is known to affect drug dissolution
of poorly soluble drugs. For a low dose (typically 10 mg
dose strength or below) direct compression formulation,
a small particle size is often needed to overcome manu-
facturing challenges related to achieving acceptable con-
tent uniformity of the API in the formulated blend.9,10

Particle size, shape and surface properties of a solid also
affect powder flow properties. APIs that are needle-like
crystals often have poor filtration and flow properties
causing issues with both the API isolation and drug
product manufacture. Milling of long needles can
enhance flow and improve content uniformity; however,
excessively small particles tend to be cohesive, which
can exacerbate flow problems, resulting in large tablet
weight variation during compression for formulations
with medium or high drug loading. For instance, the
flow of small particles (eg, less than 10 μm) through an
orifice is usually restricted because the cohesive forces
between the particles are of the same magnitude as
gravitational forces.11 In addition, particle size may also
influence compaction properties of pharmaceutical pow-
ders.12 Furthermore, it should be noted that certain
physical properties of starting materials can be signifi-
cantly altered after processing. The bulk properties of a
formulation blend at the end of the manufacturing pro-
cess may be different from the additive properties of its
constituents at the beginning of the process. Therefore, it
is important to characterize API, excipients as well as
formulation blends to gain a better understanding of
how powder properties may affect content uniformity,
dissolution, and manufacturability.

The density of a solid can affect flow, mixing, and
compressibility. Since pharmaceutical particles are
often of different sizes and typically have a morphol-
ogy containing microscopic cracks, internal pores, and
capillary spaces, three types of density are used to
characterize pharmaceutical powders—true density,
bulk density, and tapped density. True density is
defined as the density of the material itself, exclusive
of any voids or interparticle pores larger than molecu-
lar or atomic dimensions in the crystal lattice. Bulk
density, which takes into account of macroscopic
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interparticle space, is defined as powder mass divided
by its bulk volume without any tapping. Tapped den-
sity is measured after a powder sample is subjected to
mechanically tapping. True density is needed to calcu-
late solid fraction of a compact, which is needed to
analyze compactibility and compressibility of powder
blends. Because many types of product processing
equipment have a fixed volume, bulk density is often
useful in calculating the batch size. Bulk density and
tapped density can also be used to calculate compress-
ibility index, an empirical tool to assess flow proper-
ties. A free flowing powder usually has a low
compressibility index as its bulk density is close to the
tapped density because the interparticle forces are not
as significant as those of the poor flowing powder. As
a general rule of thumb, a compressibility index
greater than 30% indicates poor powder flow. Porosity
not only affects compactability, but also density. It can
be estimated from powder density and is an important
attribute of pharmaceutical granules.

Granule porosity is typically determined by mer-
cury porosimetry where mercury can fill inter- and
intraparticle voids under pressure except the internal
pores of the particles. Granules with a low porosity
will be harder to compress than the same granules
with a high porosity. Porosity may also affect product
dissolution rate. It is believed that porous granules dis-
solve faster than dense granules since the pores allow
water to penetrate granules more readily. Processing
conditions can have a strong influence on the porosity
of a powder. For example, fluid-bed granulation (FBG)
is known to produce smaller and more porous gran-
ules than high shear wet granulation. Hence, this pro-
cess is sometimes preferred for certain compounds/
formulations that require enhanced dissolution or
compressibility.

Hygroscopicity is a material’s ability to adsorb and
retain water molecules from the surrounding environ-
ment. Many drug substances and excipients, particu-
larly water-soluble salts or amorphous API, readily
adsorb atmospheric moisture, which can influence
physical and chemical stability, flowability, and com-
patibility of drug products. For example, moisture
facilitates conversion between anhydrous and hydrate
forms, with potential adverse effects on the solubility
and the physical stability of a solid. Some deliquescent
materials can adsorb sufficient water to completely
dissolve once a critical equilibrium atmospheric
humidity (RHCE) is exceeded. As for chemical stabil-
ity, there is a large body of evidence showing that the
adsorbed water can facilitate solid-state reactions
through increasing the molecular mobility of the reac-
tants, or itself can participate in the hydrolysis as a
reacting species.13 For moisture sensitive compounds
such as aspirin, hydrolysis can occur during the

aqueous film coating process of tablets.14 For moisture
labile drugs, it is clearly important to control the
amount of water/water activity to which API is
exposed during manufacturing and storage.

In certain cases, moisture can have a positive impact
on a drug product. For example, it may improve pow-
der flow, and uniformity of the bulk density, as water
helps dissipate powder’s triboelectrostatic charge.
Appropriate amounts of moisture may also facilitate
compaction through increased bonding caused by
enhanced plastic deformation.15 Therefore, under-
standing hygroscopic properties of formulation com-
ponents is essential in making rational decisions
related to formulation, process, packaging, storage,
shipping, and handling.

Understanding the mechanical and flow properties
of APIs is important in the successful design of formu-
lation and manufacturing process, especially for high
drug load formulations where API properties
dominate the bulk properties of the formulation.
Mechanical properties of a material describe the
relationship between applied force and the resulting
deformation and are hence critical to understanding
powder processing for tableting. In manufacturing tab-
let dosage forms, the compaction properties of a phar-
maceutical powder are typically influenced by many
factors, such as particle size, shape, crystal lattice
arrangement, interparticle bonding, porosity, surface
charge and moisture. A material can be characterized
by its compressibility and compactibility. While com-
pressibility is the ability of the powder to deform
under pressure, compactibility is the ability to form
mechanically strong compacts. Various methods have
been used to evaluate the compaction properties with
different advantages and limitations. The most com-
mon method is to produce a coherent compact by
applying a compressive pressure (stress) to a powder,
and analyze its tensile strength/hardness. Compaction
characteristics of a material or blend including defor-
mation mechanism, yield pressure, Young’s modulus,
tabletability, compactibility, and compressibility, etc.,
are usually obtained by varying the rate and extent of
the applied stress (compression profile). Similar to
compaction properties, flow properties are also influ-
enced by many material properties including particle
size and size distribution, particle shape, interparticle
interaction, moisture, consolidation stress applied to
powder. Characterization of API flow properties is
essential in product and process development, as well
as selection of solid handling equipment, to eliminate
flow problems (eg, flow obstructions, segregation,
irregular flow, and flooding) during processing. There
are a variety of methods for characterizing flow prop-
erties: angle of repose, compressibility index, Hausner
ratio, and flow through an orifice are often determined
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to provide a rank-order estimation of powder flow
properties. More sophisticated instruments, such as
shear cells, can be used to characterize powder flow
for quantitative performance predictions and engineer-
ing design calculations, such as estimation of the
hopper angles required for mass flow. Details of
powder compaction and flow characterization can be
found in chapters “Particle, Powder, and Compact
Characterization” and “Process Development,
Optimization, and Scale-Up: Providing Reliable
Powder Flow and Product Uniformity.”

In developing solid drug products, understanding
API powder and bulk properties, and the ability to
control such properties, is critical for anticipating and
preventing potential manufacturing issues, particularly
for high and low drug load formulations. For drug
substances with undesirable bulk properties, rational
formulation and manufacturing process design, and/
or API particle engineering can be utilized to overcome
processing challenges. In the formulation design,
suitable excipients can be selected to accommodate
poor compaction and flow properties of the API. As a
general rule of thumb, plastically deforming excipients
with excellent compactibility should be used if the API
is brittle or elastic. For example, microcrystalline cellu-
lose is often used as a compression aid to accommo-
date poor API compaction properties. For API with
poor flow properties, excipients such as glidant or
direct compression grade fillers can be used to
enhance flow properties of the formulation. Flow and
compaction properties of a powder blend can also be
improved by selecting an appropriate manufacturing
process such as wet, melt, or dry granulation.
Granulation technology may also be used to improve
API content uniformity for low dose formulation (eg,
the drug loading is ,5% w/w). For API that has
acceptable bulk properties, direct compression process
may be preferred due to its simplicity and low cost.
However, direct compression process is more suscepti-
ble to lot to lot variation of API and excipient material
properties than the granulation processes. Selection
of the manufacturing process also strongly depends on
the type of dosage forms to be manufactured. For com-
pounds that require enabling formulation technology
(such as ASDs) to enhance oral bioavailability, a hot
melt extrusion, or spray drying process may be
required to generate amorphous API.

Finally, API powder properties may be modified by
particle engineering technologies during the API isola-
tion process because particle morphology, surface
properties and bulk density are known to be depen-
dent on crystallization process parameters such as
crystallization solvents, cooling rate, particle properties
of seeds, and seeding amount. In addition, API bulk
properties may be further modified by altering the

dryer design and drying process. As discussed previ-
ously, a needle-shape API can result in potential
filtration, flow, and compaction challenges. Through
API particle engineering it might be possible to design
the API with suitable crystal morphology to enhance
powder properties for downstream manufacturing by
varying crystallization and API finishing conditions.

20.2.2.1.3 Biopharmaceutical properties

Biopharmaceutical properties of API can be charac-
terized by two complementary well-known classifica-
tion systems: the biopharmaceutics classification
system (BCS) and the biopharmaceutics drug disposi-
tion classification system (BDDCS). BCS classifies
drugs into four categories based on its solubility and
permeability.16 It provides a general framework to
identify potential absorption barriers related to solubil-
ity and permeability and a useful guide for the rational
design of immediate release (IR) dosage forms. BDDCS
uses the same solubility criteria but differs in the crite-
ria for permeability for different purposes.17 It allows
prediction of in vivo pharmacokinetic performance of
drug products from measurements of permeability
and solubility, including the effects of absorptive
and efflux transporters and food on oral drug
absorption. The importance of understanding bio-
pharmaceutical properties of API in developing
immediate-release solid products is discussed in the
following sections based on drug’s solubility and
permeability. Considerations of biopharmaceutical
properties in the design of MR dosage forms are dis-
cussed in chapter “Rational Design of Oral Modified-
Release Drug Delivery Systems.”

BCS class I and III compounds BCS class I com-
pounds are expected to dissolve quickly in the GI fluid
and readily cross the intestinal wall through the pas-
sive diffusion process due to high solubility and
permeability. To achieve rapid and complete oral
absorption, a conventional IR dosage form should be
fit for purpose. Formulation and process development
aspects of IR tablet and capsule formulations can be
found in a series of reference books edited by
Lieberman et al.18 Although achieving fast dissolution
of BCS class I drugs is usually less challenging, chemi-
cal stability, and/or manufacturing problems dis-
cussed in previous sections remain possible depending
on the physicochemical and mechanical properties of
the API involved and the required drug loading.
Similarly, most of the potential challenges in develop-
ing IR oral dosage forms for BCS class III compounds
are less likely to be related to dissolution due to its
high solubility. Attempts to improve bioavailability
through altering intestinal permeability using excipi-
ents at the amounts used in orally administered
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formulations are ineffective due to the dynamic envi-
ronment of the GI tract involving a very large surface
area and effect of dilution or they are impractical
because of safety concerns. Hence, the most effective
way to improve oral absorption for BCS class III com-
pounds is to increase membrane permeability through
chemical modification of the API (eg, prodrugs) which
is outside the scope of this chapter. Therefore, the
objective of IR formulation design for this class of API
is typical to make the drug available rapidly such that
absorption is determined by the inherent biological
properties of the API. It should be noted that certain
excipients may negatively affect absorption of soluble
drugs that exhibit site-dependent absorption character-
istics due to their effects on GI motility and/or the
transit time of drugs in the gut. For example, sorbitol
has been shown to decrease ranitidine absorption. It
was attributed to an increased GI fluid volume from
the osmotic load of sorbitol, resulting in enhanced GI
motility and reduced ranitidine transit time in the
small intestine which is a primary absorption site for
the drug.19 Similar effects were observed with manni-
tol (an isomer of sorbitol) and polyethylene glycol
(PEG) 400, All of these excipients are osmotically
active at the amounts relevant to those used in phar-
maceutical formulations.20

BCS class II and IV compounds The most common
challenges posed by BCS class II and IV compounds
are related to solubility or dissolution rate limited oral
absorption when developing IR products. To overcome
the dissolution problems, various approaches have
been utilized and shown to be effective, including use
of a more soluble salt, particle size reduction,
improved wetting, ASD, complexation, and use of pre-
cipitation inhibitor. Forming a soluble salt is most
commonly used since solubility, and dissolution rate
of a salt can be many folds higher than that of the free
acid or free base. Before selecting an appropriate salt
for product development, solubility, dissolution rate,
and other properties, such as physical and chemical
stability, hygroscopicity, crystallinity, polymorphism,
ease of synthesis, and toxicity, need to be thoroughly
evaluated. However, it should be pointed out that use
of a soluble salt for development has its limitations
because it is not feasible for neutral compounds and it
may be difficult to form stable salts of very weak bases
or acids. For certain compounds, conversion from a
salt to the less soluble free acid or free base can occur
both in vitro and in vivo with pH changes. For exam-
ple, a hydrochloride salt of a free base that rapidly dis-
solves at the low pH in the stomach may reach
supersaturation on its total equilibrium solubility of
ionized and unionized species. Upon emptying from
the stomach, the free base may precipitate due to

pH change, resulting in decreased bioavailability. In
such cases, precipitation inhibitors may be used to pre-
vent conversion from a salt to its free base, thereby,
significantly improving the bioavailability of rapidly
dissolving salts. Fundamental principles of this phe-
nomenon and formulation approach to prevent precip-
itation can be found in chapter “Oral Formulations for
Preclinical Studies: Principle, Design, and
Development Considerations.” Particle size reduction
is also a common approach for enhancing the dissolu-
tion rate of poorly soluble drugs via increasing surface
area. In most cases, API powders are micronized using
cutter, hammer, roller, and fluid energy mills, which
can reduce the particle size down to 1�100 μm.21

Smaller particle size in the range of 200 nm to 1 μm
may be achieved using a wet ball mill, with the milling
chamber filled with grinding media and drug suspen-
sion. When particle sizes are decreased to nanometer
size, the solubility may also be increased due to the
Kelvin effect.22 Therefore, use of nanoparticles can lead
to an increase in both the dissolution rate and solubil-
ity for poorly soluble drugs. However, there are certain
disadvantages associated with milling. Heat and
mechanical impact generated during the milling pro-
cess may cause physical and/or chemical instability. In
addition, hydrophobic particles tend to agglomerate
during size reduction, resulting in decreased effective
surface area that can negate the benefit of size reduc-
tion. Excipients such as surfactants, sugars, polymers,
or other excipients are often added to a formulation
during processing to minimize agglomeration and
improve wetting. Similar to salts, increasing dissolu-
tion in the stomach using a nanoparticle approach
needs to be carefully considered to avoid the supersat-
urated state produced being susceptible to small
changes in pH, which can cause rapid precipitation of
the API. This can lead to unexpectedly low exposure
with high inter- and intrasubject variability.

ASD have been successfully used to enhance oral
bioavailability in an increasing number of develop-
ment and commercial products of BCS Class II and IV
drugs, such as, griseofulvin-PEG-dispersion marketed
by Wander as Gris-PEG, Nabilone-PVP dispersion by
Lilly as Cesamet, Ritonavir-copovidone dispersion by
AbbVie as Norvir tablets, Vemurafanib-HPMCAS
coprecipitation by Roche as Zelboraf tablets, Ivacaftor-
HPMCAS dispersion by Vertex as Kalydecor tablets.
Complexation using complexing agents (eg, cyclodex-
trin, CD) can also be used to solubilize drugs. The
three-dimensional (3D) structure of the CD provides a
hydrophobic cavity, which can take a drug molecule
into the cavity to form an inclusion complex. The
hydrophilic exterior of the CD allows the complex to
interact favorably with aqueous environment. In order
for the drug to be absorbed into systemic circulation, it
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has to be dissociated from the drug�CD complex first.
The kinetics of inclusion complex formation and disso-
ciation between a CD and drug molecule is very
rapid.23 Dilution and competitive displacement are
two major mechanisms that contribute to complex for-
mation and dissociation process. CDs can be used to
solubilize, stabilize, taste mask, and ameliorate the irri-
tancy and toxicity of drug molecules in solid oral dos-
age forms.24�26 Disadvantages associated with
cyclodextrin include the potential safety concerns, high
cost, and inability to accommodate high dose strength.
Lipid-based drug delivery systems such as self-
emulsifying drug delivery systems (SEDDS) that uti-
lize the solubilization power of lipids and surfactants
have also been used to improve oral bioavailability. It
is evident that most of the formulation technologies for
BCS class II and IV compounds aim to maximize the
driving force for passive diffusion across the intestinal
membrane through increasing drug concentration at
the sites of absorption. In addition, enhanced oral
absorption may also be partly a result of improved
apparent permeability by saturating efflux transporters
due to higher local drug concentration because most
BCS Class IV drugs are substrates of efflux
transporters.17

It should also be noted that precipitation in vivo
may occur in certain cases if the drug concentration
becomes supersaturated, leading to slower absorp-
tion.27,28 The rate of drug precipitation/crystallization
generally increases with supersaturation ratio (ie, the
ratio of drug concentration to its solubility) and
decreases with viscosity of the crystallization medium.
Certain polymers such as hydroxypropyl methylcellu-
lose (HPMC) and polyvinylporrolidone (PVP) are
known to prolong the supersaturation of certain com-
pounds. For example, PVP has been used to inhibit
crystallization of sulfathiazole,29 phenytoin,30 oestra-
tiol,31 and hydrocortisone acetate.32,33 Cellulose poly-
mers such as HPMC have been used to stabilize the
super-saturation of nifedipine,34 albendazole,35 hydro-
cortisone acetate,36 and ibuprofen.37 HPMC was also
demonstrated to inhibit the precipitation of PNU-91325
from the supersaturable cosolvent (PEG 400 solution
containing 20 mg/g HPMC) both in vitro and
in vivo.38 This had led to a fivefold increase in oral
bioavailability of PNU-91325 compared to the neat
PEG 400 formulation. It had been suggested that
mechanisms of the crystallization inhibition might
involve increased viscosity of crystallization medium,
creating a steric barrier to drug molecules, adsorption
to the crystals by the polymers, and/or through spe-
cific intermolecular interactions such as hydrogen
bonding.39�41 Recent studies have demonstrated that
Van der Waals and hydrophobic interactions between
the polymers and API play a major role in

crystallization inhibition, which is discussed in more
detail in chapter “Oral Formulations for Preclinical
Studies: Principle, Design, and Development
Considerations.”

In summary, each of these approaches for improving
solubility and dissolution has its pros and cons. For
instance, particle agglomeration during or post size
reduction can decrease effective surface area available
for dissolution as discussed earlier. Physical instability
is usually a major concern for ASD systems while
achieving chemical stability in lipid systems can often
be challenging. Complexation is incapable of
providing supersaturation for increased driving force.
Furthermore, in addition to solubility and permeability,
many other factors are also known to influence oral
absorption (see chapters: “Oral Absorption Basics:
Pathways and Physicochemical and Biological Factors
Affecting Absorption” and “Oral Drug Absorption:
Evaluation and Prediction”). For example, chemical or
enzymatic degradation in the lumen can reduce the bio-
availability of certain compounds such as acid-labile
compounds or proteins and peptides. Presystemic
metabolism and active secretion by efflux mechanism
can alter oral bioavailability, whereas uptake
transporter-mediated transport may play a role in the
absorption of poorly soluble or poorly permeable
drugs. Many of these challenges are drug- and product-
specific and thus should be evaluated based on the inte-
grated understanding of the biopharmaceutical and
physicochemical properties and required doses of indi-
vidual drugs. No single formulation technology can be
a solution for all.

20.2.2.2 Consideration of drug properties in
developing a “fit-for-purpose” formulation

The approach of “fit-for-purpose” formulation
development often differs for drug products of new
chemical entity (NCE), generic and over-the-counter
drugs. This section will focus on how one may inte-
grate API properties into developing a fit-for-purpose
formulation to support development of oral solid dos-
age forms containing NCEs. Development of NCEs is
known to be complex, costly and time-consuming with
low success rate. Many drug candidates fail to reach
market due to safety, efficacy, and business reasons. In
addition, the pharmaceutical industry is under increas-
ing pressure to increase its efficiency and productivity.
Therefore, it is important to design a fit-for-purpose
formulation which fulfills its intended use in support-
ing various phases of clinical trials without requiring
extensive development effort and resources. Table 20.2
summarizes objectives of clinical trials, formulation
requirement, and material property consideration for
developing a “fit-for-purpose” formulation.
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Phase I clinical trials typically include a single rising
dose (SRD) study, followed by a multiple rising dose
(MRD) study in a small group of healthy volunteers.
These trials usually encompass a very wide dose
range, starting at a subtherapeutic dose, and gradually
rising to a maximally tolerated dose. Therefore, formu-
lations used in Phase I clinical trials not only need to
have flexibility to cover a wide dose range but also
need to achieve adequate exposure levels suitable for
establishing a maximum tolerated dose. Phase I clinical
trials usually are short in duration (typically ,1
month) and involve a small batch size of clinical sup-
ply. Therefore, extensive stability data and scalable
manufacturing process are not important for develop-
ing Phase I clinical trial formulations. In addition,
many new drug development programs are terminated

following Phase I clinical trials due to safety issues.42

Hence, when feasible (eg, BCS class I and III com-
pounds), a simple formulation such as API in bottle,
powder in a bottle and API in a capsule can be used to
enable speed to Phase I studies while conserving API
and related development resources. One of the main
challenges facing formulation development for Phase I
studies is to achieve sufficiently high in vivo exposure,
especially for drugs with limited solubility, since the
higher dose in an SRD study can be many fold higher
than the estimated therapeutic dose. Thus, it is crucial
to understand how drug properties, such as solubility,
dissolution rate and stability, may limit oral absorp-
tion. When simple or conventional formulation
approaches are unlikely to provide sufficient exposure
at significantly elevated dose (typically BCS II and IV

TABLE 20.2 Development of a Fit-for-Purpose Dosage Form

Clinical

trial Objectives and characteristics Formulation requirement Material property consideration

Phase I Objectives:
To evaluate safety and tolerability.
Identify a maximum tolerated dose

Simple formulations offering a wide range
of flexibility and adequate exposure to
enable identification of maximum tolerated
dose/establishment of sufficient safety
coverage. When simple formulations cannot
achieve adequate exposure, enabling
technologies, such as amorphous solid
dispersion or lipid-based formulations
should be used to meet the primary
objective of Phase I study
Typically not requiring extensive stability
or large scale manufacturability
Speed to clinic with minimal development
effort

API for reconstitution or API-in-capsule:
Characterize pH-solubility profile, pKa,
dissolution rate, precipitation tendency,
target particle size (for dissolution rate
purpose), solid form (if needed). API
stability may be sufficient for shelf-life
determination
Tablet/capsule formulation: Additional
considerations include particle size
distribution needed for meeting content
uniformity, solid form, minimum drug
product stability needed to cover
manufacturing, distribution, and duration of
clinical trials

Characteristics:

Wide dose range
Short duration (typically less than 1
month)
Small number of subjects (20�100)
Success rate: about 44%

Phase II Objectives: Phase IIA: Formulations similar to Phase I
or commercially viable dosage form
Phase IIB: Commercially viable dosage
form
Sufficient stability and manufacturability
required

Identify key challenges presented by API
properties; Design formulation and process
to overcome such challenges
Understand impact of API, excipients,
processing conditions, and their interactions
on product quality attributes

To evaluate safety and efficacy;
Phase IIA: Proof of concept or
mechanism
Phase IIB: Identify optimal dose range
for treatment

Characteristics:

100�300 patients
Duration: several months to 1�2 years
Success rate: about 20%

Phase III
clinical
trials

Objectives:
Pivotal studies to definitively assess
efficacy and long-term safety of drug
treatment compare to the current gold
standard

Commercial dosage form and
manufacturing process highly desired
Stability with $ 2-year shelf life required
Scalable and robust manufacturing process

Identify critical material attributes of API
and excipients and establish control strategy.
Justify formulation design based on
knowledge of physicochemical,
biopharmaceutical, powder properties of
API and intended functionality of excipients.
Identify critical process parameters and
establish control strategy
Understand interaction between formulation
and processing conditions

Characteristics:

300�3000 or more patients
Duration: Several years
Success rate: about 65%
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compounds), technologies for enhancing oral
absorption discussed in previous sections are required,
such as size reduction, lipid formulation, and
ASDs. Selection of the formulation approach for a
specific API needs to be based on consideration
of physicochemical, mechanical, and biopharmaceuti-
cal properties of the API and their possible impact
on bioavailability and manufacturing discussed
previously.

Phase II clinical trials are typically designed to eval-
uate the short-term therapeutic effect of a new drug in
patients and can often be divided into Phase IIA pilot
studies and Phase IIB well-controlled studies. Phase
IIA studies usually focus on proving the mechanism of
action, often called “proof-of-concept” or “proof-of-
mechanism” trials, whereas Phase IIB studies evaluate
optimal dosage range for the treatment. Comparing to
Phase I studies, Phase II trials are usually larger
(including 100�300 patients) and last much longer
(ranging from several months to 2 years) depending
on the drug and intended indications. Therefore, for-
mulations for a Phase II trial require a longer shelf-life
and acceptable manufacturability. In most cases, Phase
I formulations with adequate stability can still be used
in Phase IIA studies to speed clinical trial start-up
times considering the high attrition rate (about 80%)
due to efficacy and/or safety issues.42 Once proof of
clinical concept is obtained, significant effort and
resource are often required to develop a commercially
viable dosage form for Phase IIB studies and beyond.
Hence, the API properties need to be more extensively
characterized for integration into designing and devel-
oping product and manufacturing process.

Phase III clinical trials are pivotal studies designed
to demonstrate the potential advantages of the new
therapy over other therapies already on the market.
Safety and efficacy of the new therapy are studied
over a longer period of time (eg, up to several years)
and in more patients enrolled with less restrictive eligi-
bility criteria (300�3000 or more depending upon the
disease/medical condition studied). Phase III trial for-
mulations and the corresponding manufacturing pro-
cess need to be the same as those intended for
commercial products because any formulation or
manufacturing changes during or after Phase III clini-
cal trials require justification that the product perfor-
mance is unchanged, supported by appropriate
in vitro testing, stability, and bioequivalence studies.
In most cases, development of Phase III clinical trial
formulations is a continuation of the abovementioned
Phase IIB formulation. Systematic studies are usually
carried out to enhance product and process under-
standing through identification and evaluation of criti-
cal material attributes (CMAs) of the key components
including API and critical process parameters (CPPs)

that are important to the development of a product
and its manufacturing process. To ensure drug prod-
uct quality can be met consistently during commercial
production, a greater understanding of the possible
impact of material and process variables and their
interactions is needed to help define a control strategy
of raw materials, formulation, manufacturing process,
and container closure systems. The information and
knowledge gained from these development studies
and manufacturing experience provide scientific
understanding to support the establishment of the
design space, specifications, and manufacturing
controls.

20.2.2.3 Product quality and performance
considerations

The most important CQAs of oral solid dosage
forms include drug release and stability. The former is
the essential step rendering drug molecules available
for absorption that would determine product safety
and efficacy while the latter directly indicates whether
a drug product can maintain its quality throughout
shelf-life. Thus, understanding of the effects of formu-
lation and process and their interplay on drug release
and stability is the key to designing and developing a
safe, effective, and stable dosage form. In developing
both IR and MR oral products, formulation, and pro-
cess design should be focused on (1) drug properties
that influence drug release, stability, and/or proces-
sing behaviors (eg, chemical compatibility, flow, uni-
formity, and compaction) depending on the amount of
the drug substance in each dosage unit (drug loading)
and (2) potential impact of a particular process train
on the physical and chemical characteristics of the
drug substance that may affect product quality and
performance. Specific delivery technology, formulation
components, and product manufacturing processes are
usually selected once a particular mode of drug release
(eg, IR or MR) and type of dosage form (eg, tablet,
capsule, or multiparticulates) are defined.

IR dosage forms are formulated to make drug
molecules rapidly available for absorption following
oral administration while MR counterparts are typi-
cally designed by altering drug-release characteristics
in terms of time course and/or location to accomplish
therapeutic or convenience objectives. Oral MR dosage
forms include both delayed release (DR) and extended
release (ER) drug products. For IR dosage forms con-
taining soluble drugs, there are often multiple conven-
tional formulation and process options available to
meet the drug release need. The selection of the excipi-
ents and process can be made based on functional and
practical considerations. However, use of excipients
and process without adequate understanding can
sometimes lead to issues associated with drug release
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or manufacture. For example, tablet hardening on stor-
age can lead to a change in disintegration and dissolu-
tion as a result of solid phase transition of the API or
certain excipients induced by a particular processing
operation (eg, milling or wetting or melting) as dis-
cussed in chapter “Crystalline and Amorphous
Solids.” In designing products containing insoluble
drugs requiring enabling delivery technology, such as
amorphous dispersions (addressed in chapter:
“Rational Design for Amorphous Solid Dispersions”),
an integrated formulation and process design is crucial
because consistent solubility enhancement and physi-
cal stability is highly dependent not only on the API
property and loading, but also on a proper combina-
tion of functional excipients and specific process tech-
nology. DR dosage forms are designed to release a
drug at a later time during transit down the GI tract
other than immediately following oral administration.
The need for a DR delivery usually varies with the
physicochemical and/or biopharmaceutical properties
of drug molecules. For instance, certain drug mole-
cules that are acid-labile require a delay of drug
release in the acidic stomach to protect the drug until
it reaches the small intestine. Some drugs intended for
treating local conditions in the lower GI tract (eg, coli-
tis) are also designed as a DR dosage form that
requires more significant delay of drug release. In
most cases, DR dosage forms are manufactured by
coating single unit or multiparticulates using various
enteric polymers which provide pH-dependent solubil-
ity behavior and control drug release in various parts
of the GI tract. Depending on drug properties and the
design objective (e.g., the extent of release delay), dif-
ferent polymers or amounts may be used. With regard
to coating dosage forms, a pan coater is often chosen
for single-unit tablets while Wurster coating in a fluid-
ized bed is used for multiparticulates dosage forms.
For ER products, different types of delivery technolo-
gies have been widely utilized over the years, such as
reservoir systems, osmotic pumps, and hydrophilic
matrix tablets. Each technology has its unique features,
advantages and disadvantages. Drug properties and
required dose usually play an important role in select-
ing appropriate ER technologies, their formulation
composition and corresponding manufacturing pro-
cess. In addition, assessing technical feasibility and
designing an ER dosage form should be based on an
understanding of permeability and solubility of the
drug substance. These properties are particularly rele-
vant for certain drugs for which the rate and extent of
absorption differ in various regions of the GI tract,
especially if absorption in the colon is relatively lim-
ited and slow. This can compromise delivery, as can
reduced solubility of the drug substance further down
the colon where fluid levels are low, and surface area

is significantly decreased. More discussion related to
rational design of ER dosage forms are available in
detail in chapter “Rational Design of Oral Modified-
Release Drug Delivery Systems.”

Chemical stability is a critical product quality attri-
bute that is directly linked to potency, purity, efficacy,
and safety of a drug product throughout its shelf-life.
Data required for assessing the stability of IR and MR
solid products are usually similar to the design princi-
ples and manufacturing processes of both types of dos-
age forms are fundamentally the same. For most drug
substances, the stability of the drug product depends
not only on properties of the drug but also on formula-
tion and process design. The first step in product
design should be to understand the intrinsic stability
of the drug molecule and its degradation mechanisms.
Common drug degradation pathways include thermo-
lytic (eg, hydrolysis), oxidative, and photolytic
degradation.8 Among them, photolytic degradation
can usually be mitigated by reducing or eliminating
light exposure using a coating or appropriate container
closure systems. The most common drug degradation
pathway is hydrolysis, followed by oxidation.8

Fundamental aspects of drug degradation can be
found in chapter “Drug Stability and Degradation
Studies.” Drug degradation is more complex in a for-
mulated product, a multicomponent heterogeneous
system. Some commonly used excipients are known to
interact directly with certain drug molecules.8 A well-
known example is the Maillard reaction between a pri-
mary or sometimes secondary amine and a reducing
sugar (eg, lactose/glucose). However, many interac-
tions between drug molecules and excipients are non-
specific and not well understood, which may
sometimes lead to significant stability problems in the
formulation while the drug substance alone is stable.
In such cases, the extent of degradation is often linked
to drug loading rather than the absolute amount of
drug. More significant degradation is usually associ-
ated with lower drug loading in the formulation due
to a higher excipient-to-drug ratio. Drug degradation
may also be enhanced due to the change of microenvi-
ronment pH created by the excipients present in the
formulation. In addition, excipients can be a source of
various impurities such as peroxide and metal ions
which have been linked to increased drug oxidation. It
is known that peroxides exist in a number of excipients
such as povidone, crospovidone, PEG, polysorbates,
and other modified excipients containing polyoxyethy-
lene moieties.43 To reduce or minimize the impact of
excipients on product quality, it is necessary to assess
excipient quality attributes and variability across dif-
ferent suppliers and different lots of the same vendor.
On the other hand, certain excipient properties can
also be utilized to improve product stability based on
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the understanding of API’s degradation pathways. For
instance, bupropion hydrochloride, an antidepressant,
was found to undergo extensive degradation in an
alkaline environment based on a preformulation inves-
tigation. To develop an acceptable ER dosage form,
weak acids or salts of strong acids were incorporated
in the formulation (eg, ascorbic acid, malic acid,
sodium metabisulfate, L-cystine hydrochloride, glycine
hydrochloride).44,45 These stabilizers serve to provide
an acidic environment surrounding the active drug
that minimizes its degradation. More recently,
Oberegger et al. discovered a more stable bupropion
composition for ER dosage forms through salt selection
experiments.46 However, use of highly acidic excipi-
ents may lead to degradation of the rate-controlling
polymer, compromising product stability as discussed
in Chapter 19, Rational Design of Oral Modified-
Release Drug Delivery Systems. Thus, rational selec-
tion of formulation components based on the under-
standing of properties of drug and excipient as well as
and their interaction is imperative.

Physical stability refers to changes in the physical
characteristics of the formulation ingredients of a drug
product such as phase transformation of the drug or
excipients. Typical phase transformations include poly-
morphic conversion, hydration/dehydration, crystalli-
zation/amorphization, salt-to-free form conversion,
and other mechanisms. Because the physical, chemical,
and mechanical properties may differ significantly
among various solid forms, these phase transforma-
tions can potentially alter the quality attributes and
processing behaviors of a drug product. For example,
partial or complete phase transformation may occur
during processing operations12 resulting in increased
levels of crystal defects or formation of amorphous
phase, which can be detrimental to chemical stability.
Therefore, design of a manufacturing process should
be based on the understanding of properties of drug
substance and its interplay with each unit operation.

In practice, the degradation susceptibility of a drug
molecule can often be predicted to a large extent from
the knowledge of the drug, its molecular structure,
past experience, and theoretical calculations. Thus, the
formulation and process should be designed to resolve
or control chemical or physical instability problems
through understanding of the drug substance. For
example, to minimize hydrolysis, control of moisture
and microenvironment pH in the formulation, incorpo-
ration of desiccants in the container closure system, or
selection of a dry manufacturing process may be con-
sidered during the product design. To mitigate oxida-
tive degradation, an antioxidant and oxygen scavenger
may be incorporated into a formulation or container
closure system. To avoid or control process-induced
phase transition that may affect product quality,

proper selection of the unit operation or ingredient(s)
that inhibit phase changes may be considered. Ideally,
the solid form and appropriate excipients should be
selected to reduce or minimize degradation such that
no additional stability control strategies are needed in
the formulation, processing, and packaging.

20.2.2.4 Manufacturing considerations

To ensure safe and effective products that are
produced at a high level of quality, rational product
and process design and commercial manufacturing all
play an essential role. Despite significantly improved
product quality and advances in the product develop-
ment as a result of the quality-by-design initiatives
over the past decade, quality issues in the phar-
maceutical industry are unfortunate occurrences that
have resulted in recalls, withdrawals, unprecedented
drug shortages, or even risk to patients. Many of
these problems have been related to manufacturing
quality issues. In a recent report, the Government
Accountability Office (GAO) found that approximately
40% of drug shortages resulted from quality concerns,
with shortages continuing to rise in recent years.47

Therefore, there is a clear need for enhanced under-
standing of the impact of manufacturing on product
quality as well as the influence of product and process
design for commercial production.

The production related quality or manufacturing
problems encountered in the industry can sometimes
be attributed to disconnects between the development
and manufacturing organizations where consideration
for the requirements of the next group is given a lower
priority in an “over the wall” paradigm. For instance,
a product development function may declare a prod-
uct design “finished” once it meets the predeter-
mined requirements for this part of an organization.
Typically, these requirements focus on product quality
attributes and delivery performance while neglecting
other considerations, such as manufacturability, pro-
cess reliability, and robustness, which can lead to inef-
ficiency and quality issues in commercial production
due to inadequate material and/or process controls or
improper product and/or process design. In general, a
problem encountered at the design or early develop-
ment stage that is not understood and addressed will
often cascade and become magnified through the sub-
sequent development and production phases, resulting
in increases in cost, timeline, and even degradations
in product performance and quality. Hence, effective
product development should go beyond the traditional
steps of acquiring and implementing product and pro-
cess design technology. It needs to consider and design
patient requirements into the product while ensuring
that both the manufacturing plant and the suppliers
have the capability to effectively produce the product.
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For a predefined QTPP, a product can be designed in
different ways. A rational product development pro-
gram should aim to optimize the product and process
design with the production system by taking into con-
sideration manufacturability, reliability, and robust-
ness, manufacturing equipment, processes, capability,
capacity, experience and expertise, material handling
systems and supplies, among others.

The key to the success of such an integrated pro-
gram hinges on the ability to obtain knowledge for
making sound decisions to enable effective transition
to the next phase. To avoid problems with serious
ramifications later during scale-up or after product
approval, it is important to adopt a knowledge-based
approach by ensuring the right level of knowledge at
each key decision point. To ensure that manufacturing
considerations are taken into account earlier, when
costs to anticipate and identify problems and make
product and/or process design changes are signifi-
cantly lower, it is crucial to start with the end in mind
and to use concurrent scientific and engineering princi-
ples to capture design and manufacturing knowledge
and conduct risk assessment with a proactive rather
than a reactive focus. In particular, a key measure of
manufacturability is whether the critical manufactur-
ing processes and key properties of materials are in
control and product reliability is achievable. This
knowledge can facilitate informed decisions to develop
a product by taking steps to ensure the product and
process design is stabilized early so product perfor-
mance and manufacturability can be demonstrated
before production. For example, achieving consistent
dissolution performance of a coated ER dosage form
during scale-up or upon storage is often challenging. If
product quality standard and process control are
defined in the development phase without adequate
understanding of formulation behavior, critical proper-
ties and variability of the rate-controlling polymers
and critical process controls, there is a risk that pro-
ducts being transferred to production could only be
made to work at the pilot scale by highly skilled tech-
nicians. But they could not be manufactured to meet
quality specifications at commercial scale, or might
need to rely on a “use test” for individual batches to
pass dissolution specifications. In designing a tablet
product made using direct compression process, basic
studies of segregation tendency and compaction prop-
erties of various formulation blends are often carried
out in the laboratory for the risk assessment associated
with content uniformity and/or compression. However,
it is more important to start formulation and process
design by first understanding inherent properties of the
API and available excipients, their interactions with
one another and with the chosen unit operations and
the anticipated effects of scale change. It is equally

important to assess natural variations of critical material
and process variables, how they may impact quality,
manufacturability and the ability to control at the pro-
duction scale. This type of knowledge not only can help
guide formulation design, but also facilitate a sound
decision to change the manufacturing process if the
selected formulation and process design is found to be
too sensitive to tolerate expected variations of critical
variables of key components, process parameters, and/
or equipment in the commercial production.

In the current patient-focused quality, manufacturing
and regulatory environment, integrated product and
process design for both functionality and manufactur-
ability based on product and process understanding is
critical to the development of high quality, highly func-
tional products that can be effectively manufactured. A
sound product and process design should balance prod-
uct quality with design effort and ability to compensate
for uncertainty in the raw materials, manufacturing, and
testing. Process robustness and reliability activities
should start at the earliest stages of product and process
design and be integrated into the overall product devel-
opment cycle. It should also continue throughout the life
of the product. Although it may sometimes require addi-
tional effort early in the development process, the inte-
gration of product and process design through science
and technology and improved business practices will
result in a more reliable and manufacturable product to
better meet patient needs, a quicker and smoother transi-
tion to manufacturing, a higher production efficiency
and a lower total product life cycle cost.

20.2.2.5 Selection of dosage form and production
method

Dosage form development involves design and
development of a product with a predefined QTPP and
manufacturing process. The most common solid dosage
forms are single or multiunit tablets or capsules manu-
factured using various established processes and unit
operations. The general aspects of these dosage forms,
related technologies, process development, and in-
process control (IPC) have been extensively
addressed18,48 and also discussed in details in the rele-
vant chapters of this book. In general, processes for tab-
let manufacture include direct compression, wet
granulation (high and low shear or twin-screw extru-
sion), dry granulation (eg, roller compaction, slugging),
and melt granulation or thermoplastic pelletizing (eg,
high shear, fluid bed, melt-extrusion, spray-congeal-
ing). Processes for producing round solid beads encom-
pass extrusion-spheronization, drug layering of
nonpareil seeds, spray-granulation, powder layering,
spray-drying, and spray-congealing. Conventional
compression processes are also utilized to prepare
mini-tablets using either small conventional tooling or
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multihead tooling (eg, # 3 mm) depending on the tablet
size and throughput considerations. Coating of tablets or
beads is most often carried out in a pan coater or fluid-
bed technology depending on the nature of the coating
substrate (eg, size, tensile strength). Coating by com-
pression (tablet-in-tablet) requires special compression
machines. When a more sophisticated process is
required for products of increased complexity, for exam-
ple, multilayered tablets, compression coating, mixed
beads, and/or mini-tablets, emphasis should be placed
on the increased process and product understanding
throughout development lifecycle to ensure successful
development from small to commercial scale.

In the product design phase, often there is more
than one delivery technology, formulation approach,
or production method that is suitable for developing a
viable product with predetermined quality and perfor-
mance for a specific API. Rational selection of a dosage
form and associated drug delivery technology, formu-
lation, and manufacturing process needs to be based
on a concurrent and integrated evaluation of a multi-
tude of factors discussed in the previous sections, such
as API characteristics, material properties, processing
operations and their interaction, variations, process
robustness, efficiency, and cost. Also, the use of con-
ventional manufacturing processes and equipment is
highly preferred whenever feasible.

20.2.3 Product and process understanding

A sound dosage form design provides manufac-
turers with a quality product and helps to ensure
manufacturability and optimum productivity. Ideally,
physicochemical and mechanical transformation pro-
cesses of the raw materials that ultimately result in the
desired product should be based on a mechanistic
understanding of the materials and processing opera-
tions. However, the diversity and complexity of phar-
maceutical ingredients, combined with the unit
operation paradigm utilized in pharmaceutical
manufacturing, usually make a thorough understand-
ing difficult. In many cases, knowledge gained appears
to be material- and equipment-specific (dependent on
machine design, geometry, model, manufacturer, etc.),
making it challenging to develop universal models for
direct application to different scales, processes, and
products. Nevertheless, it is both important and
possible to overcome these obstacles and develop
consistent, high-quality product and robust
manufacturing process through the understanding of
the API, formulation, process, sources of variability,
and risks to product quality. The most important ele-
ment in achieving a high level of product and process
understanding is to utilize the scientific knowledge
discussed in the previous sections and apply a

systematic approach through a combination of design
of experiments (DOEs), studies that lead to scientific
understanding, engineering principles, empirical, semi-
empirical, and mechanistic models where possible.
Specifically, in the product development process, selec-
tion of an appropriate delivery technology, composi-
tion, and corresponding process option should be
based on a comprehensive analysis of information of (1)
target product characteristics (required dose, release
mode, type of dosage form, etc.); (2) physicochemical,
mechanical, and biopharmaceutical properties of the
API; (3) formulation technology and level of complex-
ity; (4) processing technology and associated opera-
tions, equipment, and sophistication of production; (5)
raw material attributes, inherent variability, and poten-
tial interactions (eg, drug-excipient, excipient-excipi-
ent); and (6) interrelation between materials and unit
operations. This type of information integration can be
used to anticipate and evaluate the possible impact of
formulation on processing or vice versa, including how
product characteristics may dictate process choice or
how processing operations may limit formulation selec-
tion. It is also required for assessing influence of formu-
lation/processing on in vitro and in vivo performance.
Examples have been provided in the previous sections
to illustrate the importance of understanding API prop-
erties to achieve product performance and ensure qual-
ity. Many other examples of adopting a holistic
approach to the development process can be found
throughout this book. For instance, in manufacturing
tablets, components present in high percentages (eg,
drug or polymer) in the formulation often merit an
increased level of scrutiny and quality control because
they often influence or even dominate the process-
ing behavior of an individual unit operation, such as
fluidization, granulation, blending, or compaction.
Assessment of compressibility of a tablet formulation
requires characterization of the deformation and bond-
ing properties of the major components and relation-
ships with compression parameters (force, turret
speed/dwell time, precompression), and moisture con-
tent for predominantly plastically deformed materials.
In drug layering processes, low process efficiency
resulting from drug�polymer interactions can be
resolved more effectively by replacing the interacting
excipient when compared with the attempt to increase
efficiency via optimizing processing conditions.

In developing and manufacturing MR dosage forms,
understanding and controlling critical properties and
the natural lot-to-lot variability of rate-controlling
materials within or outside the supplier’s specifications
are often necessary to minimize their potential impact
on processing, drug release and/or in vivo perfor-
mance. In recent years, the potential implication of
solid phase change during processing is another area
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that received increased attention.7 For example, solid
phase transition from the stable crystalline to the less
stable amorphous drug caused by processing condi-
tions can directly lead to chemical instability of the
product.49 Tablet hardening with age may adversely
affect the disintegration and dissolution rate during
storage.50 Depending on the material properties and
processing conditions, the change of tablet hardness
may be attributed to recrystallization of a physically
stable phase from a small portion of the metastable
or amorphous form of either the drug substance or
excipient (eg, mannitol) generated during processing.
It should be noted that this type of phase transition is
often a function of material characteristics, composi-
tion, type and processing condition of a specific unit
operation. Its impact on dissolution may also depend
on product design and associated dissolution mecha-
nism. Through characterization of the materials and
their interaction with the dosage form and process, the
solid phase changes can be anticipated and avoided if
they are undesirable. They may also be controlled and
utilized to enhance product performance (eg,
dissolution).7

In the process of applying a systematic approach to
the concurrent design of products and processes, one
of the most commonly employed tools is DOEs in
addition to the use of prior knowledge. DOE is a struc-
tured, organized method for determining the relation-
ship between factors (Xs) affecting a process and the
output of the process (Y). For pharmaceutical pro-
cesses with measurable inputs and outputs, it can be
used to guide the optimal selection of inputs and anal-
ysis of results in parameter design, problem solving,
and robustness study. Its basic concepts are available
in the Experimental Design section of a free electronic
textbook: StatSoft at http://www.statsoft.com/
Textbook/Experimental-Design. The fundamental
principles, techniques, and applications of DOE can be
found in many books written on this subject.51 In phar-
maceutical development and manufacturing, appropri-
ate application of DOE has proven valuable in
maximizing information gained with minimum
resources, identifying critical factors among a multi-
tude of variables, solving problems in a complex sys-
tem consisting of many confounding factors, defining,
optimizing, and controlling product and process
variables.52�56 In fact, DOE is so widely applied in
today’s pharmaceutical research and development
(R&D) and operations that there may be a perception
that running experiments using DOE is equivalent to
product and processing understanding. This, in part, is
a result of the historical successes of DOE across multi-
ple industries, and partly due to a lack of adequate
understanding of the intricacies and pitfalls of design-
ing and executing such experiments in the study of

complex pharmaceutical systems and their perfor-
mance in the multivariate environment and/or highly
variable clinical settings. For example, understanding
the measurement precisions of inputs versus those of
outputs and the need for repeat observations, identify-
ing confounding factors are not trivial, while putting
together a DOE design table is a very simple task as all
of the well-known classes of standard designs can be
generated automatically by software once the number
and nature of input variables and the responses are
defined. It is important to point out that an incorrectly
or improperly designed DOE not only can result in
wasted resources and time but often generate data that
are confusing or misleading. Some of the common pro-
blems associated with DOE experiments in dosage
form development or investigation include (1) choos-
ing the inappropriate design, variables and, in particu-
lar, their ranges; (2) running uncontrolled experiments
due to obliviousness of confounding factors; (3) gener-
ating unreliable or inconclusive data resulting from
inadequate repeat measurement, sample size, or lack
of understanding of the signal-to-noise ratio (SNR).
Therefore, it is imperative to gain a clear understand-
ing of the study factors and responses, variability,
possible confounding and interacting factors, analytical
variation before selecting appropriate input and
responses, the range of investigation, and experimental
design. More specifically, when choosing and imple-
menting an experimental design, it is vital to first
acquire a basic knowledge of the studied system and
utilize multidisciplinary principles and expertise (eg,
pharmaceutics, chemistry, engineering, statistics,
among others) for identifying test variables and defin-
ing levels. Moreover, knowledge of the difference
between control and noise factors is also critical. In
particular, it is very important to carefully select a
small number of experiments under controlled condi-
tions and take into account the following interrelated
steps:

1. Define an objective to the investigation, for
example, identify important variables or find an
optimum.

2. Determine the design variables that will be
controlled and their levels or ranges of variation, as
well as variables that will be fixed.

3. Determine the response variables that will be
measured to describe the outcome and examine
their precision.

4. Among the available standard designs, choose the
one that is compatible with the objective, number of
design variables and precision of measurements.

It should be emphasized that DOE design is,
in most cases, a strategy to gather empirical
knowledge, that is, knowledge based on the analysis of
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experimental data and not on theoretical models.
Thus, it is mainly useful for investigating a phenome-
non, not the underlying mechanistic cause of a prob-
lem. Thus, use of experimental design strategy in
conjunction with the application of the scientific and
engineering principles, techniques, and practices pre-
sented throughout this book is essential to the effective
and efficient development of robust product and pro-
cess from laboratory to production scales.

20.2.4 Process scale-up and optimization

Following the completion of formulation and pro-
cess design, essential steps required for final product
commercialization include process scale-up and opti-
mization. Process scale-up is referred to as the process
transfer from small scale (laboratory scale or pilot
scale) to a larger scale (pilot scale and/or production
scale).57,58 Process scale-up requires careful planning
and effective selection of equipment, process para-
meters, and a control strategy based on product and
process understanding and experience gained during
development. To warrant a robust manufacturing pro-
cess that is capable of consistently producing safe and
effective product in the commercial setting, the influ-
ence of equipment, material and process attributes as
well as variability on CQAs should be understood
thoroughly.2,3,59,60

Scale-up is often defined as increasing batch
size.57,58 Depending on the nature of the process,
increasing batch size does not necessarily imply the
enlargement of processing volume of each unit opera-
tion. Examples of increasing batch size without
enlargement of process volume of the unit operation
include combination of multiple small granulation
batches and extending the compression time using the
same tablet press. In these cases, the transition to
larger batch size is relatively orderly and straightfor-
ward. However, when equipment changes are
required to increase batch size, process scale-up could
become more complex. This is due to the fact that
scaling-up of many parameters of pharmaceutical
batch processes is often nonlinear and lacks a reliable
scale-up model. Thus, it is difficult to predict large-
scale process performance or define process para-
meters based on data and experience with small-scale
equipment without conducting process experiments at
an intermediate or the intended full scale.2,57,58,60

Under the QbD paradigm, process scale-up and
optimization should follow a systematic, scientific, and
risk-based approach.2,3,59,60 The typical scale-up and
optimization process can be illustrated in Fig. 20.2.

The first essential step for a successful scale-up
should be thoroughly evaluating critical

manufacturing variables for each unit operation,
including CMAs and CPPs identified from small or
intermediate scale experiments.2,3,59,60 Additionally,
equipment evaluation between scales to understand
and identify the capability and limitation should be
performed. Potential scale-dependent process para-
meters should also be identified during this step.

Scale-up experiments can then be designed to
(1) verify the small scale results and (2) establish
design space and controls strategy at the large
scale. Various sources of variability should be properly
included in experimental design to better
understand the process robustness. Ensuring product
quality during scale-up, maintaining geometric,
thermodynamic, or kinetic/dynamic similarity between
scales are basic principles that should be
employed.57 When the dimensional analysis can
be applied, dimensionless numbers developed based
on these similarities are largely independent of
scale.57,61,62 It is believed that two processes can be
considered similar when they take place in similar geo-
metrical space and all dimensionless numbers describ-
ing the process have similar numerical value.57,61,62

According to this theory, the scale-up procedure
would be: (1) expressing the unit operation into set of
dimensionless numbers, and (2) matching the numeric
value of those dimensionless numbers among different
scales. An example of often used dimensionless num-
ber is the Froude number, which has been applied to
the scaling of granulation process.63 Computer based
modeling, such as Finite Element Model (FEM),
Discrete Element Method (DEM), is also starting to
gain interest for scaling processes. However, due to
the complexity of pharmaceutical manufacturing
processes, the development of quantitative, first-
principle-based dimensionless numbers and models
that accurately describe the system are often unavail-
able. Hence, empirical/semiempirical approaches have
been utilized to determine the process set points and
ranges. When process parameters are scale-dependent,
two types of scale-up approaches have been used:
parameter-based and attribute-based. In practice, a
combination of both strategies is often utilized.64 One
example of empirical scale up is to match the tip speed
among intermediate bulk containers (IBC) of different
sizes for dry blending/mixing process of free flow
materials. Such a scaling principle provides a simple
and quick estimation of the process operating range.
Prior knowledge could also play a significant role and
should be utilized when designing the scale-up experi-
ments. When conducting process scale-up trials, more
frequent testing than would be typical during routine
manufacturing is usually needed to understand all
potential variabilities and their impact. Defining
proper sampling plans and acceptance criteria are both
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critical and should be aligned with the identified
CQAs and/or IPCs to ensure predetermined product
quality and performance remain unchanged. On-
line process measurement, if available and reliable,
can provide real-time results without potential
sampling bias and process disturbances.2,65 As pro-
cess scale-up is an inherent part of product process
validation lifecycle, appropriate monitoring programs
for quality attributes and process parameters should
be established at this stage.66,67 Those monitoring
programs can serve as the basis for further process
optimization.

Prior to commercial production, it is essential to
build confidence in process consistency within the
established process ranges with respect to performance
indicators and product CQAs, However, in most cases
a significant amount of data are usually unavailable at
the development stage due to time, resource and mate-
rial constraints. Thus, product and process under-
standing along with proper statistical tools are needed
as a product moves through different stages of its
lifecycle to gain increased understanding of manufac-
turability and process robustness. For example, process
capability expressed as a process capability index
(eg, Cpk) or process performance index (eg, Ppk), is a

measurable statistical property of a process to the spec-
ification (see chapter: “Commercial Manufacturing and
Product Quality” for definition). At the beginning of
production, Cpks for all critical product measurements
should be calculated to determine the general ability of
the process to meet specifications. However, to obtain
meaningful results, data should include the normal
variation of production conditions, materials, and
operators. In general, more than 25 subgroups of
results are recommended.68 Performing capability
analysis with data or results of an inadequate number
of batches could potentially lead to skewed analysis
due to sampling variability and limited sample size.
Throughout the lifecycle of the product, since a much
wider range of variability will be encountered, process
performance should be evaluated from time to time
to enhance process understanding and identify
optimization opportunity. After commercialization,
an important part of process improvement activities
is variability reduction through assessing process
capability as well as material and process control.
Although manufacturing efficiency, safety, and prod-
uct yield are rarely considered critical to product
quality attributes, they indirectly reflect a degree of pro-
cess certainty and control, therefore, should be carefully

Evaluate critical variables identified at
small/intermediate scale

Design experiments to
(1) Verify small-scale results
(2) Establish design space

Define proper sampling plan and
acceptance criteria

Identify appropriate
scale-up strategy

Understand the limitation of pilot/full-
scale equipment

Prior knowledge

Incorporate material and
manufacturing variability

Results evaluation

Refine/design additional experiment

Establish design space
identify control strategy

Continuous monitoring and
optimization

Commercial variability

FIGURE 20.2 Typical road map of process scale-up and optimization.
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evaluated during scale-up and optimization. For example,
inconsistent or lower than expected product yield indi-
cates manufacturability issues. In such cases, process and
control strategy should be reexamined and improved
accordingly.

In summary, process scale-up and optimization is
essential to pharmaceutical commercialization. It is an
integral part of product process validation lifecycle.
The experimental design for scale-up and optimization
should be based on product and process understand-
ing. An appropriately designed process scale-up and
optimization will provide a high level of confidence in
manufacturing robustness and consistent product
quality. Detailed discussions of process scale-up can be
found in individual chapters dedicated to various
pharmaceutical processes in this book.

20.3 TECHNOLOGY TRANSFER

20.3.1 Technology transfer overview

In the pharmaceutical industry, “technology trans-
fer” may broadly refer to the business processes
required for successful progression from drug discov-
ery to product development, clinical trials, and full-
scale commercialization. For the development and
transfer of knowledge and manufacturing technolo-
gies of finished solid dosage forms, it is usually
defined as transferring the product out of the devel-
opment laboratories and the process development
pilot plant into full commercial-scale manufacturing
facilities for new product launch. Technology transfer
can also refer to transferring a commercial product
from existing commercial sites to other commercial
sites, also referred to as “site to site transfer.” This
section mainly covers the key points for the technol-
ogy transfer related to new product launch. However,
most of the principles described here can also be
applied to site transfer.

Appropriate technology transfer includes the trans-
fer of technical knowledge of the product and process,
analytical test methods from a sending organization to
a receiving organization, as well as the establishment of
the related quality control system and documentation
for the new product at the receiving organization. The
sending organization is typically an R&D organization
or a development partner that has developed the tech-
nology. The receiving organization is normally a com-
mercial manufacturing site (for product/process
transfer) or a quality control laboratory (for test method
transfer). This process is important to ensure that prod-
uct quality and performance developed during R&D
remain unchanged in full-scale commercial product

manufacturing and can be maintained during routine
commercial manufacturing after launch.

Technology transfer is a complex process that typi-
cally involves multiple functional areas. The ultimate
goal is to effectively transfer manufacturing process, spe-
cifications and controls, as well as analytical methods
based on sound scientific and engineering principles,
while striving for optimization of efficiency, flexibility,
and capability of the process. Technology transfer should
also be a continuous knowledge/experience transfer and
information exchange between parties, rather than a
one-time event. Problems often arise at interfaces when
the transfer process is not properly planned, communi-
cated, and executed, and can result in a high rate of
batch rejections or even a delay in bringing new pro-
ducts to market. Thus, effective and efficient technology
transfer has been, and will continue to be, critical to the
success of the pharmaceutical industry. Technology
transfer may include API process transfer, drug product
process transfer, and analytical methods transfer.
Analytical methods transfer is normally part of the API
or drug product transfer to support the manufacturing
site change. The API process transfer includes transfer of
the API synthesis of intermediates and final products as
well as test methods for raw materials, starting materials,
reagents, catalysts, intermediate and final products. A
lab run using reagents from the commercial site is nor-
mally the first step in the process transfer. A solvent run
is then conducted at the commercial site using the same
process train and operating conditions without the use
of solids and other raw materials except solvent. It is
intended to test the manufacturing procedure and equip-
ment capabilities without consuming expensive and lim-
ited raw materials. Critical process control parameters
such as temperature, solvent charge quantities, mixing
and material transfer rates, can be studied using a sol-
vent run. Following the solvent run, engineering run(s)
are typically conducted to fine tune the process para-
meters. The experimental data together with the data
generated in the R&D pilot plant and at lab scale can be
used to justify the process ranges and IPC limits. After
the process ranges are justified, IPC and final product
specifications are established, and the API process can
be qualified at the commercial sites. The International
Society for Pharmaceutical Engineering (ISPE) provided
a detailed guide on the requirements for API transfer.69

This section will mainly focus on the drug product
transfer.

20.3.2 Technology transfer of drug product

A technology transfer of drug product normally
includes the transfer of the product/process as well as

574 20. PRODUCT AND PROCESS DEVELOPMENT OF SOLID ORAL DOSAGE FORMS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



the drug product test methods. Sometimes, the API
test methods also need to be transferred to the DP
manufacturing site since API release testing might
need to be performed to ensure quality control of the
incoming materials. Technology transfer of drug prod-
uct is normally initiated when the compound reaches
Phase IIb in drug development. This is often the time
when planning of commercialization of the compound
is initiated, and a commercial manufacturing site is
selected. During initiation of the technology transfer,
the overall project scope is defined, technology transfer
lead, stakeholders and team members are identified,
and high-level technology transfer milestones are
established. A technology transfer team typically con-
tains members from multiple functional areas, such as
pharmaceutical and analytical R&D, operations
(manufacturing and engineering), quality, regulatory
affairs, supply chain, and program management. As
with any multifunctional team, clearly defining roles
and responsibilities of team members is the key to suc-
cess. The technology transfer team lead plays a key
role in the success of the transfers and is expected to
be an individual with appropriate technical experience
and knowledge from drug development and
manufacturing, project management skills and experi-
ence, and excellent communication/negotiation skills.
Stakeholders include the management from the key
functional areas who are funding or affected by the
technology transfer (eg, R&D, manufacturing site,
quality, and regulatory and supply chain). The high-
level technology transfer milestones normally include:

• Site readiness, especially when a new or modified
facility or new equipment is introduced

• Completion of test method transfer to the receiving
lab(s)

• Completion of process transfer to receiving site
• Phase III clinical supply readiness (if Phase III

supply is manufactured from the commercial site)
• Completion of stability batch manufacturing at the

receiving site (site specific stability batches)
• Completion of demonstration, or confirmation,

batch at the receiving site
• Completion of process validation at the receiving site
• Regulatory filing submission

20.3.2.1 Technology transfer planning

After forming a technology transfer team and
setting up technology transfer milestones, the technol-
ogy transfer team needs to develop a detailed technol-
ogy transfer strategy/plan which typically includes
project scope, key deliverables and timeline, project
resource requirements, transfer strategy, gap assess-
ment, and acceptance criteria.

Project scope needs to define clearly what is in the
scope of the specific transfer. For example, the transfer
may or may not include transferring the final packag-
ing operation or an alternate API source may or may
not be in the scope of the transfer. Key deliverables for
a technology transfer normally include timelines for
the key milestones agreed upon. A full list of team
members should be provided in the project resources
section of the technology transfer plan.

The transfer strategy includes the master plans for
the transfer of the product and process knowledge to
the manufacturing site, test method transfer, stability
and shipping, packaging, market and material sourc-
ing, regulatory strategy and facility and equipment
strategy. Planning of the product and process knowl-
edge transfer includes detailed action plans and time-
lines to further develop the commercial process/
formulation, scale up and transfer to the commercial
site, manufacturing of registration, demonstration/
confirmation and validation batches. API specifica-
tions, excipients specifications, and drug product spe-
cifications need to be established at the receiving site
with the related knowledge transferred from the send-
ing site. A site specific hold time study is recom-
mended to be performed during the technology
transfer to justify the process hold time of product at
each stage of the process. Since the hold time study
normally takes time to complete, proper planning at
the early phase of transfer is recommended. Cleaning
procedures and cleaning validation are typically site
specific. The cleaning procedures from the sending site
should be compared with the procedures at the receiv-
ing site to assess if the cleaning procedures at receiving
site need to be modified to meet the requirement of
the new compound. Packaging processes (including
bulk packaging and finished product packaging pro-
cess) should be considered as part of the process trans-
fer as appropriate. Different packaging material might
require different packaging conditions. When new
packaging material is introduced, thorough packaging
process development work could be helpful to estab-
lish the optimized packaging process parameters for
the new material. Test method transfer strategy
includes a list of methods that need to be transferred,
the sending and receiving sites of each method, and
transfer strategy for each method. Depending on the
capability of the commercial site, some methods might
need to be transferred to other third party labs. In
many cases, the release lab is different from the labs
that perform the stability study and testing. Therefore,
test method transfer to stability labs should also be
considered. The methods being transferred include
API, excipients and drug product release methods,
cleaning methods including testing for residual API
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and detergent, as well as any required in-process test-
ing methods. The testing sites to support formulation/
process development, registration, clinical lot release
and stability should also be planned and selected to
ensure resources are properly allocated. Stability strat-
egy contains the plan for primary stability, site stabil-
ity, and any supportive stability studies (eg, in-use
stability and bulk stability) required for a product
launch. A matrix or bracketing approach may be used
where appropriate. A shipping study justifies the tem-
perature excursions during shipping and may include
a simulated or real time shipping study to evaluate the
physical integrity of the drug product during shipping.
The packaging strategy includes the packaging config-
uration planned for bulk API, bulk DP, finished DP as
well as the packaging site. Selection of packaging con-
figurations needs to consider both chemical and physi-
cal stability of the drug substance and drug product.
Market and material sourcing strategy includes the
targeted markets for the DP and potential material
vendors. Vendor qualification activities need to be
planned for new vendors. Plan for alternative
suppliers should also be addressed especially for
critical excipients or supplier at higher risk. The regu-
latory strategy includes regulatory assessment of data
requirements for filing in countries where the drug
product will be marketed as well as planning to meet
expectations during any anticipated GMP inspection
or prior approval inspections. The regulatory strategy
is closely linked to stability strategy since the stability
requirements might be different from country to
country. Some country-specific documentation may
take time to prepare and should be listed in the regu-
latory strategy and planned accordingly. In a transfer
where a new facility needs to be built, and new
equipment needs to be purchased, the technology
transfer planning should also include capital pur-
chase and facility engineering planning. The environ-
mental differences (eg, temperature and relative
humidity control) from the receiving site and sending
site also need to be considered to ensure product
quality is not impacted during manufacturing.
Capital items may include the cost of the facility,
IT system investments, equipment installation and
qualification expenses, lab equipment purchasing,
certification, among others. Expense usually includes
rearrangement of the current facility, demolition,
engineering, certification, among others. The initial
manufacture estimate (IME) often includes employee
costs, general production support, disposal costs, pro-
cess cost, among others. A gap analysis for technol-
ogy transfer needs to be performed in the early phase
of the transfer to capture all the identified gaps with
a remediation plan. The gap assessment normally
includes potential process/analytical equipment

gaps, environmental control gaps, process/product
knowledge gaps, etc. The final piece of the technol-
ogy transfer plan is acceptance criteria. The metrics
defined in Table 20.3 provide a baseline to measure
technology transfer success.

The technology transfer plan is a living document
and should, if necessary, be revisited and revised
(with appropriate version control) periodically during
execution of the transfer.

20.3.2.2 Execution of technology transfer

During the execution phase of the transfer, a
detailed project timeline based on the technology
transfer plan should be developed. Effective communi-
cation between all functional areas throughout the
execution phase is crucial. Documentation during the
execution phase is not only important to ensure a
smooth transfer but also required by the regulators.
Table 20.4 provides an example of the documents that
need to be available at the receiving sites for the tech-
nology transfer.

Additional information for pharmaceutical technol-
ogy transfer can be found in the guidelines published
by World Health Organization in 201170 and by the

TABLE 20.3 Metrics for Measuring Transfer Success

Metric Description

Drug product
facilities

DP site(s) have necessary equipment and
procedures in place for manufacturing, testing,
approving, cleaning, and packaging per project
timeline

Analytical
methods

Methods are transferred and ready for use per
project timeline for API, excipients, drug
product, and cleaning

Drug product
development

The process operating space is defined and
justified
The process is properly scaled up to meet
commercial-scale requirements
Process validation requirements are
incorporated in the product development to
ensure successful process qualification and
robust commercial manufacture
Packaging requirements are established to
ensure product stability

Regulatory
strategy

The regulatory strategy is defined and
incorporated into the tech transfer requirements
and project timeline so the filing occurs on
schedule

Launch readiness Quality system and product-related
manufacturing and testing documentation are
in place and commercial supply chain is ready
in time for DP approval from regulatory
authority. Adequate supply of product is
available for launch
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TABLE 20.4 Examples of Documents Needed at Receiving Sites

Category Documents

API API specification and any additional characterization that have potential impact on drug product

Formulation/process Formulation development report (including formulation declaration, justifying function, type and amount of
components, and API characteristics)

Development report for Phase II DP manufacturing process including the following information:

Process justification identifying and justifying the critical process parameters and critical quality attributes
Batch summary of historical batches

Equipment scale and its operating parameters and ranges
Nonconformities and investigations
API/excipients used and COAs
Summary of batch release results and in-process testing results

Special storage and product handling
Special hold time requirement
Yield of each step
Manufacturing batch records (blank and executed)
Site SOPs
Cycle time of each step

Facility and equipment Facility requirements:
Containment
Environmental
Utilities
Room temperature and humidity controls
IQ/OQ documentation

Equipment requirements
Any modification to the commercial equipment/instruments and computer systems
IQ/OQ/PQ documentation
Equipment selection justification
Material transfer equipment
Capacity
Controls
Operating ranges
Calibration/validation ranges
PAT

Cleaning procedures

Environmental health and
safety

• Dust explosion data
• Special emission controls
• Waste streams (description, composition)
• Toxicity information
• Process hazards

Analytical • Stability reports listing the current data and status of ongoing and completed stability studies
• Validation or transfer documentation (eg, failure mode and effects analysis (FMEA), risk control strategy, gap

assessments) necessary for method understanding
• Analytical method development reports
• Availability of samples for the test methods transfer
• Hands on training and best practices prior to test method transfer
• Analytical equipment setup
• Specification and specification justification document (including drug product and excipients)

Cleaning Cleaning method and cleaning validation report

Packaging • Packaging selection/justification report
• Type of packaging and specifications:

• Primary packaging for the finished product
• Bulk packaging
• In-Process material packaging

• Hold time studies
• Vendors for packaging
• Environmental controls during packaging and storage
• Shipping study or simulated shipping study
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ISPE in 2014, respectively.69 These guidelines present a
clear standardized process for transferring technology
between two parties and recommend a minimum base
of documentation in support of the transfer request.
They define key terms with consistent interpretation
that enables the capture and sharing of essential
knowledge. These guidelines are useful from the earli-
est phase of a product’s lifecycle to postapproval trans-
fers, and provide guidance and insight into the
essential activities and documentation required
to move a product, process or method from one unit to
another. The information is equally applicable to ethi-
cal and generic products, as well as technologies origi-
nating from any region around the world.

20.4 CASE STUDIES

20.4.1 Influence of material properties and
processing conditions on tablet capping

Capping is one of the mechanical defects that can
occur in the tableting process and it can cause cata-
strophic failure of the compact. Capping is defined as
the separation of the top or bottom curvature part
of the tablet from the tablet body either partially or
completely. It can occur as the tablet ejects out of the
die, or during subsequent handling or hardness test-
ing. Tablet capping may be influenced by formulation
material properties, process conditions and tooling
shape. In recent work published by Akseli et al.,71,72

the authors developed a nondestructive ultrasonic
method to correlate material and process variables
quantitatively to tablet capping tendency. They studied
a variety of powder blends with a wide range of mate-
rial properties. These blends consisted of different
levels of two model drugs (acetaminophen (APAP)
and ascorbic acid) with either brittle fillers (lactose
monohydrate, or Tablettose 80) or plastically deform-
ing fillers (microcrystalline cellulose, or Avicel PH
102). In addition, they also studied 10 commercial pro-
duction blends for which there was extensive
manufacturing knowledge of capping tendency. To
compare the capping tendency between commercial
products with the experimental blends made at lab
scale, all blends were compacted under the same con-
trolled conditions using Presster, a compaction emula-
tor. The number of tablets that capped during ejection
and hardness testing for each powder blend was
counted and used to calculate the formulation capping
tendency. A nondestructive ultrasonic tester was used
to analyze the acoustic properties of pressure and
shear waves in the tablets from which it was possible
to derive elastic properties such as Young’s modulus E
(ie, describes the tendency of a material to deform

along an axis when opposing forces are applied along
that axis) and shear modulus G (ie, describes the
tendency of a material to shear when acted upon by
opposing forces). Tablets were tested along
axial and radial directions and dimensionless ratio
EGE5Eaxial/Eradial and EGG5Gaxial/Gradial were calcu-
lated and used to reflect how elastic properties vary
along axial and radial directions of tablets. The key
conclusion included that: when the ratios EGE and
EGG (referred to as EG ratios later) approach unity the
tablet is expected to be more homogeneous, and cap-
ping is less likely to occur: As the EG ratios deviate
from unity, heterogeneities in the tablet are expected
to be more pronounced, and capping is more likely to
occur. Fig. 20.3 shows time of flight (TOF) for longitu-
dinal (pressure) and transverse (shear) ultrasonic
pulses in the tablet acquired for one of the test pro-
ducts (Product-9) in both axial and radial directions
for a commercial product. The calculated E and G
ratios of 0.98 and 0.95 indicate no risk of tablet capping
with this commercial product.

Based on the study, a very good correlation between
the EG ratios and tablet capping tendency could be
obtained among 26 lab and commercial samples with
widely ranging material properties. As shown in
Fig. 20.4, no capping was observed either during ejec-
tion or hardness testing when EG ratios are greater
than 0.65, which was defined as the green
“acceptable region.” When the EG ratios are between
0.45 and 0.65, capping was occasionally observed dur-
ing hardness testing, which was in the yellow “moder-
ate region.” When the EG ratios are less than 0.45,
tablet has high risk for capping, which was shown in
the pink “poor” region.

Material properties usually have the most signifi-
cant influence on the capping tendency of formulation
blends. Take APAP blends, for example, it is well
known in the literature that APAP containing formula-
tions are prone to capping due to poor compression
characteristics of APAP.73 From Fig. 20.4 it can be seen
that when APAP was blended with Tablettose 80, a
commonly used filler which undergoes brittle fracture
during compression, the resulting powder blend exhib-
ited high tendency for capping when the APAP
loading is as low as 5%. However, when APAP was
blended with microcrystalline cellulose, another
commonly used filler which undergoes plastic defor-
mation during compression, the resultant blend did
not show a tendency to cap even at a drug load of
20%. When a different model drug, ascorbic acid, was
tested, binary blends with Tablettose 80 containing
1�10% API did not exhibit capping tendency.
However, when drug loading was increased to 20%,
high capping tendency was observed. Similar to the
APAP example, use of plastically deforming filler
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(MCC) can accommodate much higher drug load than
brittle filler Tablettose 80. At 40% drug load, capping
problems were absent with binary blends of ascorbic
acid and MCC. At 60% drug load, a moderate capping
issue was encountered. At 80% drug load, the risk for

capping was significantly higher. These examples not
only illustrate the need understand the impact of mate-
rial properties on product manufacturability (ie, cap-
ping), but also the importance of selecting
suitable excipients during formulation design to
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accommodate undesirable material properties of a
drug substance.

Besides material properties, processing variables can
also significantly impact tablet capping tendency. In a
subsequent study, Akseli et al. systematically investi-
gated the effect of processing conditions on the same
sample set. A DOEs (D-optimal surface response
design) was used to study the effect of three factors on
tablet capping tendency, that is, tooling shape (round,
bevel edge, oval shape), compression force (5, 10, 15, 20,
25 KN), and compression speed (25, 40, 80 rpm). In this
work, capping risk criteria were refined to indicate dif-
ferent regions of the EG ratio: poor/capping region: EG
,0.4, high-risk region: 0.4,EG, 0.5, low-risk region:
0.5,EG, 0.6, acceptable region: EG. 0.6. The impact
of processing conditions can be illustrated using com-
mercial products 1 and 2 in Figs. 20.5 and 20.6. As
shown in the figures, Product 1 has moderate capping
risk and Product 2 shows no capping tendency. The
observations made during compression studies using a
Pressuer in the lab are consistent with production expe-
rience of the commercial products. Because Product 1
has inherent tendency to cap, it is especially important
to understand how the processing variables may affect
risk of tablet capping. As shown in the Fig. 20.5, tooling
shape has the most pronounced effect on tablet capping
tendency with oval shaped tooling . bevel edged tool-
ing . round tooling. Oval shaped tablets have moder-
ate to high risk of capping under all conditions studied.
The bevel edged tablets performed slightly better
than the oval tablets in terms of capping risk.
However, all tablets made using bevel edged tooling
still show moderate to severe capping risk under all
conditions. The round tablets offer the best opportu-
nity for minimizing capping risk. Tablets made using
round tooling have acceptable capping risk where
compression force is very low. In contrast to Product
1, material properties of Product 2 are more desirable
with acceptable capping risk. The risk for capping is
low within a much larger processing space
where the process parameters can be varied. Similar
to Product 1, a pronounced impact of tablet tooling
shape on capping tendency was observed with the
same rank order: oval shape . bevel edge .
round tooling. The safe process region is the widest
for round tooling and the smallest for oval shape
tooling. It should be noted that even though Product-
2 has excellent material properties from a capping
risk perspective, tablet capping may still occur under
certain process conditions.

The general learnings from this case study indicate
(1) both material properties and processing variables
can have a significant impact on tablet quality and
manufacturing. Therefore, it is essential to evaluate the

potential influence of material properties, process vari-
ables, and their interplay on product quality and
manufacturing during the design and development of
product and process; (2) for formulations with material
properties prone to have processing risks, options to
minimize or eliminate the risk by varying process con-
ditions are often limited. For formulations with
improved material properties, process understanding
is still crucial in developing a robust manufacturing
process; (3) fast and material sparing predictive tools

FIGURE 20.5 Three-dimensional surface plots and two-
dimensional contours of EG ratio versus compression force
versus compression speed for round (a), beveled edge (b), and oval
shape tablets (c) manufactured using Product-1 blend. EG ratio as
a function of tablet porosity for Product-1 (d) manufactured with
round (circle), beveled edge (triangle), and oval shaped (square)
toolings�poor/capping region: EG, 0.4, high-risk region:
0.4,EG, 0.5, low-risk region: 0.5,EG, 0.6, acceptable region:
EG. 0.6.72
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such as the ultrasonic capping test can be used to eval-
uate and anticipate risk early on, facilitate product and
process development with enhanced understanding of
CMAs and process parameters, and to develop a risk
mitigation strategy.

20.4.2 Understanding formulation design of ER
dosage forms of verapamil

Verapamil is an L-type calcium channel blocker used
in the treatment of hypertension, angina pectoris,

cardiac arrhythmia. Verapamil is a weak base with pKa
of 8.8 and pH-dependent solubility (about 65 mg/mL at
pH 1.2 and 4.5, about 13 mg/mL at pH 6.8). It is a BCS
Class I compound with high permeability in upper and
lower bowels.74,75 The strengths of IR dosage forms
range from 40 to 120 mg. The favorable dose, solubility,
and permeability indicate that all three types of ER sys-
tems are suitable for this compound. This is reflected in
the commercially available once-daily oral ER products
which include a matrix (Isoptin SR and Calan SR
tablets), reservoir (Verelan and Verelan PM capsules),
and osmotic pump systems (Covera-HS tablets).

ER products of verapamil were first developed using
hydrophilic matrix systems. Isoptin SR and Calan SR
are matrix tablets based on sodium alginate, a pH-
dependent, natural water-soluble linear unbranched
polysaccharides consisting of different proportions of
β-D-mannuronic acid (M) and α-L-guluronic acid (G)
units.76 At acidic pH below the pKa of M (3.38) and G
(3.65) monomers, sodium alginate is converted to insol-
uble and nonswellable alginic acid. In addition, solubil-
ity of the API increases with decreasing pH. Hence,
drug release from the matrix tablets is dependent on
pH as shown in Fig. 20.7a.77 At pH 1.2, the in vitro
release from matrix tablets is slow and mainly driven
by diffusion because of high solubility of the API and
the formation of the inert alginic acid. In addition, sur-
face area available for drug release also changes over
time due to tablet cracking and lamination at acidic
pH.78 At pH 4.5 and 6.8, sodium alginate hydrates and
swells rapidly, forming a gel layer that controls the
drug release rate. The data in Fig. 20.7a show that drug
release at pH 4.5 was essentially governed by polymer
erosion as indicated by the release kinetics in spite of
high drug solubility. In addition, the drug release pro-
file is essentially the same as that at pH 6.8 even though
drug solubility is five fold lower at high pH. These
observations can be attributed to the interaction
between the protonated tertiary amine cation of verapa-
mil and the carboxyl anion of sodium alginate, resulting
in erosion-controlled drug release and a decrease in
free drug concentration in the gel.

One of the shortcomings of both Isoptin SR and
Calan SR tablets is that they need to be taken with
food to maintain a narrow peak-to-trough ratio of the
plasma profile. The significant food effect on oral
absorption was believed to be, at least in part, associ-
ated with the effect of pH on drug release To over-
come pH dependence of drug release, Howard and
Timmins designed a new ER matrix system of verapa-
mil by incorporating a pH-independent polymer in the
alginate-containing formulation.79 In an acidic environ-
ment (eg, stomach), the pH-independent polymer (eg,
HPMC) hydrates to form a gel layer and serve to the

FIGURE 20.6 Three-dimensional surface plots and two-
dimensional contours of EG ratio versus compression force versus
compression speed for round (a), beveled edge (b), and oval shape
tablets (c) manufactured using Product-1 blend. EG ratio as a function
of tablet porosity for Product-2 (d) manufactured with round (circle),
beveled edge (triangle), and oval shaped (square) tooling�poor/cap-
ping region: EG, 0.4, high-risk region: 0.4,EG, 0.5, low-risk region:
0.5,EG, 0.6, acceptable region: EG. 0.6.72
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control release rate of soluble API. As the pH increases
with the passage of the tablets from the stomach to the
intestinal tract, the alginate in the tablets starts to
hydrate and form a gel layer that helps maintain lower
pH in the matrix and contributes to modulation of the
release rate. As a result, drug release from this system is
independent of pH and follows zero-order kinetics for
up to 80% of the dose as shown in Fig. 20.7b. To design a
more robust pH-independent zero-order ER system,
Zhang and Pinnamaraju incorporated an additional
anionic polymer, a methacrylic acid copolymer, into the
matrix system consisting of sodium alginate and a pH-
independent polymer, HPMC.80 Data in Fig. 20.7b
showed that pH-independent zero-order release was
obtained for up to nearly 100% of drug release. In both
designs, the anionic methacrylate and/or alginate copo-
lymers present in the HPMC-based matrix play a signifi-
cant role in achieving pH-independent and zero-order
release. The decreasing drug release rate over time from
the matrix at higher pH due to decreasing solubility and
surface area/diffusion path-length is compensated for
by (1) maintaining lower gel layer pH and (2) interaction
between the tertiary amine of the API and carboxyl
group discussed previously.

ER capsule of verapamil hydrochloride, Verelan, is
an ER reservoir system that contains a mixture of rapid
and ER coated beads.81 The formulation of the ER core
consists of nonpareil seeds, API, a binder, talc, and a

pH-modifier, malic acid with two pKas (3.4 and 5.1) to
help achieve pH-independent release by providing low
pH (high API solubility), hence more constant driving
force for diffusion after being coated using the rate-
controlling ethylcellulose film. The finished capsule
dosage form contains 20% of the uncoated beads and
80% of the membrane-coated beads. Drug release pro-
files in Fig. 20.7c indicate that the drug release from this
system is independent of pH. It should be noted that
the original product was developed over two decades
ago when the film coating polymers were applied in an
organic solution. Significant advances have since been
made in a polymer coating of solid dosage forms.
Today, the majority of the membrane coating of a reser-
voir system is applied as aqueous dispersion that forms
a film by a process of coalescence of submicron polymer
particles. The film coating process is typically per-
formed in a fluidized bed with Wurster insert. The
properties of the resulting functional coating are influ-
enced by coating formulations as well as processing
variables. The details and in depth discussions of the
coating process development are addressed in chapter
“Development, Optimization, and Scale-Up of Process
Parameters: Wurster Coating” of this book. To further
improve the clinical outcome, the second generation
reservoir ER system of verapamil, Verelan PM, was
developed and approved in 1999. It was designed by
applying chronotherapeutic principles to drug delivery,
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or targeting drug release to the circadian rhythm of the
disease state, to improve clinical responses.82 Verelan
PM is a bead-filled capsule that uses the CODAS
(Chronotherapeutic Oral Drug Absorption System) ER
technology designed for bedtime dosing by incorporat-
ing a 4- to 5-hour delay in drug delivery. The delay is
controlled by the type, composition and level of release-
modifying polymers applied to drug loaded beads. The
drug release is essentially independent of pH, food
intake, and GI motility.

Covera-HS tablet is also a chronotherapeutic ER
dosage form of verapamil specifically designed to
deliver the drug in higher concentrations during time
of greatest need (eg, postawakening period) and in
lesser concentrations at night when heart rate and
blood pressure are lowest and cardiovascular events
are least likely to occur. It is a two-chamber OROS
Push-Pull osmotic system that consists of an active
drug layer and an osmotic push layer. The device is
designed to provide delayed onset of drug release by
adding a coating layer between the tablet core and
semipermeable outer membrane. Depending on the
composition and level of the subcoat, the onset of
drug release can be controlled. The ER drug delivery
is independent of pH, GI motility, and food. This type
of ER osmotic device is prepared with the following
steps according to the issued US patents.83�85

(a) Composition and preparation of active drug
layer:

Verapamil hydrochloride 600 g

Poly(ethylene oxide) 305 g

Sodium chloride 40 g

Polyvinylpyrrilidone 50 g

Magnesium stearate 5 g

All ingredients except magnesium stearate were
granulated with anhydrous ethanol. The dried gran-
ules were lubricated with magnesium stearate. This
procedure provides granules for the active drug layer.

(b) Composition and preparation of osmotic push
layer:

Polyethylene oxide 735 g

Sodium chloride 200 g

Hydroxypropyl methylcellulose (Methocel E5) 50 g

Ferric oxide 10 g

Magnesium stearate 5 g

All ingredients except magnesium stearate were
granulated with anhydrous ethanol. The dried

granules were lubricated with magnesium stearate.
This procedure provides granules for the osmotic push
layer.

(c) Preparation of core tablet: A bilayer core tablet
comprising an active layer and a push layer was com-
pressed in a bilayer tablet press. A subcoat is applied
on to the bilayer core tablets using enteric coating
material.

It should be pointed out that manufacture of layered
tablets often faces challenges as this type of tablets are
prone to delaminate along the interface, causing layer
separation during processing, scale-up or storage
before coating, particularly when formulation and pro-
cess are developed in isolation. Thus, to design a phys-
ically robust bilayer tablet with well-adhered layers,
prospective assessment of delamination tendency of
different layers of different compositions should be
conducted through integrated evaluation of material
properties, formulation, and process variables.
Knowing the interaction, deformation and bonding
properties between different materials during compac-
tion is of vital importance to better understand the
compaction behavior and possible failure mechanisms
of bilayer tablets. For example, the deformation, relax-
ation, and bonding characteristics of a push layer pri-
marily consisting of polyethylene oxide86 should be
evaluated if the active layer is predominantly
deformed by brittle fracture. Significant mismatch of
the physical and mechanical properties between the
two layers often leads to difficulties in the develop-
ment and manufacture of the layered tablets. Other
parameters important to the development of layered
tablets include level and extent of lubrication, granula-
tion characteristics, tamping and compression forces,
turret speed, and equipment.87�89

(d) Composition and preparation of semipermeable
membrane:

Cellulose acetate 55%

Hydroxypropylcellulose 40%

Polyethylene glycol 5%

All ingredients in the formulation are dissolved in
80% acetone and 20% methanol. The bilayer tablets
were coated in a pan coater. Two orifices were drilled
on the side of the tablet containing the active drug. An
optional color or clear coat may also be applied. It is
noted that the most significant drawback of develop-
ing osmotic systems is the need for organic solvents in
the manufacturing process. Others include tedious and
complex processing operations that require extensive
process studies and control.

Fig. 20.7d shows the in vitro drug release profiles of
verapamil from the osmotic pump system. The dosage
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form without and with an enteric subcoat exhibited a
lag time of 1.5 and 3.0 hours in drug release, respec-
tively, followed by zero-order release of verapamil.

20.4.3 Improving process robustness and
capability through enhanced process
understanding

FBG is a commonly employed unit operation in the
pharmaceutical industry to improve flow properties
and compressibility of fine powders by enlarging par-
ticle size.90�93 The fluid-bed wet granulation process
usually consists of three steps: dry mixing, spray
agglomeration, and drying to the desired moisture
level (as shown in Fig. 20.8).90 Physical properties of
granulations are dependent upon both formulation
and operational variables that are associated with the
process. For example, process humidity is known to be
an important factor affecting granulation characteris-
tics, thus, controlling the bed humidity is critical as it
has a substantial impact on physical properties of the
granules required for downstream processing includ-
ing flow, packing efficiency, and compactibility.90�93

In order to improve process understanding and
robustness of a legacy product, Lourenco et al. used
in-line microwave resonance technology (MRT) to
monitor granule moisture, temperature, and density of
an industrial-scale FBG process with a batch size of
500 kg.90 The commercial formulation used in the
granulation study consisted of an API, a filler, and a
binder which was applied as an aqueous solution.
Through analysis of 192 batches using a combination
of off-line particle size measurement and multivariate
data analysis (MVDA), including multiway partial
least squares (PLS), and principal component analysis

(PCA), a significant seasonality effect on granule prop-
erties was observed. The multivariate batch control
charts generated using the first principal component
scores of the PLC model (Fig. 20.9a) show that process
variability decreased over time during the mixing
phase and eventually reached similar level for all pro-
duction batches, indicating that the powder mixture
reached homogeneity despite different initial state.
However, for both the spraying and the drying phases
(Fig. 20.9b and c), the batches produced from January
to March (colder and drier months) are different from
those made from April to July (warmer and wetter
months). A much higher variability was noted at the
end of spaying phase although the process parameters
are controlled at the nominal conditions. This hetero-
geneity then led to the time profile shift in the drying
phase, that is, longer drying time is generally required
for the batches manufactured in warmer months when
the humidity is higher. This seasonality effect was also
confirmed by temperature and moisture profiles of the
granules and the off-line particle size measurement
(see Fig. 20.10). Compared to granules manufactured
in the warmer months, the granules produced in the
colder months had a lower moisture content, broader
particle size distribution, and a higher portion of fines.
Since all batches are manufactured with the same pro-
cess parameters, observed high variability of this
product was attributed to the influence of the inlet air
relative humidity.

Granules with highly variable property are undesir-
able because it can negatively impact the downstream
process, resulting in poor process capability,
manufacturing difficulty or even product failures. Low
process capability due to high variability is not uncom-
mon for many legacy products. This is because those
legacy products are often manufactured under prede-
termined and fixed operating conditions defined with-
out sufficient product and process understanding
during development. Based on the understanding of
the root cause for this product, one of the obvious
approaches to reduce process variability would be to
control inlet air humidity. However, it requires facility
modification (such as an HAVC system) and equip-
ment upgrades which are undesirable from a practical
and economic standpoint. Thus, process optimization
through enhanced process understanding was used as
an alternative approach to decrease the intrinsic vari-
ability and improve process reproducibility. More spe-
cifically, the author conducted process re-
development/optimization experiments by applying
QbD approach.91 All potential risks were identified
and analyzed based on multidisciplinary risk assess-
ment; three process parameters, including (1) inlet air
temperature, (2) binder spray rate, and (2) air flowrate,
were considered critical based on the relevant process

FIGURE 20.8 Typical time profiles of granule temperature, mois-
ture, and density during fluid-bed granulation (FBG).90
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knowledge (empirical and theoretical). Two sets of
DOEs, a screening DOE and an optimization DOE,
were executed on the pilot scale with a batch size of
approximate 180 kg. In general, an optimization DOE
should be performed within the same space as the
screening DOE. However, results from the two DOEs
were combined and analyzed simultaneously using
PCA in this study because the binder spray rate was
intentionally altered outside the range explored in the
screening DOE (Fig. 20.11). The effect of CPPs on CQAs
of the granules (ie, particle size distribution (PSD), bulk
and tapped densities, flowability, and angle of repose)
was investigated. The results demonstrated that
the granule quality is strongly correlated with the mois-
ture profile during the spraying phase. The granules
manufactured under wetter conditions have improved
flowability, narrower PSD, and less agglomerates
(ie, smaller impact by drying phase conditions).

Taking into consideration the multivariate interac-
tions, a design space was determined using a mathe-
matical model between the CPPs and CQAs and shown
in Fig. 20.12. In Fig. 20.12a, the desired dimensional
space corresponds to the granules flowing through an
orifice with values lower than 5.5 s/100 g as marked by

a filled circle. The design space of the granule moisture
time profile can be computed using the model as
shown in Fig. 20.12b. Outside the design space, there is
a risk of either a fluidization issue/bed collapse (above
the upper limit) or decreased granule quality (below
the lower limit). The corresponding design space for
the inlet air temperature and binder spray rate in the
spraying phase are shown in Fig. 20.12c, which
excludes the lower right corner where granules flow
through an orifice for which the value is equal or high-
er than 5.5. Density and flow properties of the pilot-
scale granules manufactured within the design space
showed lower variability compared to the historical
commercial-scale granules (Fig. 20.13). A narrower PSD
with a decrease in fine particles was also observed
(Fig. 20.14). These granules were successfully com-
pressed into tablets that meet all quality requirements.

To apply the study findings to the commercial-scale
FBG process, acceptable limits of critical parameters
were calculated using the scale-up approach of match-
ing (1) solid density in FBG, (2) air flow Reynolds
number, and (3) a process time constant related to
spraying flux. A comparison between the newly pro-
posed process ranges and the existing filed limits and
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operating ranges is provided in Fig. 20.15. The original
process consists of five spraying subphases (ie, the five
white bars for air flowrate). Since the air flow rate was
proven to be a noncritical process parameter for gran-
ule CQAs based on pilot-scale DOEs, a simpler process
consisting of only one set of flow rate conditions is
proposed.

Based on enhanced process understanding, granules
quality variability due to seasonality effect can be
decreased using an in-line moisture analyzer in combi-
nation with the mathematical model that correlates
CPPs with moisture content and other quality attri-
butes of the granules as control strategies. This
approach offers process flexibility while accommodat-
ing the inlet air humidity variability. However, if such
a strategy could not be implemented, the seasonality
effect can be reduced or minimized by applying the
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newly defined design space. Since the drying time pro-
file shift shown in Fig. 20.9c is due to the seasonality
effect in the spraying phase, the focus needs to be
placed on consistently achieving sufficient granule
moisture content during the spraying/granulation
phase. Based on the mass balance, the final granule
moisture is determined by the water introduced into
the system and the moisture removed by airflow. The
total water is introduced into the system via two
routes: (1) binder solution which is normally well con-
trolled and (2) moisture present in the inlet air which
varies with season and is identified as the primary
cause for the observed variable granule quality.
Decreasing the portion of inlet air moisture presented
in total water will translate to lower impact from the
seasonality effect. Compared with the granule mois-
ture profiles of the existing commercial-scale process,
significant higher granule moisture with much tighter
control range is proposed for the improved process (as
shown in Fig. 20.16) and the higher granule moisture
can be achieved by adjusting the controlled process
parameters include increasing binder spray rate,
decreasing air flowrate to lower the drying capacity, or

the combination of both. This study shows that the
seasonality effect on granule quality due to uncon-
trolled moisture brought into the system from the inlet
air can be reduced to improve process capability
through enhanced product and process understanding.

20.5 INTELLECTUAL PROPERTY
CONSIDERATIONS

Intellectual property (IP) rights are central to the
pharmaceutical industry because of the high R&D
costs, low success rate, and lengthy product testing
required before a drug product can enter the market.
In general, IP estate of pharmaceuticals not only
encompasses patents that protect innovations, but also
regulatory or legislative exclusivity, trade secrets that
are difficult to reverse-engineer. Among various types
of patents, the most important are the composition-of-
matter (ie, chemical entity) patents. However, the crea-
tion of an IP portfolio to cover a range of drug delivery
characteristics and related dosage forms has also
become a key strategic element in extending product
life cycles. Life cycle management can often play a sig-
nificant role by offering differentiated products with
clinical benefits when the new product development,
medical need, and market requirements are aligned.
Over the past few decades, many companies have
reaped great benefits from this type of IP generation.
The patentable subject matter (or statutory subject
matter) in dosage form development includes modifi-
cations of structure (eg, new solid phases, salts), for-
mulation (eg, composition, technology, particle size or
surface area of the API), method of treatment (eg,
route of delivery, dosing regimen), process, methods
of improving bioavailability or overcoming stability
problems, newly discovered clinical benefits (eg,
decreased adverse events, new indications), or perfor-
mance (drug release profiles, PK or PD outcomes)
resulting from MR delivery independent of delivery
technologies applied.94 One of the classic examples
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involves development of patents protecting niche pro-
ducts of nifedipine (Procardia XL and Adalat CC).
Because the 3-year regulatory exclusivity expired in
1992, the ER products had to rely on the exclusivity
provided by patents that claim benefits of ER delivery
and controlled particle size for enhancing bioavailabil-
ity. Among four patents listed in the “Orange Book,”95

the most critical is US patent 5,264,446 that claims, “A
solid pharmaceutical composition comprising as the
active ingredient an effective amount of nifedipine
crystals with a specific surface area of 1.0�4.0 m2/g, in
admixture with a solid diluent, to result in a sustained
release of nifedipine.” As a result, the innovator prod-
uct retained exclusivity for an additional 9 years until
a competitor utilized finer particle size and amorphous
drug, as disclosed in the US patent 5,455,046.
Examples of more recent successful drug delivery/
product patents for marketed products include:
Nexium (esomeprazole magnesium), Allegra (fexofena-
dine), Tricor (fenofibrate), Concerta (methylphenidate),
and Ambien CR (zolpidem tartrate).

It should be noted that most of the above mentioned
products were developed at a time when there were
fewer companies with novel drug delivery develop-
ment expertise and experience. Because of the
increased scientific know-how and technical maturity,
as well as more crowded patent landscape in drug
delivery, formulation and drug delivery technology-
based patents have become more difficult to obtain or
have lower hurdles to get around after granting. In
protecting innovation in the manufacturing process
or method, trade-secrets or unpatented proprietary
know-how may also be considered because
process patents can sometimes be difficult to enforce.
One of the classical examples is the successful
protection of commercial manufacturing know-how of
stable paclitaxel protein-bound nanoparticles that con-
sist of 90% albumin and 10% API. Therefore, an effec-
tive and robust IP strategy for a new drug product
should be built upon continuous development and
review of both in-house and in-licensed opportunities

throughout product life cycle. More specifics and
examples can be found in Chapters 39 and 40 in the
first edition of this book.

20.6 SUMMARY

Development of a new product consists of a
sequence of stages, beginning with an initial product
concept or idea followed by design, testing, develop-
ment, technology transfer, and commercialization.
To effectively and efficiently turn an idea on paper
into a high-quality solid dosage form that is demon-
strable, producible and manufacturable, it is impera-
tive to integrate formulation and process design and
utilize a systematic approach throughout the devel-
opment process. In most cases, quality and
manufacturing challenges or problems encountered
during pharmaceutical development or commercial
production can be attributed to a design deficiency
or flaws due to inadequate product and process
understanding. Efforts spent in addressing or
“patching” these problems at later stages of a prod-
uct lifecycle not only are costly and time-consuming
but are also often unable to resolve the underlying
cause. This chapter emphasizes the importance of
applying multidisciplinary knowledge for the funda-
mental understanding of drug substance, excipients,
delivery technology that matches drug properties,
processing technology, and their interplay to enable
rational design and development of solid dosage
forms. A high level of product and process under-
standing during the design and development phase
is the key to ensure that (1) a product can meet its
predefined quality attributes and (2) the manufactur-
ing process is capable of consistently producing
drug products of the same quality while accommo-
dating the expected variability of raw materials,
operating conditions, process equipment, environ-
mental conditions, and human factors.
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for Solid Oral Dosage Forms
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3Regulatory Affairs Abbott Laboratories, Abbott Park, IL, United States

To ensure the quality of active pharmaceutical
ingredients (APIs) and finished drug products, analyti-
cal methods must be developed and validated for the
intended use. Method development and validation for
submission for marketing application and for life cycle
management of products is clearly outlined in guid-
ance documents published by the agencies such as the
International Conference on Harmonization (ICH)1

and Food and Drug Administration (FDA).2 However,
the requirements of method development and valida-
tion during the earlier phases of product development
vary, and this is a worthy topic for discussion. In addi-
tion to the many guidance documents that discuss
method validation, there are several books available
that provide a detailed interpretation of the existing
regulations and discuss the appropriate techniques for
method development and validation.3,4 This chapter
outlines a strategic approach to the development and
validation of analytical procedures for solid oral dos-
age forms from early development, registration of mar-
keting authorization, to postapproval of market
products. With this information, as well as by giving
details of case studies, we intend to aid readers in
understanding the required aspects of method valida-
tion and method transfers.

21.1 ANALYTICAL METHOD
DEVELOPMENTAND

VALIDATION STRATEGY

A strategic approach to the development and vali-
dation of analytical methods is critical for the efficient

operation of a product development group. This strate-
gic approach balances the amount of validation
required to ensure that a method is appropriately
validated for the phases of product development with
the need to be cost effective and meet tight project
timelines.

Existing regulations allow a great deal of flexibility
in terms of the amount of data that needs to be sub-
mitted during the course of drug development. For
clinical studies in the United States, the expectations
for what information needs to be provided are out-
lined in 21CRF 312.23(a)(7)(i) and guidance docu-
ments discussing the requirements in the different
investigational new drug (IND) phases.5�7 For stud-
ies performed in the European Union, similar
guidance is provided for Investigational Medicinal
Product Dossier (IMPD) content.8 All the documents
emphasize the graded nature of chemistry,
manufacturing, and control information needed as
development progresses. At all phases, sufficient
information should be submitted to ensure the proper
identification, strength, quality, purity, and potency
of the investigational candidate. The amount of infor-
mation that will provide assurance will vary with the
phases of the investigational compound, the dosage
form, the proposed duration of any planned clinical
trials, and the amount of information already avail-
able about the compound. In addition, developing a
defendable strategy for method development and val-
idation can minimize the required resources while
providing the appropriate assurance of quality that
differentiates the most productive research and
development (R&D) analytical group from the others.
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Prior to developing any analytical method for fin-
ished products, the drug substance must be well charac-
terized and understood. At these earliest stages of drug
development, it is essential to gather information on the
drug substance such as pKa, crystal form, melting point,
particle size distribution, solubility in different solvents,
sink condition and intrinsic drug dissolution rate (use-
ful later for dissolution method development), hygro-
scopicity, and UV/Vis characteristics. Another critical
part of this early development work will focus on
forced degradation studies. The results of these studies
will help in both formulation development and method
development. The first analytical methods that are
developed may have minimal validation but should be
sufficient to provide analytical support during early for-
mulation development such as excipient compatibility
study and prototype formulation development. The
results from these early feasibility studies will deter-
mine which of the multiple formulation options are
selected for further development and, ultimately, clini-
cal study. Therefore, the methods should be able to
indicate the significant decreases in potency or increases
in related substances. These measures will be helping
the selection of the preferred formulations.

In early nonclinical and clinical phases, it is impor-
tant that the impurity profile observed from each drug
substance and drug product lot be established for future
reference and comparison. If the impurities present in
the nonclinical studies can be confirmed, the informa-
tion may be useful at later stages in the development
course. To be able to generate an impurity profile in a
reliable and repeatable fashion, emphasis must be
placed on the methods for related substances, as well as
the assay method that is used for product release and
stability studies. In addition to the need to refer back to
the impurity profiles, the material of First in Human
(FIH) enabling Good Laboratory Practices (GLP) tox lot
is normally manufactured and characterized in the early
stages of development. One key component for calculat-
ing purity is to have a specific test that separates all
impurities. An additional key component of this devel-
opment is to establish the stability-indicating capabilities
of the methods for drug substances and the selected for-
mulation. Characterization of the impurities can be con-
ducted at later stages of development, while in the early
stages, identification reliance on the presence of impuri-
ties in the FIH enabling the GLP toxicology lot ensures
patient safety.

By the time that a project enters Phase I study, suffi-
cient method history for the drug substance and drug
product should be available in order to have reason-
able confidence in the methodology. At this point, if a
method has not yet been validated, formal validation
studies should be conducted. For Phase I, methods
should be appropriately validated prior to testing the

clinical drug substance and the clinical formulation.
Partial validation is normally sufficient and
acceptable for the early stages. Often, all parameters
apart from intermediate precision and robustness are
validated at Phase I. Intermediate precision is then
completed at Phase II, and robustness is added at
Phase III. One validation parameter which is not neces-
sarily required but is strongly recommended is solu-
tion stability. By validating a minimum time for which
the sample and standard solutions are stable, flexibility
in laboratory procedures and the ability to store
prepared solutions are achieved. Without validated
solution stability, solutions must be prepared fresh
prior to each analysis. Additionally, if significant
degradation is observed during the solution stability
validation experiments, it may indicate possible degra-
dation during analysis.

Another reason for a strategic approach to method
validation is that the validation studies may need to be
repeated multiple times at different development
stages. This revalidation may be required due to new
impurities, changes in formulations, or possible
improvements in the methodology to utilize new tech-
nologies or make methods more appropriate for qual-
ity control (QC) laboratories. The full validation of
analytical methods to meet the applicable guidance
documents is required by the time of filing of applica-
tion for marketing authorization via the submission of
common technical documents.9 Additionally, every
effort should be made to have the final methods in
place by the start of the registration stability studies in
order to avoid the need to discuss and justify method
changes during the submission and review cycle.

The strategic approaches for method validation in
each phase of drug development are outlined in
Table 21.1.

TABLE 21.1 Phasing Approach for Analytical Method
Validation in Each Phase of Clinical Trial Materials

Validation parameters Preclinical Phase I Phase II Phase III

Specificity Yes Yes Yes Yes

Repeatability Yes Yes Yes Yes

Intermediate precision No No Yes Yes

Linearity Some Yes Yes Yes

Accuracy Some Yes Yes Yes

Detection Limit (DL) Yes Yes Yes Yes

Quantitation Limit (QL) No Yes Yes Yes

Robustness No No No Yes

Analytical solution
stability

No Yes Yes Yes
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21.2 CATEGORY OF ANALYTICAL
METHOD AND METHOD DEVELOPMENT

The reliable analytical method is a key element of
the quality system. Methods are developed and
applied for identification, strength determination,
purity measurement, and control of other quality attri-
butes of the products. For the majority of solid oral
dosage form drug products, the following tests are
required: physical appearance, identification, potency
assay, related substance assay, drug release (dissolu-
tion) testing, residual solvents (if applicable), and
moisture determination. Microbial testing may be
required for QC of solid oral products. (Method devel-
opment and validation for microbial tests is beyond
the scope of this chapter.) In addition, other tests may
also be required, especially when the API has multiple
polymorphs that may have different physical charac-
teristics. These tests could include powder X-ray dif-
fraction (PXRD), near-infrared (IR), and Raman
spectrometry. It is extremely important that the poly-
morphic form of APIs in products is under control
during the manufacturing process and stability stud-
ies. Additionally, chiral determination may be required
during the development.

There are four categories of analytical methods,
based on the United States Pharmacopoeia (USP), from
analytical determinations to subjective evaluation of
quality attributes10:

• Category I: Analytical methods for the quantitation
of major components of bulk drug substances or
active ingredients (including APIs, preservatives) in
finished pharmaceutical products

• Category II: Analytical methods for the
determination of impurities in bulk drug substances
or degradation compounds in finished
pharmaceutical products, including quantitative
assays and limit tests

• Category III: Analytical methods for determination
of performance characteristics (eg, dissolution or
drug release)

• Category IV: Identification tests

The data elements normally required for each of the
categories of assays will be discussed in Section 21.3.
The specific requirement for each individual testing
procedure should be taken into consideration and are
discussed in the next sections.2,10

21.2.1 Identification

As one of the key elements in ensuring the quality
of the products, the method intended for identification
should be specific for the actives in the drug product.

A specific identification test method, such as Fourier
transform infrared spectroscopy (FT-IR), is preferred
over a chromatographic method. FT-IR is often applied
to drug substances. For drug products, the extraction
of the actives and subsequent cleanup may be
necessary to meet the specifications due to interference
from excipients. If nonspecific methods are used, two
independent analytical procedures are required. A sin-
gle nonspecific method, such as UV-Vis or chro-
matographic retention time using thin layer
chromatography (TLC) or high-performance liquid
chromatography (HPLC), is not sufficient by itself for
identification. However, HPLC equipped with a spe-
cific detector like a diode array detector (DAD) or
mass spectrometer (MS) becomes a powerful analytical
tool, as it obtains both the retention time and UV-Vis
spectra simultaneously. Hence, it is considered an
acceptable identification technique.

21.2.2 Potency assay

A specific, stability-indicating procedure should be
developed and validated. A fully validated procedure,
including interlaboratory precision and specificity
based on stressed studies, should be part of the phase
III method. Reduced validation at earlier phases is
applicable, as discussed previously. Generally, it is
considered to be acceptable and cost effective for two
HPLC assay procedures for commercial products to be
developed and validated: one with shorter run time
for initial release, and the other with stability-
indicating characteristics for stability research. For a
method of initial release, it is required to ensure that
the active peak is well clear of all known impurities,
including those that may arise from the manufacturing
process, while other degradants are unlikely to be
present in the fresh products.

21.2.3 Impurities

Impurities in drug substances and drug products
include organic impurities, inorganic impurities, and
residual solvents. Organic impurities are generally
called related substances since they are structurally
related to the drug substance. These substances may
be identified or unidentified degradation products and
can arise from many sources, including the raw
materials, starting materials, and purchased inter-
mediates, during the manufacturing process or storage
of a material. The earlier the impurities are identified
during drug development, the more time there is to
address them through process changes or qualification
studies. Guideline Q3B outlines the identification
and qualification thresholds for impurities in drug
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substances and drug products. During drug develop-
ment, validation of impurity methods for accuracy,
detection limits (DLs), and quantitation limits (QLs)
and response factors can be accomplished by spiking
the impurities into the drug product or into a placebo
mixture and by evaluating the analytical results of the
spiked samples. In addition to the majority of impuri-
ties, see ICH guidance M7, which covers assessment
and control of potential genotoxical impurities.10�13

21.2.4 Dissolution

Dissolution or drug release testing is commonly
considered to be a critical QC for solid oral dosage
forms. In the absence of in vivo data, it is a challenge
for scientists to develop a procedure that not only
guides the formulation development process but also
can be used as a regulatory test to detect manufactur-
ing deviation and ensure product consistency both
upon release and over the products’ shelf life. The pri-
mary goal is to develop a discriminating, rugged, and
reproducible dissolution method, which must be able
to highlight significant changes in product perfor-
mance due to changes in the formulation or
manufacturing process. The objective of dissolution
testing varies during the life cycle of dosage form
development. During the early stage of phase I, a
method is developed to establish the mechanism of
in vitro drug release. During phases II and III, the
objective shifts to identifying a test method that can
provide an in vitro�in vivo correlation (IVIVC) or
other biorelevant information. By having a method
that has a proven IVIVC, a significant increase in the
guiding power of the dissolution method for develop-
ing bioequivalent multiple strengths of the product
and a reduction in the regulatory burden caused by
postapproval changes can be achieved. The inclusion
of a new chapter in USP 30/NF 25 provides recom-
mendations on how to develop and validate a dissolu-
tion procedure.22 See chapter “Dissolution Testing of
Solid Products” for more information on dissolution
testing of drug products.14�25

21.2.5 Blend homogeneity and dosage
uniformity

The term uniformity of dosage unit is defined as the
degree of uniformity in the amount of the drug sub-
stance among dosage units. The harmonized compen-
dial chapter on uniformity of dosage units outlines the
release criteria to show uniformity. In addition to the
uniformity at release, it is important during develop-
ment to demonstrate the uniformity of blend samples

and the uniformity of dosage units throughout the
manufacturing run (lot uniformity). The analytical pro-
cedure for assay can be used to determine the drug
content of uniformity samples. In the cases where a
complicated procedure or long HPLC run time is
required for assay but is not needed for blend unifor-
mity/content uniformity (BU/CU) determinations, a
separate testing procedure with shortened run time
may be developed. Run time in the BU/CU chro-
matographic methods may be much shorter than in
the assay method because stability-indicating capabil-
ity may not be required. Generating BU and lot uni-
formity data is the key to understanding the
manufacturing process during the development phases
of the products. The procedures to demonstrate ade-
quacy of mixing for powder blends using stratified
sampling of blend and dosage units were published by
Boehm et al. (2003)26.

21.2.6 Cleaning test method development

Regardless of the stage of development, if reusable
equipment is used during manufacturing, current
good manufacturing practices (cGMP) require that
cleanliness of the equipment be demonstrated to elimi-
nate the risk of cross-contamination and to ensure that
residual material is removed from the equipment after
use. The validation of analytical procedures used to
determine residual actives from swabbing or rinsing
samples should be conducted as a critical step for
cleaning validation.

In addition to the normal validation required for
analytical methods, cleaning analytical methods must
include confirmation of surface recovery. Depending
on the equipment and how cleaning confirmation is
performed, surface recovery studies may be conducted
using both rinsing and swabbing samples from multi-
ple surface types. For many types of equipment, clean-
ing is performed using large volumes of the
appropriate solvent. A portion of the final rinse solvent
can be collected and taken for analysis. In this case,
confirming recovery based on rinsing is appropriate.
For some pieces of equipment, the surface is swabbed
and the swabs are taken for analysis following rinsing.
In these cases, surface recovery using swabbing is
appropriate. Common manufacturing materials
include different grades of stainless steel (some of
which have many different recovery characteristics),
polymers, and glass. Spiking and recovery experiments
need to be performed on coupons of the materials that
will be used in manufacturing.

There are a number of challenges in validating a
cleaning method. To reduce the possible challenges,
scientists in analytical labs should work closely with
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the manufacturing group to understand what is
required for the method and eliminate unnecessary
hurdles. These hurdles could include the use of solu-
tions like bleach, which destroys the active molecule
but results in degradation products that could have
toxic characteristics; cleaning solutions that interfere
with the chromatography or degrade the active sub-
stance in solution; or swabs that have extractables that
interfere with the analysis. To reduce the risk of extra
unknown peaks from the materials of swabs, the same
materials that will be used in the manufacturing facil-
ity must be used during method development. The
selection of the solvent should be based on the solubil-
ity of its active ingredient and ICH classification. The
first choice of solvent should be water, isopropyl alco-
hol (IPA), or a mixture of the two. Minimum recovery
requirements can be debated, but recoveries of ,50%
are difficult to justify. The final analytical method
should include an adjustment factor based on the
worst-case recovery to ensure that reported results are
a true indication of the amount of residual drug sub-
stance left on the surface.

If water and IPA are not viable cleaning solvents,
solvents that better solubilize the drug substance or
cleaning agent may be required. Class 2 solvents
should be avoided, and Class 1 solvents should never
be used. The proposed solvents, which are commonly
used, are listed in Table 21.212. Depending on the final
cleaning solution selected, it may be necessary to add
an additional cleaning step with IPA, water, or both to

the areas that were swabbed to ensure that all other
solvents are appropriately removed.

21.2.7 Other analytical techniques

Thus far in this chapter, we have focused on the key
tests required to ensure the key quality attributes of
solid oral dosage forms. In addition to the tests
described up to now, many other tests may be
required during development, and even as part of the
filing to ensure the quality of the drug product. All
methods should be appropriately validated for their
intended use, and the amount of validation depends
on the type of method and the stage of development.
Some of the other methods that may be used include
(but are not limited to) near-IR, Raman spectrophotom-
etry, PXRD, gas chromatography (GC), optical rotation,
and chiral chromatography; all of these could be
applied to specific testing as well.27�33 For example,
PXRD may be used to monitor the change of poly-
morphs of drug substances in drug products during
manufacturing process and storage.

21.3 ANALYTICAL METHOD
VALIDATION

The analytical method must be validated for the
intended use of the substance and will be applied for
the release of clinical trial materials, market products,
or both. Once the analytical method is validated and
approved, it will be used to monitor the quality of a
product over its life cycle. However, the performance
of the method should be evaluated for appropriateness
from time to time. The method may be required to be
optimized by adjusting and revalidating the opera-
tional conditions. New methods may be developed
and validated using new technologies (due to cost
effectiveness and sensitivity) or required due to aware-
ness of a new impurity or a recent decrease in the
impurity limit. Therefore, analytical method develop-
ment and validation are considered part of the life-
cycle management of a product.

21.3.1 Verification of compendial methods

A compendial procedure is considered validated if it
is published as official text in a pharmacopoeia such as
the USP-NF, in a supplement, or as an interim revision
announcement in Pharmacopeial Forum (PF). When using
compendial methods, full validation is not necessary,
but verification of the procedure is very important.
Verifications ensure that the procedure is suitable for

TABLE 21.2 Proposed Swabbing Solvents

Number Solvent

Boiling
point

(�C)

Relative
evaporation

ratea,b Remarksc

1 Isopropanol 82.6 1.7 Class 3

2 Ethanol 78.1 1.95 Class 3

3 0.25%
Aqueous
acetic acid

Pharmaceutical
acceptable excipient

4 Acetone 56.2 6.06 Class 3

5 Ethyl
acetate

77.3 4.94 Class 3

6 Isopropyl
acetate

85 3.0 Class 3

7 Methanol 64.6 5.91 Class 2

8 Acetonitrile 81.7 2.33 Class 2

aAll BPt and relative evaporation rate values were taken from MSDSs.
bAll relative evaporation rates are relative to n-butyl acetate.
cClassification as per ICH Q3C for residual solvents.
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use with a specific ingredient or product, in a specific
laboratory.34 For example, titrimetric methods for water
determination should be verified for accuracy (and
absence of possible interference) when used for a new
product or raw material. For impurity testing, the suit-
ability of a compendial procedure may be an issue for
several reasons (eg, impurity profile changes from dif-
ferent routes of synthesis, composition of formulation,
or interference from excipients). It is recommended that
the testing lab thoroughly evaluate the suitability of the
pharmacopeia monographs prior to being applied to
their own products.35�37 For example, forced degrada-
tion may be applied to establish the suitability of the
chromatographic conditions.

21.3.2 Characterization of reference standard

During method validation, a well-characterized
standard should be used. A well-characterized refer-
ence standard is a critical factor for method validation.
For potency assays, the purity of the standard must be
assigned. For impurity assay validation, some impurity
standards may not be of high purity, but they must be
characterized to confirm their identity. It is important
to ensure that any impurities contained in the impurity
standard do not interfere with the analysis. If possible,
the reference standard (used as the primary standard)
should always be obtained from a recognized author-
ity, such as the National Institute for Standard and
Technology (NIST), USP, or European Pharmacopeia
(Ph.Eur.). For new drugs, this is rarely possible; there-
fore, an in-house reference standard must be synthe-
sized and characterized. The reference standard
should be characterized by at least the following tests:
physical appearance, identification, and purity assign-
ment. The structure should be confirmed using
multiple analytical techniques such as elemental analy-
sis, IR spectroscopic analysis, UV-vis spectroscopic
analysis, mass spectroscopy, 1H-NMR, and 13C-NMR.
Purity assignment can be established by testing for the
following: organic impurity, inorganic impurity, mois-
ture, and residual solvents. The amount of total
organic impurities may be determined by HPLC or
other chromatographic methods. Moisture and resid-
ual solvents may be determined by thermogravimetric
analysis or a combined Karl Fischer titration and GC
method. The amount of inorganic residue can be deter-
mined using residue upon ignition. If the Karl Fischer
method for the determination of water content and the
GC method for residual solvents are applied, these
methods should be validated (or verified if using a
compendial method) prior to use. The in-house stan-
dard can be qualified against a primary standard fol-
lowing a well-defined qualification protocol.

21.3.3 Stability-indicating method

A stability-indicating assay, as required per the ICH
guidelines,38 should be used for any GMP stability
program so that the procedure is able to detect the
changes in the pertinent properties of the drug sub-
stance and drug product over time, without interfer-
ence from degradation products, process impurities,
excipients, or other potential system components. It is
important that a comprehensive forced degradation
study and HPLC coelution evaluation be conducted in
order to demonstrate the ability of the procedure to
detect any changes that are attributable to degradation.

21.3.4 HPLC coelution peak evaluation

HPLC with DAD or MS is a powerful tool that has
the ability to detect very low levels of coeluting compo-
nents. These techniques have the ability to evaluate the
purity/integrity of chromatographic peaks via the
HPLC method, which can be used in development and
validation and are widely used in the pharmaceutical
industry. Since impurities in the APIs and the actives
themselves often have very similar chemical structures,
the impurities are also likely to have very similar chro-
mophores and ultraviolet (UV) spectra as the APIs. For
this reason, the software provided with DAD generally
includes algorithms that calculate peak purity.
Additionally, during method development, forced deg-
radation studies are performed to generate samples with
exaggerated levels of likely impurities. These samples
are used to evaluate and identify when coeluting com-
ponents are present, at which time the increased level
will offer the algorithm a greater chance of success. It is
important to note that the peak purity check can only
prove that the peak is impure or contains a coeluting
component. DAD cannot prove that the peak is abso-
lutely pure. However, if the peak purity check passes,
the peak purity is normally considered acceptable.39

21.3.5 Forced degradation studies (stress
studies)

Forced degradation studies, or stress studies, are the
main tools that can be used to predict stability issues,
develop analytical methods, and identify degradation
products and pathways.40 These studies should be
performed prior to other validation parameters (eg,
accuracy, repeatability, intermediate precision, specific-
ity, DL, QL, linearity and range, solution stability, and
robustness). An approved protocol is recommended
before forced degradation studies can be performed.

For multiple strengths of drug products with the
same excipient composition (including different ratios),
forced degradation studies can be performed with
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only one formulation. For multiple strengths or a for-
mulation of drug product with different excipients,
each different formulation composition should be
evaluated using forced degradation studies.

If the assay methods for drug substances and drug
products have different conditions that can cause
changes in selectivity (eg, different HPLC columns,
mobile phase compositions, gradient programs, flow
rates, column temperatures, etc.), forced degradation
studies should be done for both drug substance and
drug product methods. In early IND phase products,
if the assay methods for the drug substance and
drug product have the same conditions, which result
in the same selectivity, it is preferred to do forced
degradation studies with drug substances for IND
Phase 1 products, and with drug products for IND
phase 2 products.

For IND Phase 3 phase applications and later,
forced degradation studies should be done for both
drug substances and drug products. Additionally,
mass balance should be evaluated by the related sub-
stances detected to the assay results obtained for
forced degradation samples. Generally, 5�20% degra-
dation is optimal for forced degradation studies,
although an excessive degradation is acceptable so
long as it does not cause the peak purity check to fail.
The more a sample is degraded, the more likely a loss
in mass balance due to secondary degradation, loss of
impurities in the solvent front, and loss of absorption
due to ring-opening or other degradation pathways
will be observed. The forced degradation studies for
drug product should be performed before commencing
stability studies of registration batches. The stress con-
ditions described next are considered as extreme con-
ditions. Alternative or less stressful conditions may be
applied when excessive degradation or interference is
observed.

During data acquisition, DAD should be used for
HPLC, and all spectra of peaks should be collected.

The samples should include the drug substance,
placebo, and drug product, and may be subject to the
following conditions:

Acid/base: Drug substance as is; 0.1 N of HCl/NaOH at
RT for 1 day

Thermal: Composite sample; 85�C for 10 days

Thermal-
humidity:

Composite sample with 0.5 mL of D.I. water in a
crimped vial; 85�C for 10 days

Photostability: One layer of composite sample (thickness # 3 mm;
use a petri dish with a quartz plate cover, an open
petri dish, or a dish covered with parafilm),
2�33 ICH option 2.41

Oxidation: Composite sample; 3% H2O2 at RT for 10 days,
light-protected

The following results must be included in the
report: (1) assay results for parent compounds, (2) the
results of coelution test of parent compounds, and (3)
the profile of degradation products and other related
compounds.

For Phase 3 studies, the mass balance results should
also be described.

21.3.6 Method validation parameters
for chromatographic methods

The steps for method validation are as follows:

• The protocols or general standard operating
procedures to describe the detailed parameters,
as per Table 21.3

• Execution of the protocol in the lab
• Redevelopment and validation if deviation or

failure is observed during validation that is
attributed to the analytical method

• Validation report

Validation parameters are included (but not limited
to) linearity, precision, accuracy, robustness, QL, DL,
and stability of the analytical solution. The analytical
parameters such as system suitability and filter bias
should be evaluated by the chromatographic method
during method validation.2,42

21.3.6.1 Filter bias

In modern analytical techniques, the analysis is typi-
cally carried out by spectroscopy (UV-vis) utilizing a
chromatographic method, either HPLC or ultra-
performance liquid chromatography (UPLC). Often a
filter or centrifuge is utilized to remove particulates
that may clog the column or affect absorbance readings.
The different types of syringe filters such as those
made of nylon or polytetrafluoroethylene (PTFE), with
a size ranging from 0.45 to 0.2 μm should be investi-
gated depending on the samples. The filter should be
validated by filtering a portion of the working standard
solution or sample solution through each syringe filter,
discarding the first 2�3 mL, and collecting the filtrate
for analysis. The result from the filtered solution
should be comparable to that of the unfiltered solution.

21.3.6.2 System suitability

System suitability demonstrates that the system is
working properly at the time of analysis. The appropri-
ate system suitability criteria are based on individual
technology and the samples being analyzed. For all
chromatographic procedures, system suitability should
include injection repeatability expressed as the relative
standard deviation (RSD) of peak responses obtained
from five or six consecutive injections of a working
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standard solution, tailing factor (T), theoretical plate
number, resolution, and relative retention time (RRT).42

For nonchromatographic methods, system suitability
tests are also used to confirm that the system is func-
tioning correctly. For example, titration should always
include a blank titration. For some particle size analy-
ses, the solution with a known particle size is used to
ensure that the system is functioning as expected.

Since HPLC methods are the most commonly used
procedures, the parameters for system suitability are
injection repeatability, check standard, T, theoretical
plate number, system drift, and resolution, as discussed
in detail in the following sections. Other system suit-
ability parameters may be required, such as the peak-to
valley ratio and signal/noise ratio for impurity testing.

21.3.6.2.1 Injection repeatability

The working standard solution will be injected five
or six times into the chromatographic column. The
mean and RSD for concerned peak responses such as
area will be calculated as follows:

XðmeanÞ5
Xn
i51

Xi=n

%RSD5
100

XðmeanÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXi2XÞ2
n2 1

vuut
where

Xi5peak response of individual injection
n5number of the repeatable injections

In general, the acceptance criteria are as follows:

The RSD for the peak area of interest from five or
six injections of the working standard solution
should be #2.0% for potency assay, #10% for
impurity testing and residual cleaning testing,
and #3.0% dissolution testing.
If the product has low strength or S/N of the
active peak is less than 50, the RSD of the peak
area of the active from the six consecutive
injections of #3% may be acceptable for potency
assay.
For API potency testing, a maximum permitted
RSD is defined in USP based on specification
limits.

21.3.6.2.2 Check standard

A check standard is often considered as part of inte-
grated system suitability for a potency assay or disso-
lution assay. The percent recovery of the active from
the check standard is calculated as follows:

% Recovery5
ACK

WtCK
3

WtWSTD

AWSTD
3 100

where

ACK5 the peak area of the active from the check
standard solution
AWSTD5 the average peak area of the active from
the six injections of the working standard solution

TABLE 21.3 Data Elements Required for Analytical Method Validation

Validation parameters Identification method

Related substances and

residual solvent methods
Assay, dissolution, and
preservative methodsQuantitation Limit

Specificity Yes Yes Yes Yes

Linearity No Yes No Yes

Range No Yes No Yes

Accuracy No Yes No Yes

Precision No

Repeatability Yes No Yes

Intermediate precision Yesa No Yesa

Detection limit No No Yes Nob

Quantitation limit No Yes No Nob

Robustness No Yes No Yes

aIntermediate precision may be omitted if reproducibility is performed during method validation.
bDetection limit or quantitation limit may be required for methods such as determination of absence of active in placebo, dissolution testing of modified release drug products, eg,

acid resistance of enteric coated tablets.

Note: The system suitability should be evaluated for all quantitation methods.
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WtCK5weight of the active used in the preparation
of the check standard solution (mg)
WtWSTD5weight of the active used in the
preparation of the working standard solution (mg)

It is acceptable that the percent recovery for the
check standard solution is in the range of 100.06 2.0.
For a low dose/strength of the drug product, a 3.0%
difference may be acceptable.

Additional standard solutions may be needed in
some cases. For example, a QL or DL solution for an
impurity test should be injected to ensure that the
method is sensitive enough to detect impurities at the
required concentration. The sensitivity could vary due
to different laboratories, temperatures, columns and
detectors. For a DL solution, a peak must be detected
and integrated. For QL solutions, the peak area should
be compared to the standard peak for recovery. For a
QL solution, the recovery should be between 80.0%
and 120.0%.

21.3.6.2.3 Tailing factor

The T of the active peak from the working standard
solution is calculated as follows:

T5
W0:05

2f

where W0.05 is the peak width at 5% of the active peak
height from the baseline, and f is the distance from the
peak maximum to the leading edge of the peak (the
distance being measured at a point 5% of the peak
height from the baseline). The peak is symmetrical if
T5 1.0. It is generally considered to be reasonable if T
is no more than 2.0, but the acceptable T should be
confirmed during robustness experiments since exces-
sive tailing or fronting could affect resolution between
peaks.

21.3.6.2.4 Theoretical plate number

The theoretical plate number per column (N) for the
peak can be calculated from the first injection of the
working standard solution as follows:

N5 16
t

w

� �2
where t is the retention time of the active peak and w
is the peak width of the peak, which is obtained by
extrapolating the relatively straight sides of the peak to
the baseline. The appropriate requirements for this
parameter should be derived from validation data.

21.3.6.2.5 System drift

Periodic injections of the working standard solution
should be made after a certain number of sample

injections and at the end of the run. The percent recov-
ery of system drift injection can be calculated as
follows:

% Recovery5
ASCK

AWSTD
3 100

where

ASCK: peak area of the active from the system drifts
injection of the working standard solution
AWSTD: average peak area of the active from the first
six system suitability injections of the working
standard solution

For system drift, the percent recovery of system
drift injection throughout the run should be the same
level as that of the injection repeatability. If the system
drift meets this requirement, the average peak
response from the first consecutive injections can be
used to calculate the samples. Otherwise, a bracketing
procedure should be used. In addition to the peak
area, the retention time should be evaluated. For iden-
tification, the retention times should not vary by more
than 2%.

21.3.6.2.6 Resolution

The resolution factor (R) should be calculated to
demonstrate that the critical pairs of adjacent peaks
are adequately separated and therefore can be inde-
pendently integrated. The value of R from the first
injection of the working standard solution can be cal-
culated as follows:

R5
2ðtn112 tnÞ
Wn111Wn

where

tn5 retention time of peak n
tn115 retention time of peak n1 1
Wn5peak width of peak n
Wn115peak width of peak n1 1

The minimum resolution between each identified
critical pair of adjacent peaks should be $1.5 since
this represents the baseline separation of two neigh-
boring Gaussian peaks. Resolution can also have an
upper limit to make sure that peaks have not drifted
too far away, minimizing the risk of significant
changes in the retention properties of a column.

21.3.6.3 Accuracy

The accuracy of the method can be determined by
spiking known amounts of the active at suitable levels
of the label-claimed amount, as per Table 21.4, to the
corresponding placebo powder (or an amount of pla-
cebo mixture containing all the ingredients for the
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formulation except active), and then calculating the
percent recovery of the active. For Phase 3 accuracy
experiments, three sample preparations are required at
each spiking level, and a minimum of three levels
should be assessed. Table 21.4 describes the range and
the levels for each individual testing procedure.

Percent recovery is calculated by the assayed
amount divided by the known amount of analyte
spiked in the sample. Typical acceptance criteria are
also provided in Table 21.4. Percent recovery, average
recovery from each level and overall levels, and confi-
dence intervals should be evaluated.43 For potency
assay, the RSD of recoveries for each spiked level
should be not more than 2.0%. For low strength of
drug products (eg, # 1 mg), a wider range such as
3.0% for potency and 5.0% for dissolution may be
applied. For dissolution testing, the drug substance
and placebo (or an analytically prepared placebo) may
be spiked into the dissolution vessel. The mixture of
drug substance and placebo may be considered to be
useful if the recovery of the analyte of interest is less
than expected. It could be due to the unique character-
istic of drug substances in the dissolution media. For
low strength of the drug product, it may not be possi-
ble to spike drug substance into the dissolution vessel,
in which case spiking with drug solution may be used.
Drug substance solutions with high concentrations
should be prepared by dissolving in an organic solvent

or dissolution medium. The dissolution medium to use
is the first choice. If the medium is not suitable,
organic solvents may be used, but the volume of sol-
vent spiked should not be more than 5% of the total
medium volume.

For recovery studies in impurity tests, an aging API
or stressed API sample spiked into placebo may be
used to demonstrate the recovery of impurities in the
sample when the impurity standards are not available.

21.3.6.4 Precision

Precision should be evaluated through repeatability,
intermediate precision, or reproducibility. These con-
cepts are discussed in the next sections.

21.3.6.4.1 Repeatability

For related substances and residual solvent tests,
repeatability can be evaluated by spiking impurities or
solvents at the specification limit for the products. In
early phases of development, little may be known
about the impurities, so minimal repeatability data
may be generated. For the potency assay, repeatability
can be assessed using drug products (tablet or cap-
sules) with a minimum of six determinations at 100%
of the test concentration. Typically, the RSD of 2.0%
for the % label claim (LC) of the active from six repli-
cate sample preparations is achievable.

21.3.6.4.2 Intermediate precision

Intermediate precision is a measure of the method’s
sensitivity to minor changes in equipment perfor-
mance and to variations in the operator’s technique on
a given day. A second analyst should perform the
assay using different equipment and on a different day
to confirm that acceptable results can be obtained in
the intralaboratory settings. The absolute difference
between the mean % LCs of the active generated by
the variation of these factors, including analysts, time,
and equipment, should be ,3.0%, but the exact criteria
are based on the type of test and ultimate specification
(eg, if the drug substance assay specification is
98.0�102.0%, then the difference between laboratories
should be ,1.5%, but for a drug product with a speci-
fication of 90.0�110.0%, a wider criteria such as NMT
3.0% could be used).

21.3.6.4.3 Reproducibility

Reproducibility is a measure of the method’s sensi-
tivity to laboratory changes. It could be moderate
changes in equipment performance or variation in the
operator’s technique and the lab environment.
Reproducibility is generated by two separate laborato-
ries running the test and is therefore also called interla-
boratory precision. The absolute difference between the

TABLE 21.4 Accuracy and Acceptance Criteria Proposed

Test Accuracy Acceptance criteria

Cleaning residual 70%, 100%,
and 130%

Minimum lowest recovery at
each level $50%

Potency
(DS and DP)

70%, 100%,
and 130%

Average recovery at each level
is between 98.0 and 102.0

Dissolution
(immediate
release)

50%, 100%,
and 120%

Average recovery at each level
is between 97.0 and 103.0

Dissolution
(controlled
release)

20%, 100%,
and 120%

Average recovery at each level
is between 97.0 and 103.0

Dissolution
(delayed release)

Acid stage:
1% and 10%
Buffer stage:
50% 100%,
and 120%

Average recovery at each level
is between 97.0 and 103.0

Related substance
(DS and DP)

QL, 100%
and 200%
of spec.

Average recovery at each level
is between 90.0 and 110.0
For QL, 80.0�120

Residual solvent 50%, 100%,
and 120%
of spec.

Average recovery at each level
is between 80.0 and 120.0
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mean % LCs of the active generated by the two labs
should be ,3.0%, but the exact criteria are based on
the type of test and ultimate specification (eg, if the
drug substance assay specification is 98.0�102.0%,
then the difference between laboratories should be
,1.5%, but for a drug product with a specification of
90.0�110.0%, a wider criteria such as NMT 3.0% could
be used).

The results, such as mean, standard deviation, RSD,
and confidence interval, should be evaluated and
reported on for each type of precision.

21.3.6.5 Linearity

A linear relationship between the concentration and
the respective response can be obtained by analyzing a
series of standard solutions.

At least five standard solutions with a specific
range, as specified in Table 21.5, should be prepared.
One injection of each of the linearity standard solu-
tions may be sufficient. The peak area of the active
will be measured at different concentrations and
plotted against the corresponding concentrations. The
correlation coefficient (r), y-intercept, slope of the
regression line, and residual sum of squares will be
calculated by the method of least squares, and a plot
of the data should be reported.

The correlation coefficient should not be less than
0.999 for potency assay, and not less than 0.99 for other
tests. It is very useful to evaluate the difference
between the estimated value from regression line and
the actual value. Limits for the difference may be
defined when applicable. For example, it is
acceptable that the percent difference between the cal-
culated value (concentration) from the regression line
and the actual value is no more than 20% at the QL
level for impurity assay.

In some cases, a combined method for potency and
impurity assay is used. It is quite common that impu-
rity standards are unavailable in the early stage of
product development. The area percent or amount
of impurity calculated from the standard at 100%
level of LC is typically reported if it is linear from the
reporting or the QL level to 120% of the label-claimed
level of strength. Otherwise, underestimated results may
cause some issues later if the degradation/impurity
approaches or exceeds the qualification/identification
level as defined in ICH Q3B(R2). If it is not linear from
the QL to 120% of LC, a diluted standard should be
used to minimize any bias in the impurity calculation.
If impurities are available, impurity standards contain-
ing known impurities at the respective specification
levels should be prepared. By comparing the slope of
each impurity to the slope of the main standard,
response factors or normalization factors can be

established and a single point standard can be used to
accurately quantitate the known impurities.

21.3.6.6 Specificity

The specificity of the method must be investigated
in order to confirm that an analytical procedure is
specific for the analyte of interest in the presence of
components such as impurities, degradants, and
matrix components (excipients). For an HPLC proce-
dure, the specificity can be demonstrated by the sep-
aration of the critical pair of components (i.e., API
and impurity, two impurities, etc.). In such cases, a
DAD is useful for detecting coeluted peaks in the
samples spiked with an impurity when the impurity
is available, as well as in the stressed samples. Also,
a carryover study should be conducted. For HPLC
methods, it is recommended to double the isocratic
run time or the holding time of the last stage of a
gradient elution program to detect any strongly
retained eluents in the placebo or samples.

21.3.6.7 Stability of standard and sample solutions

It is essential that the sample and standard solutions
are stable throughout sample preparation and analysis.
Proving the stability of the standards should be part of
the validation process.

The standard solutions should be freshly prepared,
and the concentration of the standard solution is used
as the initial value. Portions of the working standard
solutions are stored under refrigeration (5�C6 3�C)
and at controlled and monitored room temperature.

TABLE 21.5 Ranges in the Regression Line

Test Linearity

Cleaning residual QL to 130%a

Potency (DS and DP) 70% to 130% of LC

Dissolution (immediate
release)

50% to 120% of LC

Dissolution (controlled
release)

20%b to 120% of LC

Dissolution (delayed release) Acid stage: QL to 10%;
Buffer stage: 50% to 120%

Related substance
(DS and DP)

QL or reporting level to 200%
of spec.c

QL or reporting level to 120% of
LC if area percent is reported.

Residual solvent 50% to 120%d of spec.

aConsider 200% when spec. is very low.
bUnless the spec. requires lower %
cIf spec. is unknown, use 0.5%.
dConsider 200% when spec. is very low.
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These stored portions of the standard are assayed at
various time points (such as 1 day, 3 days, etc.) to
determine the concentration of the analyte of interest
with reference to the freshly prepared standard
solution.

For potency assays, the standard and sample solu-
tions are considered to be stable if the percent differ-
ence between the initial values and those at a specific
time is no more than 2.0%, but any downward trend
in the data should also be evaluated for possible
impact on the analysis.

For dissolution samples, the stability of the samples
in the dissolution vessels is another parameter to be
validated in addition to the stability of the standard
and sample solutions discussed previously. The sam-
ple in the dissolution vessel should be stable at least
up to the final sampling time. The sample solution can
be obtained by spiking the analyte of interest (either
by spiking a drug solution into the medium or by
dissolving the API substance into the medium in the
vessel within a very short time) and placebo at
37.0�C6 0.5�C.

For impurity analysis, the sample solution is consid-
ered stable if the following conditions are met:

If 0.10% # the individual related substance ,0.50%,
the absolute difference between the initial and
specific time point values should be # 0.10%.
If % individual related substance $ 0.50%, the
percent difference between the initial and t-time
point values should be # 20.0%.
No new degradation product $ QL of analyte of
interest should be detected.

If these conditions cannot be met at any of the time
points and storage conditions, then the sample and
standard solution must be analyzed within the time
period in which these conditions do apply. In the
worst-case scenario, the sample solution has to be
freshly prepared prior to each injection to obtain con-
sistent impurity profile results.

21.3.6.8 DL and QL

As defined in ICH Q2 (R1), the DL of an individual
analytical procedure is the lowest amount of analyte in
a sample that can be detected, but not necessarily
quantitated as an exact value. The QL is the lowest
amount of analyte in a sample that can be quantita-
tively determined with suitable precision and accu-
racy. The DL and QL are critical parameters of
analytical procedure validation for residual solvent
and impurity assay.

There are several approaches for determining DL
and QL, which are described in ICH Q2 (R1) and dis-
cussed in the next sections.

21.3.6.8.1 Visual evaluation

Visual evaluation is most likely to be used for the
noninstrumental method. They can be determined by
the analysis of samples with known amounts of an
analyte and by establishing the minimum level at
which the analyte can be detected (DL) or quantified
with acceptable accuracy and precision (QL). For QL
determination, six replicate samples may be required
to be prepared and tested.

21.3.6.8.2 Signal-to-noise-ratio approach

The signal-to-noise ratio of the peak of analyte of
interest in the sample should be at least 3:1 from DL
solution and 10:1 from the QL solution. For chro-
matographic techniques, the signal of the peak and the
baseline noise can be measured manually or instru-
mentally using the built-in software. It is typical to fol-
low USP procedures for the determination of signal-to-
noise ratios.

For HPLC and GC, the DL and QL of an analyte
may be determined by the serial dilution of a standard
solution with diluent and injecting into the chro-
matographic systems for assay. Then QL and DL are
determined by the signal-to noise ratio.

21.3.6.8.3 Standard deviation of the response
and slope approach

DL and QL may be expressed as follows:

QL5
10σ
S

DL5
3:3σ
S

where

σ5 the standard deviation of the response
S5 the slope of the calibration curve

In this instance, σ may be estimated based on
the blank standard deviation (measurement of the
magnitude of analytical background response using
six replicate blank samples), residual standard devia-
tion of regression line, or the standard deviation of
y-intercepts.

The reporting levels are defined as per ICH Q3B(R)
based on daily intake and dose. The reporting thresh-
old for impurity testing, 0.05%, is considered as the
lowest level in most cases except for potential geno-
toxic impurities. Therefore, it is prudent that the con-
centration of the analyte in sample solution equivalent
to 0.05% is prepared as the QL level. The signal-to-
noise ratio for the peak of analyte should be more than
10:1. Then, QL solution should be injected as six repli-
cates onto a chromatographic system for analysis. The
RSD of the peak area of the analyte should be
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# 20.0%. If the QL level cannot meet any of these crite-
ria, the 0.10% level will be evaluated. If the 0.10% level
still cannot meet any of the criteria, the method should
be modified to meet all of the QL criteria.

21.3.6.9 Robustness

The robustness of an analytical procedure is critical
for effective method validation and cost effectiveness
in routine assays performed later. For abbreviated new
drug application applications, it is recommended that
the robustness of a method be evaluated during early
stages of method development in order to better
understand method performance over changes in oper-
ational parameters and samples. If development data
support the validation of a method, they can be sub-
mitted in a validation report.

Robustness of chromatographic conditions will be
performed on a sample solution, such as a repeatabil-
ity sample solution with injections in triplicate, by
varying the parameters specified in Table 21.6. Only
one parameter at a time is altered, while the rest of the
parameters remain unchanged. The design of experi-
ment could also be used to allow multiple parameters
to be varied in each experiment and thus reduce the
number of experiments.

The instrument system must be equilibrated under
each target and robustness condition. The system suit-
ability requirements should be evaluated in each
experiment to ensure the appropriate system suitabil-
ity criteria are set for the method. Triplicate injections
of the sample solution are then made under each con-
dition. The individually determined mean values and
the RSD of three injections for each robustness condi-
tion are reported. The percent of target value is calcu-
lated for each robustness test condition and should be
98.0�102.0%. If any of these robustness parameters fail

to meet the acceptance criteria, a precautionary state-
ment should be included in the method specifying the
limitations.

When possible, equivalent research on different col-
umns (lots or suppliers) should be evaluated. For
related substance methods, additional evaluation
should be made to determine the impact of variations
on the specificity of the method.

21.3.6.9.1 Robustness on sample preparation

Robustness of the sample preparation for potency
assays will be performed in duplicate sample prepara-
tions by varying the parameters specified in
Table 21.7. Only one parameter is varied at a time
while maintaining the remaining parameters at a target
condition.

Robustness of the dissolution method will be per-
formed on three tablets (or capsules) by varying the
parameters such as medium pH value (60.1 of target)
and concentration of surfactant (65% of target).

21.3.7 Nonchromatographic method validation

Additional tests to control the quality of the drug
substances, excipients, and drug products such as par-
ticle size distribution, optical rotation, and methodolo-
gies such as DSC, PXRD, Raman spectroscopy, and
near-IR spectroscopy should be validated prior to use.
The validation parameters may be less extensive than
for chromatographic methods, while in general they
are likely to include repeatability, intermediate preci-
sion, and robustness; however, specificity and accuracy
may also be applicable.

21.3.8 Failure and revalidation

During method validation, failure to meet validation
acceptance criteria may be observed. If this occurs,
investigations should be conducted to track the root
causes. If these are attributed to the procedure, the val-
idation will be terminated at this stage and new
method development or revision will be initiated. The
method is then appropriately revised and all changes
are documented prior to revalidation. In case of a
failure of comparison during repeatability and inter-
mediate precision, all aspects should be taken into
consideration (ie, chemist skills, lab equipment

TABLE 21.6 Experimental Design for Chromatographic
Parameters

Parameters Robustness test condition

HPLC Mobile phase composition Target: 61%

eg, Target: 50:50 (v/v0)

Test-1: 49:51

Test-2: 51:49

Buffer pH (mobile phase) Target: 60.1

Buffer molarity (mobile phase) Target: 6 10%

Column temperature Target: 6 3�C

Wavelength Target: 62 nm

GC Temperature 65�C

Flow rate 10% of target

TABLE 21.7 Experimental Design for Assay Sample Preparation

Parameters Test conditions

Shaking time Target: 620%

Sonication time Target: 620%
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variation, and sample variation). For any failures dur-
ing validation experiments, a thorough evaluation is
required to ensure that the failure is truly due to the
method and not due to laboratory error or other unex-
pected issues like sample homogeneity.

The need to revalidate the method will be evaluated
if there are changes such as column vendor, drug sub-
stance route of synthesis, and drug product composi-
tion. Some changes may not require revalidation or
may require only partial revalidation (eg, new excipi-
ents would require specificity experiments), but the
evaluation should always be made and the justification
for not revalidating should be documented.

21.3.9 Life cycle management of test procedure

Life cycle management of approved test procedures
is recommended in recently published FDA guidance
for industry-analytical procedures and method valida-
tion for drugs and biologics.2 As part of the continued
improvement of quality of the products, the suitability
of existing method performance should be evaluated at
regular intervals due to manufacturing process changes,
detection of new impurities, and decrease of specifica-
tion limits of some impurity over a life cycle of the
product. New test procedures may be developed and
validated due to the emergence of new technologies to
reduce cost and enhance efficiency. See the FDA guid-
ance2 for a detailed discussion of the requirements for
life cycle management of analytical procedures regard-
ing revalidation, analytical method comparability stud-
ies, and reporting postmarketing changes.

21.4 METHOD TRANSFERS

21.4.1 Definition

Any additional analytical laboratory that was not a
part of the original validation process must be quali-
fied to demonstrate that the lab executes the analyti-
cal procedure in an equivalent fashion to the
originating lab. The method transfer usually occurs
between the analytical R&D lab and a QC lab. This
transfer can be within the same company but could
also be between two different companies or different
sites. There are two approaches of method transfer.
Interlaboratory qualification (ILQ) is a common
approach. The testing was performed on same lot of
samples or spiking samples by two labs and the
results obtained are comparable. Among other
approaches is full or partial method validation by
receiving lab. All involved methods must be assessed
in order to determine the status of method transfer as
necessary. Under certain circumstances, method

transfer waiver for receiving lab is eligible (refer to
USP38 ,1224. for the requirement).

It is quite realistic or practical to avoid method
transfer as a separate study if a QC laboratory or
receiving lab can participate in the initial validation
process or covalidation such as a reproducibility study.
Under certain circumstances, it is very important to
decide which approach of method transfer is more
appropriate. It might be the case that partial validation
of the method is more appropriate in early phases of
drug product development between a contract
research organization (CRO) and a sponsor, and ILQ
in later phase stages.

The following steps will be required for method
transfer:

1. Analytical procedure and testing materials,
including reagent, instrument, and critical
parameters, should be discussed and understood
through technical teams between the originating lab
and receiving lab.

2. The protocol must be defined and approved
regarding parameters, acceptance criteria, time
frame, and samples.

3. Deviation and investigation may be needed.
4. Closure and final report approval should take place.

The method transfer takes the form of a partial
revalidation by the receiving lab and may include the
following parameters, depending on the analytical pro-
cedure: system suitability, linearity, accuracy by recov-
ery study, repeatability, QL/DL for related substance,
and residual solvent tests.

For an ILQ, parameters may include system suitabil-
ity, reproducibility, QL/DL for related substances, and
residual solvent tests if QL/DL is not part of system
suitability.

21.4.2 Potency

Typically, acceptance criteria for the potency assays
in solid oral dosage forms are the same as that for
intermediate precision in method validation. If there is
any failure to meet the acceptance criteria, investiga-
tion will be conducted. For example, when the two
results from two separately taken samples from the
same batch are reliable but not in agreement with each
other, drug product variation may be a cause. Product
variation is not unusual for products like active coated
tablets. In this case, it is necessary to prepare a com-
posite sample in one lab and have this sample ana-
lyzed by both labs.

For the “drop” method (ie, preparing a sample by
dropping certain units of tablets without grinding) for
potency assays or separate analytical procedures for
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CU testing, representative samples should be carefully
evaluated in order to limit variation of the products.
Another attention should be paid to purity of the refer-
ence standard if pretreatment of a reference standard
such as the drying process is required. The predefined
drying and testing procedure between two labs should
be addressed.

21.4.3 Related substance assay

Typically, acceptance criteria should be followed
based on an approved method validation report.

During ILQ practices, aged samples like the stability
samples may be selected so that the samples contain
impurities to aid in the evaluation of the data. If such
samples are not available, the samples spiked with
known impurities and stressed drug substances may be
used where they are analyzed for recovery by both labs.
In some cases, in order to ensure that each lab uses the
same representative samples, a single laboratory is
required to prepare the samples and the samples are then
transferred to the second laboratory in a timely fashion.

21.4.4 Residual solvent assay

The acceptance criteria are similar to those defined
in related substance assays except that samples spiked
with solvents at the specification level should be used.
It is most likely that the samples spiked with the sol-
vent of interest are prepared by each individual lab
and analyzed for recovery study. The absolute differ-
ence as generated by both labs in percent recovery
should be no more than 20.0%, with 20.0% RSD for six
replicate preparations from each lab.

21.4.5 Dissolution or release assay

Acceptance criteria should be established based on
formulation (eg, immediate release or controlled/
extended release) and sampling points (single or multi-
ple). See chapter “Dissolution Testing of Solid
Products” for more information on how to establish
the acceptance criteria of dissolution tests for solid oral
drug products. For immediate release products, there
are at least two early sampling points for which per-
cent release is less than 85% and one final sampling
point. A total of 12 units should be tested in each indi-
vidual lab. There are two acceptable approaches, direct
comparison and model independent approach using
similarity factor f2 and difference factor f1.

In general, the percent mean difference between
both labs in percent release should be less than 10%
for time points with less than 85% release, and no
more than 5% for the final sampling point or Q-point.

The model independent approach using f2 and f1
can be used only if the criteria for f1 and f2 are met.
The receiving lab is qualified if the f1 value is within
the range 0�15 and the f2 value is within the range
50�100.

As per the FDA guidance for industry,22 f1 and f2
are defined as follows:
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where n is the number of time points, Rt is the dissolu-
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at time t, and Tt is the dissolution wpvalue of the test
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The criteria to determine difference and similarity
are as follows:

• 12 dosage units in each lab should be tested.
• Mean dissolution values at each time interval from

both labs are used.
• Only one measurement should be used after 85%

release.
• For mean values used, % RSD at the early time

point should be less than 20%, and 10% for other
time points.

21.5 CASE STUDIES

21.5.1 Case 1

21.5.1.1 Problem

A development Phase 1 batch of an API was ana-
lyzed for related substances. The HPLC test method
was conducted using external standardization and
using the API as the standard for any unknown impu-
rities. For this purpose, the standard solution included
a concentration of API equivalent to 0.10% of the API
in the sample solution. The related substance specifica-
tion for any unknown impurity was “Not more than
0.10%.” The method had been validated to Phase 1
based on specified, identified impurities, and the QL
was found to be 0.04%.

When one batch was analyzed in one laboratory
(Lab 1), it was found to contain an unknown impurity
with an estimated level of about 0.08%, which met the
specification requirements. The same sample was then
reanalyzed in another laboratory (Lab 2), and the
reported level of the same impurity was 0.12%, which
failed to meet the specification requirements.
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21.5.1.2 Investigation

The out of specification (OOS) investigation con-
ducted at Lab 2 confirmed that there were no analyst
errors, and no assignable causes were identified.
Retesting a new aliquot taken from the same sample
confirmed the original result of 0.12%. The investiga-
tion was then extended to Lab 1, where again no
analyst errors were identified, but retesting of a new
aliquot taken from the same sample confirmed its orig-
inal result of 0.08%.

The investigation was then extended to a closer
examination of the chromatograms at both laborato-
ries. Chromatograms were being monitored at a wave-
length of around 230 nm, which corresponded with
the maximum wavelengths for the API and each of the
specified, identified impurities. As part of the further
investigation, both laboratories repeated the analysis,
but using DADs to check the spectra of the API and
each impurity. It was verified that the maximum
wavelengths for each known component was around
230 nm. For the unknown impurity, the maximum
wavelength was around 223 nm, and the 230 nm read-
ing actually coincided with a steep downslope of the
spectrum. When both laboratories used 223 nm as the
monitoring wavelength for this impurity, they then
obtained agreeable results.

It should be noted that problems like this case can
occur when chromatograms are being monitored
using detector wavelengths that correspond to the
edge of the spectrum for one or more components.
The typical instrument specification of wavelength
accuracy for UV detectors is 64 nm. The monitoring
wavelength was set at 230 nm, but the true wave-
length being monitored varies from 226 to 234 nm.
Little difference for a component having its maximum
absorbance at 230 nm is likely to be noted, since UV
absorbance spectra of organic molecules normally
show relatively broad peaks around 230 nm.
However, this could lead to relatively large differ-
ences in the recorded absorbance values for any
components that have peak edge at 230 nm.

To avoid this type of problem, it is recommended
that the monitoring peak edge be eliminated wherever
possible.

21.5.2 Case 2

21.5.2.1 Problem

During a validation study for a related substance
test, the recovery was investigated by spiking with the
impurities concerned. For one of those impurities, the
recovery study was conducted using a solution at a
concentration of 1 μg/mL. Although this level should
be above the DL (which has not yet been verified in

this validation study), no peak attributable to this
impurity was observed in the chromatogram.

21.5.2.2 Investigation

The initial investigation verified that the spiking
solution had been correctly prepared and all instru-
mental settings were correct, but no peak was gener-
ated from that solution. Further investigation could
lead to a number of possibilities, discussed next.

21.5.2.2.1 Possibility 1

During method development, there may have been
a change of monitoring wavelength to improve
method sensitivity for another new component, but the
analysts overlooked checking the effect of the change
on other established components. It is very important
during development to consider the impact of any
changes on the overall analysis. In this circumstance, it
may become necessary to have different monitoring
wavelengths for different components to ensure ade-
quate sensitivity for all components of interest.

It is usually recommended that the determinations
of DL and QL be conducted as the first group of para-
meters during a validation study, which could have
ensured the identification of this issue before further
work was completed. In addition, these parameters are
often required in order to design other portions of the
validation program.

21.5.2.2.2 Possibility 2

The sample of the impurity or impurity standard
that was used during development was from a differ-
ent lot than that being used in the validation study,
and the lots may not have the same quality. It is
expected that API batches are synthesized under
tightly controlled conditions in accordance with cGMP
requirements. However, the same may not necessarily
be true for impurities that are not the intermediates of
the API and are being specially synthesized. So once
an impurity of this type has been identified, it is very
important to do the following:

1. Ensure that adequate controls are put into place so
that we can be confident that we are really
manufacturing the same compound each time. So it
is important to put into place controls of the
structural identity for different batches.

2. Ensure that the overall purities of different batches
are kept reasonably constant.

21.5.3 Case 3

21.5.3.1 Problem

During the validation of precision and accuracy for
the related substance test for a tablet product, a broad
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peak was observed, which appeared in chromatograms
after five sample injections. It accounts for a level of
about 1.0%, which made quantitation of impurity
peaks very difficult.

21.5.3.2 Investigation

The initial investigation showed no analytical errors,
and the observed additional peak was genuine. This
issue was unexpected, as the broad peak was not
observed during method development and only
noticed during the validation. The reason is likely due
to sufficiently long runs applied during the validation,
which would allow a component with strong retention
to be eluted after five sample injections.

This additional component might be due to a tablet
excipient, in which case it would not be a problem
from the point of view of a new impurity, but the issue
would need to be overcome to prevent interfering with
this related substance test.

Alternatively, this peak might be due to a genuine
unknown related substance, in which case, in accor-
dance with ICH Guideline Q3B(R), it will need to be
identified and then perhaps qualified, which could
lead to delays in this product development program.

21.5.4 Case 4

21.5.4.1 Problem

While performing an accuracy experiment for the
potency assay for a tablet, it was found that the recov-
ery was 10% less than the theoretical value, although
during method development, it was found that the
sample extraction procedure had performed quite
efficiently.

21.5.4.2 Investigation

During the investigation, it was discovered that a
new batch of filters had been purchased for the valida-
tion study. Although a filter recovery study was com-
pleted satisfactorily with the previous batch, the new
batch did not show a similar efficiency. Similar issues
have also been experienced with HPLC autosampler
vials when adsorption of an analyte on the surface
occurs, which can happen in some cases.

21.5.5 Case 5

21.5.5.1 Problem

During a tablet stability study, it was observed that
the assay values of the samples appeared to be declin-
ing for samples stored under accelerated conditions at
40�C/75% RH. There were no increases observed in
degradation product peaks in the chromatograms.

21.5.5.2 Investigation

One possibility could be that the active ingredient
degraded to products that were not being detected by
the current analytical methodology. Normally, it
would be expected that such a possibility would have
been eliminated by conducting forced degradation
(stress) studies prior to commencing the stability
study, to ensure that the analytical methodology was
suitable for monitoring the formation of tablet degra-
dation products.

In this case, it was subsequently determined that
under the accelerated storage conditions, the tablet
matrix underwent some physical changes that reduced
the efficiency of the extraction procedure during the
sample preparation stage of the analysis. This type of
issue is relatively common during development stages,
and it is highly recommended that as part of an OOS
investigation, the efficiency of the procedure for pre-
paring analytical solutions be examined. Even though
a method has been fully validated and the determina-
tion of accuracy using recovery studies has been
deemed satisfactory, this can still be an issue.
Validation studies are typically conducted using either
freshly prepared product or product that has been
stored at the suitable temperature conditions. They are
not normally conducted using samples kept under
accelerated storage conditions.

21.5.6 Case 6

21.5.6.1 Problem

During a stability study, trending analysis for the
impurity profile demonstrates that the content of one
known impurity at the 18M time point stored in 25�C/
60% RH does not fall within the increasing trend over
time.

21.5.6.2 Investigation

The product contains two active ingredients with
more than 10 known impurities. The test method has
been fully validated and implemented to monitor the
impurity profile for release and stability testing for
submission batches and market products over the
years. It was observed that this specific known impu-
rity increased over the storage time. Investigations
indicated that the system suitability of the method met
predetermined acceptance criteria. The reviews of all
the chromatograms revealed that separation of this
impurity from the main peak varies over the years.
The problem is not resolved when a new column is
used instead of using the aged column.

Upon further investigation, the problem could be
solved if the performance of columns is screened and a
good one selected from several new columns. Obviously,
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this is impractical and not cost effective. Investigation
then demonstrates that the resolution of these two peaks
increases with the decrease of column temperature.
However, the separation between other peaks was com-
promised at lower column temperatures. To solve the
problem, the procedure with optimized column tempera-
ture was proposed to determine this impurity.

21.6 CONCLUSIONS

It is a regulatory requirement that all analytical
methods that are used to generate data in a marketing
authorization dossier be fully validated. It is generally
considered acceptable in the industry to conduct
phase-appropriate validation using the approaches dis-
cussed in this chapter as a product progresses through
development. During the evolution of analytical meth-
odologies, it is quite likely that methods will need to
be applied in laboratories that did not participate in
validation, and it is a cGMP requirement that the
method be shown to function reliably under such cir-
cumstances via the applications of method transfers, as
discussed in this chapter. Finally, regardless of how
thoroughly validations and transfers are conducted,
things will go wrong from time to time, and under
such circumstances, it is very important to conduct
thorough investigation and to be prepared to address
a wide variety of root causes.

It is essential that clearly documented studies be
conducted according to cGMP practices during analyti-
cal method development, validation, and method
transfer.
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Statistical Design and Analysis of Long-Term
Stability Studies for Drug Products

D. LeBlond
CMCStats, Wadsworth, IL, United States

This chapter is not intended to reiterate the very
detailed and complete information that is already avail-
able in the research and textbooks on this subject. The
literature in this area is vast, and an attempt to repeat it
here would be a disservice to the reader. Instead, appro-
priate references are supplied, and the focus is on more
recent statistical aspects, approaches, and recommenda-
tions that are important and useful and that are not dis-
cussed elsewhere. The material in Sections 22.1�22.3 is
related to objectives, guidances, test methods, and data
management. These sections can and should be prof-
itably read and understood by formulation scientists,
analytical chemists, and pharmaceutical development
managers who have some understanding of the basic
principles of experimental design. However, proper
design and analysis of stability studies requires specific
statistical expertise, and much of the material presented
in the remainder of this chapter is technically quite com-
plex and oriented to meet the needs and interests of pro-
fessional statisticians.

22.1 STABILITY STUDY OBJECTIVES

The stability of a drug product is defined as the rate
of change over time of key measures of quality on stor-
age under specific conditions of temperature and
humidity. A stability study should always be regarded
as a scientific experiment designed to test certain
hypotheses (such as equality of stability among lots) or
estimate certain parameters (such as shelf life). Similar
to any other scientific process, the outcome of a stabil-
ity study should lead to knowledge that allows the
pharmaceutical manufacturer to better understand and

predict product behavior. Thus, a stability study is not
merely a regulatory requirement, but also a key com-
ponent in a process of scientific knowledge building
that supports the continued quality, safety, and effi-
cacy of a pharmaceutical product throughout its shelf
life.

Understanding the stability of a pharmaceutical
product (or any of its components) is important for
proper quality design at many stages of the product
life cycle. Table 22.1 lists some examples of pharma-
ceutical stability studies/analyses and their objectives.

Stability is intimately connected to many other key
quality aspects of a drug product. For instance, inter-
pretation of the rate of change of a key measure
requires knowing the associated product release levels,
recommended storage conditions, packaging, and sta-
bility acceptance limits. Proper interpretation of stability
study data requires an understanding of the chemical-
kinetic processes, the accuracy and precision of the
associated test method, and the statistical limitations of
the stability study experimental design. The statistical
methodology used to achieve a given objective often
depends on the quantity and quality of the data avail-
able and on the life-cycle stage of the product.

22.2 REGULATORY GUIDANCE

The regulatory aspects of drug product stability
are governed by a number of interrelated guidance docu-
ments. In the United States, the European Union, and
Japan, these guidances are provided through
the International Conference on Harmonization
of Technical Requirements for Registration of
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Pharmaceuticals for Human Use (ICH). Q1A-E1�5 gov-
erns the stability testing of drug substances and products.
Q2A-B6,7 governs the validation of analytical methods
used for (among other things) stability testing. Q3A-B8,9

governs impurity levels in drug substances and products.
Q6A-B10,11 governs the acceptance criteria.

One must use caution when interpreting and using
such regulatory guidances. Often, their individual
scopes are somewhat narrow and may not always
include the specific objectives of interest to the devel-
oper. There is no guarantee that following such gui-
dances will lead to a manufacturable, approvable, high-
quality product. Each individual guidance is established
by a separate committee, and inconsistencies are inevi-
table. Blind adherence may have undesirable long-term
consequences. Some common pitfalls are noted in the
next discussion. A developer must always consider the
specific study objectives and the approach taken should
always be scientifically and statistically justified.

22.3 TEST METHODS AND DATA
MANAGEMENT

Quantitative, precise, unbiased, stability-indicating
test methods are essential components of stability
experimentation. All information obtained from a stabil-
ity study ultimately comes from the test methods used.
No amount of statistical sophistication can compensate
for a poor measurement system. The following recom-
mendations are meant to promote the use of high-
quality test methods and data management approaches:

• Use quantitative test methods that produce a result
on a continuous measurement scale. These have
higher information content than those that produce
binary (yes/no), discrete (1, 2, 3, . . .), ordinal (low,
medium, high), or categorical (A, B, C, . . .) responses.

• The validity of information obtained from a stability
study ultimately depends on the test methods used.
Where possible, the test methods used should be
thoroughly characterized and validated prior to use.
Partial validation may be acceptable for early
development studies, but the uncertainties of the
test method need to be accounted for in data
evaluation. The validation should include the
determination of bias and imprecision as a function
of the true concentration level. The components of
variance (replication, instrument, operator, day, lab,
calibration run, etc.) should be identified and
quantified. Such understanding is important in both
study design (eg, assuring adequate sample size or
study power) and analysis (eg, deciding whether to
average replicated test values).

• Excessive rounding and binning of continuous
measured values should be avoided, eg, the
conversion of numerically measurable values to
“below quantitation” because they are thought have
unacceptable variability, or the rounding of results
for minor components and degradation products to
conform to specifications in regulatory guidelines
(eg, ICH Q3A(R2) and Q3B(R2)). Such practices are
common when reporting individual analytical
results and may be required for the purpose of
conforming to regulatory guidances when used in

TABLE 22.1 Applications of Stability Studies in Pharmaceutical Development

Product development stage Objective

Chemical characterization • Accelerated studies to define degradation pathways

Formulation development • Establish retest period for active ingredient
• Excipient/packaging selection and compatibility studies

Clinical studies • Verify stability of clinical supplies.

Product registration • Shelf life estimation
• Release limit estimation
• Determine process capability with respect to release or acceptance limits
• Comparison of stability of clinical, development, and registration batches

Postapproval commitment • Shelf life confirmation/extension with long-term studies
• Annual stability monitoring

Marketed product • Determination of predictive model from historical data
• Shelf life extension
• Assess risk of temperature excursions
• Routine trending
• Justification of scale-up, process, formulation, dosage strength, manufacturing

site, packaging, or other postapproval changes
• Establish equivalency with new formulations/packages
• Annual stability reports

614 22. STATISTICAL DESIGN AND ANALYSIS OF LONG-TERM STABILITY STUDIES FOR DRUG PRODUCTS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



this manner; however, when values such as stability
testing results are used as input for further data
analyses, overrounding and binning of test results
lowers the data information content and distorts the
measurement error structure. It should be the
decision of the statistician performing the analysis
of the data to round results appropriately after all
data analysis has been completed. These abuses
may limit the statistical procedures available for
data analysis and lead to biased estimates or
incorrect conclusions. All information contained in
the original measurements should be used for
efficient, sound decision making.

• Storage time should be well controlled. Regression
procedures often assume that storage time is known
exactly. Errors in the time scale may introduce bias
and uncertainty that undermines the most accurate
and precise response measurements. Stability
studies typically follow predefined plans, in which
sampling times are specified. However, for the
purpose of data analysis, only the actual time at
which a sample is taken is relevant; this must be
accurately reported, especially if it deviates from the
time specified in the plan. Company procedures
should limit the time between sampling and
analysis to as short a time as possible to prevent
additional degradation; ideally, samples should be
obtained immediately prior to analysis, even if this
requires delaying sampling until after the time
specified in the plan. Release test results (obtained
at the end of manufacturing) should not be used in
place of a true initial (zero time) test result when the
release test date is substantially different from the
starting date of a stability study. The storage
conditions of the manufactured or sampled product
should be appropriately controlled.

• Design stability databases with data analysis in
mind. Statistical analyses may lead to approval of a
longer shelf life, or they may provide the necessary
information to better manage a product throughout
its life cycle. Often statistical analyses are not
performed or included in submissions because hand
reentry of data is required, excessive reformatting
must be performed, or there may be a delay in
obtaining analytical results.

• Include a trained statistician on the study design
and analysis team.12

Analytical data are obtained at great expense. The
information contained within these data represents a
proprietary advantage to the product developer. Thus,
the analytical methods used to produce the data, as
well as the computing/statistical methods used to
extract information from them, should be of the high-
est possible quality.

22.4 MODELING INSTABILITY

22.4.1 Stability study variables

This section starts with shopping lists of key
response, experimental, and controlled variables that
often appear in drug product stability studies. These
lists are by no means exhaustive. Then we will discuss
how each item is typically incorporated into the kinetic
model.

22.4.1.1 Responses

The response variable that is monitored over time
should include, as appropriate, results from the physical,
chemical, biological, microbiological, and key perfor-
mance indicators of the dosage form. The potency level
of the active ingredients and the levels of related degra-
dants or impurities are always considered. In the case of
instability due to degradation, mass balance should be
accounted for. Only quantitative variables will generally
be amenable to statistical analyses, as described later in
this chapter.

Other critical or key quality attributes also need to be
considered if they have acceptance limits. Dissolution
may be especially critical for modified release products
or products of poorly soluble compounds where bio-
availability may change over time when dissolution is
the rate-limiting step for drug absorption. Other
responses that may be included in stability studies are
color, moisture or solvent level, preservative, antioxi-
dant, and pH.

22.4.1.2 Experimental fixed variables

Variables such as storage time, dosage strength, and
packaging type are called fixed variables because the
levels of such variables (eg, 3 months of storage or
300 mg) have specific meanings that are the same when-
ever that level is used in the study. Typically, except for
storage time, fixed variables are categorical in nature
and determined in advance by the experimenter.

Storage time is, of course, the primary experimental
fixed variable always included in a stability study.
ICH Q1A1 recommends testing every 3, 6, and 12
months during the first, second, and subsequent years,
respectively. Thus, for a typical 3-year study, testing
would occur at 0, 3, 6, 9, 12, 18, 24, and 36 months.
However, although storage times may be fixed by the
study plan, they are actually measurable. Whenever
and wherever possible, the exact measured elapsed
time between the start of the study and the removal of
a sample for analysis should be accurately reported, at
least to the nearest whole day. Every effort should be
made to minimize the elapsed time between when a
sample is removed for analysis and the time at which
the analysis is actually performed.
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Other experimental fixed variables (also referred to
as factors or predictors) that may be included as part of
more complex studies include container type or size,
closure type, fill size, desiccant type or amount,
manufacturing site, batch size, and other covariates.

22.4.1.3 Experimental random variables

Variables such as test result replicate number or
batch number are called random variables because the
levels used (say replicate 1, 2, or 3) are not the same
whenever they are applied; instead, these levels are
assumed to represent experimental conditions drawn
at random from a hypothetical infinite population of
all possible replicates.

The ICH Q1A1 guidance recommends that stability
studies for new product registration include at least
three batches of drug product (say batches 1, 2, and 3).
If batch is considered a fixed variable, like dosage
strength, then the estimated shelf life will reflect only
the performance of the three batches in the study. If,
on the other hand, batch is considered to be a random
effect, like replicate, then the estimated shelf life will
reflect the hypothetical infinite population of all future
batches. To properly treat batch as a random variable
requires the use of a so-called mixed regression model
and specialized statistical software, such as the MIXED
procedure in the SAS system.13

The shelf life estimate will generally be shorter if
batch is regarded as random, but since the shelf life
specification is meant to apply to all future batches,
this may be more realistic. However, in most new
product registrations governed by ICH Q1E,5 where a
minimum of three batches are available, batch is trea-
ted as a fixed variable and any inferences are strictly
limited to the three batches on hand. This is done,
quite simply, because data from only three batches are
insufficient to project to the larger population of all
future batches. This caveat must be kept in mind when
interpreting the results of stability analyses.

22.4.1.4 Variable transformations

Sometimes the stability profile of a quality charac-
teristic does not follow a straight line. Examples may
include moisture level, which approaches equilibrium,
or an intermediate degradation product, which follows
a complex kinetic mechanism. In such cases, a nonlin-
ear regression procedure should be considered. A
description of nonlinear regression is beyond the scope
of this chapter.

When the rate of change in the response measure is
nearly constant over time and the change is monotonic,
such that a transformation yields a nearly linear stabil-
ity profile, linear regression (LR) may be used. LR pro-
vides a simple description that is easily grasped by
nonstatisticians, requires few assumptions, and can be

executed in widely available software. While the
assumptions/approximations of LR are few, they must
be satisfied for any estimates, inferences, or predictions
made using LR to be valid. The assumptions of LR are:

1. The response is linearly related to the storage time.
2. There is no uncertainty in the storage time value.
3. Errors in the response measurements are normally

distributed.
4. Errors in the response measurements are mutually

independent.
5. The error variance in the response measurement is

the same for all measurements.

Various statistical procedures that can be used to
verify these assumptions are discussed in popular sta-
tistical texts.14

If the kinetic processes of instability are more com-
plex, the profile may exhibit curvature. If a theoretical
kinetic model is available, then nonlinear regression
approaches (such as with the NLIN procedure of SAS)
may be the best way to draw inferences, estimate shelf
life, and make predictions from the stability data. In
some cases, a nonlinear model can be linearized by
transformation. For instance, the first-order kinetic
model y5Aexp(2kt) can be rewritten log(y)5 log
(A)2 kt. Thus, a log transformation of the response, y,
may improve conformance to assumption 1.

When the kinetic process is not well understood,
various transformations of the response or time scales
(or both) may be tried in an effort to allow LR to be
used for analysis. It is important that the transforma-
tion be valid for all possible responses or time values.
For instance, transformations such as log(y/(A�y)) or
log(t) are undefined for y$A or t5 0, respectively.

Transformation of the time scale can have subtle
effects on estimation efficiency but generally presents
few statistical issues. However, transformation of the
response scale may fundamentally change the error
structure of the response measurements (assumptions
2�5). In favorable cases, a transformation may be
found that will improve conformance to all five basic
LR assumptions. However, if the transformation does
not have a theoretical basis, extrapolations beyond the
duration of the study must be made with extreme
caution.

22.4.1.5 Controlled variables

Temperature and humidity are usually controlled
during a stability study. The product label storage con-
dition will dictate the conditions used in studies con-
ducted to estimate shelf life. Table 22.2, taken from
ICH Q1A,1 gives typical conditions used.

For controlled room temperature products suscepti-
ble to moisture loss, lower relative humidity (RH) stor-
age conditions may be appropriate (40% for long-term
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and intermediate and 15% for accelerated conditions).
For controlled room temperature products stored in
water impermeable containers, ambient RH might be
appropriate for different temperature conditions.

While storage temperature and RH are quantitative
variables that are often included in drug product stabil-
ity studies, they are not generally included in a stability
model. As specified by ICH Q1E,5 each storage condi-
tion (ie, long-term, intermediate, or accelerated) is eval-
uated separately. An exception to this is with the
analysis of accelerated stability studies, as described
elsewhere in this book. Inclusion of storage condition
variables as predictors in the stability model can be use-
ful in judging the risk of temperature or humidity
excursions, which can occur during the storage of fin-
ished drug products in warehouses or in a patient’s
environment. Such evaluations will not be discussed in
chapter "Drug Stability and Degradation Studies."

22.4.2 A statistical model for instability

The design and analysis of a stability study requires
the specification of a kinetic, predictive model for the
instability of each key measure. A model should
include mechanistic, experimental, and statistical
aspects. That is, the model must take into account the
physical or chemical mechanisms that result in
changes in level over time. It must account for the
fixed effects of variables whose levels are systemati-
cally varied as part of the stability study. Further, it
must account for the statistical variation introduced by
random variables whose levels are not specifically con-
trolled, but vary in the study.

An understanding of the physicochemical mechan-
isms of instability of a drug product is an essential
component of drug product life-cycle support.
Knowing these mechanisms allows a developer to
anticipate flaws, design an appropriate formulation
and packaging system, and troubleshoot and support
the product throughout its life cycle. The reader is
directed to discussions elsewhere15 for a discussion of
kinetic mechanisms.

As indicated in ICH Q1A,1 a linearizing transforma-
tion or use of an appropriate nonlinear model for the

effect of storage time should be considered if the sta-
bility profile cannot be represented by a straight line.
A thorough discussion of the important topic of physi-
cochemical mechanisms is beyond the scope of this
chapter. The chosen model for the effect of storage
time should be scientifically and statistically justified.

Note to reader: The discussion thus far has been
deliberately been kept at a level accessible to most
nonstatisticians, but beyond this point, good
familiarity with complex statistical methods is
assumed. The advice of a professional statistician is
strongly recommended before using any of the
methods described next.

When the key measure changes only a small pro-
portion (say, less than 15%) of its initial or potential
level over its shelf life, a zero-order kinetic (straight-
line) model is often found to be sufficient to describe
the relationship between the level and storage time.
Thus, a stability model often takes the form

y5Xβ1Zeta;γ1 ε ð22:1Þ
where

y is a column vector of test results.
β is a vector of fixed model parameters whose
estimate is b.
γ is a vector of random model parameters whose
estimate is g. It is typical to assume a multivariate
normal distribution for γ.
ε is a vector of identically distributed and
independent normal deviations with mean zero and
true variance σ2.

We take X:Z to be the design matrix for the stability
study. X will contain a column of 1s for the intercept, a
column of month values for storage interval (ie, the
actual storage times, not the planned storage times),
and columns of indicators for categorical fixed vari-
ables such as packaging or dosage strength. Z would
contain columns of indicators for the levels of random
variables such as batch. If batch is treated as a fixed
variable, whose levels are specified in X, and there are
no other random variables, then the Zγ term is
omitted.

TABLE 22.2 Temperature and Humidity Control of Stability Studies

Label storage Long-term conditions Intermediate conditions Accelerated conditions

Controlled room temperature 25�C6 2�C/60% 6 5% RH 30�C6 2�C/65%6 5% RH 40�C6 2�C/75%6 5% RH

Refrigerated 5�C6 3�C 25�C6 2�C/60%6 5% RH

Frozen 2 15�C6 5�C 5�C6 3�C/ambient RH

Minimum time period covered by
data at submission

12 months 6 months 6 months
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22.5 LONG-TERM STABILITY STUDY
DESIGN

22.5.1 Full and reduced designs

When a stability study includes all combinations of
dosage strength, packaging, and storage times, the sta-
bility design is referred to as a full-factorial (or some-
times as just a full or complete) design. Conducting a
full design on a new drug product with multiple
strengths and packages can be prohibitively expensive
and may stress a company’s analytical resources
beyond their limits. From a statistical point of view,
when the number of study variables is large, a com-
plete factorial may be unnecessary so long as certain
assumptions can be made about the stability effects of
the variables.

ICH Q1D4 describes situations in which a reduced
design can be applied without further justification, as
well as some situations in which further justification
will need to be provided. If a design deviates markedly
from the principles of ICH Q1D4, the protocol must be
approved by the Food and Drug Administration (FDA)
or other appropriate regulatory authority prior to the
initiation of stability studies. Some additional clarifica-
tion is provided in the literature.16 In a reduced design,
only a specific fraction of the possible combinations of
dosage strength, packaging, and storage times are actu-
ally tested. ICH Q1D4 refers to two general approaches
to reduced designs: bracketing and matrixing.

22.5.2 Bracketing

In a bracketing approach, the sponsor relies on the-
ory or past experience to identify a small number of
variable combinations (say, of strength and packaging)
that can be assumed to give worst-case stability. Often,
these combinations will be extreme (eg, of active con-
tent, head space, moisture vapor transmission rate)
and the sponsor is willing to estimate the product shelf
life from a study of these worst cases alone. Bracketing
assumes that the untested variable combinations will
have equal or superior stability and therefore need not
be tested at all. Bracketing requires a thorough under-
standing of the mechanisms of instability from theory
or from studies on earlier development or clinical
batches. Because bracketing makes strong assumptions
about the underlying mechanism of instability, it is not
applicable when dosage form formulations or package
characteristics differ markedly. In a so-called pure
bracketing design, the chosen combinations are tested
at all time points. Often, those combinations not
intended to be tested as part of the bracketing design
are not even placed on stability.

Bracketing may be applied with no further justifica-
tion across strength when different strengths have iden-
tical or closely related formulations (eg, capsules of
different strengths made with different plug sizes from
the same powder blend, or tablets of different strengths
made by compressing varying amounts of the same
granulation—formulations that differ only in minor
excipients). Further justification should be considered
when amounts of drug substance and excipients change
in a formulation. When different excipients are used
among strengths, bracketing is not generally applied.

Bracketing may be applied with no further justifica-
tion across packages using the same container closure
system where either container size or fill varies while
the other remains constant. Further justification should
be considered when the closure systems vary for the
same container. Justification could include a discussion
of relative permeation rates of the bracketed container
closure system.

22.5.3 Matrixing

In a matrixing approach, the sponsor takes advan-
tage of traditional principles of experimental design17

to reduce study size without sacrificing statistical
power, model structure, or parameter estimatability.
Matrixing depends on choosing a balanced subset of
the full factorial set of combinations that supports a
predictive model that includes all main effects and crit-
ical interactions. Often, all combinations (even those
not intended to be tested in the matrix design) are
placed on stability should there be a need to revert to
full testing.

Matrixing with respect to strength may be applied
across strengths without further justification when the
strength formulations are identical or closely related.
Additional justification should be considered when
different strengths differ in the drug substance content,
excipients change, or different excipients are used.
Matrixing across batches can be applied on batches
that are made using the same process and equipment,
or batches of drug substance. Matrixing across package
size and fill is permitted when all packages use the
same container closure system. Further justification
should be provided when packages use different con-
tainer closure systems, contact materials, suppliers, or
orientations. Justification should be based on support-
ive data (eg, moisture vapor transmission rates or light
protection for different containers).

Matrix designs can be complete (ie, all combination
of factors are tested) or incomplete (ie, some combina-
tions are not tested at all). In a complex design, combi-
nations of strength and container size are tested and
individual product batches are not tested in all
strength and container size combinations. If the design
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is broken during the course of the study, testing
should revert to full testing through the proposed
retest period or shelf life. Where testing exhibits mod-
erate variability and moderately good stability, a
matrix should be statistically justified.

Matrixing is not without risks. Highly fractional
designs, involving factors other than time, generally
have less precision in shelf life estimation and may
yield shorter shelf life than a full design. With large var-
iability and poor product stability, a matrix should not
be applied. Techniques for comparing and assessing the
statistical power of stability designs are discussed next.

22.5.4 Stability design generation

Before a reduced design is considered, assumptions
should be assessed and justified. Then, as a starting
point, either the design (including all possible combi-
nations) or an appropriately bracketed subset is taken
as the full design. Then reduced designs are obtained
by matrixing the full design. The reduced designs may
be compared with respect to the following criteria:

• Probability of justifying the desired shelf life as a
function of study duration.

• Power to detect effects of experimental variables on
stability. Any reduced design should retain the
ability to adequately detect differences in stability.

• Balance (ie, each combination of factor levels is
tested to the same extent) to ensure the
orthogonality of model parameter estimates.

• The total number of tests required (or total study
cost).

• Ergonomic spread of testing throughout the study
to optimize analytical resources.

ICH Q1D4 mandates full testing of all studied factor
combinations at the beginning and end of the study, as
well as at the time of submission. It also recommends
that at least three time points for each studied factor
combination be available at the time of submission
(nominally at 12 months’ storage). ICH Q1D4 provides
examples of study designs. These are not the only
designs to be considered, but they illustrate many of
the principles of balance, as well as the practical con-
straints. These are discussed next.

22.5.4.1 Matrixing on time points only

A key principle of fractional factorial design is to
maximize testing of the extremes of continuous vari-
ables. In the case of storage time, this means that full
testing is required at initial study completion and sub-
mission (typically 12 months). Thus reduced testing
for a 36-month study can only be considered at five
time points: 3, 6, 9, 18, and 24 months. Consider a

study with six combinations: two strengths, with three
batches per strength. Assume that a one-third reduc-
tion in testing is desired. Which 20 of the 53 65 30
test points should be tested? The principle of balance
requires that:

• Each of the 2 strengths be tested 10 times
(23 105 20)

• Each of the 3 batches be tested Z times (Z3 35 20)
• Each of the 5 time points be tested 4 times

(53 45 20)
• Each of the 6 strength3batch combinations be

tested Y times (Y3 65 20)
• Each of the 10 strength3 time combinations be

tested 2 times (23 105 20)
• Each of the 15 batch3 time combinations be tested

W times (W3 155 20).

Note that W, Y, and Z cannot be whole numbers. In
fact, unless the number of tests is evenly divisible by 2
(strength), 3 (batch), and 5 (time), some loss of balance
is inevitable. In this case, the lowest number of tests
that allows balance is 23 33 55 30, which does not
allow for any testing reduction at all. Similarly, if a one-
half reduction in testing was desired, which 15 of the 30
test points should be tested? Balance would require that
the number 15 be evenly divisible by 2 (strength), 3
(batch), and 5 (time). Since 15 is not evenly divisible by
2, full balance is not possible in this case either. In the
ICH Q1D4 examples, the compromise made is to allow
more testing on some batch, strength3 batch, and
batch3 time combinations than others. However, the
continuous time variable is robust to loss of balance
because of the assumption of a linear change over time.
Thus, the inevitable nonorthogonality in the Q1D4

design examples is probably negligible.
An example illustrating complete and partial bal-

ance is as follows. Assume that the sponsor desired an
analysis at 24 months (perhaps to justify shelf life
extension). Then full testing would be required at 24
months, and matrixing would be on the four time
points 3, 6, 9, and 18 months only. Thus, the full
design would require (2 strengths)3 (3 batches)3 (4
times)5 24 tests. Since 12 is divisible by 2, 3, and 4, a
completely balanced half-reduction is possible. A half-
reduction would require 18 tests; however, 18 is only
evenly divisible by 2 and 3, not by 4. Therefore, only a
partially balanced design is possible if a half-reduction
is desired. To identify which of the 12 or 18 tests to
include, the mod arithmetic method of Nordbrock18

can be used. The following steps illustrate this
approach:

1. Assign code of S5 0 or 1 for each strength.
2. Assign a code of B5 0, 1 or 2 for each of the three

batches within each strength.
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3. Assign a code of T5 0, 1, 2, or 3 for the time points
3, 6, 9, or 18 months, respectively.

4. For each of the 24 possible strength3 batch3 time
combinations,
a. For a half-fold reduction, test only combinations

where S1B1T mod 25 0.
b. For a one-quarter-reduction, test only

combinations where S1B1T mod 35 0 or 1.

Tables 23.3–23.5 show the testing schedule at these
time points for these two cases.

The particular 1/2 or 1/3 fraction selected in
Tables 22.3 or 22.4 are, of course, only one of two or

three possible fractions. For instance, one could have
decided to test S1B1T mod 25 1 in Table 22.3 or
S1B1T mod 35 0 or 2 in Table 22.4 instead. The
sum S1B1T can be generalized to n3 S1B1m3T,
where n and m are constants other than 1, in an
attempt to find a design that achieves the desired bal-
ance. The same principles can be extended to more
complex situations. The example in ICH Q1D4 involves
a product with 3 strengths, 3 packages, 3 batches, and
5 time points. It is typical to first identify a set of bal-
anced (or approximately balanced) time vectors. Then
the various strength3package3 batch combinations

TABLE 22.3 Illustration of Use of Indicator Variable Summation to Find a Matrix Design on Time Points for a Product With Two
Strengths

S1B1T

Strength Batch 3 Months (T5 0) 6 Months (T5 1) 9 Months (T5 2) 18 Months (T5 3)

Low (S5 0) 1 (B5 0) 0 1 2 3

2 (B5 1) 1 2 3 4

3 (B5 2) 2 3 4 5

High (S5 1) 1 (B5 0) 1 2 3 4

2 (B5 1) 2 3 4 5

3 (B5 2) 3 4 5 6

TABLE 22.4 Example of a Balanced Half-Reduction Matrix Design on Time Points for a Product With Two Strengths

S1B1T mod 2

Strength Batch 3 Months (T5 0) 6 Months (T5 1) 9 Months (T5 2) 18 Months (T5 3)

Low (S5 0) 1 (B5 0) 0 1 0 1

2 (B5 1) 1 0 1 0

3 (B5 2) 0 1 0 1

High (S5 1) 1 (B5 0) 1 0 1 0

2 (B5 1) 0 1 0 1

3 (B5 2) 1 0 1 0

0—test; 1—do not test.

TABLE 22.5 Example of a Partially Balanced One-Third-Reduction Matrix Design on Time Points for a Product With Two Strengths

S1B1T mod 3

Strength Batch 3 Months (T5 0) 6 Months (T5 1) 9 Months (T5 2) 18 Months (T5 3)

Low (S5 0) 1 (B5 0) 0 1 2 0

2 (B5 1) 1 2 0 1

3 (B5 2) 2 0 1 2

High (S5 1) 1 (B5 0) 1 2 0 1

2 (B5 1) 2 0 1 2

3 (B5 2) 0 1 2 0

0 or 1—test; 2—do not test.
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are then assigned in a balanced (or approximately bal-
anced) way to each of the vectors. The example in ICH
Q1D4 establishes the following testing vectors:

T1: {0, 6,9,12,18,24,36}
T2: {0,3, 9,12, 24,36}
T3: {0,3,6, 12,18, 36}

T1 calls for testing at 7 total time points, but T2 and
T3 only 6. However, balance is achieved across the
time points 3, 6, and 9. Because of the assumption of
linear trend across time, lack of balance does not lead
to serious degradation of estimation efficiency. A
desirable feature of T1, T2, and T3 as given here is that
each of the time points 3, 6, 9, 18, and 24 is represented
twice. Thus, if the vectors are evenly spread across the
combinations, a one-third-reduction of testing at these
time points would be realized. The assignments of the
vectors to each of the 33 33 35 27 combinations is
illustrated in Table 22.6.

22.5.4.2 Matrixing on both time points and other
variables

Continuing the ICH Q1D matrix example, one can
matrix further against batch, strength, and package by
omitting the testing based on the value of B1 S1P
mod 3. In the ICH Q1D Table 3b example, the criterion
for elimination depends on batch, as described in
Table 22.7.

The resulting approximately balanced matrix pro-
vides about a 5/9 reduction in the amount of test-
ing at the 3-, 6-, 9-, 12-, 18-, and 24-month time
points. These examples are provided merely for
illustration. Other matrixing designs are possible,
and some may well be superior to those given.
Once candidate designs are generated by the above-
mentioned methods—or by other standard experi-
mental design techniques—it is best to perform an
assessment of their balance and operation feasibil-
ity. Those, which pass these assessments, may be
examined further by the statistical methods
described in the next section.

The level of reduction that would be acceptable to a
regulatory agency such as the FDA can be addressed
by examining the power of the design to detect differ-
ences in stability among the different batches,
strengths, or packages and the precision with which
shelf life can be estimated. These characteristics are
compared between the candidate matrix design and
the full design. If a candidate matrix design sacrifices
little relative to the full design, then it should be
acceptable from a regulatory point of view.

22.5.5 Comparing stability designs

Nordbrock19 provided a framework for comparing
stability designs with respect to their power to detect
slope (stability) differences. This same framework can be
applied to a comparison of the probability (power) of
meeting a desired shelf life claim among competing sta-
bility designs.

22.5.5.1 Review of preliminary statistical concepts

Let R and H be mutually independent random vari-
ables with distributions RBN(δ,1) and HBχ2(dfe).
Then, by definition,

Rffiffiffiffiffiffiffiffiffiffiffiffi
H=dfe

p 5WBnctðdfe; δÞ ð22:2Þ

where nct(dfe,δ) represents a random variable distrib-
uted as noncentral t with degrees of freedom dfe and
noncentrality parameter δ. Further, let pnct(Q|dfe,δ) be
the cumulative distribution of the noncentral t random
variable W relative to fixed Q such that

ProbfW #Qg5pnctðQjdfe; δÞ and ProbfW .Qg
5 12pnctðQjdfe; δÞ

ð22:3Þ
Noncentral t distribution functions are present in

software packages such as SAS or R. The following
approximations may be useful in implementing these
calculations in packages that have a cumulative non-
central F (pf()), but not a noncentral t:

TABLE 22.6 Using Mode Arithmetic to Matrix on Time Points Only for the Example of Table 3a in ICH Q1D

B1S1P mod 3

Strength: Low (S5 0) Med. (S5 1) High (S5 2)

Package: A (P5 0) B (P5 1) C (P5 2) A (P5 0) B (P5 1) C (P5 2) A (P5 0) B (P5 1) C (P5 2)

Batch 1 (B5 0) 0 1 2 1 2 0 2 0 1

Batch 2 (B5 1) 1 2 0 2 0 1 0 1 2

Batch 3 (B5 2) 2 0 1 0 1 2 1 2 0

0—use T1; 1—use T2; 2—use T3.

62122.5 LONG-TERM STABILITY STUDY DESIGN

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



ptðt; dfe; δÞ5pfðt2; 1; dfe; δ2Þ1ptð�t; dfe; δÞB
5pfðt2; 1; dfe; δ2Þ for δ. . 0

In some software packages, algorithms for noncen-
tral t do not converge when δ, dfe, or both are large. In
those cases, the following approximation may be used:

pnormðt� δÞDptðt; dfe; δÞ
with pnorm(z) the standard normal distribution
function.

Now consider a LR to the fixed model:

y5Xβ1 ε; ð22:4Þ
with fixed model parameters β and εBN(0,σ2). In
applying the concepts here, it is critical to understand
the structure of β and X. As an example, consider a
stability design that includes measurements (y vector)
at a series of time (T) points on three batches (B), each
of three strengths (S), with three possible package (P)
options. Assume that the design will support estima-
tion of all main effects and certain interactions (ie,
others known to be unimportant). In a high-level pro-
gram like SAS, the model might be expressed as

Y5 intercept T B S P T � B T � S T � B � S
The column vector β will be composed of one sub-

vector for each model term. The length of each subvec-
tor is 1 for the continuous variables intercept and T.
For categorical main effects B, S, and P, the subvector
length will be number of categorical levels for that var-
iable minus 1; therefore, the length will be 2 for each
main effect. For interactions, the vector length will be
the product of the vector lengths of each of the compo-
nent main effects in the interaction. Working across in
this model order, we see the length of β will be 11
(11 21 21 2)1 (21 2)1 (4)5 16. Thus

β05 ðβint; βT;βB1;βB2; βS1; βS2; βP1; βP2;βTB1; βTB2;
βTS1; βTS2;βTB1S1;βTB1S2;βTB2S1;βTB2S2Þ

Each element of β is an effect attributable to the
presence of certain levels or combinations of levels of
the variables T, B, S, and P.

The X matrix in this example will have 16 columns
corresponding to each of the coefficients in β, and one
row for each result in y. The intercept column in X
will have a 1 in each row, and the T column in X will
have the numerical storage time t at which the corre-
sponding test result in y was obtained. For categorical
main effects, the X columns corresponding to B, S,
and P will contain codes that specify the level of each
corresponding to the respective y test result. A conve-
nient 0/1 coding is as follows (Table 22.8): in which
the presence of a 0 in the first or second element indi-
cates that the corresponding factor level is not acting
to produce the corresponding result. If both the first
and second elements are 0, then the third level must
be active.

Subvector codes for interactions consist of the
Kronecker product of the subvectors of the component
main effects. Thus, the 2 T�B columns in X correspond-
ing to a y result obtained at 3 months on Batch 2 would
be encoded as 3	(0 1)5 (0 3). The four T�B�S columns
in X corresponded to a y result at 6 months on Batch 1,
middle strength would be 6	(1 0)	(0 1)5 (0 6 0 0). In
this way, the entire X matrix is constructed. Consider
the y result corresponding to the 9-month test on batch
2 of low strength packaged in container type B. The
corresponding row of the X matrix is, then,

X5
:::

1; 9; 0; 1; 1; 0; 0; 1; 0; 9; 9; 0; 0; 0; 9; 0
:::

0
@

1
A:

The estimates of interest in a stability analysis gen-
erally consist of linear functions of the elements of β.
Functions of interest might be slopes or differences
between slopes for specific combinations of design
variables, or averages across certain design variables.
A linear function of β, say S5 c0β, will have an esti-
mate ŜBNðS;σ2

SÞ with a sampling variance as follows:

σ2
S 5 c0ðX0XÞ21cσ2; ð22:5Þ

TABLE 22.7 Using Mod Arithmetic to Include Matrixing
Against Design Variables in the Example of Table 3b of ICH Q1D

Batch
Do not test if
B1S1P mod 3 5

1 2

2 1

3 0

TABLE 22.8 Coding of Design Variable Levels in the Construction of the X Matrix

Subvector code B Interpretation S Interpretation P Interpretation

(1 0) Batch 1 Low strength Package A

(0 1) Batch 2 Middle strength Package B

(0 0) Batch 3 High strength Package C
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based on degrees of freedom dfe where

dfe5number of rows in X� number of columns in X

ð22:6Þ
The dimensions of the contrast column vector c will

be identical to that of β. The elements of c will depend
on which of the corresponding elements of β are active
in defining a specific linear function of interest.

Finally, note that if σ̂2
S is a sample estimate of σ2

S

based on dfe degrees of freedom, then its sampling dis-
tribution is given by

σ̂2
S

σ2
S

UdfeBχ2ðdfeÞ: ð22:7Þ

22.5.5.2 Power to detect slope differences

Let S represent a slope difference that is of interest,
and consider a statistical test of H0: S5 0 against an
alternative Ha: S. 0. H0 will be rejected at the 0.05
level of significance if

Ŝ

σ̂2
S

5
Ŝ=σ2

S

σ̂2
S=σ

2
S

. qtð0:95; dfeÞ ð22:8Þ

Now, under the assumption that S5Δ,

Ŝ

σ2
S

BN
Δ
σ2
S

; 1

� �
ð22:9Þ

Combining Eqs. (22.2), (22.3), (22.6)�(22.8), we may
state that

PrfH0 rejectedjΔg 5Pr
Ŝ

σ̂2
S

. qtð0:95; dfeÞjΔ
8<
:

9=
;

5 12pnct qtð0:95; dfeÞ; dfe; Δ
σS

0
@

1
A

ð22:10Þ
Eq. (22.10) may be evaluated as a function ofΔ to pro-

vide the operating characteristics of the statistical test.
Since, by Eqs. (22.5) and (22.6), dfe and σ2

S depend only
on X, which in turn is determined by the stability design,
the operating characteristics can be compared for various
designs and storage times as an aid in study planning.

As an example, consider three matrix designs pre-
sented in ICH Q1D4 and the model as described previ-
ously. Let S be a slope difference between medium and
low (medium minus low) strength averaged across all
lots. Then the corresponding contrast vector is

c05 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 2 1; 1 1; 2
1

3
; 1

1

3
; 2

1

3
; 1

1

3

� �

so that

c0β5 βTS2 2βTS1 1
βTB1S22 βTB1S1 1 βTB2S2 2 βTB2S1

3

Assume that the stability potency analysis for sub-
mission will occur at the 12-month time point. Let
σ5 1%LC, and let the true slope difference, Δ, vary
between 0 and 0.25%LC/month. Fig. 22.1 shows the
power (as given by Eq. (22.10)) for various true slope
differences. Note that very little power is lost in going
from the full design (135 tests required) to the matrix
design on time only (ICH Q1D4 Table 3a; 108 tests
required). However, considerable power is lost when
matrixing includes time, strength, batch, and packag-
ing (ICH Q1D4 Table 3b; 72 tests required).

22.5.5.3 Probability of achieving a shelf-life claim

Consider a stability-determining test, such as
potency, with a lower acceptance limit, L. Let D be the
desired shelf for the product. Further assume that the
product will have a true release potency (intercept) of
I, a true slope of S and a true analytical standard devi-
ation of σS.

The regression slope estimate of S (ie, Ŝ) will have a
sampling distribution that can be defined by

Ŝ2 S

σS
1 δBNðδ; 1Þ ð22:11Þ

Combining Eq. (22.11) with Eq. (22.7) and compar-
ing with Eqs. (22.2) and (22.3), we see that

Pr
Ŝ2 S
σS

1 δ

σ̂S=σS
.Q

( )
5 12pnctðQ; dfe; δÞ: ð22:12Þ

0.05

0.2

True slope difference

P
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0.250.200.150.10

1.0

0.8

0.6
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FIGURE 22.1 Comparison of power to detect slope differences at
the 12-month time point for three stability designs in ICH Q1D. Solid
line—full design; dashed line—matrix on time points only; dot-
dashed line—matrix on both time points and design variables.
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Now for a test with a lower limit, the desired shelf-
life claim will be achieved whenever

I1DUðŜ2 σ̂SUqtð0:95; dfeÞÞ.L

or

Ŝ1 I2 Lð Þ=D
σ̂S

. qtð0:95; dfeÞ

or

Ŝ2S

σS
1

I2 Lð Þ=D1S

σS

σ̂S=σS
. qtð0:95; dfeÞ

Comparing this with Eq. (22.12), we see that

PrfAchieving desired shelflife claimg

5 12pnct qtð0:95; dfeÞ; dfe; I2 Lð Þ=D1 S

σS

� � ð22:13Þ

Note that a similar derivation in the case of an upper
acceptance limit would yield

PrfAchieving desired shelflife claimg

5pnct qtð0:05; dfeÞ; dfe; I2 Lð Þ=D1S

σS

� � ð22:14Þ

Eqs. (22.13) or (22.14) may be evaluated as a function of
I, S, and σS to provide the operating characteristics of the
shelf-life-estimation goal. Hypothetical I, S, and σS may
be taken from preliminary stability and analytical studies.
Since by Eqs. (22.5) and (22.6), dfe and σ2

S depend only on
X, which in turn is determined by the stability design, the
operating characteristics can be compared for various
designs and storage times as an aid in study planning.

As an example, consider three matrix designs pre-
sented in ICH Q1D and the model as described previ-
ously. Let S be defined as the slope that represents the
stability for batch 2 of the low-strength formulation (and
any package). The corresponding contrast vector is, then,

c05 0; 1; 0; 0; 0; 0; 0; 0; 0; 1; 1; 0; 0; 0; 1; 0ð Þ
so that

c0β5 βT 1βTB2 1 βTS1 1 βTB2S1

Assume that the stability potency analysis for sub-
mission will occur at the 12-month time point. Let
σ5 1%LC, the lower acceptance limit for potency, L, be
90%LC, the true initial potency level, and I, be 100%LC,
and let the true slope, S, for the combination of interest
vary between 20.4 and 20.1%LC/month. Fig. 22.2
shows the probability of meeting a shelf life claim of
D5 24 months (as given by Eq. (22.13)) for various true
slopes. Note that very little risk is seen in going from
the full design (135 tests required) to the matrix design
on time only (ICH Q1D Table 3a; 108 tests required).
However, considerable risk is encountered when

matrixing includes time, strength, batch, and packaging
(ICH Q1D Table 3b; 72 tests required) (Fig. 22.2).

22.5.5.4 Implementation in R

The R language20 provides a good matrix computa-
tion and graphics platform for making stability design
comparisons of power and probability as described
previously. The design matrix X (up to the time of pro-
posed analysis) may be created manually in a
Microsoft Excel spreadsheet and imported as a comma-
separated text file to implement the power and proba-
bility calculations illustrated in the following R code:

XPXINV,-solve(t(X)%�%X) # information matrix
dfe,- dim(X)[1]-dim(X)[2]
var.e,- 1 # hypothesized analytical variance

# contrast vector for slope differences
c,-matrix(c
(0,0,0,0,0,0,0,0,0,0,21,1,20.334,0.333,

2 0.334,0.333),ncol51)

# hypothesized true slope differences
DELTA,-seq(from50.01,to50.25, by50.01)
var.c,-var.e�t(c)%�%XPXINV%�%c;var.c
# power of detection of a slope difference
power ,21-pt(qt(0.95,dfe),dfe,DELTA/sqrt(var.
c))
# contrast vector for individual combination slope
estimate
a,-matrix(c(0,1,0,0,0,0,0,0,0,1,1,0,0,0,1,0),
ncol51)
# hypothesized true slopes
S,-seq(from5 20.1, to5 20.4, by5 20.01)
var.a,-var.e�t(a)%�%XPXINV%�%a;var.a
# prob of achieving shelf life goal
I, 2100 # Initial potency level
L, 290 # Lower specification for dating
D, 224 # Desired dating (based on 12 month data)
prob, 21-pt(qt(0.95,dfe),dfe,(S1(I-L)/D)/sqrt
(var.a))
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FIGURE 22.2 Comparison of probability of achieving a 24-month
shelf-life claim at the 12-month time point for three stability designs in
ICH Q1D. Solid line—full design; dashed line—matrix on time points
only; dot-dashed line—matrix on both time points and design variables.
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22.6 DETERMINATION OF SHELF LIFE

22.6.1 Definition of shelf life

A definition of shelf life for a given characteristic
that is consistent with ICH Q1E5 is the longest storage
period for which there is at least 95% confidence that
the lot mean level of the characteristic remains within
its acceptance range. We must translate this definition
into a procedure that we can apply for estimating the
shelf life. The procedure used will depend on the type
of data available and the statistical model employed.
When the shelf life is estimated using LR, this defini-
tion is consistent with the storage period at which the
one-sided upper or lower 95% confidence bound for
the lot mean level intersects the product acceptance
limit.

By this definition, the shelf life is clearly intended to
control the mean level of critical characteristics of
product lots. Because of analytical variance and con-
tent nonuniformity, even when the lot mean level of a
characteristic is within a given specification, the mea-
sured levels of individual tablets may not be. The
occurrence of individual out of specification (OOS) test
results in lots tested annual stability monitoring can
lead to a costly laboratory investigation. Thus, as part
of a shelf-life justification, a sponsor may also want to
evaluate the probability of individual failures.

Because this definition of shelf life does not control
the spread of individual results, alternative definitions
are proposed from time to time based on prediction or
tolerance bounds.21

22.6.2 Model pruning

The first step in shelf-life estimation consists of
pruning the full model to remove statistically nonsig-
nificant terms. This process should follow the usual
stepwise regression elimination that maintains model
hierarchy. Generally, model terms that contain batch
variables are eliminated at the P. 0.25 significance
level, and other terms are eliminated at the more tradi-
tional P. 0.05 significance level. A good overview of
the model building and fitting process is described by
Chow and Liu22 and by Shao and Chow.23 The statisti-
cal aspects of the analysis for a fixed effects model are
discussed by Fairweather et al.24 and by Chen et al.25

When a mixed-effects model is used, the same prun-
ing principles may be employed. Analysis of mixed
effects stability models is described by Chen et al.26

and by Chow and Shao.27

A set of SAS macros was made available from the
FDA28 that provided an analysis of the simple fixed-
batch case with no other factors such as strength or
packaging. However, this set of macros is not

recommended because it is too limited in scope. It is
not entirely compatible with the new ICH Q1E5 guid-
ance, nor with current versions of the SAS package.
The MIXED procedure of SAS permits analysis of a
mixed model (Eq. (22.1)) and is an excellent platform
for shelf-life estimation. Therefore, examples of proc
MIXED code are provided next.

22.6.2.1 Simple ANCOVA for the fixed batch case

In the simplest situation, stability data are available
for at least three batches of a single strength and stored
in a single package type. A good basic reference to
ANCOVA is Brownlee.29 The process begins with pre-
liminary sequential F-tests for equality of degradation
rates (slopes) and initial values (intercepts) among
batches (Table 22.9).

Let us call the P-values of the Batch and
Month�Batch tests P(B) and P(M�B), respectively.
According to ICH Q1E, the final model is selected
according to the following rules:

Select common intercept common slope (CICS) if
P(B). 0.25 and P(M�B). 0.25
Select separate intercept common slope (SICS) if
P(B), 0.25 and P(M�B). 0.25
Select separate intercept separate slope (SISS)
otherwise.

An aspect of this model selection algorithm that is
unique to the ICH Q1E5 guideline is the use of a criti-
cal P value of 0.25 instead of the usual P5 0.05. The
FDA has indicated that this should be done in order to
protect against accidentally obtaining a favorable
model (model 1 CICS generally leads to longer product
dating) by the statistical accident of getting favorable
data when in fact the real behavior is less favorable.30

This is still a controversial aspect of the FDA/ICH pro-
cedure, but as this has been used for well over 15 years,
it has become standard practice in industry.

The ANCOVA can be implemented simply using
the MIXED procedure of SAS and will be illustrated
using the data in Appendix A. Assume that the data
for Batches 4, 5, and 8 are analyzed together (ie, pooled,
in the drug stability vernacular31) and read into a SAS

TABLE 22.9 Simple ANCOVA Sequential F-Tests

Code name for the

ANCOVA F-test What is tested?

Batch Differences among batch intercepts,
assuming that batches have a common
slope

Month�Batch Differences among batch slopes, assuming
that batches may have different intercepts
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data set with the variables Batch, Month, and Potency.
The following SAS code:

proc mixed;

class batch;
model Potency5Month Batch Month�Batch/htype51;

run;

results in the output in Table 22.10.
The last column gives the P(B) and P(M�B) values

on the second and third lines respectively. Since P
(M�B), 0.25, a SISS model is required to estimate the
shelf life.

The reader may verify that, for the data in
Appendix A, analysis of batches 3, 4, and 5 will lead to
the SICS model and analysis of batches 2, 5, and 7 will
lead to the CICS model.

22.6.2.2 Model pruning for more complex studies

Whether a full factorial or a reduced design is used,
data should be treated in the same manner as data from
a full design study. As an example, if the stability study
includes multiple strength and packaging levels, and the
design supports estimation of interactions to the second
order, the following SAS code might be appropriate:

proc mixed;

class batch strength package;
model Potency5Batch Strength Package

Batch�Strength Batch�Package
Strength�Package

Month Month�Batch Month�Strength
Month�Package

/htype53;

run;

A model pruning procedure similar in spirit to the
simple ANCOVA analysis given here should be used
(eg, stepwise regression) to test for the statistical signif-
icance of model terms containing the various design
variables. Model terms are eliminated in a stepwise
manner based on an objective criterion, such as their
corresponding Type III F test significance. Preliminary
statistical tests for terms or interactions involving the
Batch variable should be conducted at a level of signif-
icance for a rejection of 0.25. Statistical tests for main
effects of matrixed or bracketed variables other than

Batch should be conducted using the traditional level
of significance for rejection of 0.05.

22.6.3 Simple fixed batch case

If the purpose of the stability analysis is to estimate
stability parameters or predict performance of only
those batches included in the study, the batch variable
may be considered fixed. In this case, the Z matrix in
Eq. (22.1) is null and the stability model is the usual
fixed linear model:

y5Xβ1 ε: ð22:15Þ
where the X matrix encodes the levels of fixed effects,
such as batch, strength, packaging, and storage time.

The estimated product shelf life depends on the
final stability model. Assuming that model pruning
has already been done, X will include columns only
for effects and interactions deemed statistically signifi-
cant whose estimation can be supported by the data.
We consider here the single-strength, single-package
case. Shelf-life estimation requires that the upper (or
lower) one-sided 95% confidence bounds for the mean
regression lines for each batch be calculated. The SAS
MIXED syntax for the SISS model is given here:

proc mixed;
class batch;

model Potency 5 Month Batch Month�Batch / Solution
alphap50.1

outpm5outpm;run;
In SAS, confidence bounds are easily obtained for

time points not studied by including missing values for
desired months in the incoming data set. For the other
models, the following SAS code should be substituted:

SICS: Potency5Month Batch

CICS: Potency5Month

The resulting outpm SAS data set will contain a list-
ing of the data, as well as the appropriate predicted
and confidence bounds for each time point in the
incoming data set. Missing values may be included for
time points of interest in order to estimate the shelf
life. As an illustration, an analysis of Batches 4, 5, and
8 of the data in Appendix A will provide an outpm data
set containing the following:

batch Month Lower
BATCH4 56 90.8585
BATCH4 57 90.6146
BATCH4 58 90.3708
BATCH4 59 90.1268 ,--
BATCH4 60 89.8829
BATCH5 41 90.8015
BATCH5 42 90.5517
BATCH5 43 90.3017
BATCH5 44 90.0518 ,--

TABLE 22.10 Type 1 Tests of Fixed Effects

Effect Num DF Den DF F Values Pr. F

Month 1 18 100.99 ,0.0001

Batch 2 18 72.12 ,0.0001

Month�Batch 2 18 1.96 0.1704
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BATCH5 45 89.8017
BATCH5 46 89.5516
BATCH5 47 89.3014
BATCH5 48 89.0512
BATCH8 25 90.9432
BATCH8 26 90.5079
BATCH8 27 90.0723 ,--
BATCH8 28 89.6365
BATCH8 29 89.2004

The shelf life for a given batch is the maximum time
(rounded to the nearest month) during which the
upper and lower confidence bounds remain within the
acceptance limit. The arrows in the previous listing
give the maximum month at which the one-sided
lower 95% confidence bound for each lot mean
remains above an acceptance limit of 90.0%LC.

For the SICS and SISS models, the shelf life must be
based on the worst-case batch. ICH Q1E specifies how
much extrapolation is allowed. Generally the shelf life
is limited to no more than two times the duration of
the stability study (assuming that the 95% confidence
bound remains within the acceptance specification for
this period). In the example given here, shelf life is
limited to 27 months based on projections for the
worst-case Batch 8. When limited extrapolation of shelf
life is accepted at time of approval, postapproval long-
term data must be reported to FDA to verify the shelf
life. Accelerated data are used to justify the temporary
excursion of environmental conditions and support the
limited extrapolation of long-term data.

22.6.4 Simple random batch case

If the goal of a stability analysis is to use the avail-
able stability data to predict stability performance for a
future batch of product that (of course) was not stud-
ied, then the batch variable should be considered ran-
dom. This should be reflected in the stability model
and the analysis approach. A prerequisite for such a
prediction is the availability of stability data from a
reasonably large number of batches (hopefully more
than three).

The appropriate predictive model is given by
Eq. (22.1), where γ is a matrix of batch-specific random
intercept and slope effect column vectors. The random
intercept effect for a given batch may reflect random
deviations from a target level of added active ingredi-
ents, whereas the random slope effect may reflect ran-
dom deviations from nominal excipient levels or
processing settings.

In this case, Eq. (22.1) simplifies to the following
form:

yij 5 ai 1 xijbi 1 eij ð22:16Þ
where

yij is the observed test result for the ith batch tested
at the jth time point
ai and bi are the random intercept and slope for the
ith batch
xij is the storage time corresponding to the ith batch
tested at the jth time point
eijBiid N(0,σ2) reflect measurement variance

If we assume that these batch-specific intercept and
slope effects are normally distributed about process
mean parameters α and β, respectively, and are mutu-
ally independent, then we take for the ith batch

ai
bi

� �
BN

α
β

� �
;

σ2
a 0
0 σ2

b

� �� �
ð22:17Þ

where σ2
a and σ2

b represent the variances of these ran-
dom intercept and slope effects among batches. This
model may be analyzed using the following SAS
MIXED procedure syntax:

proc mixed data5stability;

class Batch;
model Potency5Month /solution alphap50.1

outp5outp;
random Intercept Month/ type5vc

subject5Batch;

run;

When this code is used to analyze the eight batches
of data in Appendix A, the parameter point estimates
listed in Table 22.11 are obtained.

If a future lot is included in the incoming data set,
whose test results are all missing, then the outp data
set will contain the estimated one-sided lower 95%
confidence bound for Potency at the storage times of
interest. A partial listing of the outp data set is given
here:

batch Month Lower
FUTURE 40 90.9427
FUTURE 41 90.7299
FUTURE 42 90.5169
FUTURE 43 90.3038
FUTURE 44 90.0904 ,--
FUTURE 45 89.8769

TABLE 22.11 Point Estimates From Proc MIXED Random
Batch Analysis

Parameter Point estimate

A 101.46

β 2 0.2063

σ2
a 1.4774

σ2
b 0

σ2 0.8063
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FUTURE 46 89.6632
FUTURE 47 89.4493
FUTURE 48 89.2353
FUTURE 49 89.0210

The arrow in this code fragment indicates that the
estimated shelf life for a future lot is 44 months.

22.6.5 Shelf-life estimation in more complex
studies

The principles illustrated in the previous sections
apply as well when the study includes multiple levels
of strength, packaging, or other design variables. A
good review of model building aspects in complex
cases is provided by Millikin and Johnson.32

22.7 RELEASE LIMIT ESTIMATION

The shelf life estimation discussed previously
depends on the true level at release (ie, the intercept)
being in control. Thus, the true release levels of batches
used for shelf life determination are assumed to be
representative of those of future lots. Often, a process
control limit is established to ensure good control of
the release level. If the measured release level exceeds
the limit, the product is not released for sale.

In keeping with the definition of shelf life, a one-
sided release limit should ensure with at least 95%
confidence that the mean level of a released lot will
remain above (or below) a given lower (or upper) sta-
bility specification at the end of shelf life. Generally,
stability data are available, and the objective is to cal-
culate a release limit (RL) from the estimated slope, its
standard error of estimate (σ̂slope), along with the

established shelf-life acceptance limit (SL) of the
desired shelf life (D), the estimated total analytical
standard deviation (σ̂), and the number of replicates
averaged to obtain the reportable release test result (n).
Then the release limit estimate is given by33

RL5SL2 δUD1 tp;df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ̂2=n1D2Uσ̂2

slope

q
; ð22:18Þ

where

δ5min[slope,0] or max[slope,0] for lower or upper
RL, respectively
tp,df5 pth quantile of the t-distribution with df
degrees of freedom.
df5 Satterthwaite degrees of freedom determined as
described in (Allen et al., 1991, page 1211)
p5 0.95 or 0.05 for lower or upper RL, respectively.

To illustrate this application of Eq. (22.18), the data
from Appendix A will be used. A fixed batch analysis
of batches 3, 4, and 5 yields a separate intercept, com-
mon slope model. The multiple regression output from
a SAS analysis is shown in Table 22.12.

With a stability lower acceptance limit of SL5 90.0%
LC and using the methods discussed here, shelf lives of
48, 57, and 43 months are obtained for batches 3, 4, and
5, respectively. As a result, a shelf life of 43 months
could be justified for this product. Thus, the develop-
ment team feels justified in recommending a shelf life
for this product of D5 36 months; however, they also
decide to establish a lower release limit on the mean of
n5 2 replicate tests to ensure that no future batch mean
will be below 90%LC through 36 months with 95% con-
fidence. From the SAS output in Table 22.12, the follow-
ing inputs to Eq. (22.18) are obtained:

slope520.2131%LC/month

TABLE 22.12 Output From SAS Fixed Batch Analysis

Covariance Parameter

Estimates

Cov Parm Estimate

Residual 1.1568

Solution for Fixed Effects

Standard

Effect batch Estimate Error DF t Value Pr . |t|

Intercept 100.82 0.3840 24 262.52 ,.0001

Month 20.2131 0.02433 24 28.76 ,.0001

batch BATCH3 1.3556 0.4849 24 2.80 0.0100

batch BATCH4 3.4352 0.5032 24 6.83 ,.0001

batch BATCH5 0 . . . .
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δ5min[slope,0]520.2131 (for lower release limit)
σ̂5 1.1568 (residual error)
σ̂slope 5 0.02433
df5 24
p5 0.95 (for lower release limit)

Application of Eq. (22.18) yields a release limit of
RL5 99.7%LC for this product.

For a separate intercept, separate slope model, a
conservative approach is to take the slope estimate
from the worst-case batch. In cases where the esti-
mated slope implies a favorable divergence over time
from the limit of interest (eg, negative slope used to
estimate an upper RL), the slope should be set to zero,
as implied by the δ function given previously. This
provides a worst-case, conservative estimate for the
release limit and ensures that lot mean levels will
remain in conformance throughout the storage period
with at least 95% confidence.

When estimates of σ̂ and σ̂slope are not obtained
from the same regression, then the evaluation of df can
be problematic. However, the Satterthwaite34 approxi-
mation may be applied in this case. In principle, a sim-
ilar approach could be used in the random batch case.

22.8 PROBABILITY OF FUTURE OOS
STABILITY TEST RESULTS

The approaches described in the previous sections
for estimating product shelf life are meant to control
batch mean levels, but they give no assurance that indi-
vidual test results, for lots placed on annual stability,
will remain within the stability acceptance limit.
Stability failures can result in costly investigations or,
in the worst cases, product recall or withdrawal. Thus,
after ensuring that all regulatory guidance has been fol-
lowed, it is in a sponsor’s interest to predict the proba-
bility of OOS stability test results for future batches.

The problem of prediction is fundamentally different
than that of hypothesis testing and estimation and
requires a full probability model of the process being
simulated. Traditional data analysis methods have
yielded ingenious analytical tools, such as tolerance and
prediction interval estimates, as aids to risk assessment.
However, except in the simplest scenarios, the predic-
tion problem is too difficult to be solved analytically;
modern computer simulation approaches are required.
Methods such as mixed model regression rely on
approximations that may not hold in small samples.
Traditional tolerance and prediction intervals do not
adequately address estimation uncertainty, and they
rely on the nonintuitive paradigm of repeated sampling.

The prediction problem can be tackled in a very
direct, rigorous, and informative way by taking a

Bayesian perspective. Bayesian estimates are directly
interpretable as probabilities. Modern tools for imple-
menting the Bayesian approach, such as WinBUGS or
the SAS MIXED procedure, are now readily available
and can be effectively used to enhance decision mak-
ing in the stability arena. Thus, this chapter would not
be complete without an illustration of the power of
these important methods by analyzing the data from
all eight batches in Appendix A using Gibbs’s sam-
pling in WinBUGS.

The central objective of a Bayesian analysis is to esti-
mate p(θ|Y), the joint posterior distribution of
unknown model parameters given the data. From the
joint posterior, the distribution of any function of θ or
of any quantity that may be predicted from the model
can be obtained through Markov chain Monte-Carlo
techniques. By sampling iteratively from the posterior
distribution, WinBUGS produces a posterior sample of
the model parameters, θ from p(θ |Y).

A sample from the distribution of any predicted
quantity (say, Zpred) can be obtained by integrating the
relevant component distributions in the data model
over the posterior as follows:

pðZpredjYÞ5
ð
θ
fðZpredjθÞUpðθjYÞdθ

As with the posterior distribution, the distributions
for predicted quantities are obtained within the pro-
cess of Monte-Carlo iterative sampling and no analyti-
cal integration is needed. The example given in the
next section is practical in nature and assumes only
general familiarity with the Bayesian paradigm. For
more depth and discussion of important topics such as
convergence verification, readers are referred to a gen-
eral text on Bayesian data analysis like Gelman et al.35

For details of WinBUGS operation and syntax, see the
WinBUGS operator’s manual.36

22.8.1 Random batch model for prediction

Prediction involving future batches requires a
random batch assumption so the model of
Section 22.6.4 will be used with minor modification of
symbols and structure. In place of Eq. (22.16), we
define the true potency, μbi, for a given lot, b, tested at
the ith time, Xi, as

μbi 5αb 1βbUðXi 2XbarÞ;

where Xbar is the average of the storage period for all
nonmissing individual measurements in the data set.
For the eight batches in Appendix A, Xbar5 9.25
months. This centering is used in the model to
improve the rate of convergence of the Gibbs sampler.
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Each of the b5 1, 2, . . . 8 batches is assumed to have
a unique true intercept, αb, and true slope, βb. The true
slope and intercept for batches are assumed to be inde-
pendent and to follow a normal distribution among
lots, with the eight batches on hand representing a ran-
dom sample from the population of all possible
batches. Thus, as with Eq. (22.17), we have

αb

βb

� �
BN

αc

βc

� �
;

σ2
α 0
0 σ2

β

� �� �

The observed potency result, Ybi, for lot b at time
point i will vary about the true value due to analytical
variance and is assumed to follow a normal distribu-
tion as follows:

YbiBNðμbi;σ
2Þ:

22.8.2 Prior distributions for model parameters

The probability model described previously
depends on a vector of five model parameters:

θ5 ½αc; βc;σα;σβ ;σ�
A Bayesian perspective considers these parameters

to be random quantities and thus to have a probability
distribution. Prior to data collection, the distributions
of these parameters are a quantitative expression of the
subjective uncertainty about their value. When prior
uncertainty is great, it is appropriate to assume prior
distributions that are independent and very broad or
noninformative. This was the approach taken here. The
following noninformative distributions were used:

αcBNð100; 1026Þ
βcBNð0; 1026Þ
σα 5 1=

ffiffiffiffiffi
τα
p

BUð0; 100Þ
σβ 5 1=

ffiffiffiffiffiτβp BUð0; 100Þ
τc 5 1=σ2BGð1023; 1023Þ

U(A,B) represents a flat uniform distribution with
minimum and maximum values A and B, respectively.
G(C,D) represents a gamma distribution with shape
and rate parameters C and D, respectively. The para-
meters for all these distributions are chosen so that the
probability density is essentially constant over the
likely range of the true parameter values; thus, the
choice of prior has essentially little or no impact on the
final estimation. In cases were substantial prior knowl-
edge and theory on a product, or like products, are
available, it may be appropriate to use a more informa-
tive prior, but that will not be discussed here.

22.8.3 Predicted quantities of interest

The objective of the present analysis is to simulate
probability distributions of various predicted quantities

that are functions of the original parameters. These con-
sist of posterior or posterior predictive distributions that
summarize the available knowledge about each pre-
dicted quantity.

One quantity of interest is the initial mean potency
for the overall manufacturing process, Y0, where

Y05αc 2 βcUXbar

Ideally, Y0, should be close to 100%LC. If this value
is significantly below 100%LC, it may mean that the
active ingredient is being lost in the manufacturing
process, and an increase in overage is needed to cor-
rect this situation.

Certainly, it would also be of interest to estimate the
distributions for a future batch slope, βpred, and initial
potency level, Initpred, which can be obtained from the
model parameters as follows:

βpredBNðβc;σ2
βÞ

Initpred 5αpred 2βpredUXbar; where αpredBNðαc;σ2
αÞ

From these distributions, one can also predict the true
mean level, μpred, and individual potency test result,
Ypred, of some future lot after Xpred months of storage
(for this example, we take Xpred5 36 months). This can
be obtained as described in the following sections.

Also of particular interest would be the posterior
probability distribution of analytical error, σ, and the
predictive posterior distribution of the product shelf
life. The shelf life for a given batch will be the storage
period during which the true level remains above the
stability acceptance limit SL:

Shelf :Life5
SL2 Initpred

βpred

For this example, we take SL5 90%LC. Some care is
needed in the definition of shelf life. Since the distribu-
tion of βpred may include nonnegative slope values,
which could result in inadmissible (negative or infi-
nite) values of Shelf.Life. In the WinBUGS code given
next, the Shelf.Life values are truncated in the interval
at 0 and 100 months.

22.8.4 Implementation in WinBUGS

This application is easily programmed into the
freely available WinBUGS software.36 The WinBUGS
code consists of the following three text sections that
are placed in a WinBUGS file: Model, Data, and Initial
values (to start the Markov chain Monte Carlo itera-
tions). These are discussed briefly in the next sections.
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22.8.4.1 Model

The Model code consists of the following text:

model;
{ for(batch in 1 : B) {

alpha[batch] B dnorm(alpha.c,tau.
alpha)

beta[batch] B dnorm(beta.c,tau.beta)
for(i in 1 : N) {

mu[batch, i] ,- alpha[batch] 1 beta
[batch] � (X[i] - Xbar)

Y[batch, i] B dnorm(mu[batch, i],
tau.c)

}
}

# Priors
tau.c B dgamma(0.001,0.001)
beta.c B dnorm(0.0,1.0E-6)
alpha.c B dnorm(100,1.0E-6)
sigma.beta B dunif(0,100)
sigma.alpha B dunif(0,100)
tau.beta ,- 1 / (sigma.beta � sigma.beta)
tau.alpha ,- 1 / (sigma.alpha � sigma.

alpha)
sigma ,- 1 / sqrt(tau.c) # Total analyti-

cal SD
# Predicted Quantities of Interest

# Process Initial Target
Y0 ,- alpha.c - beta.c�Xbar
beta.pred B dnorm(beta.c,tau.beta) #

Lot Slopes
alpha.pred B dnorm(alpha.c,tau.alpha)
# Lot Initials
Init.pred ,-alpha.pred - Xbar�beta.

pred
#Shelf life constrained to [0,100]
Shelf.Life,-max(0,min(100,(90-Init.

pred)/beta.pred))
# Predicted Lot Means at Xpred
mupred ,-alpha.pred 1 (Xpred-Xbar) �

beta.pred
# Individual Prediction at Xbar
Ypred B dnorm(mupred,tau.c)

}

22.8.4.2 Data

The potency stability data used for analysis is given
in Appendix A. These consist of data from eight
batches. Measurements were taken at up to 11 nominal
time points over a period of 24 months. The WinBUGS
code for these data is given here:

# Data
list(X5c(0, 1, 2, 3, 3, 6, 6, 12, 12, 24, 24),
B58,N511,Xpred536,Xbar59.25,
Y5structure(.Data5c(102,NA,NA,101,
101,100.5,100.8,

100.1,99,96.7,97.2,
101,101.3,NA,99.8,99.2,99.5,97.8,97.4,97.2,
96.9,96,
104.8,NA,NA,103,101.2,100.8,99.2,98.6,97.2,
97.6,98,
104,NA,NA,103.2,NA,102.8,103.3,102.4,101.2,
99.1,99.5,
102,101.4,100.8,100.2,99.7,98.8,98.5,98,97.1,
96.6,96.1,
102.7,102,NA,100.6,99.9,99.2,98.5,98.1,97.6,
96.8,96,
101.3,101.5,NA,100.2,99.8,99,98.5,98.5,97.4,
96.6,96.4,

101.6,NA,NA,100,NA,99,NA,97.8,97,NA,NA),.
Dim5c(8,11)))

22.8.4.3 Initial values

Gibbs sampling uses Monte Carlo sampling from
the various prior, model, and predictive distributions
indicated previously. The sampling is dependent (not
pseudorandom) because the sampling at any iteration
depends on the values in the previous iteration; how-
ever, the sampling procedure is known to converge on
the desired posterior distribution. Thus, starting values
are needed to initiate the Gibbs sampling process.
Examination of the iterative process showed that con-
vergence to the final distribution was rapid and that
the process did not depend on the initial starting
values. However, the results reported here were
obtained using the following set of starting values (the
0 superscript indicates a starting value for initiating
Markov chain�Monte Carlo sampling).

Model parameters:

α0
c 5 100; β0

c 5 0; σ0
α 5 1; σ0

β 5 1; τ0c 5 1

Latent quantities for the eight lots in the data set:

α0
b 5 100; β0

b 5 0; b5 1; 2; . . .18

Predicted quantities:

α0
pred 5 100; β0

pred 5 0; Y0
pred 5 100

Missing Potency values in the data set:

Y0
bi 5 100 ’ Ybi 5NA

These initial values were specified by the following
WinBUGS code:

# Initials
list(tau.c51,sigma.beta51,beta.pred50,beta.
c50,sigma.alpha51,

alpha.pred5100,alpha.c5100,Ypred5100,
beta5c(0,0,0,0,0,0,0,0),

alpha5c(100,100,100,100,100,100,100,100),

Y5structure(.Data5c(NA,100,100,NA,NA,NA,NA,
NA,NA,NA,NA,
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NA,NA,100,NA,NA,NA,NA,NA,NA,NA,NA,
NA,100,100,NA,NA,NA,NA,NA,NA,NA,NA,
NA,100,100,NA,100,NA,NA,NA,NA,NA,NA,
NA,NA,NA,NA,NA,NA,NA,NA,NA,NA,NA,
NA,NA,100,NA,NA,NA,NA,NA,NA,NA,NA,
NA,NA,100,NA,NA,NA,NA,NA,NA,NA,NA,
NA,100,100,NA,100,NA,100,NA,NA,100,100),.Dim5c
(8,11))

22.8.4.4 Burn-in period, sample size, and
convergence verification

A burn-in period is recommended for Markov
chain�Monte Carlo sampling to give the dependent
draws a chance to migrate from the initial starting
values and approximate the target distribution. A close
examination of the sampling process in WinBUGS
showed it was very well behaved and rapidly con-
verged. However a burn-in period of 5000 draws was
still used before the samples were used to estimate the
distributions of interest. A subsequent sample of
10,000 draws was used for estimation. This large sam-
ple size ensured that the Monte Carlo sampling error
was insignificant compared to the variance of the tar-
get distributions of all quantities estimated.

The 1000-draw predictive posterior sample was
exported from WinBUGS (coda option) and imported
as a text file into JMP.37 Kernel density histograms of
the posteriors are provided in Fig. 22.3. The OOS prob-
ability was calculated as a percentage of the predictive
posterior samples below 95%LC (given in Table 22.13).

22.8.5 Results

To obtain more specific information on any poste-
rior or predictive posterior sample, it may be
exported from WinBUGS and imported into a more
general data analysis package such as SAS or JMP to
conduct capability analyses or obtain more specific
quantiles. The histogram obtained for Shelf.Life is
shown in Fig. 22.4.

The shaded region in the figure identifies the 5%
lowest Shelf.Life values. The fifth percentile of this dis-
tribution was 40.3 months. Thus, 95% of future batches
are expected to have a Shelf.Life greater than 40
months. Therefore, a shelf-life estimate of about 40
months would be consistent with the FDA definition
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FIGURE 22.3 Kernel density smoothed
posterior or predictive posterior distributions
of quantities of interest. (a) Manufacturing
process true initial mean. (b) True future batch
potency at 36 months. (c) True initial means for
future batches. (d) Future individual test results
at 36 months. (e) True future batch slope. (f)
Analytical standard deviation. (g) Shelf life for
future batches.
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that ensures that batch means will remain within
acceptance limits with 95% confidence.

The process capability analysis conducted on Ypred

is shown in Fig. 22.5.
The area to the left of the acceptance limit of 90%LC

contains 2.8% of the predictive posterior distribution.

Thus, future lots can expect to have OOS test results at
the 36-month time point with a probability of 0.028. In
view of this risk, an appropriately shorter shelf-life or
release limit could be considered to avoid the cost of
investigations or (in the worst case) the disruption of a
product recall.

In stability investigations, predictions of future sta-
bility test results for a particular batch of interest might
be of interest. In the data set given in Appendix A,
future values are missing (NA). In WinBUGS, missing
values are treated as predictive quantities to be esti-
mated. Thus, we may directly request predictive pos-
teriors for future (missing) data values that have not
yet been obtained.

22.8.6 Bayesian prediction using SAS proc
MIXED

The SAS MIXED procedure can provide a posterior
sample from a mixed model fit, such as the random
batch model used with WinBUGS:

proc mixed;

class Batch;
model Potency5Month /solution alphap50.1

outp5outp;
random Intercept Month/ type5vc subject5Batch;
prior /out5posterior nsample510000;

run;

By default, noninformative priors are used for
both fixed and random parameters. In this sample
code, the posterior data set will contain 10,000
draws from the posterior. This data set may be used
to further generate samples of parameter transfor-
mations, including predictive posterior for future
results, as was illustrated in WinBUGS in the previ-
ous section.

0 10 20 30 40 50 60 70 80 90 100

FIGURE 22.4 Predictive posterior distribution of shelf life.

LSL

90 100

FIGURE 22.5 Process capability of predictive posterior of indi-
vidual test results at 36 months.

TABLE 22.13 Posterior and Predictive Posterior Distribution Statistics for Quantities of Interest

Predicted quantity Distribution mean Distribution standard deviation 2.5% Percentile Median (50% percentile) 97.5% Percentile

Initpred 101.5 1.782 97.85 101.5 105.0

Shelf.Life 56.28 11.08 36.32 55.57 81.28

Y0 101.5 0.6081 100.2 101.5 102.7

Ypred 94.01 2.135 89.81 94.03 98.19

βpred 2 0.2068 0.02959 2 0.2662 2 0.2071 2 0.148

μpred 94.03 1.922 90.1 94.04 97.79

σ 0.9139 0.08429 0.7675 0.9078 1.099
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APPENDIX A SAMPLE DATA

The following stability data set is used as an exam-
ple in this chapter. It is taken from Shuirmann38

(Table A.1).
SAS code for reading these data into a data set for

analysis is given here:

data stability;

input Month@;
do batch5'BATCH1','BATCH2','BATCH3','BATCH4',

'BATCH5','BATCH6','BATCH7','BATCH8';
input Potency@;output;

end;

cards;

run;

References

1. Q1A(R2) Stability testing of new drug substances and products;
November 2003.

2. Q1B Photostability testing of new drug substances and products;
November 1996.

3. Q1C Stability testing for new dosage forms; May 1997.
4. Q1D Bracketing and matrixing designs for stability testing of

new drug substances and products; January 2003.
5. Q1E Evaluation of stability data; June 2004.
6. Q2A Text on validation of analytical procedures; October, 1994.
7. Q2B Validation of analytical procedures: methodology;

November 1996.
8. Q3A Impurities in new drug substances; February 2003.
9. Q3B(R) Impurities in new drug products; February 2003.

10. Q6A Specifications: test procedures and acceptance criteria for
new drug substances and new drug products: chemical sub-
stances; December 2000.

11. Q6B Specifications: test procedures and acceptance criteria for
biotechnological/biological products; August 1999.

12. Tsong Y. Recent issues in stability study. J Biopharm Stat 2003;13
(3):vii�ix.

13. The SAS system for statistical analysis is available from the SAS
institute, Inc., Cary, NC.

14. Neter J, Kutner MH, Nachtsheim CJ, Wasserman W. Applied lin-
ear statistical models. 4th ed. Chicago, IL: Irwin/McGraw-Hill,
Inc.; 1996.

15. Carstensen JT. Drug stability: principles and practices. New York,
NY: Marcel Decker, Inc.; 1995ISBM0-8247-9635-7, Chapters 2�10

16. Lin TYD, Chen CW. Overview of stability study design.
J Biopharm Stat 2003;13(3):337�54.

17. Box GEP, Hunter WG, Hunter JS. Statistics for experimenters. NY:
John Wiley & Sons, Inc; 1978.

18. Nordbrock E. Design and analysis of stability studies. In: ASA
proceedings of the biopharmaceutical section; 1994, p. 291�294.

19. Nordbrock E. Statistical comparison of stability study designs.
J Biopharm Stat 1992;2(1):91�113.

20. The R package and associated operators manual are available
for download from the following website: http://www.r-project.
org/.

TABLE A.1 Sample Data From Shuirmann38

Number of months Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8

0 102 101 104.8 104 102 102.7 101.3 101.6

1 2 101.3 2 2 101.4 102 101.5 2

2 2 2 2 2 100.8 2 2 2

3 101 99.8 103 103.2 100.2 100.6 100.2 100

3 101 99.2 101.2 2 99.7 99.9 99.8 2

6 100.5 99.5 100.8 102.8 98.8 99.2 99 99

6 100.8 97.8 99.2 103.3 98.5 98.5 98.5 2

12 100.1 97.4 98.6 102.4 98 98.1 98.5 97.8

12 99 97.2 97.2 101.2 97.1 97.6 97.4 97

24 96.7 96.9 97.6 99.1 96.6 96.8 96.6 2

24 97.2 96 98 99.5 96.1 96 96.4 2

2 indicates test not available.

0 102 101 104.8 104 102 102.7 101.3 101.6

1 . 101.3 . . 101.4 102 101.5 .

2 . . . . 100.8 . . .

3 101 99.8 103 103.2 100.2 100.6 100.2 100

3 101 99.2 101.2 . 99.7 99.9 99.8 .

6 100.5 99.5 100.8 102.8 98.8 99.2 99 99

6 100.8 97.8 99.2 103.3 98.5 98.5 98.5 .

12 100.1 97.4 98.6 102.4 98 98.1 98.5 97.8

12 99 97.2 97.2 101.2 97.1 97.6 97.4 97

24 96.7 96.9 97.6 99.1 96.6 96.8 96.6 .

24 97.2 96 98 99.5 96.1 96 96.4 .
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Packaging Selection for Solid Oral
Dosage Forms

Y. Chen
Novast Laboratories, Ltd., Nantong, China

23.1 INTRODUCTION

Drug products are always packaged in containers
for storage and marketing for convenience of handling,
use, and product protection. Stability information of
a drug product in selected containers regarding the
proposed shelf life is part of the quality information
required to obtain approval from regulatory agencies
to market any drug product, in addition to proof
that the product is safe, efficacious, high quality, and
made in compliance with current good manufacturing
practices. Product stability is typically demonstrated
through real-life, formal stability studies under ICH
conditions.1 Study designs and data analysis of long-
term studies under the International Conference on
Harmonization (ICH) conditions have been discussed
in chapter “Statistical Design and Analysis of Long-
Term Stability Studies for Drug Products.” Due to the
time-consuming nature of long-term studies, it is very
important to select suitable containers to ensure the
success of the studies, particularly when packaging
protection of products is needed. Product stability may
be imparted by formulation design and proper use
of containers. Formulation design is most critical in
developing stable drug products. However, formula-
tion design itself may not always be sufficient to
ensure that the product is stable during storage. Due
to the vast diversity of drug properties and their
interaction with environmental conditions, some drug
products require protection against some degrading
factors, such as humidity and oxygen. The selection
process to identify the proper packaging for the
needed protection is, therefore, an important part of

product development. Although one could argue that
the selection could be very simple by using the most
highly protective, or the highest barrier container-
closure systems for any product, the high cost for the
use of such high barrier container closure systems may
be difficult to justify, or impractical for commercializa-
tion unless the high barrier container closure system is
needed for protection of the product. Therefore, one
must select appropriate container closure systems to
balance the need for product protection and the cost
for commercialization. Formal stability study is the
definite process to demonstrate the quality of any drug
product during its shelf life in the selected container
closure system. However, real-life stability study is
not the best process to select containers because the
process is empirical, time consuming, costly, and
inefficient, making the study unsuitable for screening
purposes. Any failure of a formal stability study could
significantly delay the time-to-market for the product,
diminish the opportunity for providing disease treat-
ment to patients, and lead to significant financial
losses for a drug maker. Instead, proper selection
of containers can be achieved prior to the formal
stability study, using science-based and quality-by-
design (QbD) approaches throughout early develop-
ment stages. Containers can be selected based on
material characteristics, and by linking the properties
of drug products with that of the containers. Formal
stability studies can then be conducted to prove that
the product is stable in the selected container closure
systems. This chapter will focus on the science-based
selection of containers and/or packaging materials for
protection of solid oral dosage (SOD) forms.
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23.1.1 Definitions

To avoid any possible confusion, several terms related
to packaging and containers are defined according to
FDA guidance.2,3

• A packaging component means any single part of
a container closure system.

• A container closure system refers to the sum of
packaging components that together contain and
protect the dosage form. This includes primary
packaging components and secondary packaging
components (if the latter are intended to provide
additional protection to the drug product).

• A packaging system is equivalent to a container
closure system.

In this chapter, container, container closure
system, and packaging are interchangeable.

• Primary packaging component refers to a packaging
component that is or may be in direct contact with
the dosage form (eg, liners, bottles, desiccant
containers in bottles with dosage forms, blister
films, and lidding foils).

• Secondary packaging component means a packaging
component that is not, and will not be, in direct
contact with the dosage form (eg, cartons, and
over-wraps for blister cards).

23.1.2 General considerations

Packaging materials used for pharmaceutical
products must meet regulatory2,3 and compendial
requirements,4 provide adequate protection of products
against degrading and/or contaminating factors, func-
tion properly as intended, and be compatible with drug
products and safe for use. In addition, packaging
should be elegant for marketing, convenient for use,
and low cost for the benefit of both patients and
product manufacturers.

Containers are used for different types of products
for different routes of administration. By routes of
administration, pharmaceutical products can be classi-
fied as inhalation, injectable, ophthalmic, liquid oral,
liquid topical, transdermal, suppository, and SOD
forms. Container requirements for different types of
products may be different. Concerns for container-
drug interaction are the highest for injectable and
inhalation products, and lowest for SOD forms.
Therefore, a container closure system approved for
one type of product cannot be assumed to be
approved for another type of product. For detailed
information on regulatory requirements for different
types of drug products, refer to the FDA guidance
Container Closure Systems for Packaging Human Drugs
and Biologics.2

Proper use of container closure systems can provide
protection of SOD forms from moisture, light, oxygen
or other gases, microbial contamination, and mechani-
cal stress, depending on the protection requirements of
the product. In general, protection against moisture,
light, and oxygen are the most important factors to
consider. Resistance to microbial contamination can
be readily achieved using well sealed containers
with proper control of materials, manufacturing, and
packaging processes under good manufacturing prac-
tice conditions. Protection against physical stress can
be achieved by the use of containers with sufficient
strength and minimized headspace, which prevents
excessive movement of products during handling
and shipping. Containers for finished products are nor-
mally incapable of protecting products from thermal
stress. Heat-sensitive products are typically protected
by refrigeration or freezing during storage, shipping,
and end use. Therefore, protection against microbial
contamination, mechanical stress, and thermal stress,
will not be discussed in detail in this chapter.

As stated previously, formal stability studies are not
desirable for screening containers for pharmaceutical
products. Instead, containers should be selected based
on scientific knowledge of the fundamental properties
of containers and drug products. Rational selection of
containers will minimize the risk of failure in stability
studies, increase the efficiency of product develop-
ment, and reduce the cost for both the pharmaceutical
industry and patients.

23.2 MATERIAL CONSIDERATIONS

23.2.1 Containers

Containers can be classified by the dosage forms for
which they are intended, by product contact, by con-
tainer properties, or by purpose of use. Classifications
based on dosage forms, such as injectable or SOD
forms, and on product contact, such as primary or
secondary packaging, were provided in the introduc-
tion section. Alternatively, containers can be classified
based on their gas permeability—either as permeable
or impermeable containers. In general, polymeric
blisters and bottles, such as polyvinyl chloride (PVC)
and polyvinylidene chloride (PVDC) blisters, and
polyethylene terephthalate (PET) and high-density
polyethylene (HDPE) or polypropylene (PP) bottles, are
permeable to moisture and oxygen; while properly
sealed glass bottles and aluminum foil/foil blisters can
be considered impermeable to gases if there are no
imperfections in the bottle seal or pinholes in the
foil. Containers are also commonly classified as bulk
containers and finished containers for use purposes.
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Bulk containers are used for storage of bulk drug
products prior to packaging or for shipping of bulk
products to repackagers or contract packagers. Finished
containers are for the final packages used to market
and deliver drug products to patients. Finished con-
tainers are further classified into single-unit containers,
and multiple-unit containers. Pharmacy containers for
dispensing drug products to patients can be classified
as finished containers. Stability data of products stored
in the finished containers under ICH conditions are the
main source of data required by regulatory agencies for
approval of shelf life for products.

Bulk Containers: For bulk products of SOD forms,
fiber and plastic drums with flexible liners, such as
low-density polyethylene (LDPE, or PE) liners, are com-
monly used. The liners provide a controlled material
contact surface for the products, and some protection of
products against moisture and contamination. Regular
fiber drums and PE liners are highly permeable to
moisture and other gases. A fiber drum reinforced with
aluminum foil may have significantly lower gas perme-
ability than a regular one. Plastic drums or pails, such
as HDPE drums, also have low gas permeability. With
the use of heat-sealable laminated foil bags as liners,
HDPE drums or fiber drums reinforced with aluminum
foil are likely the second-best bulk containers for
products that are sensitive to moisture or oxygen.
Well-sealed stainless steel containers provide the best
barrier for any gases. However, large steel containers
are heavy, and thus inconvenient to use.

Finished containers: For finished pharmaceutical dos-
age forms, plastic bottles and flexible packages, such
as blisters and pouches, are the most commonly used
containers. However, plastic bottles, such as LDPE,
HDPE, PET, polyethylene terephthalate G (PETG), and
PP bottles, and polymeric blisters, such as PVC, PVDC,
and polychloro-trifluoroethylene (PCTFE), are perme-
able to moisture and gases, although the permeability
varies with materials. Glass bottles are not commonly
used due to the safety concern for broken glasses
during handling, and due to their heavy weight that
can increase shipment cost, even though well-sealed
glass bottles can be considered impermeable to gases.
Foil/foil blisters or pouches in the absence of pinholes
are impermeable to gases, but are not commonly used
in the United States, due to the lack of transparency of
the materials, and the low resistance to physical stress
such that the blisters are easily deformed by external
pressure or force. Foil/foil blisters are widely used in
some countries in Asia for marketing reasons other
than the need of product protection.

Container permeability is a critical factor to consider
in selecting packaging materials for products that
are sensitive to the respective permeants. Moisture
and oxygen permeabilities of packaging materials are

commonly measured, and reported as moisture/water
vapor transmission rate (MVTR, or WVTR) and oxygen
transmission rate (OTR), respectively. Table 23.1 lists
examples of MVTR and OTR data from the literature for
some packaging materials. It is important to note that
the data listed in the table for blistering materials are for
flat films. Permeation rate of the formed cavity of
blisters will be larger than that of the flat films due to
reduced thickness of the formed cavity. The actual
dimensions, including surface area and thickness, of
any given containers shall be accounted for in packaging
design and evaluation. Increasing the thickness of
the barrier material can reduce the MVTR of both the
laminated flat films and the formed cavities, as shown
for commercially available laminated film materials
Aclar RX 160, SupRx 900, UltRx 2000, UltRx 3000, UltRx
4000, and UltRx 6000 (Table 23.2) if the dimension of
the blister cavity is the same for different films with
different thickness.

TABLE 23.1 Moisture and Oxygen Transmission Rates of Some
Packaging Materials

Material

MVTR (g.mil/100

in2 per 24 h, at 100�F,
90%RH)

OTR (cc.mil/100

in2 per 24 h-atm,
at 77�F) Reference

Cold form foil 0.00 0.00 6

Polychloro-
trifluoroethylene
(PCTFE)

0.016 7.00 6

Polyvinyl
dichloride
(PVDC)

0.1�0.2a 0.15�0.90 7

High density
polyethylene
(HDPE)

0.3�0.4 139�150 6,8

Polypropylene
(PP)

0.69�1.0 182 7,9

Low density
polyethylene
(LDPE)

1.0�1.5 463�500 6

Polyethylene
terephthalate
(PET)

1.2�2.0 3�5 7

PET modified
with CHDM
(PETG)

4 6.6 10

Polyvinyl
chloride (PVC)

0.9�5.1 5�20 11

Ethylene vinyl
alcohol (EVOH)

1.4�5.4a 0.05�0.90 7

Polystyrene (PS) 7�10 350�400 11

Nylon 16�20 1.0 11

aDetermined at 104�F/90%RH.

63923.2 MATERIAL CONSIDERATIONS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



The data in Table 23.1 show that materials that have
a low MVTR may not have a low OTR. For example,
the MVTR of nylon is approximately 1000 times larger
than that of PCTFE. However, the OTR of nylon is
actually smaller than the OTR of PCTFE. For the
purpose of moisture protection, PCTFE is far superior
to all other materials listed in the table, except for cold
form foil. On the other hand, PVDC and ethylene vinyl
alcohol (EVOH) are better choices for protection
against oxygen. Packaging materials should therefore
be selected based on the specific need for protection
of each individual product. From a material develop-
ment point of view, data listed in Table 23.1 show
that combination of PCTFE with EVOH can produce
a multiple-layer blistering material with excellent
barrier properties against moisture and oxygen. In fact,
commercial products of such composite laminated
material, PVC/EVOH/Aclar, have become available
on the market in recent years.

Although aluminum foil may be considered as the
ultimate barrier for gases, thin foil (thickness ,25 μm)
may have pinholes,5 and the foil may become perme-
able through the pinholes. Pinholes can be caused
either by the presence of organic contaminates in the
molten aluminum or by the stress of the rolling pro-
cess during foil production. The number of pinholes
per defined area of the foil increase as the thickness
of the foil decreases. This property is important to
consider in selecting foil materials, and also in the
design of packages using thin foil as a barrier.

23.2.2 Determination of container MVTR

As previously discussed, container moisture perme-
ability is an important factor to consider in packaging
selection for moisture-sensitive products. Reliable
MVTR is critical to ensure the selection of proper

materials. Compendial methods for determining
MVTR are currently described in the USP Chapter
,671. 4 to evaluate the performance of containers.
Since the 37th edition, the USP Chapter ,671. pro-
vides different MVTR test methods for multiple-unit
containers for SOD forms. These methods are intended
for either barrier protection determination, or classifi-
cation of containers. It is important to use the right
method to obtain reliable MVTR. For container classifi-
cation purpose, the USP method uses a single weight
gain measurement over a 14-day study through the
use of control bottles. Data in literature have shown
that results obtained by this method may be highly
variable. For example, the standard deviation of the
single weight gain results was higher than the mean
value12 in some cases. In one case, the value obtained
at 25�C/75%RH was unreasonably higher than that
measured at 40�C/75%RH.12 A high variability in
permeability renders the data of little scientific value,
either for packaging design or for justification of
container postapproval changes. Therefore, this single
weight gain method is not suitable for determining
container barrier protection property.

For barrier protection determination, the current
version of USP Chapter ,671. provides a steady
state method (Method 1) with multiple time-point
measurements for multiple-unit containers, and for
high barrier single-unit containers (Method 2), to
ensure the MVTR data is reliable and specific for
discriminating the barrier performance of containers.
The theory that supports the use of the steady state
method for MVTR measurement is discussed next.

For well-sealed plastic containers without gross
defects, the mechanism of water ingression into a
container is mainly by diffusion of moisture molecules
through the container wall,13 and through the seal.
For a relatively large container with a thin wall, the
wall can be approximated as a homogeneous planar
barrier. If it is assumed that:

1. the diffusion coefficient D of water vapor in the
wall is constant at constant temperature;

2. the concentration of moisture at the outside surface
is maintained at a constant level of Co; and

3. the concentration at the inside surface is kept at
essentially zero or a “sink” condition; then the
initial and boundary conditions for the packaging
system under testing can be described as:

C5Ci; 0, x, h; t5 0
C5Co; x5 0; C5 0; x5 h; t$ 0

where:

x is the direction of diffusion
h represents the thickness of the wall

TABLE 23.2 Barrier Thickness of Aclar Film and the Resulting
MVTR

Aclar film
Aclar thickness
(μm)

MVTR (mg/cm2 per day
at 37.8�C, 100%RH)PPPa

Rx 160 15 0.0419

Rx 20E 20 0.0295

SupRx 900 23 0.0264

UltRx 2000 51 0.0119

UltRx 3000 76 0.0088

UltRx 4000 102 0.0065

UltRx 6000 153 0.0038

aData from https://www.honeywell-aclar.com/ProductInformation/Pages/

Documentation.aspx
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C is the moisture concentration in the wall
Ci indicates the initial moisture concentration in
the wall
Co is the concentration of moisture at the outside
surface of the container wall
t is time.

If the quantity of water diffused through the wall and
entered in the “sink” is measured as a result of net diffu-
sion, Eq. (23.1) can be used to describe the permeation
process.14
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where:

Qt;d is the amount of moisture diffused through unit
surface area of the wall at time t.

If the amount of water entering the outer surface of
the wall material is measured, such as by measuring
total weight gain (wg) of containers per USP Chapter
,671., the measured quantity per unit surface area
by weight gain,Qt;wg, includes the amount of water
absorbed by the wall and the backing material in the
closure, and the amount of water diffused through the
wall into a “sink” created by desiccants. In this case,
Eq. (23.2) can be used to describe the permeation
process:
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Eqs. (23.1) and (23.2) show that the initial moisture
permeation profiles are not linear at onset, because the
exponential terms are not yet negligible, and that the
profiles are affected by the initial water concentration
in the wall material, regardless of the methods of detec-
tion. These equations suggest that the data from the
early stage of permeation will vary with the initial
conditions and time. Such dependency on the initial
conditions cannot be corrected using control containers
because the driving forces are different for the test
and control containers. Therefore, permeability cannot
be determined from the early time point by a single
weight gain measurement. However, if the permeation
process is allowed to proceed for a sufficiently longer

time, such that the exponential terms become negligible,
MVTR can be reliably determined using the simplified
forms of Eqs. (23.1) and (23.2), regardless of the initial
water concentration in the wall and the methods of
detection. The effects of initial water concentration on
the diffusion profiles, and the advantage of using
a steady state method for MVTR can be shown by the
following analysis.

For the first method in which the amount of water
diffused into the sink is measured, if Ci 5 0, and at
t-N, the exponential terms in Eq. (23.1) become
negligible, and the quantity of water diffused through
the wall in Eq. (23.1) can be simplified to a linear
function as:

Qt;d5
DCo

h
t2

h2

6D

� �
ð23:3Þ

with a lag time tL being

tL 5
h2

6D
ð23:4Þ

If Ci 5Co, and at t-N, Eq. (23.1) simplifies to

Qt;d5
DCo

h
t1

h2

3D

� �
ð23:5Þ

with a burst time tB, which can also be called a lag
time, being

tB 52
h2

3D
ð23:6Þ

Eqs. (23.3)�(23.6) show that the initial water concen-
tration in the wall can change the initial diffusion profile
to appear either as a lag or as a burst, even though the
method of determination remains the same. However,
the rate of diffusion over steady state, dQt;d=dt5DCo=h,
is not affected by the initial wall conditions.

For the second method, by which the total weight
gain of the entire container is measured, when Ci 5 0,
and at t-N, Eq. (23.2) can be simplified to a linear
function including a burst time in:

Qt;wg5
DCo

h
t1

h2

3D

� �
ð23:7Þ

When Ci 5Co, and at t-N, weight gain simplifies
to a linear function with a lag time in:

Qt;wg5
DCo

h
t2

h2

6D

� �
ð23:8Þ

Eqs. (23.3), (23.5), (23.7), and (23.8) show that the
permeation rates, which are the slopes of the linear
lines, are the same as Eq. (23.9) for different methods
of detection and for different initial conditions of the
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wall material, as long as steady state permeation is
reached.

dQ

dt
5

DCo

h
ð23:9Þ

The definition and the measurement of steady state
are discussed in chapter “Fundamental of Diffusion
and Dissolution.”

The constant rate, by different methods for different
initial conditions, show that reliable container permeabil-
ity can be determined from the steady state permeation
data.

The dependency of weight gain profiles on the
initial water concentration in the wall, and the advan-
tages of using steady state weight gain data for MVTR,
is further depicted in Fig. 23.1 for Eq. (23.2). The
figure simulates the effects of initial conditions,
to show that the initial weight gain profiles vary from
a burst when the wall is initially completely dry, to a
delay when the wall is initially equilibrated with exter-
nal moisture under the test conditions, per Eqs. (23.7)
and (23.8). However, if the permeation process is
allowed to proceed for a sufficiently longer time to
achieve steady state, rate of weight gain (slope of the
linear line) is the same regardless of the initial water
concentration in the wall if temperature and the
driving force remain unchanged. A similar graph can
also be constructed, but not shown, for Eq. (23.1),
to show that the initial condition has no effect on the
rate of permeation through the wall by net permeation
if steady state is achieved.

Experimental data for weight gain for two sizes
of HDPE bottles containing anhydrous calcium chlo-
ride, and closed with induction seal closures with
paper backing in the closures, are shown in Fig. 23.2.

The weight gain profiles agree well with the profiles
predicted by theory.

In practice, water concentration in the container
wall is not measured. However, it can be assumed
that, at the outer surface, water concentration is
proportional to the equilibrium external humidity, as
measured by relative %RH, by partition at a given
temperature. Taking the container surface area into
consideration, it can be shown that MVTR during
steady state can be described by Eq. (23.10).

MVTR5
AdQ

dt
5

ADK3%RH

h
5

AP3%RH

h
ð23:10Þ

where A is the surface area, dQ=dt represents the rate
of moisture permeation, D and K are the diffusion
coefficient and the partition coefficient of moisture
in the wall material, respectively, and P represents the
apparent moisture permeability of the wall material.

Other factors to consider for ensuring that the mea-
sured container MVTR is reliable include maintaining
a “sink” condition, balance sensitivity, and test condi-
tions of humidity and temperature. A perfect “sink”
condition is one in which an internal relative humidity
of 0%RH can be maintained using a sufficient amount
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FIGURE 23.1 Simulated weight gain curves of containers filled
with desiccants. Numbers at the end of the curves are the values of
Ci=Co. The x and y scales are arbitrary.
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of effective desiccant in the sealed containers. In real-
life tests, maintaining no more than 5%RH of the
internal relative humidity during the test may be con-
sidered acceptable. Suitable desiccant should be used
to achieve a “sink” condition. If anhydrous calcium
chloride is used, the desiccant must be activated at
a temperature greater than 200�C to remove any
potential hydrates on the surface of the desiccant.
The current USP Chapter ,671. recommends drying
of anhydrous calcium chloride at 215�C for 7.25 hours.
The moisture sorption capacity of anhydrous calcium
chloride in the range below 10%RH at 25�C is less than
that of silica gel. Therefore, a large amount of anhy-
drous calcium chloride must be used to assure the
existence of a “sink” condition. Alternatively, some
other types of desiccant with a higher moisture sorption
capacity than calcium chloride at low humidity, such as
silica gel or molecular sieve, may be used in a smaller
quantity to achieve a “sink” condition.

For high barrier containers, a sensitive balance
should be used to ensure that the variability caused by
weighing is negligible compared with the measured
MVTR value. The use of aggressive testing conditions
in terms of temperature and humidity is helpful to
achieve obvious weight changes over the test duration,
and thus minimize the effect of weighing error on the
MVTR results. The current USP Chapter ,671.
recommends the use of 40�C/75%RH as the testing
conditions for the barrier protection determination of
high barrier materials. However, for low barrier mate-
rials, such as PVC, the testing conditions should be
mild to prevent the saturation of desiccants during
testing. ICH conditions must be used if the MVTR data
is intended for prediction of product moisture uptake
during shelf life under the same conditions. Sample
size, test interval, and balance sensitivity should be
evaluated together with the estimated container MVTR
prior to testing in order to minimize the % variability
of the measured MVTR.

MVTRs of some HDPE bottles determined by steady
state permeation method are listed in Table 23.3.15

23.2.3 Gas absorbers

23.2.3.1 Desiccants and fillers

Desiccants are commonly used to keep products dry
and stable. Dry desiccants can absorb moisture from
air either by physical adsorption or by chemical reac-
tion, and thus reduce the humidity in the headspace
of sealed containers. Moisture sorption by silica gel is
an example of physical adsorption, and sorption by
calcium oxide is an example of a chemical reaction.
Different types of desiccants and their moisture sorp-
tion capacities can be found in literature.16 The most

commonly used desiccants for solid pharmaceutical
products are silica gel, clay, and molecular sieves.

Silica gel is an amorphous form of silica (SiO2

xH2O) and is highly porous. Silica gel particles are
composed of an interconnecting network of micro-
scopic pores (capillaries), and therefore have a very
large surface area. The mechanisms of moisture
adsorption by silica gel include surface adsorption and
capillary condensation in the porous network. Silica
gel works well at ambient temperature, but may have
decreased adsorption rate and equilibrium moisture
content at higher temperatures. The moisture in silica
gel can be removed by drying at a temperature greater
than 110�C. The current USP Chapter ,671. recom-
mends pre-drying silica gel desiccant at approximately
150�C to ensure the complete removal of adsorbed
water.

Clay is a low cost and efficient desiccant at low
temperature. The primary chemical composition of clay
includes silica and aluminum oxide, magnesium oxide,
calcium oxide, and ferric oxide. Moisture adsorption
capacity may be different for different grades of clay
desiccant. Therefore, their moisture adsorption iso-
therms must be verified during the desiccant selection
process. Clay works well at ambient temperature, but
at temperatures .50�C, it will likely lose moisture
rather than absorb moisture. Similar to silica gel, clay
can be dried at a temperature greater than 110�C.

A molecular sieve is a highly porous crystalline
material with precise mono-dispersed pores into which
certain sizes of molecules can fit, and thus, it can be
used to separate one type of molecule from others.

TABLE 23.3 Moisture Vapor Transmission Rate (MVTR) and
Moisture Permeability of Some HDPE Bottles

Bottle
size

MVTR (mg/day, mean6SD, n5 10)
P3 106 (mg � cm/
(day �%RH � cm2)

25�C/60%
RH

30�C/65%
RH

40�C/75%
RH 25�C 30�C 40�C

40 cc 0.156 0.01 0.266 0.01 0.706 0.02 3.99 6.40 14.67

0.75 oz 0.176 0.01 0.286 0.01 0.716 0.02 3.84 5.88 13.13

1 oz 0.216 0.01 0.346 0.01 0.926 0.01 4.16 6.34 14.71

1.5 oz 0.276 0.01 0.416 0.01 1.026 0.03 4.45 6.30 13.61

3 oz 0.366 0.01 0.536 0.02 1.286 0.02 5.05 6.81 14.36

4 oz 0.596 0.01 0.936 0.03 2.366 0.03 5.19 7.57 16.63

5 oz 0.686 0.02 1.126 0.03 2.826 0.05 5.11 7.76 16.98

175 cc 0.566 0.02 0.946 0.02 2.396 0.04 4.29 6.65 14.70

Average 4.51 6.71 14.85

SD 0.53 0.65 1.34
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These pores are the channels in the crystalline structure
of a material such as zeolite. The pore sizes of molecu-
lar sieves differ from silica gel, in that the pore size of
a molecular sieve is small and precise, while that of sil-
ica gel is much larger with a broad distribution.
Molecular sieves are available with different effective
pore sizes, such as 3, 4, 5, and 10 Å. A molecular sieve
with a 3 Å effective pore size can selectively adsorb
water molecules, since the diameter of water molecule
is approximately 3 Å, while a molecular sieve with 4 Å
pore size can also adsorb nitrogen and oxygen, in
addition to water. Molecular sieve desiccants have a
very strong affinity and a high adsorptive capacity for
water in an environment of low water concentration.
At 25�C/10%RH, molecular sieves can adsorb water
to approximately 14% of their own weight. This prop-
erty makes it possible to create an extremely low
humidity environment with a small amount of mate-
rial. However, at any humidity greater than 50%RH at
25�C, the adsorption capacity of a molecular sieve
is less than that of silica gel. For example, at 70%RH/
25�C, a molecular sieve can absorb approximately 22%
of moisture, while silica gel can absorb approximately
32% of moisture at the same condition.16

Moisture sorption isotherms of different types
of desiccants can be found in literature.16 The equilib-
rium adsorptive capacities of silica gel and clay for
moisture at different temperatures and humidities are
shown in Fig. 23.3. At humidities lower than 35%RH,
moisture sorption capacities are similar for the two
desiccants. At higher humidities, silica gel has a
higher moisture capacity than clay. It is important to
know that different grades of the same type of
desiccant may have significantly different moisture
sorption capacities. This holds true for clay and zeolite

desiccants. Therefore, moisture sorption isotherms
of desiccants must be verified for the selected desic-
cants. In addition, the moisture sorption capacity of
desiccants is a function of temperature. This tempera-
ture dependency should be characterized during the
selection process, particularly when the isotherm is
intended for modeling packaging design for moisture
protection at different temperatures.

The common process for using desiccants is to place
a predetermined quantity of activated desiccant into
containers with products and seal the containers. The
quantity of desiccant to be used is important because
an insufficient quantity will not provide the required
protection, while excessive use of desiccant may lead
to over-drying and an unnecessary increase in product
cost. In many cases, overuse of desiccant is not a
problem for product quality. However, over-drying
of some hydrates may lead to the formation of
unstable amorphous materials, and thus become detri-
mental to product quality. It is therefore important to
understand the product characteristics, the degrada-
tion mechanism of the products, and the desired range
of humidity for products before an appropriate quan-
tity of desiccant can be determined. Once the desired
range of humidity is determined, a suitable quantity
of desiccant to use can be calculated based on the
moisture sorption properties of both the desiccant
and the drug product using a modeling method, as
discussed later in this chapter.

The environmental conditions and packaging process
for placing desiccants into product containers must be
well-controlled in order to maintain the effectiveness of
the desiccant because it may adsorb water vapor
quickly when exposed to room air, thus reducing its
protection capacity. For example, activated clay, silica
gel, and molecular sieves can all absorb approximately
10% of water when exposed to 25�C/75%RH for
1 hour,16 leading to a significant loss of protection effect
for products. In fact, such an exposure can result in a
complete loss of the protection effect of silica gel and
clay if the desiccants are intended to maintain humidity
lower than 20%RH. For container MVTR measurement,
adsorption of water by exposure of desiccant to room
air prior to filling into containers can lead to under-
estimation of container MVTR because the internal
humidity may exceed the requirement for a “sink”
condition. Environmental humidity and exposure time
for placing desiccant into containers must clearly be
minimized, in order to prevent loss of desiccant effect.
Similarly, when active packaging is used where
desiccants or oxygen scavenger are pre-sealed in the
containers, such as in the bottle caps, the manufactur-
ing, shipping, and handling processes for the containers
must also be well-controlled to prevent the loss of the
effectiveness of the active packaging.
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FIGURE 23.3 Moisture sorption isotherms of activated silica gel
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Care should also be taken when desiccants are used
for gelatin capsules to prevent brittleness from loss
of moisture. Gelatin capsule shells need approxi-
mately 12�16% water to maintain their physical
strength, which corresponds with a relative humidity
of approximately 40�65%RH at 25�C. Humidity lower
than 30%RH will likely cause the capsules to become
brittle.17,18

Fillers such as cotton and rayon are also commonly
copackaged with solid pharmaceutical dosage forms to
restrain product movement during shipping. Cotton
or rayon can sometimes cause instability problems
for drug products. The reasons for this are that these
fillers may contain residual oxidative agents that
were used for their processing, and that fillers can
unintentionally act as either a source of water or as a
desiccant. The residual oxidative agents can cause deg-
radation of some active pharmaceutical ingredients
(APIs) or result in cross-linking of gelatin capsules or
gelatin-coated tablets, if residual formaldehyde exists
in the filler, leading to dissolution problems for the
drug products. The moisture sorption capacity of
cotton is another aspect to consider. The equilibrium
moisture content of cotton is showed in Fig. 23.4.
It can absorb more than 6% of water at humidity high-
er than 60%RH at 25�C. If dry cotton is used, it can
act as a type of desiccant, and absorb water from the
copackaged products. If equilibrated at high humidity
during storage prior to use, cotton can be a source of
water for the copackaged dry products if the products
are hygroscopic. Although the amount of cotton used
for pharmaceutical products is small, the effects of
cotton on moisture transfer may still be significant
in some cases. Quantitative evaluation of the effect
of cotton on product moisture content can be carried
out using a modeling method, as discussed later in
this chapter.

23.2.3.2 Oxygen scavenger

When products are sensitive to oxygen in the air,
one could chose to either:

1. Formulate with antioxidants to stabilize the
products;

2. Package the products in containers impermeable to
oxygen, such as glass or aluminum containers,
combined with purging the container headspace
using an inert gas, such as nitrogen or argon;

3. Use oxygen scavengers in well-sealed containers;
4. Combine the techniques of stabilization by

formulation and packing protection.

Stabilization by formulation is a complex subject,
beyond the scope of this chapter, and will not be
discussed here. Once the product is formulated, appro-
priate packaging can provide further protection of the
product to maximize its shelf life. Normal air contains
approximately 21% oxygen, and 78% nitrogen. Purging
containers with inert gas can reduce the oxygen
level to a range of approximately 0.5�5%. The use of a
sufficient amount of oxygen absorbers can reduce
oxygen content in the headspace of a sealed container
to less than 0.1%. Combination of purging to reduce
the initial level of oxygen, and the subsequent use of
oxygen scavenger in a well-sealed container with low
oxygen permeability, is probably the best method for
packaging oxygen-sensitive products.

Oxygen scavengers, or oxygen absorbers, are mate-
rials that can react with oxygen from the air, eliminat-
ing the effects of oxygen when copackaged with
products in closed containers. Oxygen scavengers
are commonly used for food products, but are less
common for pharmaceutical products. In the food
industry, different types of materials used as oxygen
scavengers include:

1. Inorganic oxygen absorbers, such as powdered
metals or their intermediate oxides;

2. Organic antioxidants, such as vitamin C or
salicylate; and

3. Polymer-based oxygen absorbers.

The mechanism of product protection by oxygen sca-
vengers is the rapid oxidation of the scavengers with
oxygen from the headspace of closed containers, and
with the diffused oxygen during storage. According
to Grattan and Gilberg,19 the main reactions for the oxi-
dation of powder iron with oxygen in the presence of
moisture and sodium chloride, as in the commercially
available oxygen scavenger Ageless, can be described
by Eqs. (23.11)�(23.14).

Fe-Fe211 2e2 ð23:11Þ
O2 1 2H2O1 4e2-4OH2 ð23:12Þ
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FIGURE 23.4 Moisture sorption isotherm of cotton at 25�C.
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Fe211 2H2O-FeOOH1 3H11 e2 ðrapidÞ ð23:13Þ

3Fe21 1 4H2O-Fe3O41 8H11 e2 ðslowÞ ð23:14Þ
The rate of oxidation of powder iron in air, and

thus oxygen reduction in sealed containers, is rapid.
It has been shown that the oxygen level was reduced
from approximately 21% to less than 0.1% in approxi-
mately 20 hours by using one packet of Ageless Z-1000
in a 2L sealed container.20 Due to its effectiveness and
low cost, metallic iron is widely used to preserve food
and museum items.

There are several disadvantages of using metal iron
as an oxygen scavenger for pharmaceutical products.

1. The reaction of metal iron with oxygen requires a
water activity as high as 65�85%RH in the
system.19 In fact, water was included in the form of
saturated sodium chloride solution absorbed in
molecular sieves as part of the oxygen scavenger, to
maintain a critical relative humidity for reaction.19

A high humidity environment may be detrimental
for most solid pharmaceutical products.

2. The reaction is exothermic. The heat released by the
reaction may create thermal stress for the
copackaged products.

3. The reaction creates a vacuum due to the
elimination of oxygen in the container, which may
cause flexible containers to collapse. Therefore rigid
containers are needed in order to maintain the
geometry of product packages using this type of
oxygen scavenger.

Unlike desiccants, oxygen scavengers are not yet
well studied for pharmaceutical products. Therefore,
much study, including the characterization of material
properties and the oxidation-reduction mechanisms of
oxygen scavengers and drug products, needs to be
done to evaluate oxygen scavengers for protection of
pharmaceutical products. Successful oxygen scavenger
candidates for products must be effective, safe to use,
clean (so as not to contaminate products), convenient
to use, and low cost.

23.2.4 Drug products

While there are different types of containers avail-
able, selection of containers for product protection
clearly depends on the specific protection requirements
of any given product. In general, the protection require-
ments are identified during the early development
stage with accelerated degradation studies or forced
degradation studies using either the APIs or drug

products. Details on stability studies were discussed
in chapters “Drug Stability and Degradation Studies”
and “Excipient Compatibility and Functionality.” Once
the drug sensitivity and protection requirements are
identified, container design and selection may be made
by matching the properties of containers with that of
the drug products. If accelerated studies show that the
product is not sensitive to moisture and/or other gases,
the protection requirements for the product will mainly
include the prevention of contamination and physical
stress. If a product is sensitive to light, containers
with low light transmittance should be the first choice,
otherwise, secondary packaging will be needed if
transparent primary packaging is used. If a product is
sensitive to moisture, containers with low MVTR
values are preferred, and desiccant may be used for
additional protection.

Different pharmaceutical excipients have different
moisture sorption capacities. The same is true for
finished pharmaceutical products, since each product
contains its own set of excipients. Product moisture
sorption capacity is one of the critical factors that
determine the rate and extent of moisture ingression
into containers during storage, in addition to the
container MVTR and storage conditions. The higher the
capacity, the faster the ingression rate will be, assuming
other factors are the same. If desiccants are used for
products, it is important to understand the solid state
chemistry of the APIs in the products. Some APIs
may exist in different hydrates and/or crystal forms
under different humidity. Over-drying caused by use
of excessive desiccants may lead to lose of hydrates,
and formation of unstable lower hydrates or amor-
phous materials. Therefore, drug product properties,
including moisture sorption isotherm and the solid
state response to environmental conditions, should be
studied. This is particularly important if desiccants are
used for quantitative design of packaging to protect
moisture-sensitive products. The application of material
moisture sorption isotherms and container moisture
permeability in quantitative packaging selection for
moisture-sensitive products are discussed in the next
section.

23.3 LINKING PACKAGING PROPERTY
WITH DRUG PROPERTY

MVTR is traditionally used to classify containers,
and the use of desiccant for products is determined by
trial and error. According to USP Chapter ,671.
prior to USP 37th edition, there was only one method
using MVTR for classification, containers are tight
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containers if not more than one of the 10 test containers
exceeds 100 mg/day per L, and none exceed 200 mg/
day per L. Containers are well-closed containers if not
more than one of the 10 test containers exceeds
2000 mg/day per L, and none exceed 3000 mg/day per
L. This type of classification is very loose, and does
not take into account the properties of products in the
containers. As a result, this classification is not mean-
ingful in quantitative packaging design for the support
of new product development. This problem has been
acknowledged by the pharmaceutical industry and by
USP. Therefore, new methods are now included in the
recent USP38 Chapter ,671. to provide reliable and
precise MVTR of containers for differentiation of con-
tainer performance in the section regarding barrier
protection determination for packaging systems for
SOD forms.

In product research and development (R&D), we
must know if any container can provide adequate
protection of a new product, prior to the use of the
container for official stability studies. Therefore, vigor-
ous evaluation is required for container selection.
The conventional method of trial-and-error for packag-
ing and desiccant selection is of low efficiency, and
lacks a guiding power. A desirable approach should
be science-based, and should allow the building of
QbD. Two new methods have been developed in
recent years to evaluate container moisture barrier
properties for products. These methods are the use
of MVTR/unit dose product,13,21 and the modeling
approach for prediction of moisture uptake by pack-
aged products during storage.22 The key element of
these two new methods is the linking of packaging
property with drug product property, and they are
discussed in the next section.

23.3.1 The use of moisture vapor transmission
rate per unit product for container comparison

For a given product in different containers, the
moisture protection efficiency of the containers for
the product can be evaluated using a criterion of
“MVTR per unit quantity of product.”13,21 For solid
products, the unit can be a tablet, a capsule, or the
mass of a product. A smaller value of MVTR/unit
product indicates that the container provides better
protection for the product from moisture than a
container with a larger value. This criterion can be
used to rank containers/designs, and to guide packag-
ing selection for new product R&D, or it can be used
to evaluate the container moisture barrier equivalence
for justification of postapproval container changes for
a regulatory purpose.

23.3.2 Modeling of moisture uptake
by packaged products

Moisture content of products in permeable contain-
ers stored at ICH stability conditions can be predicted
by a modeling method22 if it is assumed that:

1. Moisture content of a product is a function of the
equilibrium humidity;

2. Moisture permeation through the container is the
rate-limiting step;

3. A quasi-steady state of permeation exists; and
4. Moisture permeability of the container is constant at

a given temperature.

At quasi-steady state, the rate of moisture permeation
through a sealed container at constant temperature
and external humidity can be expressed using Fick’s first
law as:

dQ

dt
5 kðRHout2RHÞ ð23:15Þ

where
dQ=dt is the rate of moisture permeation through

the container
k represents the apparent moisture permeability of

the container
RHout and RH represent the % relative humidity

outside and inside the container, respectively.
If the water content of any unit component in the

container is a function of the equilibrium humidity,
the total quantity of water, Q, in a sealed package con-
taining n components can be written as:

Q5
Xi5n

i51

qifiðRHÞ ð23:16Þ

where qi and fi RHð Þ are the quantity and the moisture
sorption isotherm of the ith component in the con-
tainer, respectively.

Differentiation of Eq. (23.16) with respect to relative
humidity leads to

dQ

dRH
5

d

dRH

Xi5n

i51

qifiðRHÞ
" #

ð23:17Þ

By mass balance, the quantity of moisture perme-
ated through the container must be equal to the
moisture content change in the container, as described
by Eq. (23.18).

kðRHout 2RHÞdt 5 d

dRH

Xi5n

i51

qifiðRHÞ
" #

dRH ð23:18Þ
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Rearranging and integration leads to the t-RH
profile inside the container as described by Eq. (23.19).

t5

ðRHt

RHt50

d
dRH

Pi5n

i51

qifi RHð Þ
� �

kðRHout 2RHÞ dRH ð23:19Þ

The water content of each individual component as
a function of time can then be estimated by substituting
the RH at time t into the corresponding moisture iso-
therm of the component, as given by the t-RH profile.
Detailed procedures for using this modeling method
can be found in literature.22 Predicted moisture content
for a model tablet product in HDPE bottles stored
under accelerated and long-term ICH conditions
agreed very well with experimental data (Figs. 23.5
and 23.6), demonstrating that this modeling method is
highly reliable. The reliability makes it possible to
practice a QbD approach in packaging selection for
products. Using this modeling method, the effects
of any packaging designs and storage conditions on
product moisture content can be readily simulated
to select the most suitable packaging for moisture pro-
tection. The selected packaging can then be confirmed

by real-life stability study. Suppose it is known that the
headspace humidity of a product must not be greater
than 30%RH at room temperature over its shelf life,
and that desiccant is to be used in HDPE bottles for
the product. However, it is not known what quantity
of desiccant should be used and what the effect of
moisture permeation during the shelf life will be.
With the moisture sorption property of the product,
and the container permeability at hand, simulation
can be conducted for different amounts of desiccant.
The simulation results are shown in Fig. 23.7. Based
on the simulation, it can be determined that at least 1 g
of the desiccant must be used, in order to maintain
the headspace relative humidity and not to exceed
30%RH over 2 years when stored at 25�C/60%RH.
In another case, 7 and 90 tablets were packaged
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FIGURE 23.5 Experimental and predicted water content of 20
model tablets in sealed 3 oz HDPE bottles and stored at 40�C/75%
RH. (a): no desiccant. (b): with 1 g bentonite desiccant.

0

2

4

6

8

10

Time (day)

W
at

er
 c

on
te

nt
 (

%
)

Experimental (tablet)

Experimental (desiccant)

Prediction (tablet)

Prediction (desiccant)

8007006005004003002001000
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without desiccant in 0.75 and 1.5 oz HDPE bottles,
respectively. Simulation indicated that the moisture
content of the 7 tablets in the 0.75 oz bottle would
approach an equilibrium value in approximately 1 year
when stored at 25C/60%RH, while that of the 90 tablets
in the 1.5 oz bottle would not reach the same level of
moisture content over 3 years. The simulated results
were confirmed by formal stability study conducted
under ICH conditions (Fig. 23.8). These examples show
that the modeling method can be used as a scientific
tool to evaluate the moisture protection capability of
any proposed packaging design, prior to conducting
stability studies for new product development, or to
evaluate the container equivalence for postapproval
container changes. Formal stability studies can then be
conducted for confirmation purposes. Modeling is
science-based, and can be used as an effective tool for
QbD in packaging evaluation for product protection
against moisture. Successful application of this method
will reduce product development’s time and cost.

23.4 POSTAPPROVAL PACKAGING
CHANGES

Postapproval changes to packaging materials
(PACPAC), including a change to a container closure
system, to a component of the container closure system,
to a material of construction for a component, or to a
process involving one of these, must be reported to the
regulatory agency.2,23 Packaging changes are classified
as either major, moderate, or minor, depending on the
nature of changes. The categories of changes indicate
the regulatory requirements, reporting categories,
and thus the levels of burden on the FDA and on the

pharmaceutical industry. Major changes require a
prior approval supplement. Moderate changes need
a changes being effective supplement, while minor
changes can be reported to the FDA by annual report.
Categorization of changes depends on the nature of the
changes, and the intended use for products, such as for
injectable, ophthalmic, liquid oral, solid oral, topical, or
transdermal dosage forms. It should be understood
that the degree of concern for product-packaging inter-
action, and thus categorization of packaging changes,
is different for different types of dosage forms. For
example, changes in the size or shape of a container
for a sterile drug product may be considered as moder-
ate changes, while the same changes might be treated
as minor changes for SOD forms. Therefore, a category
of PACPAC for one type of product cannot be assumed
to be the same category for another type of product.

For SOD forms, there are several questions to answer
before proposing postapproval packaging changes.
These include, but are not limited to, the following;

1. Is the new packaging previously approved by the
FDA for the same type of dosage form?

2. What type of protection does the product need?
3. Does the new packaging provide equivalent or

better protection?
4. What type of packaging material information and

what type of product stability testing in the new
packaging are needed for submission?

Current FDA guidance to industry, changes to an
approved new drug application or abbreviated new
drug application,23 provide some examples for each
category of packaging changes and a general statement
on the potential impact the changes may have on the
identity, strength, quality, purity, or potency of a drug
product as they may relate to the safety or effective-
ness of the product. However, the guidance does not
list specific requirement on information needed to
report to the FDA for the changes. A regulatory guid-
ance listing specific instructions on what and how to
report for postapproval changes for packaging will be
helpful to reduce the regulatory burden for the FDA
and the pharmaceutical industry.

The reporting category of packaging changes may
be reduced if the new packaging has been approved
by FDA for the same type of dosage form, and if it is
demonstrated that the new packaging can provide
equivalent or better protection than the existing pack-
aging. If it can be demonstrated that a product is not
sensitive to environmental conditions, such as mois-
ture, oxygen, or light, then the need to evaluate the
protection equivalency is not applicable for packaging
changes. Protection equivalency can be demonstrated
either by formal stability studies or by comparative
tests. A formal stability study is not preferred for
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material characterization because it is time consuming
and expensive. Thus, comparative tests are preferred
to increase efficiency and reduce cost. For SOD forms,
container MVTR is commonly used as one of the crite-
ria to demonstrate the moisture protection equivalency
of containers. Two aspects of MVTR that should be
considered are the reliability of MVTR values and the
correct use of those values. As discussed previously
in this chapter, the current USP chapter ,671. pro-
vides different methods for measuring the container
MVTR for either container classification or for barrier
protection determination purpose. Results of the classi-
fication method may be highly variable, and less
reliable than that of the method for barrier protection
determination. Thus, the author prefers the latter
method to obtain container MVTR for container
comparison.

Getting a reliable MVTR value does not yet pro-
vide the basis for evaluation of container equivalency
for product protection. The correct use of the MVTR
is equally important for drawing meaningful conclu-
sions. For classification purposes, MVTR is reported
in a unit of mg/L per day as per USP. This unit
has limited utility, because it does not take into
account the quantity of products in the containers.
Alternatively, meaningful results can be obtained
by using a new unit of “MVTR per unit product”13,21

proposed by the PQRI container closure working
group. According to the studies conducted by the
PQRI workgroup, moisture activity, and hence prod-
uct moisture content in sealed containers, is related to
the value of “MVTR per unit product.” The lower
the “MVTR per tablet” value, the lower the product
moisture content, and it does not matter if the
container is an HDPE bottle or an Aclar unit blister.
Several examples have been reported in previous
publications by PQRI. More examples for using
“MVTR per unit product” to rank container moisture
protection property, and to link it to product moisture
content by stability studies are listed in Table 23.4.
Tablets of a same lot were packaged in unit blisters,
and in two sizes of HDPE bottles, for formal stability
study at 25�C/60%RH. The ranking of the MVTR/
unit for the three types of packaging are in the
order of blister.bottle 1. bottle 2. At the 1-, 2-,
and 3-year time points, significant differences in tablet
moisture content were observed in the order of -
blister. bottle 1. bottle 2. These data clearly demon-
strate that “MVTR per unit product” is a valuable
criterion for evaluating moisture protection equivalency
of containers.

To summarize, the unit of “MVTR per unit product”
links container property with product quality. The unit
provides a means of evaluating different types of pack-
aging materials, such as bottles and blisters, as well as

for comparison of different quantities of products in
varying or the same sizes of containers. Protection
capability is the same or better, as long as “MVTR per
unit product” is the same or smaller if moisture protec-
tion is the main concern, regardless of the types of
packaging materials and configurations. MVTR per
unit product is therefore a science-based criterion for
evaluating the moisture protection equivalency, and
for justifying postapproval packaging changes.
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Clinical Supplies Manufacture: Strategy, GMP
Considerations, and Cleaning Validation
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24.1 INTRODUCTION

The process of new drug discovery research, devel-
opment, and commercialization is long, complex, and
costly. It can take more than 10 years and cost $1 bil-
lion or more on average to bring a new chemical entity
(NCE) to the market. The new drug development pro-
cess can be characterized into different phases includ-
ing Phases I, II, III, and IV. The objective for each
phase is described in Table 24.1. From Phase I to Phase
III, clinical investigation is one of the most important
activities to prove the safety and efficacy of a new
drug. Successful supply of clinical materials is key to
assure that clinical studies are conducted as planned at
the correct time with the correct dose and correct
amount of materials. Manufacturing batch sizes of clin-
ical supplies change with demand, availability of drug
substances, and study phases. A strategy clearly must
be developed to effectively manage the complex clini-
cal supplies manufacturing process. This includes
planning, collaborative communication among the
cross-functional team, lean manufacturing, effective
training programs, and application of new technolo-
gies to facilitate the manufacture of clinical supplies.

Clinical trials are designed to obtain safety and effi-
cacy data for new drug candidates. A primary consid-
eration in these studies is the safety of the clinical trial
subjects. In addition, careful consideration must be
given to the quality of the clinical supplies produced
to ensure that there is no unintended consequence on
the clinical trial results. Therefore, a comprehensive
cGMP controls must be in place for the manufacture of
clinical supplies to ensure the delivery of quality

products. A cleaning verification and/or a cleaning
validation program is a key component of the cGMP
controls and quality system and an essential part of
any pharmaceutical manufacturing facility. It must be
demonstrated either through cleaning-validation effort
that the cleaning process is under control, or through
cleaning verification after each manufacture so that
there is no cross-contamination from one lot to the
next and the safety of product users is assured.

24.2 STRATEGY OF CLINICAL SUPPLIES
MANUFACTURE

In the past few years, there have been major chal-
lenges facing the pharmaceutical industry regarding
growing regulatory burdens and global clinical trials.
More rules and regulations on good clinical practice
(GCP) have been implemented or recommended
because of ongoing concerns regarding unreported
adverse events, inadequate protection of the clinical
trial subjects (especially minors and incapacitated
adults), inadequate oversight of clinical trials by
Institutional Review Boards (IRBs),1 unethical use of
placebo-controlled trials, and insufficient informed
consent practices. At the same time, the costs of drug
development and discovery have increased substan-
tially. Bringing a new drug to market can cost any-
where between $900 million and $1.7 billion,
depending on development and marketing costs.
Approximately only one in 10,000 compounds synthe-
sized will pass regulatory approval and be commer-
cialized, with only a few becoming potential
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blockbuster drugs. In addition, the time required to
bring a new drug to the market is becoming longer.
The time from drug discovery to FDA approval for a
NCE can be as long as 12 years. Pharmaceutical com-
panies are being forced to examine how to streamline
their manufacturing practices and products.2 The faster
the new drug product is approved by the FDA, the
longer the effective life of market exclusivity for the
product before its patent expires.

Pharmaceutical manufacturers often rely on various
strategies to keep their new drug pipeline flowing
freely. Effective management of clinical supply deliv-
ery prevents it from becoming a rate limiting step in
product development, reduces the time for a new drug
undergoing clinical trials, and ultimately increases the
speed of bringing a new drug to market. Due to the
complexity and long duration of clinical trial pro-
grams, success depends on precise timing, monitoring,
managing, and coordination efforts as well as a
smooth flow of information and materials. The pri-
mary goal is to help connect clinical trial management
teams with clinical supply manufacturing. The proper
planning process is crucial to ensure that the project
timeline is met. The collaborative communication
among team members including research and develop-
ment (R&D) personnel, quality control/quality assur-
ance (QC/QA) personnel, regulatory personnel,
medical personnel, clinical investigators, clinical trial

material manufacturing personnel, and clinical trial
material packaging personnel is essential for the suc-
cess of the project. An implementation of clinical plan,
clinical supplies liaison, a lean manufacturing
approach, a cross-functional training program for
workers, outsourcing, the use of new technology;
including modern computer technology and new
methodologies in drug discovery and development
and process analytical technology (PAT) are among
the various strategies that can be used to improve clin-
ical trial management. These topics will be discussed
later in this chapter.

24.3 CLINICAL PLAN

For each new drug candidate targeted for eventual
registration, marketing, and distribution, a clinical
plan is generally required. The clinical plan provides a
detailed listing of clinical trials required for FDA
approval together with duration and the desired time-
lines.3 In general, project plan rationale, workload, and
cost are discussed at management meetings or at proj-
ect team meetings. Planning must include short-term,
intermediate-term, and long-term goals with assump-
tions for bulk drug substance requirements, dose
strengths, and quantity of drug product to manufac-
ture. Comparator drug products also need to be con-
sidered. The short-term and intermediate-term
planning (1�6 months) must include final plans for
manufacturing, including the bulk product request
with an approximately 4- to 6-month lead time, and
packaging requests, which should be received 2�3
months before the expected shipping date. Long-term
strategic plans can be prepared based on equipment/
facility capacity, volume prediction, budget or
resources, preferred vendor or contractor relationships,
and comparator or drug substance sourcing. There
are many challenges in planning for distribution of
the clinical trial supplies to multiple investigation cen-
ters, especially those in different countries. Regulation-
specific requirements for each country running the
clinical trials must be thoroughly understood and
considered during planning.

Long-term strategic planning may be based on
workload prioritization, contract arrangements, and
inventory management. On the other hand, short-term
or immediate planning is more related to completing
jobs at hand. Clinical plans and process must be
reviewed and updated on a regular basis to keep the
liaison and other team members in the same pace with
the possible changes for modification of protocols. It is
generally a good idea to establish a frame of reference
to define how, when, and who will change what—
commonly referred to as a “change control” plan. This

TABLE 24.1 Clinical Trials in New Drug Development

Stages Time Subject/study Study objectives

Clinical
Trials in
Phase I

1�2
years

20�80 healthy
volunteers

Safety; Dose and schedule;
Pharmacokinetics;
Pharmacological actions

Open study

Clinical
Trials in
Phase II

2�3
years

100�200
patients

Safety and efficacy; Dose, route
and schedule; Toxicity profile;
Clinical endpoints;
Dose�response curve; Short-
term adverse effects;
Pharmacokinetics;
Pharmacological actions

Controlled
studies-
multicenter

Clinical
Trials in
Phase III

2�4
years

.1000
patients

Safety and efficacy in a large
population; Patient population;
Product claims; Final
formulation and product
stability; Drug-related adverse
effects

Controlled
studies-
multicenter

Clinical
Trials in
Phase IV

2�4
years

Controlled
studies-
multicenter

Additional information about
the drug’s risks, benefits and
optimal use such as other
patient populations, other
stages of diseases, over a longer
period, extend claims of safety
and efficacy
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change control should be complementary to the plan-
ning process. Planning is the process that requires
management to ensure that the project is completed
within the timeline. All the risks involved in the proj-
ect should be identified and assessed during the plan-
ning process. The probability of the risk occurring, the
impact of the risks on the project, and a contingency
plan should be incorporated into the planning
activities.

A clinical plan template can be developed because
clinical studies usually follow the same basic tasks and
flow, regardless of the product is being studied. Using
the template approach helps accelerate the project
timeline and bring in best practices learned from past
development projects. Table 24.2 illustrates the tasks
commonly required in Phase I clinical trial studies.

24.4 CLINICAL SUPPLIES LIAISON

The clinical supplies liaison (or clinical trials materi-
als manager/team leader, or medical coordinator or
clinical logistic coordinator) plays an important role in
the drug development-clinical trial process. The titles
or names of this position may differ, but the tasks that
need to be performed are essentially the same. The liai-
son must understand and be able to successfully lead
the project, effectively communicate and convey the
clinical study process and progress to team members,
and prioritize task activities and timelines. The liaison
should understand team member individuals and their
cultures. He/she must be able to organize, manage,
negotiate with, educate, and compromise with multi-
disciplinary team members to develop the best sce-
nario for all parties involved. A successful liaison must
have a strong scientific background and strong people
management skills (ie, the ability to interact and effec-
tively negotiate with other people). A successful liaison
can lead his or her team or customers to achieve a
sought-after goal and eventually push the project
through the finishing line despite numerous setbacks,
delay, adversity, and failures.

24.5 LEAN MANUFACTURING

Lean manufacturing is a business management phi-
losophy that seeks to eliminate or reduce waste and
maximize customer value through employee involve-
ment. It evolved mostly from successful Japanese prac-
tices in production systems. The lean manufacturing
paradigm calls for integration of employee involve-
ment and technological practices. It focuses on the
human-centered approach to the design and imple-
mentation of advanced manufacturing systems.4,5 Lean

TABLE 24.2 Template for Phase I Clinical Trials

Activity name

# of

days

Start

date

End

date

Responsible

manager

Clinical protocol development
• Study objective and rationale
• Study design and outcomes
• Subject inclusion and

exclusion criteria and
enrollment procedures

• Study interventions
• Clinical and laboratory

evaluations
• Management of adverse

experiences
• Criteria for intervention

discontinuation
• Statistical considerations
• Data collection/site

monitoring
• Adverse experience reporting
• Subjects/IRB review/

informed consent

Investigator and site selection
• Investigator’s brochure
• Sponsor-investigator

agreement

Clinical supply vendor/
contractor selection
• Plan and management of

vendors
• Communication plan
• Vendor quality assurance/

cGMP audit
• Signed agreement

Clinical trial materials and
distribution plan
• Manufacturing
• Packaging and labeling
• Shipment

Budget/financial aspect

Regulatory filing / reporting
• Trial master file
• Study site notebook

Clinical study management/
monitoring plan

Case report form (CRF)/data
management
• Database design and setup
• Data Security and validation

Quality assurance of clinical trial
documents/activities
• Site GCP audit

Risk identification and
contingency plan

Training all personnel involved
in the study

Site management

Subject recruitment initiation
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manufacturing is a dynamic system that requires fewer
resources, less material, less inventory, less labor, less
equipment, less time, and less space. It is intended to
eliminate waste while meeting and exceeding customer
requirements, and yielding better output (eg, quality,
variety, cost, time, and safety) (Fig. 24.1).

There are three main approaches in lean
manufacturing that lead to better output. First,
lean manufacturing involves a new philosophy of
manufacturing, which focuses on better quality,
exceeding customer requirements, and continuous
improvement. Second, lean manufacturing involves
establishment of a new culture and managerial system
to incorporate the lean philosophy. The lean team
leader and lean steering committee are included in
their organizations to manage product development,
supply chain relations, production operations, and
coordination of the overall enterprise toward lean
manufacturing. Third, lean manufacturing uses techni-
ques that address specific problem such as just-in-time
(JIT), total productive maintenance (TPM), total quality
management (TQM), human resource management
(HRM), scientific management, six sigma, quality cir-
cles, simultaneous engineering, and inventory systems.
In a true lean organization, defects or problems are
discovered immediately and solutions are sought at
once using whatever techniques are required.

Fig. 24.2 shows a model for implementation of the
lean manufacturing in clinical supplies manufacture in
a pharmaceutical firm. The first step occurs when
management commits to the lean philosophy illus-
trated by the three goals:

1. Zero waste is to eliminate what does not belong to
the value stream;

2. Value Stream Mapping is to identify the scope of
activities conforming the value stream; and

3. Pull (Kaizen) is to develop workforce capabilities by
continuous, gradual, and persistent improvement.

As a new practice of manufacturing, lean
manufacturing demands new capabilities from all
employees at all levels: problem-solving focus,

teamwork, and creative thinking. Lean manufacturing
is not a fixed set of techniques, as has been discussed
previously. As part of the implementation, new techni-
ques unique to each business culture will emerge at
each company. However, since businesses share the
same interests and join a competitive market, common
techniques are likely to appear. The examples of com-
mon techniques include:

• JIT: JIT is a philosophy of manufacturing that
focuses on supplying the right materials to the right
place in the right quantity JIT to achieve perfect
work flow while minimizing waste. It depends on
the pull process from the consumer (demand) end,
not the push from the production (supply) end.
Materials are supplied to the production line only
when required. JIT can be achieved by using these
techniques: lot size reductions, continuous flow
production, pull systems, cycle-time reductions,
focused factory production systems, agile
manufacturing strategies, quick changeover
techniques, bottleneck or constraint removal, and
reengineered production processes.

• TPM: TPM aims to increase equipment effectiveness
by eliminating the losses due to machine downtime
using techniques such as predictive or preventive
maintenance, maintenance optimization, safety
improvement programs, planning and scheduling
strategies, and new process equipment. TPM works
on continuous flow of production. Any interruption
to the flow such as machine breakdown is
considered and treated as waste.

Fewer resources Better output 

Resource
inputs  

Lean
system 

Output or 
performance

Customer 
satisfaction 

Value addition
(growth)  

FIGURE 24.1 Lean manufacturing system.

Technical support 

Lean steering committee 

Lean team leader for clinical supplies manufacture

(Clinical liaison)  

Production
(manufacturing

and packaging)  

QA/QC units 

Regulatory 

Engineering 

Other 
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and clinical

investigators 

Research
and development 

Purchasing 

Planning 

Q
uality board 

FIGURE 24.2 Implementation of lean manufacturing.
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• TQM: TQM is designed to improve customer
satisfaction and product quality by using several
techniques such as quality systems, quality
management programs, process capability
measurements, six sigma, competitive
benchmarking, and formal continuous improvement
programs.

• HRM: HRM is designed to effectively use human
resources to increase overall performance. It focuses
on leadership, empowerment, communication, and
training by using several techniques such as self-
directed work teams, cross-functional frameworks,
and open communications in order to bring out the
best possible employee capabilities.

Clinical supplies manufacture provides cGMP
compliant products at a capability that is designed to
deliver on-time clinical supplies meeting or exceed-
ing customer needs in support of clinical trials.
Clinical supplies for the early phase clinical trials
(Phases I and II) typically need to be acceptable to
good stability, meet basic dosage form requirements
(ie, assay, impurities, content uniformity), and spe-
cific release requirements (ie, dissolution), and be
suitable for small to intermediate scale manufacturing
(ie, from hundreds to thousands of units or from sev-
eral to tens of kilogram). On the other hand, clinical
supplies for the later phase clinical trials (Phase III)
typically need to have good stability, meet all dosage
form requirements (including in-process testing
requirements) and specific release requirements (ie,
dissolution), and be suitable for larger pilot scale
manufacturing (ie, B50�100 kg) and scalable to pro-
duction scale (. 100 kg). The numbers of products
and volume to manufacture also change as the study
phase advances. In general, the number of products
to manufacture and thus process variety for clinical
supplies decreases and product volume increases
with the advancement of clinical trial phases (see
Fig. 24.3).

The JIT technique can be effectively applied to
clinical supplies manufacture for early phase clinical
trials because of the high variety and low product
volume for this phase. When clinical trials advance
into Phase III, lean manufacturing techniques, includ-
ing JIT, total preventive maintenance, TQM, and
HRM, can be applied to the clinical supplies manufac-
ture because of low variety and high volume of the
batches.

The lean manufacturing philosophy and methodol-
ogy can be applied throughout the spectrum of devel-
opment and manufacturing, from preclinical to
clinical, from the overall strategic level of the develop-
ment operation to the specific and detailed level of the
manufacturing processes. The lean manufacturing

provides a structured, disciplined, and logical progres-
sion for organizations to achieve quality improvement
and breakthrough.

24.6 CROSS-FUNCTIONALTRAINING

Cross-functional training and education programs
are an important consideration in the clinical trial
supplies system. All team members should know the
system and their role and contribution toward push-
ing projects through the finishing line. For example,
ensuring that all clinical research associates under-
stand why and how to order study medications and
comprehend aspects of lead-time is a simple example
of instantly recognizable, value-added education and
training. Customer orientation and TQM, which are
well known systems in Japanese manufacturing
industries, can be used to improve performance
within the clinical trial supplies system. Each depart-
ment should consider how to improve customer satis-
faction and the customer relationship. For example,
contract manufacturing organizations (CMOs) and
third party vendors hired by pharmaceutical manu-
facturers rely on data regarding clinical trials and
supplies to plan and execute their work. Instead of
considering these CMOs as suppliers to deliver the
clinical supplies for the clinical trials, the CMOs
become customers of the pharmaceutical manufac-
turer whose drug discovery department delivers their
bulk active pharmaceutical ingredients (APIs). The
bulk APIs and other related clinical trial data should
be delivered to CMOs before or at least on schedule
to satisfy CMOs. Any interruption in the process,
such as a delay in the delivery of the bulk drug sub-
stance from pharmaceutical manufacturers, can seri-
ously disrupt the timing and success of their work.

Low volume
High variety  

High volume
Low variety  

Customized
batch  

Mixed
repetitive  

Dedicated
repetitive

Optimized 

Process

variety  

Phase I 

Phase III 

Product volume 

FIGURE 24.3 Relationship of clinical trial phases and process
variety and product volume of clinical supplies manufacture.
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24.7 OUTSOURCING OF
MANUFACTURING AND PACKAGING

A drug sponsor may want to contract out its clinical
supplies manufacturing and packaging for several rea-
sons. CMOs may provide an expertise or technology
required for the project.6 In addition, contracting out
clinical supplies converts the fixed costs of maintaining
the personnel and production facilities necessary for
manufacturing and packaging the clinical supplies into
variable costs of paying CMOs to perform the task and
eliminates the need for a set number of people, facilities,
and equipment in house. However, many drug sponsors
choose to manufacture and package their clinical sup-
plies in-house because they prefer the control and flexi-
bility, as well as the in-house expertise. The question of
who will benefit from outsourcing to a CMO might be
addressed as why the sponsor cannot or should not do it
in-house. The answer is mainly dependent upon just a
few factors, such as how a drug sponsor and its board
balance risk; whether its product pipeline is full; whether
it sets for itself to manufacture and package the commer-
cialized product after NDA approval. There are both
advantages and disadvantages for contracting clinical
trial supplies, as shown in Table 24.3.

In general, small companies (especially small
biotech companies) have fewer options and are most
likely outsource. Their limited development pipelines,
lack of capacity, and skill deficiency make the
decision clear; the risk of investing in capital and
experienced staff outweighs the benefit of in-house
cGMP pilot or production plants. Mid-tier companies
may have the capability to conduct the cGMP pilot or
production plants in-house, but they and their inves-
tors must carefully assess the risks of product failure
against their ability to survive such an event. Large
pharmaceutical companies can build the capacity
in-house, but they also see contract manufacturing as
a way to reduce risk in their global manufacturing
strategy.

Today, dedicated contractors can provide clinical
trial manufacturing services. There are more CMOs
offering a wide variety of competencies, reliable
service, and competitive high quality. As a result,
an increasing number of virtual biotech and large
pharmaceutical companies are positioned to employ
CMOs.

24.8 NEW TECHNOLOGY

The study of average cost for new drug development
between 1995 and 2007 was released in Nov. 2014 by
the Tufts Center for the Study of Drug Development
(CSDD) at Tufts University, in Boston, MA.7 The study
indicated that the average cost of bringing a new drug
to the market increased to $2.6 billion compared
with the $802 million stated in the previous study
released from the same center in 2003.8 The study men-
tioned that costs have risen by 145% due to the larger
and more complex clinical trials, a greater focus on
chronic and degenerative diseases, and higher failure
rates. There is no doubt that the clinical trials are more
complex; involve more patients, more sites in different
countries, more country-specific regulations, and more
uncertainty. More and more companies choose to con-
duct clinical trials in the countries outside the United
States in order to lower the trial expenses and increase
patient recruitment. Many companies have recently
begun to include the direct to patient (DTP) distribution
method as an option for patients participating in clini-
cal trials in order to provide more convenience for the
patients. The DTP approach delivers clinical trial mate-
rials directly to patient’s home and picks up biological
specimens from the patient home for testing. This DTP
approach not only improves patient’s willingness and
ability to participate in clinical trials, but also increases
patient retention throughout the studies, which are the
two biggest challenges in clinical trials. Many patients

TABLE 24.3 The Advantages and Disadvantages of Contracting
Versus In-House Production of Clinical Supplies Manufacturing and
Packaging

Advantages Disadvantages

In-house
1. Maintain oversight of quality—

reducing risks of production
failures

2. More direct control of
outcome—reducing risks of
bottlenecks

3. Easy to set or change priorities
on multiple projects

4. Lower cost
5. Easier for technology transfer

process
6. Gain expertise of manufacturing

and packaging the new product
7. Retain intellectual property

In-house
1. High capital costs because

facility/equipment may
need to be upgraded or
acquired

2. May delay another
important project

Contract out

1. CMOs have expertise and
experiences with many
companies

2. Convert fixed costs into variable
costs

3. Save time and cost to upgrade
or improve facility/equipment

4. Better system in specialized field
5. Can test robustness of the

process

Contract out

1. Resources are needed to
manage the CMOs

2. Difference in culture of the
two companies can take
more time to work through

3. Communication can be more
cumbersome

4. Less control of project’s
priority and schedule

5. Confidentiality breach
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are unable or unwilling to travel to the clinical trial site
for medication refills and testing for many reasons,
such as a lack of transportation, patient’s deteriorated
health condition, and inconvenient location of the clini-
cal trial centers.

Therefore, delivery of the medication to the patient’s
home can increase patient recruitment and retention.
The DPT approach provides advantages from both
compliance and patient retention perspectives.
However, it is more complex and difficult to control
supply logistics. Companies need to ensure that clini-
cal trial materials are properly packaged and delivered
to the patient on time and within specifications. Other
examples of complex issues affecting clinical supply
chains include, but are not limited to, costly compara-
tor drugs, complex clinical trial designs, intricate
protocols, delicate investigative compounds and shelf-
life, variable dosing schemes, country-specific regula-
tion requirements, complex labeling and packaging
approvals, temperature-controlled distribution, and
costly shipping across the globe.

A well organized clinical trial planning together
with regulatory knowledge and strategy will help com-
panies avoid overproduction and still have enough
overage of clinical materials to meet inventory expecta-
tion and changes, and be able to deliver the supply
when and where it is needed. Timely and accurate
forecasting of the clinical trial demand, as well as sup-
ply planning and execution, can avoid supply delay,
which is very crucial for cost effectiveness and success-
ful results of clinical trials. To prevent clinical trial
supply shortage or delay, many companies integrate
strategies and information technology to ensure
smooth and secured supply of clinical trial materials to
the location in a timely and accurate manner.

The use of the new technology and software for full
traceability and tracking of supply throughout the life
cycle will enable the company to be as efficient as pos-
sible. The traceability and tracking starts from order of
the clinical material supply, manufacturing of API,
randomization, packaging and labeling, release and
distribution, until returns and destruction. The soft-
ware allows a company to manage all clinical trial sup-
ply information and inventory from onset throughout
its lifetime. In addition, it also increases the visibility
of all material delivery and inventory maintained at
the warehouse and depot. The traceability and tracking
should be not only for investigational product, but also
for concomitant medication and all ancillary materials
throughout the life cycle. The full traceability and
tracking can result in smooth and effective delivery of
clinical supply at the lowest possible cost. This plan-
ning tool can help the clinical supply manager foresee
and solve problems due to the trial design, regulatory,
and operational complexities.

Several clinical supply logistic management software
are currently commercial available. It is recommended
that this type of software should feature 21 CFR-part
119 to be in compliance with the current US regulations.
21 CFR-part 11 requires system validation and security
of all clinical data software used in conducting clinical
trials. Other important features include, but are not lim-
ited to, accessibility from any location at all times, bar-
code/radio frequency identification scanning including
2D and 3D support, demand forecasting, document/
report management, including electronic batch record,
interfacing and integrating with multiple systems,
inventory control management; including lot specific
inventory control and tracking throughout the entire
supply chain, operations-processing, and supply plan-
ning, labeling, and packaging management; including
electronic routing of labeling and graphics design
and approval, label generation and printing, and label
translation to foreign languages, randomization capa-
bilities to ensure accurate assembly of each patient kit
per controlled randomization, shipping management;
including control of shipment order, processing and
returns, supplier and CRO management, supply chain
collaboration, supply chain planning, transportation
management, and warehouse management. For example,
when study designs and dosing requirements are
entered, the software can calculate the amount of kits, the
dosage form, and all required active ingredients.
The software can also analyze different study scenarios
with different dosing and/or enrollment patterns to see
the impacts on the study supply. This clinical supply
management software can not only help the clinical
supply manager, but also the warehouse and depot
manager, CROs, and quality and regulatory personnel
to control, track, and view the activities and status of
investigational product from start to finish.

Confusion could easily occur because the clinical
trial supply management involves many departments
and outside CROs. For example, a CRO outside the
country mistakenly destroyed a trial batch because
they thought it was no longer needed. Then, when the
trial material was needed, the company had to manu-
facture a new batch as quickly as possible, which could
result in trial delay. With the use of clinical supply
management software, these types of mistakes could
be prevented. The CROs can directly interface with the
clinical supply management software to know the sta-
tus of the batch in real-time, and would not acciden-
tally destroy the batch.

Integrated clinical trial supply management software
solution and technologies are currently available to
help pharmaceutical industry meet more stringent and
complex compliance challenges. For example, clinical
investigators in multiple countries worldwide can
access a database at the same time using complex
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planning tools, which allow clinical trials at multiple
centers in many countries to view and track the clinical
supply and coordinate and plan more effectively.
Similar technologies are also available for clinical
manufacturing and packaging groups to electronically
view the supply orders in real-time, and effectively col-
laborate with clinical investigators, instead of using a
paper-based system. New software and technologies
allow pharmaceutical companies to more effectively
address challenges, and improve their new drug devel-
opment process.

On Nov. 27, 2013, the Drug Supply Chain Security
Act (DSCSA) was enacted. The regulation intends to
protect public safety by strengthening the security of
the drug supply chain, improving detection and
removal of counterfeit drug products from the distri-
bution supply chain. The Act outlines a 10-year plan to
build an electronic, interoperable system to both iden-
tify and trace prescription drugs through distribution
across the United States. DSCSA10�12 requires manu-
facturers, repackagers, wholesale drug distributors,
third-party logistic providers, and dispensers to pro-
vide product-tracing information, including three
pieces of information: transaction information, transac-
tion history, and transaction statement to their trading
partners along the supply chain. The DSCSA currently
defines these prescription drugs as finished drugs
intended for human use. As the DSCSA implementa-
tion plan continues, the FDA will develop and release
more guidance during the next few years. Companies
should closely follow the regulations and remain in
compliance with additions and changes of the regula-
tions as they are released. Comparators used in clinical
trials must follow this act.

24.9 GMP CONSIDERATIONS ON
MANUFACTURING CLINICAL SUPPLIES

24.9.1 cGMP considerations

The FDA and the pharmaceutical industry have rec-
ognized that most early-phase clinical studies are con-
ducted long before the details of product formulation,
manufacturing specifications, and production processes
are fully defined and validated. Therefore, some of the
cGMP requirements are simply not logically applicable
to Phase I clinical studies. The FDA expressed a clear
recognition of the difference between manufacturing
investigational products and commercial products. The
agency, however, has a firm commitment to enforce the
cGMP requirements and ensure compliance throughout
all phases of development, as stated in the 1991
Guideline on the Preparation of Investigational New
Drug Products.13 In Jan. 2006, the FDA published a

draft Guidance for Industry: INDs—Approaches to
Complying with cGMP’s During Phase 1.14 The FDA is
working toward the goal of advancing public health by
improving the product development process and
increasing the speed of the approval process for new
and better medical treatments. The draft guidance
reflects the FDA’s current thinking regarding quality
systems and risk management (or hazard control)
principles, which is consistent with the FDA’s ongoing
cGMP for the 21st century initiative.15

The Food, Drug, and Cosmetic Act stipulates that
the FDA may approve a NDA only if the methods
used in, and the facilities and controls used for, the
manufacture, processing, packing, and testing of
the drug are found adequate to ensure and preserve
its identity, strength, quality, and purity. The FDA’s
role in the preapproval process is to review data
submitted, evaluate, and approve specifications for the
manufacture and control of the drug products based
on the submitted data, assure cGMP compliance
and verify the authenticity and accuracy of the data
contained in the NDA application.16

The cGMPs are not directly concerned with business
performance. The FDA’s evaluation is usually directed
toward compliance issues such as rejects, reworks, and
complaints as indicators of inadequately validated pro-
duction processes and process deviations as the exam-
ples of system noncompliance. In fact, the FDA
inspection team frequently visits the reject area early
in an inspection to identify failures. They can then go
back into the respective batch records to evaluate the
cause and to see if adequate remediation has been
established and implemented.

FDA inspection teams, highly skilled in drug
manufacturing, packaging, and analytical technology,
may consist of investigators, analysts, engineers, and/
or computer experts, as appropriate. Prior to NDA
approval, FDA investigators or inspection teams may
perform inspections/data audits, and will validate/
verify the proposed methods.16 The FDA can conduct
preapproval inspections or audit any processes
involved in the NDA submission including, but not
limited to, manufacturing of drug substance(s), bio-
batch manufacturing, raw materials controls, composi-
tion and formulation of finished dosage form,
container/closure systems, laboratory support of meth-
ods validation, product and process controls, product
specifications and test methods, product stability, com-
parison of relevant preapproval batches and proposed
commercial batches, facility-personnel-equipment qua-
lifications, equipment specifications, packaging and
labeling controls, process validations, reprocessing,
and ancillary facilities (eg, contract testing laboratories,
contract packagers). For example, the FDA may audit
biobatch manufacturing batch record to determine if
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the establishment is in compliance with cGMP require-
ments. This may include a data audit of the specific
batches upon which the application is based (eg, piv-
otal clinical studies, bioavailability, bioequivalence, or
stability batches).

The production of investigational drug products
involves added complexity compared with marketed
or commercial products due to a lack of fixed routines,
variety of clinical trial designs, highly specific packag-
ing designs, and needs for randomization and blinding
that increase the risk of product mix up. It is clear that
there may be added risk to clinical trial subjects com-
pared with patients treated with commercial products.
Compliance to cGMP or QA in manufacture of investi-
gational drug product will minimize the risk to the
clinical trial subjects. General cGMP considerations on
manufacturing of clinical supplies include:

• Quality management: The investigational clinical
trial products or investigational medicinal products
(IMPs) must be manufactured under controlled
processes per cGMP requirements, and the release
of materials should not occur until they meet the
predetermined specifications and are approved by
the quality unit. This ensures that the
investigational clinical trial products used for any
trial centers have the same or equivalent quality,
purity and safety. The cGMPs are enforced to
ensure that there should not be any unsatisfactory
manufacturing and packaging processes, which
might increase the risk of substandard
investigational clinical trial products given to
human subjects during clinical studies. The clinical
supplies manufacturer must have a qualified person
to verify that the investigational clinical trial
products manufactured, packaged, repackaged, and
imported conform to the product specifications
prior to releasing of the batches.

• Manufacturing and process control: In many cases,
clinical trial runs of a new drug are produced in
facilities other than those used for full-scale
production. The facilities and controls used for the
manufacture of investigational clinical trial
products, especially the NDA biobatches, should
conform with cGMPs regulations. Accurate
documentation of batch records is essential so that
the production process can be defined and related
to batches used for early clinical, bioavailability, or
bioequivalence studies of a new drug.
Specifications, formulations, and manufacturing
processes should be as completely defined as
possible based on the current state of knowledge.
Critical process parameters should be identified,
and the respective in-process controls should be
implemented. Specifications, formulations, and

manufacturing processes should be periodically
reassessed during development and updated as
necessary. There should be sufficient manufacturing
and process controls to ensure the consistency and
reproducibility between clinical trial batches, bio/
stability batches used in the same or different
clinical trials, and a proposed commercial
production process. Any changes from initial
manufacturing procedures should be fully
documented and carried out according to written
procedures, which should justify and address any
implications for product quality, purity, and safety.

• Documentation: The information and knowledge
gained from pharmaceutical development studies
provides scientific understanding to support the
establishment of specifications and manufacturing
controls. Therefore, it is essential that all
information and knowledge be fully and properly
documented. For example, the acceptance/rejection
criteria may not be as specific at early stages;
however, these criteria will become more specific
and uniform as additional data become available. It
is vital that the criteria used and scientific
supportive data be fully documented at all stages.
The product specifications file (eg, specifications
and analytical methods, manufacturing processes,
in-process testing and methods, stability data, and
storage and shipment conditions) should be
continually updated and documented as
development of the product proceeds, ensuring
traceability to the previous versions.

• Batch records: To prevent any potential mix up or
ambiguity, the order in writing for the number of
units and/or shipping of the clinical trial product
should be received and authorized prior to
manufacturing, packaging, and/or shipping of the
clinical trial batches. The manufacturing batch
records for an investigational drug product must be
retained for at least 5 years17 after the conclusion of
the trial or formal discontinuation of the last clinical
trial in which the batch was used. During that
period, the record must be complete and readily
available for inspection.

• Laboratory control: Laboratory equipment and
procedures must be qualified and validated. At the
early phase of clinical trials, analytical methods
performed to evaluate the batches of API used for
clinical trials may not yet be fully validated,
however there must be enough control based on
scientific information. FDA inspectors will review
the authenticity and accuracy of data used in the
development of a test method.

• Incoming materials for clinical supplies: When more
than one supplier and source of each incoming
material (especially the active ingredients) was used
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during clinical trials, the sponsor should
demonstrate that the clinical batches produced from
different suppliers and sources of incoming
materials are equivalent in terms of conformance
with established specifications, including those
stated in the NDA application. The sponsor should
undertake due diligence to ensure that the incoming
materials meet specifications and are produced
under a state of control.

• Building and facilities: An addition of any new drug
to a production environment must be carefully
evaluated regarding its impact on other products
already under production and changes that will be
necessary to the building and facilities. Construction
of new walls, installation of new equipment,
and other significant changes must be evaluated
for their impact on overall compliance with
cGMP requirements. The toxicity, potency, and
sensitizing potential may not be fully understood for
investigational clinical trial products, which reinforces
the need to minimize all risks of cross-contamination.
The risk of cross-contamination can be minimized by
using properly designed equipment and facilities as
well as by having in place written comprehensive
methods for manufacturing, packaging, inspecting,
sampling, testing, cleaning and sanitizing
procedures.14,18

• Equipment system: New products, particularly
potent drug products, can present cleaning
problems in existing equipment. There must be
written procedures for sanitation, calibration, and
maintenance of equipment, and specific instructions
for the use of the equipment and procedures used
to manufacture the drug product.14,18 To prevent
the risk of cross-contamination, many companies
utilize isolators as well as single use or dedicated
equipment during the production of investigational
clinical trial products.

• Training program: All personnel involved with
investigational products should be appropriately
trained in the requirements specific to their duties.
Trained, qualified, and experienced persons should
be responsible for ensuring that there are systems in
place that meet the cGMP requirements. Any
training should be documented and kept on file.

• Specifications: Specifications (for starting materials,
primary packaging materials, intermediate, bulk
products, and finished products), manufacturing
formulas, and processing and packaging
instructions should be as comprehensive as possible
given the current state of knowledge. They should
be periodically reaccessed during development and
updated as necessary. Each new version should take
into account the latest data, current technology
used, regulatory and pharmacopoeial requirements,

and should allow traceability to the previous
document. Any changes should be carried out
according to a written procedure, which should
address any implications for product quality, such
as stability and bioequivalence. “The controls used
in the manufacture of APIs for use in clinical trials
should be consistent with the stage of development
of the drug product incorporating these APIs.
Process and test procedure change management
should be flexible to provide for changes as
knowledge of the process increases and clinical
testing of a drug product progresses from
preclinical stages through clinical stages.”18

The FDA recognizes that the experimental nature of
the drug substance, formulation, and dosage form at
an early stage of development has an impact on estab-
lishing specifications. At early stages, the acceptance/
rejection criteria may not be as specific; however, it is
vital that such criteria be scientifically sound and
based upon available scientific data. Specification used
as the basis for approval or rejection of components,
containers, and closures will become more specific and
uniform as additional data become available.19 The
specifications for raw materials and excipients, in-
process testing, process evaluation or validation, fin-
ished product testing and stability testing for IMPs
should be set to assure that the appropriate quality of
the product will be maintained.

• Stability: For Phase I clinical trials, it should be
confirmed that an ongoing stability program will be
carried out with the relevant batch(es) and that,
prior to the start of the clinical trial, at least studies
under accelerated and long-term storage conditions
will have been initiated. When available, the results
from these studies should be summarized in a
tabulated form. Any supportive data from
development studies should be summarized in a
tabular overview. An evaluation of the available
stability data related to storage conditions stated on
the product labels and justification of the proposed
period of use, expiration date or retest date assigned
to the IMP in the clinical study should be provided.

• For Phase II and Phase III clinical trials, the
available stability data should be presented to
regulatory agents in a tabulated form. An
evaluation of the available data and justification of
the proposed shelf-life to be assigned to the IMP in
the clinical study should be provided. Data should
include results from studies under accelerated and
long-term storage conditions.20

• Validation: Noncritical manufacturing processes for
clinical trial products are not expected to be
validated to the extent necessary for routine
productions. However, there must be the
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combination of controls, calibration, and equipment
qualification to ensure that the manufacturing
processes for clinical trial products are of the same
standard as for commercial products.21

• Packaging and labeling control: Clinical trial
supplies are normally packaged in an individual
container for each subject in the clinical
investigation. The packaging and labeling of
investigational clinical trial products are usually
more complex than commercial drug products,
especially when placebo and active products are
packaged in the same appearance and usage label
for double-blinded clinical studies. Sufficient
reconciliations and proper controls should take
place to ensure the correct quantity of each product
required has been accounted for at each stage of
processing. Poor labeling control and accountability
may have an adverse impact on the firm’s ability to
assure that the new drug will always be properly
labeled.

During packaging of investigational medicinal pro-
ducts, it may be necessary to handle different products on
the same packaging line at the time. The risk of product
mix up must be minimize by using appropriate procedures
and/or, specialized equipment as appropriate and relevant
staff training.22

Packaging and labeling of investigation medicinal pro-
ducts are likely to be more complex and more liable to
errors (which are also harder to detect) than for marketed
products, particularly when blinded products with similar
appearance are used. Precautions against mislabeling such
as label reconciliation, line clearance, in-process control
checks by appropriated trained staff should accordingly be
intensified.22

• Distribution of clinical trial material: Distribution of
clinical trial material to the trial sites must be in
accordance with the local laws and regulations
specific to the countries of destination. For example,
many countries require clinical trial material labels
to be translated into the local language. The clinical
trial material must be secured and stored under
conditions specified in the label.17

In a blinded study, a written emergency unblinding
method must be established, trained on, and imple-
mented. “De-coding arrangements should be available
to the appropriate responsible personnel before inves-
tigational medicinal products are shipped to the inves-
tigator site.”22

The investigator is responsible only for drug
accountability at the site and the sponsor is responsible
for overall clinical trial materials distributed for use in
a trial. Clinical trial material is reconciled at the site
level as well as country/affiliate level. Any discrepan-
cies must be documented and investigated. “The

delivered, used and recovered quantities of product
should be recorded, reconciled and verified by or on
behalf of the sponsor for each trial site and each trial
period. Destruction of unused investigation medicinal
products should be carried out for a given trial site or
a given trial period only after any discrepancies have
been investigated and satisfactorily explained and the
reconciliation has been accepted. Recording of destruc-
tion operations should be carried out in such a manner
that all operations may be accounted for. The records
should be kept by the sponsor.”22

When destruction of investigation medicinal products
takes place, a dated certificate of, or receipt for destruction,
should be provided to the sponsor. These documents should
clearly identify, or allow traceability to, the batches and/or
patient numbers involved and the actual quantities
destroyed.22

24.9.2 A risk-based approach

The FDA, the pharmaceutical industry, health care
professionals, and patients share a common goal of
reliable, high quality, safe, and effective products.
There is a need for new products to improve public
health. On the other hand, the knowledge about pro-
ducts and processes may not be fully understood for
investigational clinical trial products, especially those
used in the early phases of clinical study. Through
manufacturing science, pharmaceutical firms accumu-
late knowledge about products, processes, and technol-
ogy used to manufacture and control these processes,
which in turn provide the foundation for a robust
quality system. The quality system focuses on critical
pharmaceutical quality attributes including chemistry,
pharmaceutical formulation, manufacturing process,
product quality and performance, and their relevance
to safety and efficacy. To produce reliable, high qual-
ity, safe, and effective products including early phase
IMPs, the desired state of manufacturing is:

• Product quality and performance are achieved and
assured through the design of an effective and
efficient manufacturing process.23 Quality should be
built into the product instead of relying on product
testing alone to ensure product quality.
Pharmaceutical firms must continue to move from a
compliance mindset to quality by design (building
in quality by defining design spaces of product and
processes from the development phase and
throughout the product’s life cycle). The
specifications and process parameters are
determined and established by the technical experts
who have a thorough understanding of
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pharmaceutical science, equipment, facilities, and
processes. Any variations in materials and processes
that can affect the finished product’s identity,
purity, and quality should be considered during
establishment of the specifications and process
parameters.

• Innovative and new technologies are used to
continuously improve manufacturing and QA. For
example, a common risk associated with a highly
potent investigational clinical trial material is
cross-contamination during manufacturing of the
product. Many pharmaceutical firms choose to use
single-use disposable equipment and components
such as disposable bags, tubing, filters, and storage
containers to eliminate cross-contamination risk and
reduce the time spent cleaning and setting up
equipment. Proper process design, quality
assurance, and component selection are important
for the successful implementation of single-use
disposable equipment and components. PAT is
another example of an advanced technology that
can facilitate building the knowledge base and
mitigate risk. PAT can be used to aid designing,
analyzing, and controlling manufacturing processes.
PAT allows a better understanding of processes
through timely measurement and can be used to
quickly evaluate changes that impact product
quality, thereby reducing risk during manufacturing
processes. PAT changes the traditional concepts of
process validation and leads to continuous quality
verification strategies.24

• Manufacturing science is applied to understand
process capability, to assure that the manufacturing
processes are preformed in a reproducible manner,
and to manage the risk impacting the processes or
product quality throughout their life cycle. Elements
of risk should be evaluated based on the intended
use of a product, patient safety, and the availability
of drug product supplies. Continuous improvement
efforts must be employed to increase process
capability and reduce risk.

• Knowledge is shared between pharmaceutical firms
and the FDA. The firms should share sufficient
knowledge to provide the FDA with process
understanding and rationale for the development of
specifications and analytical methods. Adequate
pharmaceutical development information, including
identification of critical quality parameters and
attributes, as well as the justified formulations
should be provided to aid in understanding the
product and processes.

• Risk management review teams and framework are
used by pharmaceutical firms. Pharmaceutical firms
should prioritize activities or actions based on a risk
assessment, including both the probability of the

occurrence of harm and of the severity of that harm.
Based on the level of risk, the firm should apply
appropriate manufacturing science and develop
control strategies in order to prevent or mitigate the
risk of producing a poor quality product. The firm’s
risk-based decisions must be made to assure the
identity, purity, potency, and quality regarding the
safety and efficacy of new drugs throughout their
life cycle (from IND to post marketing phases).

The desired state of manufacturing discussed previ-
ously is an objective for the pharmaceutical cGMPs for
the 21st century: a risk-based approach, which was
announced by the FDA in Aug. 2002 (a risk-based
approach aims to ensure resources to be focused on
high-risk areas).25 However, it is the firms’ responsibil-
ity to ensure that low- and medium-risk areas remain
in appropriate states of control because these lower risk
classes will receive less FDA regulatory attention. The
FDA has expressed its commitment to modernize
the pharmaceutical GMP regulations and to streamline
the clinical development process to ensure that basic sci-
entific discoveries can be translated more rapidly into
new and better medical treatment. In Sep. 2006, the FDA
published Guidance for Industry: Quality Systems
Approach to Pharmaceutical cGMP Regulations.23 The
guidance, which was intended to serve as a bridge
between the 1978 regulations3 and the FDA’s current
understanding of quality systems, explains how imple-
menting quality systems can help drug product
manufacturers achieve compliance with current GMP
requirements. Although the guidance applies to phar-
maceutical finished-product manufacturers, it can also
be used to guide the clinical supply manufacturing.

24.10 CLEANING VALIDATION AND
VERIFICATION

The Code of Federal Regulations PART 211—
Current Good Manufacturing Practice for Finished
Pharmaceuticals—Equipment Sec. 211.67 on equipment
cleaning and maintenance states that “Equipment and
utensils shall be cleaned, maintained, and sanitized at
appropriate intervals to prevent malfunctions or
contamination that would alter the safety, identity,
strength, quality, or purity of the drug product beyond
the official or other established requirements” and that
“written procedures shall be established and followed
for cleaning and maintenance of equipment, including
utensils, used in the manufacture, processing, packing,
or holding of a drug product.”26 In accordance
with 21 CFR 211.67, the International Conference on
Harmonisation (ICH) has issued recommendations
on equipment maintenance and cleaning (Q7A, section
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5.20�5.26) for compliance and safety that include very
similar requirements with more elaboration on specific
details.27 Again, there is a reiteration that written
procedures must be established and that detailed clean-
ing agent selection and preparation, responsibilities,
schedules, and cleaning acceptance limits must be
documented with rationales. The purpose is to prevent
cross contamination between different manufactured
lots. This cross-contamination concern applies not only
to the API, but also to residual cleaning solvents and
detergents.

Even with the seemingly basic requirements out-
lined, there have been multiple 483 observations
issued to pharmaceutical manufacturing facilities since
2006 due to violations of 21 CFR 211.67. 483 observa-
tions indicate that a FDA-regulated firm may be in vio-
lation of the Code of Federal Regulations (CFR).
Fig. 24.4 illustrates the frequency of 483s issued where
an infraction against 21 CFR 211.67 was cited (obtained
from the FDA website); as stated on the website, this
list may not include all of the 483 observations
issued.28 Within 21 CFR 211.67, part a infractions
involve satisfying the requirement that “equipment
and utensils shall be cleaned, maintained, and, as
appropriate for the nature of the drug, sanitized and/
or sterilized at appropriate intervals to prevent mal-
functions or contamination that would alter the safety,
identity, strength, quality, or purity of the drug

product beyond the official or other established
requirements.” Part b infractions require that “written
procedures shall be established and followed for clean-
ing and maintenance of equipment, including utensils,
used in the manufacture, processing, packing, or hold-
ing of a drug product.” Finally, Part c mandates that
“records shall be kept of maintenance, cleaning, sani-
tizing, and inspection as specified in 211.180 and
211.182.” Fig. 24.4 illustrates that there may be some
ambiguity in compliance with the requirements of 21
CFR 211.67 based upon the number of observations
per year, which was approximately 191 from 2006 to
2014, and peaked during this timeframe at 243 total (21
CFR 211.67 parts a�c) observation in 2011.

The ICH guideline on risk management outlines
multiple approaches to make and document risk-based
decisions.25 It clearly outlines that the primary goal of
risk management is to base the approach on scientific
knowledge and to evaluate the impact on the patient.
In addition, the level of effort, formality (eg, use of
tools), and documentation of the quality risk-
management process should be commensurate with
the level of risk. The 1993 guidance on cleaning inspec-
tions states that for a swab method, recovery should
be established from the surface.29 There are no specific
requirements on how to establish these recovery esti-
mates or the acceptance limits, for that matter. It is the
manufacturer’s prerogative to document the cleaning
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rationale (process and acceptance limits) that main-
tains the quality and purity of the subsequent drug
product being manufactured. Therefore, by definition,
cleaning validation and verification are areas built
upon the premise of risk management.

The purpose of this section is to review the
approaches for cleaning equipment used for product
manufacturing. The difference between cleaning valida-
tion and cleaning verification is outlined first.
Acceptance limit calculations are provided that repre-
sent either 1/1000 or 10 parts per million (ppm) prod-
uct carryover in clinical trial operations. The analytical
aspects of cleaning method developments are discussed
from swab selection, surface selections, to the analytical
methodologies that are used for both selective and non-
selective approaches. In addition, a guideline for vali-
dating a cleaning verification assay is presented.

24.10.1 Cleaning validation versus cleaning
verification

Cleaning validation is an extensive, multi-functional
program where the entire manufacturing process is
considered, ranging from the equipment that will be
used to manufacture the products to the analytical
methods that will be used to evaluate cleaning effec-
tiveness.30 Cleaning validation starts with the prepara-
tion of a validation protocol. The validation protocol
would include rationales regarding cleaning agents
and procedures,31 equipment, equipment swabbing
locations,32 safety-based acceptance limits, selection of
products used to demonstrate validation,30 and vali-
dated analytical methodology.

When selecting representative products to validate a
cleaning program, several approaches have been pre-
sented.30 The most conservative approach would be to
validate the cleaning procedure for all compounds man-
ufactured, which is most likely the approach taken for a
marketed product manufacturing facility. However, this
approach is expensive, resource consuming, and may
not be practical for a multi-compound facility used pri-
marily to support of clinical trials. Therefore, manufac-
turers may choose to validate on a subset of compounds
and examine such parameters as solubility, potency
(which drives the acceptance limit), and cleanability. The
location and number of swabbing locations for both veri-
fication and validation activities are dictated by the
product contact surface area (eg, larger components may
require a larger number of swabs), energy dissipation
(eg, roller compaction or tablet pressing regions are
more likely to accumulate product), composition of the
product contact areas (ie, polycarbonate vs stainless
steel), and cleaning difficulty (tight corners, bends, and
hard-to-reach places result in hard-to-clean locations
that should be swabbed).32

Cleaning verification, on the other hand, is a dem-
onstration for each manufacturing run (typically by
submission of cleaning swabs to analytical laborato-
ries) that the API has been removed to a level below
the pre-established acceptance limit.

24.10.2 Swab test acceptance criteria

There have been recent proposals that utilize the
threshold of toxicological concern (TTC) to calculate an
acceptable residue limit.33,34 The TTC estimates a level of
exposure that will not present an appreciable risk to
human health. This concept is commonly applied
to impurities in drug substances and drug products and
a guidance has been recently published (ICH M7).35

In addition, the European Medicines Agency (EMA) pub-
lished a guideline outlining the expectation to develop a
permissible daily exposure of residuals between veteri-
nary and human products, but the guideline also applies
the TTC concept when the residual is a genotoxic API.36

When determining the acceptance limit, a strong sci-
entific rationale with relevant factors generally
includes: Evaluation of the therapeutic dose of the
actives; toxicity of the potential contaminant; solubility
of the potential residue; difficulty of cleaning; visual
examination; the batch size of the subsequent products
on the same equipment; and how the product will be
used.37 Acceptance limit calculations take on the gen-
eral form where two methods are typically used.
Although some authors recommend adjusting the
safety factor based upon the dosage form,37 it is most
common to utilize the 1/1000th minimum dose and
10 ppm methods.38�42 The 1/1000th method assumes
that pharmaceuticals are often considered to be nonac-
tive at 0.1% of their prescribed therapeutic dosages.42

The following equation demonstrates how an accep-
tance limit is calculated utilizing the 1/1000th method:

Equation (24.1): 1/1000 safety limit calculation

Acceptance Limit
μg

swab

	 

5

0:001 Smallest Strength
Product Aðmg=dayÞ
Maximum Daily #
of Dosage Units

Product Bðunits=dayÞ

3

Lot Size
Product Bð# of dosage unitsÞ

Shared Surface Areaðcm2or in2Þ

3
Swab areaðcm2or in2Þ

1 swab

3
1000 μg
1 mg

Product A is the product made on the equipment to
be cleaned, and product B is the product to be
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manufactured on the same equipment after it is used
and cleaned for product A.

The second method uses the 10 ppm limit histori-
cally used to calculate commercial manufacturing lim-
its. This method allows the maximum carryover of
product to be calculated using lot sizes and shared
equipment surface area. Eq. (24.2) shows the method
used to develop the 10 ppm acceptance limits:

Equation (24.2): 10 ppm acceptance limit
calculation

Acceptance Limit
μg

swab

0
@

1
A5

10 mg

1 kg

3
Lot Size Product BðkgÞ

Shared Surface Areaðcm2or in2Þ

3
swab areaðcm2 or in2Þ

1 swab
3

1000 μg
1 mg

After the two limits are calculated using Eqs. (24.1)
and (24.2) for each product, the limits are compared.
The smaller limit calculated for a product becomes the
acceptance limit for the cleaning verification for that
product. It is obvious from Eq. (24.2) that two variables
drive the acceptance limit: the lot size of product B
and the shared surface area. For example, if the shared
equipment surface area is constant between two pro-
ducts and the lot size for product B is 50 kg as
opposed to 100 kg, the acceptance limit would be cal-
culated as one-half of that for the 100 kg lot size.

24.10.3 Swab selection

Although swab sampling is different conceptually
from both the impurity and potency assays, the same
scientific rationale governs the development of these
assays. Many of the references listed in Tables 24.4 and
24.5 outline different validation approaches. Seno out-
lined validation practices in the Japanese pharmaceuti-
cal industry for cleaning verification,43 and Kirsch
outlined an approach for swab method validation
that is consistent with ICH guidelines for method
development.44 An important aspect of any cleaning-
verification assay begins with swabbing the surface.
Swabs are typically constructed with a polyester knit
that will not leave behind fibers after swabbing and
possess minimal extractable materials.45 Jenkins et al.
did an extensive evaluation of swabbing materials as a
function of the residual particles left on the surface after
swabbing.46 Quartz wool was found to give excellent
recovery of analyte; however, it left an excessive
amount of particles on the surface. Glass-fiber swabs
and cotton swabs also suffered from high levels of
residual particles left behind on the surface. Knitted

polyester demonstrated the best balance between
recovery, residual particle, and background levels.
Yang et al. presented a guideline for swabbing techni-
ques that discusses swabbing procedures, solvent selec-
tion, and recovery as a function of the coupon tested.47

24.10.4 Representative surface selection for
method validation

The general expectation is that all product contact
surfaces must be considered during cleaning verifica-
tion in order to demonstrate that the equipment is
clean; and it is an expectation that a recovery value
is established for each product contact surface during
method validation (how to establish this recovery will
be discussed next). The recovery is used to correct
the submitted swab result for incomplete removal
of the residual analyte from the surface and then
compare that result versus the acceptance limit. For
example, if 80% recovery was obtained during method
validation, that value would be incorporated into the
analytical method. Let’s assume that the uncorrected
analytical result was 4.2 μg/swab compared with an
acceptance limit of 5.0 μg/swab. After correcting for
the recovery of 80%, the result is now 5.25 μg/swab,
which constitutes a failing result in this example.
In this case, the importance of the recovery value
becomes apparent because it is the difference between
an acceptable result and a failing result.

All product manufacturing product contact surfaces
would ideally be represented by the analytical method.
However, the number of product contact surfaces and
the sheer number of manufacturing equipment types
and suppliers makes verifying recovery of each analyte
off of each surface quite onerous. For example, equip-
ment in a CT manufacturing area is shared among
many compounds in the portfolio, especially for a
pipeline that is rich in Ph I compounds. As new equip-
ment is purchased, it may have new product contact
surface material of construction (MOC). Each com-
pound in the portfolio that utilizes this piece of equip-
ment would require a method revalidation in order to
add a recovery factor for the new product contact sur-
face MOC. As the number of different materials of con-
struction increases along with the number of
compounds being manufactured, the difficulty and
complexity of sustaining that approach also increases.

However, there are approaches that allow for a sub-
set of the total number of surfaces to be evaluated dur-
ing method development. Stainless steel is the most
common material in a manufacturing environment.48

Thus, some companies establish recovery for stainless
steel and apply that correction to all swab submissions.
It could be outlined that if the product contact surface
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TABLE 24.4 Nonselective Analytical Techniques for Cleaning Verification With Associated Analytes and Reported/
Estimated Limit of Detection (LOD) and Limit of Quantitation (LOQ), if Available

Nonselective techniques

Detection technique Analyte Reported/estimated LODa Reported/estimated LOQa Reference

pH Cleaning agents 200 μg/mL 666 μg/mL 52

Conductivity Cleaning agents 20�200 μg/mL 67�666 μg/mL 52

TOC Sulfacetamide, sulfabenzamide,
sulfathiazole

low μg/cm2 low μg/cm2 53

Total carbon ,50 ppb 167 ppb 51

Detergents 50 ppb 167 ppb 54

Cleaning agents 0.95 μg/cm2 3.2 μg/cm2 55

Cleaning agents 20�2000 μg/mL 67�6660 μg/mL 52

Aspirin 3�15 ppm 10�50 ppm 56

Visual Residues 62.5 μg/100 cm2 208 μg/100 cm2 57

Cleaning agents 20�2000μg/mL 67�6660 μg/mL 52

Aspirin .0.1 μg/cm2 0.3 μg/cm2 56

aLOQ estimated assuming relative standard deviation (RSD)5 10% and the LOD estimated assuming RSD5 33%.

TABLE 24.5 Selective Analytical Techniques for Cleaning Verification With Associated Analytes and Reported/Estimated
Limit of Detection (LOD) and Limit of Quantitation (LOW). When Compound Not Indicated, Proprietary Listed as
Analyte

Selective techniques

Detection technique Analyte
Reported/estimated
LODa

Reported/estimated
LOQa Reference

HPLC-UV Amlodipine 0.02 μg/mL 0.7 μg/mL 58

Ertapenem 0.0006 μg/mL 0.002 μg/mL 59

Sulfadoxine 0.12 μg/mL 0.4 μg/mL 60

Acetylsalicylic acid 0.04 μg/mL 0.1 μg/mL 61

Sumatriptan succinate 0.003 μg/mL 0.01 μg/mL 62

Losoxantrone 0.005 μg/mL 0.02 μg/mL 63

Bisnafide 0.004 μg/mL 0.01 μg/mL 64

Nonoxynol-9 0.06 μg/mL 0.2 μg/mL 65

UPLC-UV Dienogest, finasteride,
gestodene,
levonorgestrel, estradiol,
ethinylestradiol,
and norethisterone acetate

0.02�0.20 μg/mL 0.05�0.35 μg/mL 66

UV Any compound with
chromophore

Typically higher
than HPLC-UV

Typically higher
than HPLC-UV

No references for
cleaning verification

HPLC-MS Proprietary 0.00002 μg/mL 0.00007 μg/mL 67

Proprietary 0.0005 μg/mL 0.002 μg/mL 68

Proprietary ,0.004 μg/mL 0.01 μg/mL 69

Ion mobility
spectrometry (IMS)

Diphenylhydramine 0.0009 μg/mL 0.003 μg/mL 70

Tamoxifen 0.05 μg/mL 0.2 μg/mL 71

(Continued)



TABLE 24.5 (Continued)

Selective techniques

Detection technique Analyte

Reported/estimated

LODa
Reported/estimated

LOQa Reference

Proprietary 0.25 μg/mL 0.8 μg/mL 72

Duloxetine, citric acid,
tetrasodium
ethylenediaminetetraacetic acid
(EDTA),
and a proprietary amphoteric
surfactant, CIP 200

,5 μg/swab 5 μg/swab 73

Gas chromatography methenamine hippurate Not reported Not reported 74

HPLC-ELSD 2-amino-bicyclo[3,1,0]hexane-
2,6dicarboxylic acid

0.26 μg/mL 0.9 μg/mL 75

TLC Chloramphennicol 0.003 μg 0.01 μg 76

OPLC Steroid hormones 0.03 μg 0.1 μg 77

CE No reference to compounds Typically higher
than HPLC-UV

Typically higher
than HPLC-UV

78�80

Atomic absorption Cisplatin 0.0005 μg/mL 0.002 μg/mL 81

ICP-AES Lithium 0.033 μg/mL 0.1 μg/mL 82

HPLC-electrochemical Clarithromycin 0.3 μg/mL 1.0 μg/mL 83

Isoproterenol sulfate 0.1 ng/mL 0.3 ng/mL 84

Spectroscopy Proprietary 4 μg/cm2 13 μg/cm2 85

Cleaning agent Not stated Not stated 86

bovine serum albumin low μg/cm2 low μg/cm2 87

HPLC-fluorescence Norfloxacin 5 ng 20 ng 88

HP-TLC-fluorescence Norfloxacin 5 ng 20 ng 88

Ion exchange
conductivity

Cleaning agent 0.1 μg/mL 0.3 μg/mL 89

Cleaning agent- CIP 100
determined as EDTA

0.13 ppm 0.39 ppm 90

Ion exchange�UV Cleaning agent 1 μg/mL 3 μg/mL 91

Charged aerosol
detection

Mometasone Furoate 0.6 ng 2 ng 92

Albuterol 1.5 ng 5 ng

Loratadine 1.4 ng 5 ng

Light-induced
fluorescence (LIF)

Proprietary 0.353 μg/mL 93

Dry-swabbing/image
analysis (DSIA)

Amlodipin 5�50 μg/dm2 50�300 μg/dm2 94

Caffeine

Ibuprofen

Losartan

Nifuroxazid

Paracetamol

Rutin

Valsartan

Endiex

Ibalgin

Lozap H

Valzap

aLOQ estimated assuming RSD5 10% and the LOD estimated assuming RSD5 33%.



area is less than, for example, 1.0%, that surface MOC
is not a high risk for contamination and does not need
to be included in the validation. Another option for
MOCs not included in the analytical method validation
would be to assume some percentage of recovery seen
on stainless steel (eg, 10%), a percentage based upon
similar materials, or possibly the lowest percent recov-
ery seen on any evaluated MOC. All of these assump-
tions should be based upon a strong scientific rationale
and supported by internal procedures and processes.
Finally, two authors have advocated that all MOCs uti-
lized in the manufacturing environment should be
placed into groups.48,49 At that point, a representative
of a group would be included in the analytical method
development. The authors advocate that many MOCs
behave similarly when validating an analytical
method; by choosing representative recovery surfaces
for those surfaces other than stainless steel rather than
doing recovery experiments on all surfaces, the effort
can be focused proportionally on the risk while still
maintaining patient safety.

This approach of grouping MOC for analytical
method development in support of cleaning verifica-
tion/validation activities is an excellent opportunity to
apply a quality risk management approach.

24.10.5 Analytical methodologies

Cleaning verification methods for swabs are typi-
cally validated by demonstrating analyte recovery from
a “test coupon.” As discussed previously, this test cou-
pon can be the exact MOC in the manufacturing area or
it may be a scientifically defined “representative.”
While analyzing rinse solutions has its place in the
manufacture of API, it is not a common practice in sup-
port of a solid oral drug product clinical trial
manufacturing site. In these analyte recovery experi-
ments, a known amount of an analyte will be spiked
onto the coupon; the coupon will then be swabbed in a
methodical manner illustrated in Fig. 24.5. For example,
10 swipes are performed in the vertical direction, the
plate or test coupon is rotated, and 10 additional swipes
are performed in the horizontal direction for a

10 cm3 10 cm coupon. For a larger surface (eg,
25 cm3 25 cm), 20 swipes in each direction may be
required. Some researchers have advocated zig-zag pat-
terns rather than horizontal and vertical swipes.
Typically, there will be a training program required
that teaches the swabber proper technique. It is impor-
tant to be consistent (eg, the amount of pressure applied
to the swab and potentially the angle of the swab head
with regard to the surface) and that the validation
mimics how the swabs will be collected from the
manufacturing equipment. The swab will then be
extracted in a solvent that maximizes solubility and is
compatible with the detection technique, and ultimately
analyzed. Depending upon the analyte, the acceptance
limit, and the swab, 5�20 mL is an appropriate volume
of extraction solvent to ensure a reproducible extraction
without overdiluting the analyte, which could ulti-
mately impact analytical detection.

With the advances in analytical technology, it should
be a rare exception that the toxicologically determined
cleaning limit cannot be attained from the perspective
of determination of the analyte; although it does
become more difficult to quantitatively recover low
amounts of analytes from surfaces. When selecting the
appropriate analytical technique for cleaning verifica-
tion, several parameters must be considered, such as
the safety acceptance limit for the cleaning verification
assay, solubility,50 the molar absorptivity of the mole-
cule, or ionization or oxidation potential if alternative
detection techniques are an option. In addition, the
benefits of requiring a selective assay versus a nonse-
lective assay should be considered. In a nonselective
assay, the blank of a rinse and swab blank are deter-
mined to ascertain if there is any deviation from the
control (ie, the blank in the same solution). The advan-
tage of this approach includes the fact that a variety of
residues may be detected, which include cleaning
agents, excipients, previously manufactured products,
degradation products, and APIs. It should, however, be
realized that the identity of the contaminant would
remain unknown after this assay. The analyst
would only know that the equipment had a
detectable residue, which may or may not help
improve the cleaning process on subsequent manufac-
tures. Many nonselective analytical techniques are out-
lined in Table 24.4. Within this table are indicated the
analytes, and the reported limit of detection (LOD) for
the technique in association with the cleaning assay.
The most prevalent of the nonselective assays is total
organic carbon (TOC). It has the advantages of good
sensitivity, short analysis time, and being capable of
detecting all residual carbon—independent of the
source.51 For a selective technique, the target analyte is
known before method validation. Table 24.5 outlines
many of the feasible selective analytical techniques.

FIGURE 24.5 Illustration of typical swabbing practice. The
arrows indicate the swabbing direction on the test coupon.
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The list is not all-inclusive because of the multiple
detection schemes that can be implemented with high
performance liquid chromatography (HPLC). HPLC is
commonly used in the pharmaceutical industry. As a
result, cleaning verification assays by this approach
outnumber all others. Typically, at the time of manu-
facture, a potency assay has been developed and vali-
dated for the drug product. From a conservative
standpoint, anything that elutes, or coelutes, at the
retention time of the analyte of interest will be attrib-
uted to the API. Therefore, the swab method is usually
very similar, if not identical, to the potency method.
Characteristic swab assays would most often be iso-
cratic methods with reduced run times. In addition to
HPLC with ultraviolet (UV) detection, many other
detection schemes are outlined in Table 24.5. The ana-
lytical chemist chooses these techniques based upon
the chemical properties of the target molecule and the
cleaning acceptance limit, which was previously estab-
lished based upon dose and equipment surface-area
considerations. For example, a molecule that does not
possess a chromophore and is somewhat potent would
pose an interesting analytical challenge. The analyst
might consider evaporative light scattering detection,
electrochemical detection, or mass spectral detection, to
name a few possibilities. There are a few examples of
analytical techniques listed in Table 24.5 where a spe-
cific example for a cleaning verification assay could not
be located; however, depending upon the molecular
properties of the compound, the cited technique would
be a viable option for a cleaning verification assay.

24.10.6 Analytical method validation

Regardless of the analytical technique chosen for
cleaning verification, there are certain components that
are expected of any method validation activity and
outlined in the ICH guidelines on analytical methods
Q7A.27 For a quantitative impurity test, validation is
required for specificity, limits of detection, and quanti-
tation, linearity, accuracy, precision (repeatability and
intermediate precision, depending upon the phase of
development), and range (ICH Q2(R1)).95 Each of these
validation criteria is listed next with a brief explana-
tion on the applicability to cleaning verification assays.
A limit test for cleaning verification assays is often
employed during clinical trials. With a limit test, a
result of “pass” or “fail” is reported. The limit test sig-
nificantly simplifies the validation of the cleaning veri-
fication assay. In order to validate a limit test,
specificity, limit of quantitation (LOQ), accuracy, and
stability must be evaluated at the acceptance limit.
Linearity and range may be excluded. A drawback of
the limit test is that the ability to trend the cleaning

efficiency (except through failures) for a particular pro-
cess, or compound, is eliminated because a quantita-
tive result is not reported. Due to the fact that the
formulation and process are likely to evolve and the
attrition of compounds during development is high,
one might argue that trending doesn’t provide much
value here. However, if the compound makes it to
market, a quantitative assay is expected for commer-
cial manufacturing.

24.10.6.1 Specificity

Specificity should be demonstrated using interfer-
ences (ie, extractables) that arise from the cleaning
swabs and/or blank surfaces. Specificity between the
excipients utilized in the drug product manufacture is
desirable, but not required. If specificity is not
achieved it must be assumed that the peak response is
from the API. If the interference is low enough, it may
be acceptable as long as it does not unduly bias the
recovery results and/or it can be accounted for appro-
priately through background subtraction. Significant
interference from a surface may indicate compatibility
issues for the selected sampling solvent and may vary
(drop) over time as surfaces on equipment are repeat-
edly cleaned.

24.10.6.2 Detection and quantitation limits

The LOQ, as opposed to the LOD, is the most
important attribute of the swab method because it has
been previously determined, from a safety and cross-
contamination standpoint, that residual material above
the cleaning acceptance limit is of serious concern. The
LOQ is defined as a percent relative standard devia-
tion (% RSD) of 10%, and the LOD is defined as a %
RSD of 33%. These values are typically determined on
low-level injections of the standard. The sensitivity of
the method must be low enough to ensure sample
responses near the lowest acceptance limit are quantifi-
able. For typical swab assays, this requirement may
necessitate an LOQ of 1 μg/mL (5 μg/swab limit, 1
swab into 5 mL of solvent). When discussing an
acceptable precision for a swab assay (including recov-
ery from surfaces), larger % RSD values may be
acceptable (eg, 20%). However, the assay pass-fail limit
should be lowered so that this variability is accounted
for. For example, if 80% recovery was obtained during
validation with a 15% RSD for a 5 μg/swab limit, the
assay pass-fail limit could be reasonably lowered to
68% to take into account the swabbing variability.

24.10.6.3 Linearity

Linearity is assessed to cover the full range of accep-
tance limits required by the method. Linearity has
been performed in a couple of different manners. First,
linearity has been performed through the preparation
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of standards that are equal to the resulting swab solu-
tion concentration after putting the swab into solvent.
The second approach would involve spiking plates at
many different levels and evaluating the recovery at
each level. The second approach is problematic
because recovery is usually observed to decrease as
the limit at the spiked level on the surface decreases.
Thus, it may be unreasonable to expect linearity over a
large range. However, if the range is kept narrow,
either approach is suitable.

24.10.6.4 Accuracy and recovery

When compared with a typical potency assay, this
validation parameter is the most variable.

Equation (24.3): accuracy/recovery calculation

Recoveryð%Þ5 spiked amount determinedðμgÞ
actual spiked amountðμgÞ 3 100

It is not uncommon to see RSDs of recovery results
for a cleaning range from 2% to 10% or higher depend-
ing upon the surface. In addition, the recovery of an
analyte from the test surfaces is not expected to be
complete. Depending upon the surface’s characteristics
(eg, a smooth polished surface vs a rough surface),
acceptance limit (eg, 0.5 mcg/swab vs 100 mcg/swab),
and the solubility of the compound, recoveries as low
as 20%, or lower, may be acceptable and accounted for
in the method calculations through the use of recovery
factors. The minimum sample response (extract con-
centration) must not be less than the quantitation limit
of the assay to ensure that analyte levels close to the
lowest acceptance limit are quantifiable.

24.10.6.5 Intermediate precision

With the previously mentioned variability that may
be observed during accuracy/recovery determinations,
it must be realized that acceptance criteria around
intermediate precision must be set accordingly. For
example, it is quite likely that if Analyst A could
obtain a recovery of 80% for a 5 μg/swab limit,
Analyst B could obtain a value of only 70% for the
recovery. When looking at the residual surface analyte
difference between the two analysts, Analyst B would
have left only 0.5 μg (0.02 μg/cm2 for a 2.5 cm3 2.5 cm
test coupon) across the tested surface area. It is easy to
see that swabbing technique can play a crucial role in
swabbing success when such small amounts are con-
sidered. As the compound becomes more potent, the
residual differences between Analyst A and Analyst B
may be in the nanogram range.

24.10.6.6 Range

The range of acceptable method performance is
based upon the LOQ and the linearity assessment.

24.10.6.7 Standard and sample stability

Stability of the unextracted swabs is determined in
order to allow time for transport of the swabs between
the swabbing site and the analytical testing site.
Standard stability and swab extract stability are deter-
mined to facilitate analytical testing. Swab and extract
stability must be assessed after contact with each
of the product contact surface materials because
sample stability can be affected by surface-specific
contaminants.

24.11 CASE STUDY

24.11.1 Example

The following case study is for a tablet manufac-
tured on a Manesty tablet press in the clinical trial
manufacturing area for a first human dose trial. The
compound will be manufactured at doses of 1 mg/tab-
let, 25 mg/tablet, and 100 mg/tablet and has a good
molar absorptivity. The 1/1000th minimum dose and
10 ppm methods were used to calculate the swab test
acceptance limits, assuming an equivalent lot and dos-
age strength will be subsequently manufactured. The
analysis shown next outlines the selection of swabbing
locations, acceptance limit calculations, and analytical
methodology based upon previously mentioned
criteria.

Fig. 24.6 is an illustration of the Manesty
press. There are magnified views indicating swab
locations. All of this information (picture, number of
swabs, surface areas in Table 24.6, and MOC) is part
of the cleaning master plan and is generated for each
piece of manufacturing equipment and each swab
location. This documentation practice serves as a
guide for documenting swab locations and rationales
for such locations.

Based upon product contact surface area (outlined
in Table 24.7) the surface areas were calculated for
each component and it was determined that three
equipment components had large surface areas. In this
case, the discharge port, the die table, and the hopper
all had significant surface area contributions. In addi-
tion, the die table would be considered a high-energy
dissipation area where it is likely that product would
accumulate during manufacture. The materials of con-
struction are stainless steel and cast iron; therefore
both surface types are swabbed. In turn, an analytical
method should be validated where the recovery from
stainless steel and cast iron are evaluated. None of the
other areas were evaluated as especially difficult to
clean in this example. Thus, no additional swabs were
added.
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Die Table, Station # 1, Cast Iron, 1 Swab Discharge Port, Stainless Steel, 1 Swab

Manesty tablet press Hopper, stainless steel, 1 swab

FIGURE 24.6 Manesty tablet press
with swab locations, material of con-
struction, and number of swabs
required per location indicated.

TABLE 24.6 Material of Construction and Surface Area Calculations for the Product Contact Surfaces Illustrated
Above

Component Material Surface area (cm2) Surface area (%) # Swabs

Discharge port Stainless steel 42.0 5.4 1

Upper punch Stainless steel 0.6 0.1 0

Lower punch Stainless steel 1.1 0.1 0

Die Stainless steel 0.9 0.1 0

Die table, station 1 Cast iron 126.5 16.3 1

Feeder bowl Cast iron 145.5 18.8 0

Hopper Stainless steel 458.9 59.2 1

TABLE 24.7 Lot Size and Dose Strengths for Case Study

Product
Lowest dose strength
(mg/tablet)

Lot size
(kg)

Lot size
(units)

Maximum daily dose
(units)

Shared surface area
(cm2)

A 1 20 10,000 1

B 10 1 5000 5 775.5

67324.11 CASE STUDY

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



24.11.2 Acceptance criteria

Using the 1/1000th minimum dose and 10 ppm
methods, the following equations list the product and
equipment characteristics used to calculate the swab
acceptance limits for the case study.

1. 1/1000th Method:

Acceptance Limit

�
μg

swab

�

5
0:0013 1 mg=day

5 units=day Product B

3
Product Bð5000 dosage unitsÞ
Shared Surface Area 775:5 cm2

3
Swab area 25 cm2

1 swab
3

1000 μg
1 mg

Acceptance Limit5 32.2 μg/swab
2. 10 ppm Method:

Acceptance Limit
μg

swab

0
@

1
A

5
10 mg

1 kg

3
Lot Size Product B 1 kg

Shared Surface Area 775:5 cm2

3
Swab area 25 cm2

1 swab
3

1000 μg
1 mg

Acceptance Limit5 322 μg/swab

In order to keep the case study simple, only one
piece of equipment was used to illustrate the selection
of swab locations, images included in CT master plan,
and calculation of limits. Tablet products are typically
made with several steps using several pieces of
equipment such as a granulator/dryer, mill, blender,
press, or optional coater. The total product contact
surface area of all equipment should be used for cal-
culation of limits. The smallest limit calculated for a
product using all of the calculations becomes the
acceptance limit for the cleaning verification of that
product. In this case, the acceptance limit would
be 32 μg/swab. If product B, the lot to be manufac-
tured next, is unknown at the time of product A’s
manufacture, the worst case should be assumed in
the calculation. For example, if the smallest lot that
has ever been manufactured in the facility is 1000
dosage units or 1 kg, those values should be used
in the equation to generate a maximum allowable
carryover of product A.

24.12 SUMMARY

This chapter presents a strategy to effectively manage
the complex clinical supplies manufacturing process.
This strategy includes planning, collaborative commu-
nication among the cross-functional team, lean
manufacturing, effective training programs, and applica-
tion of new technologies to facilitate the clinical supplies
manufacturing. cGMP considerations to ensure the qual-
ity of the clinical materials during the clinical supplies
manufacture are also discussed. The comprehensive
clinical supply manufacture strategy and cGMP controls
prevent clinical supply manufacture from becoming an
obstacle to the clinical trial program and consequently
reduce the total cycle time of introducing a new drug to
market. In addition, various aspects of cleaning verifica-
tion and considerations for a cleaning validation pro-
gram are presented. Acceptance limit calculations and
analytical methodology and validation were outlined
to illustrate the vast interest in the topic of cleaning
verification in a clinical trial manufacturing facility.
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Specification Setting and Manufacturing
Process Control for Solid Oral Drug Products
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25.1 INTRODUCTION

The quality of drug products is determined by their
design, development, process controls, good manufactur-
ing practice (GMP) controls, process validation, and by
specifications applied to them throughout development
and manufacturing.1,2 As part of GMP controls, the qual-
ity of any drug product must be evaluated using meth-
ods and criteria listed in its specifications. According to
ICH Q6A, a specification is defined as1:

A list of tests, references to analytical procedures, and
appropriate acceptance criteria that are numerical limits,
ranges, or other criteria for the tests described. It establishes
the set of criteria to which a drug substance or drug product
should conform to be considered acceptable for its intended
use. Conformance to specification means that the material,
when tested according to the listed analytical procedures, will
meet the listed acceptance criteria.

In the pharmaceutical industry, specifications are
required by regulatory bodies for any drug substance,
intermediates, and finished drug product. Specifications
are critical to ensure product quality and consistency,
and are an important part of an integrated quality
strategy for finished drug products in addition to
GMPs (eg, using suitable facilities, an established/
validated manufacturing process, validated test pro-
cedures, raw materials testing, in-process testing, and
stability testing).1�3 Specifications for the drug sub-
stance, in-process tests, and final product release tests
must be based on development information (eg, batch
history, stability, efficacy, and toxicity) and certainly
evolve with the cumulative knowledge gained during

product research and development. In all cases,
specifications either in the clinical trial stages or in the
commercialization stage are chosen to confirm the qual-
ity of the drug product and, thus, must focus on the
product characteristics that ensure the identity, stre-
ngth, and purity of the drug product at release, as well
as throughout the duration of clinical trial or the shelf-
life for commercial products. It is important to have
solid rationale and scientific justification for including
and/or excluding testing for specific quality attributes
because specifications are used to confirm the product
quality rather than to characterize the product.

The following are four fundamental principles that
should be taken into consideration during setting spe-
cifications for both drug substance and drug product:

1. Specifications should be based on relevant
preclinical development and clinical study data.
These clinical data define the boundaries of key
safety and efficacy.

2. Specifications should be related to a manufacturing
process. Specifications must be based on data
obtained from batches used to demonstrate product
performance and manufacturing consistency.
Product specifications, especially for process-related
degradation products, must be related to the
specific manufacturing process.

3. The stability of drug substance and drug product
should be taken into consideration for setting
specifications. Physical and chemical degradation of
drug substance and drug product may occur during
storage. These changes could affect product safety
and performance.
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4. Specifications must be linked to analytical
procedures. Critical quality attributes (CQAs)
may include characteristics such as assay, impurity
profiles, and in vitro dissolution. Such attributes
can be evaluated by multiple analytical methods
to yield different results. During the course of
product development, it is common for analytical
technology to evolve in parallel with the product.
Therefore, analytical data generated during
development should be correlated with those
generated at the time when the new drug
application (NDA) is filed.

For the purpose of this document, early phase
development refers to phase 1 or 2 clinical trials before
the start of primary stability studies or pivotal clinical
trials. Late phase development refers to phase 3 or
pivotal clinical studies. Early phase and late phase
specifications refer to specifications established during
early phase and late phase development, respectively.
The regulatory specification refers to specifications
established for the registration and commercial batches.

The specification setting process begins with identi-
fication of a set of attributes for testing, development
of analytical procedures, and establishment of an
acceptance criteria that can be used to measure prod-
uct quality. Specifications are then refined during
product development and the commercialization pro-
cess. Once specifications are set, process controls need
to be identified in order to monitor, and/or adjust the
manufacturing process. The goal of process control is
to ensure that an in-process material or finished drug
product meets its respective specifications.

Specifications and the specification setting process
for drug substances, clinical trial materials, and drug
products are described in this chapter. Process con-
trols, particularly in-process material tests, statistical
methodology for process controls, and application of
process analytical technology (PAT) in-process controls
are discussed. The impact of analytical procedures on
the specifications is also discussed.

25.2 SPECIFICATIONS FOR THE DRUG
SUBSTANCE

The drug substance, the active pharmaceutical
ingredient (API), is the most important component in a
drug product. During the early phase of development,
the number of API batches is relatively limited, the
batch size is usually very small, and manufacturing
experience is beginning to evolve. The primary empha-
sis for setting specifications for a new drug substance
is on safety based on the purposes of clinical studies
at this stage. During the later phase of development

as sufficient data and experience become available,
product quality becomes the focus for setting specifica-
tions based on manufacturing processes and analytical
capability, in addition to safety considerations.

ICH guideline Q6A generally applies to products
during late stage development because the guideline
specifically states that it is “not intended to apply to
the regulation of new drug substance used during the
clinical research stage of development.”1 Nonetheless,
the main principles of the guideline should be con-
sidered carefully throughout development. As dis-
cussed previously, the primary focus of specifications
is safety during the early phase of development.
To set specifications at this stage, the tests described
in ICH Q6A should be reviewed to determine which
tests must have limits and which tests can be
performed “to be monitored.” To-be-monitored
tests refer to those that do not have established limits
or acceptance criteria. During the early phase of
development, some tests can be performed “to be
monitored” because whether or not the test is quality-
indicating may not yet be known, or there may be
insufficient data to set a proper limit. During the late
phase of development, specifications are gradually
developed toward meeting the requirements for regis-
tration. Therefore the late phase specifications should
include tests expected at registration, although there
may not be enough data available to set appropriate
limits until just prior to submission.

Manufacturing process controls for drug substances
are not discussed in this chapter. Please refer to the
FDA guidance for industry ICH Q11 Development and
Manufacture of Drug Substances issued in November
2012,4 which is applicable to drug substances as
defined in the scope sections of the ICH guidance
documents Q6A and Q6B. ICH Q11 provides clarifica-
tion on the principles and concepts described in ICH
Guidelines on Pharmaceutical Development (Q8[R2]),5

Quality Risk Management (Q9),6 and Pharmaceutical
Quality System (Q10)7 as they pertain to the develop-
ment and manufacture of drug substance.

The following tests and acceptance criteria are
described in ICH Guideline Q6A. An example of early
phase and late phase specifications are provided in
Table 25.1.

• Description: A qualitative statement about the
physical state and appearance of the new drug
substance should be provided. For the example in
Table 25.1, the acceptance criteria are based on the
drug substance’s historical visual appearance data.

• Identification: Identification testing should ideally be
able to discriminate between compounds of closely
related structure that are likely to be present. The
test should be specific to the new drug substance
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such as infrared spectrum (IR). Identification solely
by a single chromatographic retention time is not
regarded as specific. However, the use of two
chromatographic methods, where separation is
based on different principles or a combination of
tests into a single procedure, such as high-pressure
liquid chromatography (HPLC)/UV (ultraviolet)
diode array, HPLC/mass spectroscopy (MS), or gas
chromatography (GC)/MS is generally acceptable.
If the new drug substance is a salt, identification
testing should be specific to the individual ions.
An identification test that is specific for the salt
itself should suffice. New drug substances that are
optically active may also need specific identification
testing or performance of a chiral assay. For an early
phase specification, only one identification method
is generally included. A spectroscopic method such
as IR is generally used. For late phase specifications,
two identification methods are typically included
(see Table 25.1).

• Assay: This test is used to determine the purity of
the drug substance. A specific, stability-indicating
analytical method should be included to
determine the content of the new drug substance.
In many cases, it is possible to apply the same
method (eg, HPLC) for both assay and
quantitation of impurities. Both early and late
phase specifications require a proper assay limit,
which is commonly expressed as a percentage
for new drug substances. The limit usually
specifies a correction for water and/or solvent
(ie, anhydrous, volatiles-free, or dried). For the
example in Table 25.1, the assay method separates
all known related substances and degradation
products from the drug substance. The lower
limit is calculated to allow for related substances
and assay variability. The upper limit allows for
assay variability. The specification for assay is
the same for the drug substances at the early and
late phases.

TABLE 25.1 Example of Specifications for Drug Substance

Tests Method Limits for early phase Limits for late phase/commercial batches

Description Visual White to yellow solid White to yellow solid

Identity by IR IR Spectrum compares favorably
with that of the reference standard.

Spectrum compares favorably
with that of the reference standard.

Identity by HPLC HPLC N/A Retention Time compares favorably
with that of the reference standard.

Assay HPLC Not less than 93.0%
and not more than 105.0%

Not less than 93.0%
and not more than 105.0%

Related substances HPLC

Total related substances Not more than 3.0% Not more than 2.0%

Individual related
substances

Not more than 1.0% Not more than 0.7%

Chiral impurities HPLC

Form A Not more than 0.7% Not more than 0.3%

Form B Not more than 0.7% Not more than 0.4%

Residual solvents GC

Solvent A Not more than 2.0% N/A

Solvent B N/A Not more than 0.5%

Water Karl Fischer Titration Not more than 5.0% Not more than 2.0%

Residue on ignition USP 38 (2015) To be monitored Not more than 0.05%

Heavy metals USP 38 (2015) To be monitored Not more than 20 ppm

Particle size Laser diffraction To be monitored N/A

Crystal form X-ray diffraction To be monitored N/A

Microbiological test Compendial method N/A Meet compendial requirements
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• Impurities: Categories of impurities in a new drug
substance listed in Table 25.2 included organic and
inorganic impurities, and residual solvents.
Table 25.3 provides the identification and
qualification threshold.8

Organic impurities include starting materials,
reaction by-products, process intermediates,
degradation products, reagents, ligands, and
catalysts. They are process-related except for
degradation products, and may be identified or
unidentified, volatile or nonvolatile. Chemical
structures of impurities present in the new drug
substance at or above an apparent level of 0.1%
(eg, calculated using the response factor of the drug
substance) should be characterized. The early phase
specification of new drug substance for organic
purities should include limits for total and any
unspecified impurity (the largest reported
unspecified impurity). Any identified impurity
with a potential toxicological risk (eg, carcinogen,
teratogen, mutagen) should also be included in the
early phase specification with a limit that is
toxicologically acceptable without risking human
health. A qualitative comparison of impurity
profiles, generally an HPLC impurities test, is also
performed during the early phase. The impurity
profiles of the batches of drug substance to be used
in clinical trials must be compared with the batches

used in toxicology studies and/or previous clinical
trials. The late phase or regulatory specifications
of the new drug substance for organic impurities
should be consistent with the ICH Q3A guideline
and include, where applicable, limits for:
• Each specified identified impurity
• Each specified unidentified impurity at or

above 0.1%
• Any unspecified impurity, with a limit of not

more than 0.1%
• Total impurities

Table 25.1 shows the limits of not more than 1.0% of
any individual related substance and not more than
3.0% of total related substances for the example drug
substance during early phase development. The limits
in this example are designed to ensure that the clinical
trial material will not be significantly different, or, at
a minimum, not inferior in terms of impurities from
the material used in toxicological studies. The limits
are tightened based on the process capability and
stability data for the late phase specification.

Inorganic impurities can result from the manufac-
turing process and usually are known and identified
(eg, reagents, ligands and catalysts, heavy metals,
inorganic salts, filter aids, and charcoal). These impuri-
ties are normally analyzed using pharmacopoeial or
other appropriate methods. Limits could be based on

TABLE 25.2 Classification of Impurities in New Drug Substance

Categories Physical state Source Examples

Organic impurities Volatile;
Nonvolatile

Manufacturing process;
Storage

Starting materials
By-products
Intermediates
Degradation products
Reagents, ligands, and catalysts

Inorganic impurities Nonvolatile Manufacturing process Reagents, ligands, and catalysts
Heavy metals or other residual metals
Inorganic salts
Other materials (eg, filter aids, charcoal)

Residue solvents Inorganic or organic liquid Manufacturing process Acetone (class 3)
Acetonitrile (class 2)
Benzene (class 1)

TABLE 25.3 Thresholds of Impurities in New Drug Substance

Maximum daily dosea Reporting thresholdb,c Identification thresholdc Qualification thresholdc

# 2 g/day 0.05% 0.10% or 1.0 mg/day
intake (whichever is lower)

0.15% or 1.0 mg/day
intake (whichever is lower)

.2 g/day 0.03% 0.05% 0.05%

aThe amount of drug substance administrated per day.
bHigher reporting thresholds should be scientifically justified.
cLower thresholds can be appropriate if the impurity is unusually toxic.
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pharmacopoeial standards or known safety data. The
example in Table 25.1 shows that residue on ignition
and heavy metals were monitored without specifica-
tions established at the early stage of the investigation.
The limits at late stage were based on historical data.

Solvents are inorganic or organic liquids used as
vehicles for the preparation of solutions or suspensions
in the synthesis of a new drug substance. For an early
phase specification, a toxicology review of the manu-
facturing process may be needed to identify the
solvents that require limits. In general, solvents that
are used in the final purification step require an appro-
priate limit. Solvents that are particularly hazardous
should be controlled prior to the final drug sub-
stance whenever possible. Solvents that likely to be, or
already are, carried through to the final drug substance
at a level of concern should be controlled carefully
with a proper limit. At the late phase of development,
any solvent that may exist in the drug substance
should be quantified using appropriate analytical
procedures. Control strategy must be in place if the
solvents are generally known to be toxic per ICH
guideline.9,10 Control limits should be based on phar-
macopoeial standards, ICH safety limits, or known
safety data with consideration of clinical dose, dura-
tion of treatment, and route of administration. For
example, in Table 25.1 the drug substance in early
phase was recrystallized from solvent A. Material
manufactured at the late phase was recrystallized from
solvent B. The limits proposed for solvents A and B
were based on the projected dose and the relative
toxicity of these solvents.

ICH Q6A decision tree #1 shows how to establish
an acceptance criterion for a specified impurity in a
new drug substance.1 Any limits to control impurities
in the specification are based on the body of data
generated during development. It is unlikely that
sufficient data will be available to assess process
consistency at the time of filing an NDA with the
FDA. Therefore, acceptance criteria should not tigh-
tly encompass the batch data at the time of filing.
Impurities present in the new drug substance and
exceeding the ICH threshold listed in Table 25.3
should be qualified. Qualification is the process to
evaluate in vivo toxicity of an individual impurity or a
given impurity profile at a specified level. After suc-
cessful testing in safety and/or clinical trials, the level
of the impurity is considered qualified. Higher or
lower threshold limits for qualification of impurities
may sometimes be necessary for some drug categories.
If an impurity of a drug or therapeutic class has been
known to have adverse effects in humans, qualification
threshold limits should be lower than usual. However,
when the level of safety concern is less based on
patient population, drug class effects, and clinical

considerations, a higher threshold limit may be
appropriate. The decision tree in attachment 3 of ICH
Q3A discusses critical considerations for the qualifica-
tion of impurities when threshold limits are exceeded.
In general, information from literature should be first
searched to qualify an impurity. In many cases, it can
be easier to control impurities below the threshold
limit during the manufacturing process than to
conduct toxicological evaluation.

To set specification limits of impurities, all data
from available stability studies, chemistry develop-
ment, and scale-up studies, and batches for clinical
trials should be used to predict potential impurities
that may exist in the commercial product. Only
impurities that are observed in batches manufactured
by proposed commercial synthetic routes will be
included in the specification of the new drug substance.

In addition to the universal tests described
previously, the following tests may be considered on a
case-by-case basis for new drug substances.1

• Physicochemical properties: These are properties such
as pH of an aqueous solution, melting point/range,
or refractive index.

• Particle size and size distribution: The ICH Q6A
decision tree #3 provides general guidance on when
particle size testing should be considered. Testing
for particle size and size distribution should usually
be performed if particle size can have a significant
impact on dissolution rates, bioavailability, stability,
and manufacturability. Table 25.1 shows that
particle size was monitored, but a limit was not
established for the drug substance at the early
phase of the investigation. The test was removed
at the late phase because particle size did not
impact the dissolution rate of the drug substance
and drug product, the stability of the drug
substance, or manufacturability of the drug product.
Therefore no specification needs to be established
for particle size distribution.

• Polymorphic forms: Different polymorphic forms may
affect drug product performance, bioavailability,
or stability. Polymorphism includes different crystal
forms of a new drug substance and its solvates,
hydrates, and amorphous forms. Following the ICH
Q6A decision #4(1) through 4(3), polymorphism
of the new drug substance should be understood
and controlled with appropriate physicochemical
measurements and techniques. These parameters
must be controlled until data show that control is
not necessary (ie, only one form can be generated
during polymorphs generation studies). Table 25.1
shows that the crystal form of the example drug
substance was monitored, but a specification was
not established at the early phase of the
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investigation. The test was removed at the late
phase because polymorphism has not been observed
as a result of the current synthetic route and no
specification needs to be established.

• Chiral drug substances present additional technical
challenges to pharmaceutical scientists. ICH Q6A
decision tree #5 summarizes when and whether
chiral identity tests, impurity tests, and assays may
be needed for both new drug substances and new
drug products. For a drug substance developed as a
single enantiomer, control of the other enantiomer
should be considered in the same manner as other
impurities. An enantioselective determination of the
drug substance should be part of the specification.
In addition, identity tests should be capable of
distinguishing both enantiomers and the racemic
mixture. It is important for a chiral drug substance
to control starting materials or intermediates and
enantiomeric impurity during the manufacturing
process. The example in Table 25.1 shows that the
limits at early phase are to ensure that lots are not
significantly different from the quality of the lots for
toxicology studies and allow for assay variability.
The limits at late phase were tightened based on
process capability and stability data available.

• Water content: Control of water content is
especially important if the new drug substance is
hygroscopic or degraded by moisture or when the
drug substance is known to be stoichiometric
hydrate.

• Microbial limits: At the early phase, microbial test
limits may not be needed for new drug substances
used for solid oral dosage forms. At the late phase
of development, a microbial limit is generally
required unless a scientific justification can be
provided. Appropriate microbial tests and
acceptance criteria are based on the nature of the
drug substance, method of manufacture, and the
intended use of the drug product. Tests may
include the total count of aerobic microorganisms,
the total count of yeasts and molds, and the absence
of specific objectionable bacteria (eg, Staphylococcus
aureus, Escherichia coli, Salmonella, Pseudomonas
aeruginosa). ICH Q6A decision tree #6 provides
additional guidance on when microbial limits
should be included in the specifications of a drug
substance and excipient.

25.3 SPECIFICATIONS FOR CLINICAL
TRIAL MATERIALS

In each phase of a clinical investigational program,
sufficient information is required to be submitted to
the FDA to ensure the proper safety, identification,

strength, quality, purity, and potency of the investiga-
tional candidate. However, the amount of information
to provide varies with the phase and the proposed
duration of investigation, and with the amount of
information previously available. Specification for
clinical trial materials is developed based on these
factors: compendial standards, process development
studies, and stability of batches used for toxicological/
in vivo studies. Often the specification evolves as more
manufacturing experience is gained.

25.3.1 Early development stage (Phases 1 and 2)

During early development, safety of the drug for
use in clinical trials is the most important factor to
consider in determining the specifications. When set-
ting the specification limits for the drug substance, the
toxicological lots are the benchmark for future lots.
Specifications for impurities in early phase clinical trial
materials can be based on the quality of materials
used in toxicological studies and the known toxicities
of impurities. In addition, intended clinical usage,
available clinical data, analytical methods, and process
variability should also be considered.

The FDA guideline for Phase 1 investigation11�13

requires quantitative composition of the product, which
includes a brief description of test methods to ensure the
identity, strength, quality, purity and potency, test
results, or a certificate of analysis. Specified quality
attributes should be monitored based on applicable
acceptance criteria. For known safety-related concerns,
acceptance criteria should be established and met. For
some product attributes, all relevant acceptance criteria
may not be known at this stage. An impurity profile is
recommended to be established to the extent that future
reference and/or comparison is possible. However, not
all product impurities need characterization at this stage.

During Phase 2 studies, physicochemical tests
and microbiological tests that have been added or
deleted from the specifications established for Phase 1
studies are required to be reported to the FDA.14

Physicochemical tests include identity, assay, content
uniformity, degradants, impurities, dissolution, and
particle size. Data on the particle size distribution and/
or polymorphic form of the drug substance used in clini-
cal trial materials should be included so that correlations
can be established between data generated during early
and late phase drug development and in vivo per-
formance. Relaxation of acceptance criteria or any
changes that affect safety should also be reported.

25.3.2 Late development stage (Phase 3)

As development progresses into Phase 3, growing
data on batch history, process capability, analytical
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capability, and stability become increasingly impor-
tant in the specification setting. An updated specifica-
tion with a detailed listing of all the tests performed
on the product and the tentative acceptance criteria
should be provided to the FDA. Test results and
analytical data from batch release of representative
clinical trial materials should be provided initially
and when any changes are made in the specification.
Data on particle size distribution and/or polymorphic
form of the drug substance should also be included.
Degradation products should be identified, qualified,
quantified, and reported. Suitable limits should be
established based on manufacturing experience, sta-
bility data, and safety considerations. A dissolution
testing program or drug release program should be
developed for drug products.

Typical Phase 3 specifications for an oral drug
product include description, identification, assay,
content uniformity of dose units, degradation pro-
ducts, dissolution, water content, and microbiological
tests. Additional in-process tests during clinical trial
manufacturing of a tablet/capsule dosage form include:
dimensions, disintegration, and weight (including
hardness and friability for tablet dosage forms). The
quality of the product used in these clinical studies
will form the basis for product approval and the

quality of the registered product has to reflect that of
clinical trial materials.

An example of drug product (capsule) specifica-
tions at early phase and late phase development is
provided in Table 25.4. The example specifications
include description, identification, assay, related sub-
stances, water, dissolution, uniformity of dosage unit,
and microbiological test. The limit for description is
based on historical visual appearance data of the drug
product. During early phase development, only an IR
method is used for an identity test. In late phase
development, two identification methods are used
(ie, IR and HPLC methods). The upper/lower assay
limit is calculated to allow for related substances and
assay variability. The limit is typical and the same
for early and late phase drug products. Related
substances (total related substances and individual
related substances) are “to be monitored” during the
early phase of development. The limits are estab-
lished for the late phase after more data became avail-
able. The USP limit is used for the uniformity of dose
units test. Limit for dissolution is based on the disso-
lution study in previous historical batches. At the late
phase of development, the limit is set at an earlier
time point based on the data collected during early
phase development.

TABLE 25.4 Example of Specifications for a Capsule Drug Product

Tests Method Limits for early phase Limits for late phase

Description Visual White capsule White capsule

Identity HPLC N/A The retention time of the main peak
in the chromatogram of the assay
preparation corresponds to that in
the chromatogram of the reference
standard preparation, as obtained in
the Assay testing

Identity IR The IR absorption spectrum of the
sample preparation exhibits maxima
only at the same wavelengths as
that of corresponding reference
standard

The IR absorption spectrum of the
sample preparation exhibits maxima
only at the same wavelengths as that
of corresponding reference standard

Assay HPLC Not less than 90.0% and not more
than 110.0% of label claim

Not less than 90.0% and not more
than 110.0% of label claim

Related substances HPLC

Total related substances To be monitored Not more than 1.0%

Individual related substances To be monitored Not more than 0.5%

Water Karl Fischer titration To be monitored 5%

Uniformity of dosage units HPLC Meet USP 38 (2015) Meet USP 38 (2015)

Dissolution USP 38 (2015) Q5 75% at 45 min Q5 75% at 35 min

Microbiological tests Compendial method N/A Meet compendial requirements
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25.4 SPECIFICATIONS FOR
COMMERCIAL DRUG PRODUCTS

Specifications for commercial drug products, also
known as regulatory specifications, are generally
documented in a regulatory submission or in a com-
pendial monograph. Commercial drug product must
conform to the regulatory specifications throughout
its shelf life. Full compliance with the ICH guideline
Q6A is expected for commercial drug products’
specifications.

Specifications for commercial drug products are
refined from late phase specification based on ana-
lytical capability, process capability, and product
stability. These considerations augment the safety
requirements. At the time of registration, the number
of stability batches representative of the future
commercial batches is often limited, and shelf-life
stability testing has not been completed. Statistical
extrapolation of limited stability data to the proposed
shelf life is necessary. It is important that specifica-
tions are not set too tightly, which could result in
unnecessary rejection and time-consuming investiga-
tions. On the other hand, controlling patients’ risk of
using products that do not meet requirements should
be a top priority. Wessels et al. has proposed a strat-
egy to statistically set an appropriate specification for
pharmaceutical products.15 The authors use linear
regression to extrapolate the stability data available
at the time of registration. They recommend that
a confidence limit of 99% for individual results be
used to determine specifications after batch-to-batch
variability is tested according to the ICH guideline
on stability testing.16 Patient risk can be controlled by
tightening the specification (eg, using a confidence
limit of 95% instead of 99%).

The following universal tests described in ICH
Q6A for drug product specifications are generally
applicable to all new drug products:

• Description: A qualitative description of the finished
product such as size, shape, and color should be
provided.

• Identification: Identification testing is able to
discriminate between compounds of closely related
structures that might be present. Identity tests
should be specific for the new drug substance. A
single chromatographic retention time, for example,
is not deemed specific. However, the use of two
chromatographic procedures is acceptable if the
separation is based on different principles. The
combination of tests into a single procedure such as
HPLC/UV diode array, HPLC/MS, or GC/MS is
also acceptable.

• Assay: Assay methods should determine the drug
product strength/content using a specific and
stability-indicating method. In cases where use of
nonspecific assay is justified, additional supporting
analytical procedures should be used to attain
overall specificity.

• Impurities: Impurities include organic and inorganic
impurities, as well as residual solvents. Detailed
information can be found in the following ICH
guidelines: “Q3B (R2) Impurities in New Drug
Products”17 and “Q3C (R5) Impurities: Residual
Solvents.”9 Organic impurities that are degradation
products of the new drug substance and process-
related impurities from the new drug product
should be monitored. Acceptance limits for
individual specified degradation products should be
established. Table 25.5 provides the identification
and qualification threshold. The emphasis is on

TABLE 25.5 Thresholds for Degradation Products in New Drug Products

Maximum daily

dosea
Reporting

thresholdb,c
Maximum daily

dosea
Identification

thresholdb,c
Maximum daily

dosea
Qualification

thresholdb,c

# 1 g 0.1% ,1 mg 1.0% or 5 μg TDI,
whichever is lower

,10 mg 1.0% or 50 μg TDI,
whichever is lower

1�10 mg 0.5% or 20 μg TDI,
whichever is lower

10�100 mg 0.5% or 200 μg TDI,
whichever is lower

. 1 g 0.05% .10 mg�2 g 0.2% or 2 mg TDI,
whichever is lower

.100 mg�2 g 0.2% or 3 mg TDI,
whichever is lower

.2 g 0.10% .2 g 0.15%

aThe amount of drug substance administrated per day.
bThresholds for degradation products are expressed either as a percentage of the drug substance or as total daily intake (TDI) of the degradation product. Lower thresholds can be
appropriate if the degradation product is unusually toxic.
cHigher reporting thresholds should be scientifically justified.
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impurities arising from drug product manufacture
or from degradation. The impurity profiles of
batches representative of the proposed commercial
process should be compared with the profiles of
batches used in development, and any differences
should be discussed. The specifications of the new
drug product for impurities should be consistent
with the ICH Q3B guideline, which include, where
applicable, limits for:
• Each specified identified degradation product
• Each specified unidentified degradation product
• Any unspecified degradation product, with a

limit of not more than the identification threshold
• Total degradation products

The following additional tests described in the ICH
Q6A are specific to solid oral drug products:

• Dissolution: Dissolution testing measures the rate of
release of the drug substance from the drug product
using a specific apparatus. Specification of
dissolution should be set based on the data of
bio-batches. Analysis of the quantity of drug
released at a single time point is commonly used
for immediate release (IR) formulations when the
drug substance is highly soluble. On the other
hand, appropriate test conditions and sampling
procedures should be established for modified
release formulations. Multiple time point sampling
is appropriate for IR products of poorly soluble
compounds and for extended or delayed release
formulations (see ICH Q6A decision tree 7(1)). In
cases where changes in dissolution rate have been
demonstrated to significantly affect bioavailability,
testing conditions that can discriminate between
acceptable and unacceptable bioavailability are
desirable (see ICH Q6A decision tree 7(2)).
In vitro�in vivo correlation may be used to
establish acceptance criteria for extended release
drug products when human bioavailability data are
available for formulations exhibiting different
release rates. Acceptance criteria should be
established based on available batch data when
bioavailability data are not available and drug
release is not shown independently of in vitro test
conditions. The variability in mean release rate at
any given time point should not exceed a total
numerical difference of 6 10% of the labeled
content of the drug substance unless a wider range
is supported by a bioequivalency study (see ICH
Q6A decision Tree 7(3)).

• Disintegration: Disintegration testing can be
substituted for dissolution for rapidly dissolving
products containing drugs that are highly soluble
throughout the physiological pH range.

Disintegration is most appropriate when a
relationship to dissolution has been demonstrated
or when disintegration is shown to be more
discriminating than dissolution (see ICH Q6A
decision tree 7(1)).

• Hardness/friability: Hardness/friability testing is
usually performed as an in-process control. The
test should be included in the specification only
when the characteristics of hardness/friability
have a critical impact on product quality
(eg, chewable tablets).

• Uniformity of dosage unit: Testing the uniformity
of dosage units includes measurement of both the
mass of the dosage form and the content of
the active ingredient in the drug product.
Pharmacopoeial methods should be used. Often
this test is performed as an in-process evaluation.
In Dec. 2011, USP published an alternative condition
that allows hard capsules, uncoated tablets, and
film-coated tablets not meeting the 25 mg/25%
requirement to be tested by the weight variation
procedure if the relative standard deviation of the
drug substance in the final dosage unit is not more
than 2% demonstrated in process validation or
development data. In Jun. 2014, the FDA issued
Guidance for Industry, Q4B Evaluation and
Recommendation of Pharmacopoeial Texts for Use
in the ICH Regions Annex 6 Uniformity of Dosage
Units General Chapter.

• Water content: A quantitation procedure that is
specific for water is preferred (eg, Karl Fischer
titration). A loss on drying procedure may be
adequate in some cases. Acceptance criteria should
be based on data regarding the effects of hydration
or water absorption on the drug product. Table 25.6
shows a water specification of not more than 7%
for an example tablet product. The water in this
product is mainly contributed by the water of
hydration from excipients. Primary stability data
indicate that the packaged tablets absorb water
under the long-term storage condition. Based on
the stability data, the absolute change through
the expiration-dating period and uncertainty in the
estimated change are statistically computed. The
water specification of not more than 7% is then
established based on the process capability, change,
and uncertainty of the change estimated from the
stability data, as well as the method variation.

• Microbial limits: The type of microbial testing and
acceptance criteria used should be based on the
nature of the drug, method of manufacture, and the
intended use of the drug product. Such testing may
not be necessary with acceptable scientific
justification (see ICH Q6A decision tree 8).
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25.4.1 Product in-house release specifications
and regulatory specifications

Regulatory specifications are legal commitments that
a commercial product must conform to throughout its
shelf life. In order to meet the regulatory specification,
more restrictive in-house release specifications are
commonly established for drug products. For exam-
ples, tighter assay and impurity (degradation product)
in-house release limits can be established to ensure that
a product can meet regulatory specifications at the end
of its shelf life. In Japan and the United States, the
concept of release specification may only be applicable
to in-house criteria, and not to the regulatory release
criteria. In these regions, the regulatory acceptance cri-
teria are the same from release throughout shelf life.
However, many companies choose to have tighter
in-house limits at the time of release to provide assur-
ance that the product will remain within the regulatory
acceptance criterion throughout its shelf life. In the
European Union, distinct specifications for release and
for shelf life are a regulatory requirement.

Degradation of drug product needs to be factored
into specification setting, particularly for analytical
properties (eg, potency and impurities) that are aff-
ected by the degradation. The in-house release limits
for quantitative analytical properties can be calculated
from regulatory limits based on the stability change
(increase or decrease) and the measurement variability.
The calculated in-house release limits are narrower than

regulatory limits to compensate for measurement vari-
ability and/or product instability. The buffer between
regulatory limit and in-house limit typically consists of
the estimated absolute change through the expiration-
dating period (change), uncertainty in estimated change
(Schange), and measurement variation (Sm).

For an analytical property that degrades during
storage, the upper and lower in-house limits (UL and
LL) can be calculated from upper and lower regulatory
limits (URL and LRL) using the following equations.
Allen et al. used a similar equation to calculate the
setting of in-house limits for a product that degrades
during stability storage.18

UL5URL� t3
ffiffiffiffiffiffi
S2m

p
LL5 LRL1Change1 t3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2change 1 S2m

q
Where, t is determined from a t-table using appro-
priate degree of freedom and level of confidence.

For an analytical property that increases during
stability storage, the UL and LL can be calculated from
URL and LRL using these equations:

UL5URL� Change2 t3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2change 1 S2m

q
LL5 LRL1 t3

ffiffiffiffiffiffi
S2m

p
For an analytical property absent of instability, the

buffer between in-house limits and regulatory limits
typically consists of measurement variability only.

TABLE 25.6 Example of In-House Release and Regulatory Specification for a Tablet Product

Tests Method In-house release limits Regulatory limits

Description Visual Colored, shaped, and debossed tablet Colored, shaped, and debossed tablet

Identity by IR IR The IR absorption spectrum of the
sample preparation exhibits maxima
only at the same wavelengths as that
of corresponding reference standard

The IR absorption spectrum of the
sample preparation exhibits maxima
only at the same wavelengths as that
of corresponding reference standard

Identity by HPLC HPLC The retention time of the main peak
in the chromatogram of the assay
preparation corresponds to that in
the chromatogram of the reference
standard preparation, as obtained
in the Assay testing

The retention time of the main peak
in the chromatogram of the assay
preparation corresponds to that in
the chromatogram of the reference
standard preparation, as obtained
in the Assay testing

Assay HPLC Not less than 97.0% and not more
than 106.5% of label claim

Not less than 90.0% and not more
than 110.0% of label claim

Related substances HPLC

Total related substances Not more than 1.09% Not more than 2.0%

Individual related substances Not more than 0.52% Not more than 1.0%

Water Karl Fischer titration Not more than 3.8% Not more than 7.0%

Uniformity of dose units HPLC Meet USP 38 (2015) Meet USP 38 (2015)

Dissolution USP 38 (2015) Q5 75% at 30 min Q5 75% at 30 min
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An example of in-house release and regulatory
specification for a tablet product is provided in
Table 25.6. The assay limits in Table 25.6 are based on
the safety, efficacy, process variability, and assay vari-
ability. The upper/lower in-house release limits for
assay are calculated to protect against exceeding the
regulatory limits from stability and assay variability.
The regulatory limits of not more than 1.0% of any
individual related substance and not more than 2.0%
of total related substances are the same for drug sub-
stance because there is not significant degradation
observed during drug product manufacturing process.
The UL/LL are calculated based on stability and assay
variability to protect the regulatory limits.

25.4.2 Product stability and expiration date

Once specifications are set, the expiration-dating
period of a drug product is then established based on
the stability data obtained from long-term stability
studies. The FDA guideline16 requires that at least
three batches be tested to allow for a good estimate
of batch-to-batch variability. Stability data from all
batches should be combined to estimate an expiration-
dating period for a drug product. Batch similarity
should be tested before all stability data are combined
for statistical analysis. Batch similarity is examined by
testing the similarity of intercepts and slopes of degra-
dation lines from different batches. If the hypotheses
of comparable intercepts and slopes are not rejected at
the 0.25 level of significance, the expiration-dating
period can be estimated based on the pooled stability
data of all batches. On the other hand, if the hypothe-
ses of comparable intercepts and slopes are rejected at
the significance of 0.25, the expiration-dating period
should be estimated based on the shortest expiration-
dating period calculated from the worst batch.

An estimate of an expiration-dating period is
illustrated in the following example: four different
batches (ie, Lots A, B, C, and D) of a single tablet
formulation were placed on long-term stability. Lot B
completed 36-month stability. Lots A, C, and D
completed 24-month stability. The analysis assumes
that zero-order change (linear modeling on the original
data scale) is appropriate. Before pooling the data from
the four lots to estimate the shelf life, a preliminary
statistical test was performed to determine whether the
regression lines from different lots have a common
slope and/or time zero intercept. The statistical model
with the effects of age, lots, and age3 lots was used.
The probability associated with the interaction term
age3 lots was 0.0063, which is smaller than 0.25. This
indicates that there is sufficient evidence that the
slopes across lots are statistically different and the
prediction for each lot must be evaluated separately.

The individual slope and 95% confidence intervals for
each lot are then estimated. The values for both
the upper and lower confidence intervals were com-
pared with the regulatory specifications of 95�105%.
The confidence interval with the shortest expiry dating
was identified as Lot A. The projected expiration-
dating period of Lot A supports the 36-month dating.
Therefore the expiration-dating period of the product
is set at 36 months.

For more details on shelf life determination, readers
should refer to chapter “Statistical Design and Analysis
of Long-Term Stability Studies for Drug Products.”

25.5 PROCESS CONTROL FOR SOLID
ORAL DRUG PRODUCTS

Process control is an all-inclusive term used to
describe the controls used during production to monitor
and, if appropriate, adjust the process, and/or to ensure
that an in-process material with an established specifi-
cation or the finished drug product will conform to
its respective specification.2 By using quality by design
principles during process and product development, a
robust process can be developed. Per ICH Q8(R2) and
Q9, the relationship between critical process parameters
and CQAs are obtained, and the acceptable operating
ranges are established during process development.
Using this established operating range of process para-
meters; the product meeting required quality attributes
can be produced. As stated in ICH Q8(R2), working
within this operating range of process parameters is
not considered a change because it still produces the
product meeting required quality attributes. This chap-
ter will not discuss how to establish the ranges for
process parameters. Four types of process controls are:

• Operating parameters: Conditions that can
be adjusted to control the manufacturing
process (eg, temperature, pH, mixing time,
and mixing speed)

• Environmental controls: Conditions associated with
the manufacturing facility (eg, facility temperature,
humidity, clean room classification)

• Process tests: Measures used to monitor and assess
the performance of the process (eg, product
temperature or exhaust temperature during drying
in fluid-bed drier)

• In-process material tests: Measures used to assess the
quality attributes of an in-process material and
ultimately decide to accept or reject the in-process
material or drug product

Steps in the manufacturing process should have the
appropriate process controls identified. All in-process
material tests and any of the operating parameters,
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environmental conditions, and process tests that
ensure each critical manufacturing step is properly
controlled should be established in order to meet the
predetermined specifications of the final drug product.
All critical process controls and their associated
ranges, limits, or acceptance criteria should be identi-
fied and justified by experimental data. For critical
operating parameters and environmental controls,
numeric ranges, limits, or acceptance criteria typically
can be based on the experience gained during the
development of the manufacturing process.

25.5.1 In-process material tests
and quality attributes

In-process material tests are one of the critical
components of the process controls. They may be
performed during the manufacture of drug substance
or drug product, rather than as part of the formal
battery of tests that are conducted prior to product
release.1 In-process tests that are only used for the
purpose of adjusting process parameters within an oper-
ating range (eg, hardness and friability of tablet cores
that will be coated and individual tablet weight) are not
included in the specifications. Table 25.7 lists typical
in-process material tests for solid oral dosage forms.

The process material tests directly assess the quality
attributes of the in-process materials. Quality attributes
are important chemical, physical, and microbiological
properties or characteristics of the drug product
and intermediate material that must be maintained for
proper product performance. Quality attributes of the
process are those process parameters that are controlled
to ensure the process reproducibly meets the drug
product quality attributes. These attributes are identified
during product and process development and become
the basis for ensuring the control of product quality.

During the compression/encapsulation process,
in-process material testing is performed on solid oral
dosage forms to assure consistency throughout these
unit operations. Moisture content is typically performed
for granules before tableting and encapsulation. Tablet
weights, hardness, thickness, friability, and disintegra-
tion testing are typically performed for tablets. Weight
testing is performed for capsules. Hardness and disinte-
gration specifications are established during develop-
ment and bio-batch production. Testing performed
during commercial production is to demonstrate both
comparability and consistency.

All in-process material tests are critical process
controls because they directly assess the quality attri-
butes of an in-process material and ultimately lead to a
decision to accept or reject the in-process material or
drug product. Well-defined proven acceptable ranges

(PARs) should be established for these tests, so that
the impact on product quality of operating outside
the PARs is understood or can be predicted. Data
from in-process tests should be routinely evaluated.
Statistical tools such as control charts can be used to
aid the evaluation process.

25.5.2 Powder blending uniformity

Powder blending is a fundamental process of
mixing for solid dosage forms to ensure the content
uniformity of final drug products.19�21 Current GMPs
in 21CFR PARTS 210 and 211 state “such control
procedures should include adequacy of mixing to
assure uniformity and homogeneity.” In 2003, the FDA
issued a guidance document on powder blends and
finished dosage units to promote a science-based
policy and regulatory enforcement.22,23 The guidance

TABLE 25.7 Examples of In-Process Tests for Solid Oral
Dosage Forms

Process step In-process tests
Effects on process and
quality attributes

Drying in wet
granulation

Loss on drying • Product stability

Blending/
mixing

Blending
uniformity

Uniformity of dose unit

Blending/
mixing

Particle size
distribution

Uniformity of dose unit

Blending/
mixing

Bulk and
tapped densitya

Uniformity of dose unit

Blending/
mixing

Flow ability Uniformity of dose unit

Tablet
compression

Weight Uniformity of dose unit

Tablet
compression

Thickness Disintegration/dissolution

Tablet
compression

Hardness • Coating quality
• Disintegration/dissolution

Tablet
compression

Friabilityb • Coating quality
• Potency
• Shipping

Capsule filling Weight Uniformity of dose units

Capsule filling Joint length Shipping (breakage due
to improper lock)

Packaging (blistering)

Tablet/capsule Disintegration Dissolution

aFDA. Guidance for Industry Q4B Evaluation and Recommendation of
Pharmacopoeial Texts for Use in the ICH Regions Annex 13 Bulk Density and

Tapped Density of Powders General Chapter; May 2013.
bFDA. Guidance for Industry Q4B Evaluation and Recommendation of

Pharmacopoeial Texts for Use in the ICH Regions Annex 9 Tablet Friability General
Chapter; April 2010.

688 25. SPECIFICATION SETTING AND MANUFACTURING PROCESS CONTROL FOR SOLID ORAL DRUG PRODUCTS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



described the procedure for assessing powder-mix
adequacy, correlating in-process dosage unit test
results with powder blend test results, and establi-
shing the initial criteria for control procedures used
in routine product manufacturing. However, in
Aug. 2013, the FDA withdrew the draft guidance
document for industry, Powder Blends and Finished
Dosage Units—Stratified In-Process Dosage Unit
Sampling and Assessment. The guidance document
was withdrawn because sections V and VII of the
guidance document no longer represented the FDAs
current opinion.24 Section V (Exhibit/Validation Batch
Powder Mix Homogeneity) recommended that at least
3 replicate samples be taken from at least 10 different
locations in the powder blender, but only 1 of the 3
replicates be evaluated to assess powder blend unifor-
mity. The FDA currently prefers that all replicate
samples taken from various locations in the blender be
evaluated in order to demonstrate the homogeneity of
powder blend by using a statistically valid analysis.
The acceptance criteria for Section VII (Routine
Manufacturing Batch Testing Methods) were based on
the limits published in the United States Pharmacopeia
(USP) General Chapter ,905. Uniformity of Dosage
Units. However, the results should not be extrapolated
to a larger population since USP ,905. does not use
a statistical sampling plan. The procedure and accep-
tance criteria in Section VII provided only limited
statistical assurance that batches of drug products
met appropriate specifications and statistical quality
control criteria. Therefore, the FDA does not support
the use of the results for batch release. The withdrawal
of the document resulted in some uncertainty for
manufacturers; however, manufacturers can still dem-
onstrate blend uniformity as required per GMP using
science and risk-based approach. The FDA recom-
mends that ASTM E2709,25 “Standard Practice for
Demonstrating Capability to Comply with as
Acceptance Procedure” and ASTM E2810,26 “Standard
Practice for Demonstrating Capability to comply with
the Test for Uniformity of Dosage Units” should be
used for application such as blend uniformity and
uniformity of dosage unit. International Society for
Pharmaceutical Engineering (ISPE) recently sponsored
Blend Uniformity and Content Uniformity Working
Group published recommendations for the assessment
of blend and content uniformity with modifications to
withdrawn FDA draft stratified sampling guidance.27

The ISPE article focuses on statistical analyses assum-
ing traditional sampling and analytical techniques that
are widely used in the pharmaceutical industry for
the assessment of blend and dosage unit uniformity.
It recommends that statistical approaches and accep-
tance criteria including the level of confidence and
coverage associated with the method should be

selected using a risk-based approach that balances
consumer’s and manufacturer’s risks, and other factors
such as the therapeutic index of the drug. Two statisti-
cal approaches that may be used are the ASTM E2709/
E2810 method and tolerance interval approach. The
paper also links testing of blend and content uniformity
with three stages of validation throughout product life
cycle, including process design, process qualification,
and continued process verification stages.

Powder blend uniformity is a process control
(ie, in-process material test) that critically impacts the
uniformity of dosage form. In-process sampling and
testing is essential to determine blend uniformity. The
sampling method and technique is crucial to obtain
samples that adequately represent the powder mix.
The traditional sampling device is a powder sample
thief. However, certain sampling techniques may
falsely introduce significant variations. The orienta-
tion, angle, and depth of sampling thief insertion,
as well as insertion force and smoothness, impact
the consistency of the sampling. Potential powder
segregation during powder transfer and storage, and
powder properties (eg, flowability, particle size
distribution, and density) also add to the challenge of
obtaining representative in-process samples.
Therefore, the reliability of the sampling method
should be evaluated as part of analytical methods
development if a thief sampling method is used. The
FDA encourages pharmaceutical companies to adopt
a science and risk-based sampling approach, as well
as more innovative technology such as PAT and
statistical process control to ensure powder blend
uniformity. To address sampling variations, the FDA
recommends the use of a stratified sampling scheme
when the batch contains locations that may have dif-
ferent results for a measured quality characteristic.
Stratified sampling is the process of collecting a
representative sample by selecting units deliberately
from various identified locations within a lot or
batch, or from various phases or periods of a process.
With stratified sampling, a sample dosage unit is
obtained to specifically target locations throughout
the compression/filling operation that have a higher
risk of producing failing results in the finished prod-
uct tests for uniformity of content. This sampling
method allows for collection and analysis of powder
samples and dosage unit samples. Between- and
within-location variability in the powder blend is a
crucial component of finished product homogeneity
and quality. The sampling and testing should demon-
strate that no differences exist between locations in a
powder blend that could adversely affect finished
product quality. The sample variability can be attrib-
uted to either the blend’s lack of uniformity or sam-
pling error. Significant within-location variance in the
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blend data represents sampling error, while high
between-location variance in the blend data and
high variance over time of one location can indicate
that the blending operation is either inadequate, or
sampling is biased, or the combination of inadequate
mixing and sampling bias.

25.5.3 Statistical methodology
for process control

In-process material testing results can be graphed in
a control chart for routine evaluation. A control chart
is a line graph displaying the results of repeated sam-
pling of a process over time together with the control
limits statistically established from historical process
data. Control charts are commonly used to monitor the
quality attributes and process stability. Control charts
are one of the most important and effective statistical
tools for quality control to monitor the process per-
formance and trend detection. They can be applied for
both in-process testing and finished product testing.

Process variability is the result of common cause
variation and special cause variation. Common cause
variation is a normal and consistent variation that
occurs regularly. It is the random fluctuation expected
in testing and follows a predictable distribution over
time. The following are some examples of common
cause variations:

• Environmental (eg, humidity, temperature) changes
• Baseline noise caused by regular electric

interference
• Normal drift in a balance

Special cause variation is inconsistent and abnormal
variation. It happens infrequently, and is an unex-
pected event. The only way to reduce special-cause
variation is to investigate its cause and then imple-
ment countermeasures to prevent the cause from

reoccurrence. The following are some of examples of
special cause variations:

• Power outages causing changes in stability chamber
storage conditions

• Equipment failure
• Incorrectly prepared stock standard in analysis

An example of a control chart is provided in
Fig. 25.1. The centerline of the graph indicates the
mean. The control limits typically include mean (μ)
and 33 standard deviation (σ) lines. The control chart
limits represent the common variation of a process and
are established from historical data. If process data are
approximately normal, approximately 99.73% of the
data will be located within 6 3 standard deviation
from the process mean. Values falling outside of these
limits are alarming signals because statistically indi-
vidual values from a normal distribution will be
within 3.0 standard deviations of the mean 99.73% of
the time. If a process is only subject to common cause
variation, a value more than three times the standard
deviation is highly unlikely (only 2.7 occurrences per
1000 observations). Therefore, a value outside of con-
trol chart limit can be considered an indication of
special cause variation. An example of control chart
with a value outside of limit is provided in Fig. 25.2.

In addition to a value outside of control chart limits,
special cause variation is shown by one or more of the
following common out-of-control alarms28:

• 7 sequential points are on one side of the mean (a run)
• 7 sequential points increase or decrease steadily

(a trend)

A run of 7 is probably not random statistically,
assuming the observed values are from a normal dis-
tribution. The probability of 7 consecutive values being
below the mean is 1=2

� �7
5 1=128
� �

5 0:8%. The occur-
rence of such an event often suggests that the process
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should be carefully investigated. An example of
control chart with 7 or more sequential points on one
side of the mean is provided in Fig. 25.3.

The goal of control charting is to separate variability
into common-cause and special-cause, with the knowl-
edge that special-cause variability can be addressed
and eliminated.

When a control chart alarm is observed, an
investigation should be performed to identify the
assignable cause.

25.5.4 PAT and in-process controls

The FDA’s PAT Guidance29 and 21st Century GMP
Initiatives30 promote a technology-based regulatory
environment that encourages the pharmaceutical indus-
try to implement innovative development, manufac-
turing, and quality assurance practices. The agency is

encouraging the industry to utilize science and
engineering-based principles to characterize and under-
stand their processes. With this understanding, a
manufacturing process is expected to become more
efficient, consistent, and robust, providing the scien-
tific rationales for the development of product specifi-
cations. For characterization and control purposes,
PAT is a promising technology platform to accomplish
these goals.

A PAT platform consists of an automated analyzer
system that is integrated with process equipment for
operation in a manufacturing environment. The system
is capable of generating, analyzing, displaying, and
transmitting product and process trend data continu-
ously as a process unit operation is executed. For
example, PAT can be used to monitor the critical unit
operations of drying and blending to ensure optimal
product dryness and the uniformity during blending
to allow a homogenous blend for forward processing.
This results in a more consistent product quality, faster
forward processing and batch release. Wildfong et al.
demonstrated that near-infrared (NIR) can be used to
monitor the moisture content of the granules as they
dry in real time.31 Frake et al. showed that continuous
in-line NIR monitoring of water content and particle
size data are suitable means of process control and
end-point determination for a fluid-bed granulation
drying process.32 Hailey et al. also demonstrated
that NIR spectroscopy interfaced with process equip-
ment and in combination with a fully automated
system, can be used for real-time on-line powder blend
homogeneity analysis.33

PAT can also be used in finished product analysis.
Cogdill et al. developed and validated NIR models for
the analysis of API content and hardness of tablets.34

Spencer et al. demonstrated the feasibility of predicting
active drug content in commercial-grade pharmaceu-
tical tablets by NIR spectroscopy.35 A PAT platform of
at-line or in-line tablet analysis provides early warning
in case of problems. It also offers a near real-time con-
firmation that the finished product is in compliance
with product specifications. More detailed discussions
of PAT and real-time release testing applications in the
development and commercial manufacturing of oral
dosage forms are provided in chapter “Commercial
Manufacturing and Product Quality” of this book.

25.6 ANALYTICAL PROCEDURES

Analytical procedures evolve with the course of
the product development. Analytical procedures may
also change as knowledge of process controls (eg, what
the critical impurities are) increases. Comparability of
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results from changed analytical procedures must be
considered during specification setting. It is important
to confirm that data generated during development
correlate with those generated at the time NDA is
submitted.

An appropriate performance of the analytical
procedures is critical for specification setting. For
potency assay, the variability of the procedure must
be taken into account for the specification setting in
addition to the primary concern of patient safety and
batch-to-batch variability. An intermediate precision
study may be used as an estimate for the assay vari-
ability. For impurity and residual solvent testing, the
requirements are outlined in the ICH guidelines.8,9,17

The testing procedure must be able to determine the
levels of impurities with appropriate accuracy and pre-
cision. For a specification limit of 0.1% for unknown
impurities, the ICH reporting threshold of 0.05% can
be used as the required quantitation limit to provide a
reliable quantitation at the specification limit. For
impurities with potential toxicity, toxicology should
be consulted early in the drug development process to
ensure methods with appropriate detection limits are
developed and validated.

Analytical procedures must be validated for setting
specifications. The performance and validation of a
particular analytical procedure is influenced by other
testing procedures used in setting the specification
because a drug substance or drug product is tested by
a set of complementary and supplementary testing
procedures. It may not be necessary to optimize an
individual analytical procedure to its best performance
as long as it, together with other testing procedures,
adequately tests the drug substance or product.

Validation of analytical procedures is an important
part of the registration application for a new drug.
chapter “Analytical Development and Validation for
Solid Oral Dosage Forms” of this book discusses
development and validation of analytical procedures
in more detail.

25.7 CONCLUSIONS

Specifications are based on relevant development
data, pharmacopoeial standards, test data of drug
substances and drug products used in toxicology and
clinical studies, and results from accelerated and long-
term stability studies. In addition, analytical and
manufacturing variability should be taken into con-
sideration. Since specifications evolve through devel-
opment and commercialization phases, specifications
should be evaluated and updated periodically as addi-
tional data become available. Rationale for changes

to specifications must be scientifically sound, and
documented to allow traceability to previous versions.

To ensure specifications are met and product
quality attributes are maintained, process controls
must be identified, implemented, and effectively
controlled during the manufacturing process.

Setting specifications is to establish the quality
criteria for drug substance and product. The quality of
drug product cannot be tested into the product.
Instead quality should be built in by design. Setting
proper specifications and maintaining effective process
controls requires mechanistic understanding of how
formulation and process design impact product quality
and performance. Using science-based and risk-based
approaches, the knowledge gained during different
phases of development can be used to justify the
tests and criteria in specifications to ensure the safety,
efficacy, and quality of drug substances and products.
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Process Development, Optimization,
and Scale-Up: Providing Reliable Powder Flow

and Product Uniformity
T. Baxter and J. Prescott

Jenike & Johanson, Inc., Tyngsboro, MA, United States

26.1 INTRODUCTION

Objective of the chapter
The primary focus of this chapter is to provide

guidance in designing bulk solids (powder) handling
equipment to provide consistent, reliable flow, and
the required product uniformity by minimizing seg-
regation. The principles discussed in this chapter can
be applied to analyzing new or existing equipment
designs. These principles can also be used to compare
different powders, using the various test methods
discussed.

The chapter will focus on the equipment used from
the final blend step to the inlet of the press/encapsula-
tion machine used to create the unit dose. This chapter
is divided into these primary topics:

26.1. Introduction: A review of introductory concepts,
such a flowability, blending, and segregation

26.2. Common Powder Handling Equipment: A
description of the common handling equipment,
and the equipment parameters that affect
powder flow and product uniformity
(segregation potential)

26.3. Typical Flow and Segregation Concerns:
A review of common flow and segregation
concerns, and the two primary flow patterns
(mass flow vs funnel flow)

26.4. Measurement of Flow Properties: A summary of
the flow properties that need to be measured to
obtain the equipment design parameters required
for consistent, reliable flow

26.5. Basic Equipment Design Techniques: A review of
the basic design techniques for the blender-to-
press equipment to provide reliable flow, and
minimize the adverse effects of segregation

At the end of this chapter, the reader should have a
working knowledge of what flow properties need to
be measured, how to measure them, and how to apply
them to analyze or design handling equipment for reli-
able flow, as well as to minimize segregation.

Motivation for the chapter
Many pharmaceutical processes include powder

handling, such as blending, transfer, storage, feeding,
compaction, and fluidization. A full understanding of
powder flow behavior is essential when developing,
optimizing, or scaling-up a process. This may include
designing new equipment or developing corrective
actions for existing equipment for a batch or continu-
ous manufacturing process. There are several instances
where the robustness of a process is adversely affected
by flow or segregation problems that develop.

Common flow and segregation problems can have
an adverse effect upon:

1. Production costs, due to reduced production rates
(eg, tableting rate limitations, required operator
intervention), restrictions on raw ingredient
selection (eg, percentage of lubrication used,
excipients selected), method of manufacturing
(wet granulation vs dry granulation vs direct
compression), equipment selection (type of blender,
bin, press), and overall yield;
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2. Product quality due to variation of tablet properties
(weight, hardness, etc.) or segregation and content
uniformity concerns; and

3. Time to market, due to delays in product/process
development and failed validation or commercial
batches because flow problems may not occur until
the process has been scaled-up.

This chapter primarily focuses on batch processes,
but provides comments on continuous manufacturing
process where pertinent.

26.1.1 Introduction to flowability

A bulk solid is defined as a collection of solid parti-
cles. The term “powder” is often used to describe a
fine bulk solid, especially in the pharmaceutical indus-
try. This common term will be used predominantly
throughout this chapter. The concepts discussed in this
chapter apply to many types of powders with different
particle sizes, shapes, and distributions. The powders
may include dust, granulations, and granules. The
powder could either be a single substance, such as an
excipient or active pharmaceutical ingredient (API), or
a multi-component blend (final blend). As the pharma-
ceutical industry begins to adopt more continuous
manufacturing of solid oral dosages, reliable feed of
the individual blend components, including the API,
will be more critical. The principles outlined in this
chapter can be used to design for all these different
types of powders.

A simple definition of “flowability” is the ability of a
powder to flow through equipment reliably. By this
definition, there is often a tendency to define flowability
as a single parameter of a powder, ranked on a scale
from “free-flowing” to “nonflowing.” Unfortunately, a
single parameter is not sufficient to define a powder’s
complete handling characteristics. In addition, a single
parameter is insufficient to fully address common
handling concerns encountered by the formulator and
equipment designer. In fact, several design parameters
may need to be known for a successful design. The
behavior of a powder will depend upon several differ-
ent parameters or “flow properties.” Flow properties
are the specific properties of a powder that affect how
flow that can be measured. Therefore, a full range of
flow properties will need to be measured to fully
characterize the powder. Section 26.4 discusses the
measurement of these flow properties.

In addition, the “flowability” of a powder is a func-
tion of the powder’s flow properties and the design
parameters of the handling equipment. For example,
“poor flowing” powders can be handled reliably in
properly designed equipment. Conversely, “good flow-
ing” powders may develop flow problems in improperly

designed equipment. Our definition of “flowability” is,
therefore, “the ability of powder to flow in the desired
manner in a specific piece of equipment.”

The flow properties of the powder should be quan-
titative and scalable design parameters. The term
“flow properties” often refers to the physical character-
istics of the powder that were measured. For example,
one might report “the tapped density of a final blend
was measured to be 0.6 grams per cubic centimeter.”
The term “powder flow” often refers to an observation
of how the powder flowed through a given piece of
equipment. For example, one might report “the pow-
der flow through the press hopper was consistent.” In
discussing or reporting flowability, both the powder
flow properties and the handling equipment must be
included. Therefore, the measurement of the powder
flow properties can be used to predict behavior in
specific equipment during scale-up.

The flow properties that should be measured
(Section 26.4), and how to apply the results to a reli-
able equipment design (Section 26.5), will be discussed
in this chapter.

26.1.2 Introduction to blending

Solid blending processes are used during the manu-
facture of products for a wide range of industries, includ-
ing pharmaceuticals. In the pharmaceutical industry, a
wide range of ingredients may be blended together to
create the final blend used to manufacture the solid dos-
age form. The range of materials that may be blended
(excipients, API), presents a number of variables that
must be addressed to achieve products of acceptable
blend uniformity. These variables may include the
particle size distribution (PSD) (including aggregates or
lumps of material), particle shape (spheres, rods, cubes,
plates, and irregular), presence of moisture (or other
volatile compounds), particle surface properties (rough-
ness, cohesivity), and many other variables.

The quality of the solid dosage form depends on the
adequacy of the blend. Producing a uniform mixture
of the drug and its excipients is paramount for being
able to deliver the proper dose of the drug to the
patient. Once an adequate blend is obtained, it is also
critical to ensure that it does not segregate in the post-
blending handling steps. Millions of dosage units may
be created from a single batch, and each and every
dose must be of acceptable composition to ensure
the safety and efficiency of the product. Therefore, the
homogeneity of pharmaceutical blends and dosage
units is highly scrutinized by both manufacturers and
regulatory bodies worldwide. Formulation compo-
nents and process parameters involved with blending
operations should be carefully selected, and validated,
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to ensure uniform blends and dosage units are pro-
duced. Blend and dosage unit uniformity data is pro-
vided in regulatory submissions, and often examined
during preapproval inspections. This is to ensure that
blending processes produce homogeneous blends that
do not segregate upon further processing into dosage
units. Finally, pharmacopeias require an assessment of
content uniformity to be performed on every batch of
solid dosage forms manufactured.

The scale of blending operations for the preparation
of pharmaceutical dosage forms ranges from the extem-
poraneous compounding of a few capsules by pharma-
cists, to large-scale production of batches containing
millions of dosage units. The complexity of the blend-
ing process can vary substantially. Large-scale produc-
tion batches often use equipment capable of blending
hundreds of kilograms of material. Continuous blend-
ing operations require not only the mixing components
within the blender itself, but also controlled feed of the
incoming material, and monitoring, feedback, and
control systems. Depending on the dose and character-
istics of the drug substance, commercial-scale blending
processes can be complex, and may require screen-
ing operations, the preparation of pre-blends, and/or
the inclusion of milling operations to achieve acceptable
content uniformity. Regardless of the scale of manufac-
ture, the goal remains the same: to prepare a blend that
is adequately blended, and can be further processed
into dosage units that deliver the proper dose of the
drug to the patient.

Blending should not be seen as an independent unit
operation, but rather as an integral part of the overall
manufacturing process. Blending includes producing
an adequate blend, maintaining that blend through
additional handling steps, and verifying that both
the blend and the finished product are sufficiently
homogeneous. Therefore, a complete approach should
be used to assess the uniformity of blends and the
subsequent dosage forms produced from them.

A review of the common types of blenders is
provided in Section 26.2 and the details of scaling-up
common final blending process steps (wet granulation,
fluid-bed granulation, roller compaction) are discussed
in other chapters.

26.1.3 Introduction to segregation

“Segregation” can be defined as having particles of
similar properties (ie, size, composition, density, resil-
iency, static charge, etc.) preferentially distributed into
different zones within given equipment or processes.
Segregation most notably affects the localized concen-
tration of the drug substance. This can result in blend
and content uniformity problems. In addition, the seg-
regation of other components of the blend can be

responsible for variations in properties such as dissolu-
tion, stability, lubrication, taste, appearance, and color.
Even if the blend remains chemically homogeneous,
variations in particle size can affect flowability, bulk
density, weight uniformity, tablet hardness, appear-
ance, and dissolution. In addition, segregation can cre-
ate concentrations of dust, which can lead to problems
with agglomeration, yield, operator exposure, contain-
ment, cleanliness, and increased potential for a dust
explosion. Segregation can occur in a batch or continu-
ous manufacturing process.

Segregation can occur any time there is powder
transfer, such as when discharging the final blend
from the blender into a bin. Segregation can also occur
when forces acting on the particles in the blend, such
as air flow or vibration, are sufficient to induce particle
movement. This may include handling steps upstream
of a blender, including segregation of raw materials at
a supplier’s plant or during shipment, movement
within the blender, during its discharge, or in down-
stream equipment. Of all of these potential instances
where segregation can occur, the most common area
for issues is post-blender discharge. Therefore, this
chapter will focus on segregation of the final blend in
the post-blending handling steps.

The current state of understanding segregation
is limited to empirical descriptors of segregation
mechanisms (see Section 26.4), and prior experiences
with diagnosing and addressing specific segregation
behaviors (Section 26.5). Unlike the flow properties
tests used to assess how a powder flows though equip-
ment, there are no current “first principle” models that
adequately describe the various segregation mechan-
isms that may occur in a process. Therefore, one can-
not currently input the particle properties of the blend
components (eg, particle size and chemical composi-
tion of the excipients, and API) into a mathematical
model, and obtain a prediction of segregation potential
and the resulting content uniformity of the product.
However, as computational models, such as discrete
element modeling, continue to evolve they will able to
be tuned to match specific segregation behaviors that
are created in physical models to gain further insight
into blending and segregation behavior. As these mod-
els evolve, they will become more powerful and have
fewer assumptions and limitations. When assessing
segregation concerns, it is critical to utilize as many
resources as possible, such as laboratory-scale tests, to
assess different segregation mechanisms (Section 26.4)
and stratified blend and content uniformity data to
assess potential segregation trends.

The empirical tests that can be conducted to assess
the segregation potential of a final blend (Section 26.4),
and how to apply the results to a reliable equipment
design (Section 26.5), are discussed later in this chapter.
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26.2 COMMON POWDER HANDLING
EQUIPMENT

Objective of the section
The primary objective of this section is to describe

the common powder handling equipment used in
pharmaceutical processes. This section will also define
common terms for powder handling equipment, and
provide background for Section 26.3 of this chapter,
which will focus upon typical flow and segregation
problems.

We will review the common handling equipment
and process steps that may affect the flowability and
segregation of a powder. In particular, we will review
the process steps for the final blend used to manufac-
ture the dosage units commonly used in a batch pro-
cess, including:

1. processing steps prior to final blending, such as
milling, screening, drying, and granulation;

2. final blending;
3. discharge from the final blender;
4. intermediate bulk containers (“IBCs,” “totes,” bins,

drums);
5. transfer from the IBC to the press (or encapsulator);

and
6. feed from the hopper to the die cavity or dosator.

As continuous manufacturing in the pharmaceuti-
cal industry continues to become more common,
different processing equipment may become more
crucial, such as reliable feed and metering of
the API, but the equipment terms outlined in this
section will still often apply to understanding how
powders flow. For each of these different process
steps, we will review the key equipment parameters
that affect the flowability and segregation of a pow-
der. These typical handling steps serve as examples
of the concerns with powder handling, but virtually
any solids handling application can be analyzed in
the same way.

26.2.1 Processing steps prior to final blending

It is critical to understand the physical properties
of the raw ingredients (API, excipients), and how
they affect the flowability and segregation of
the final blend, when selecting and designing
the powder handling equipment. A full understand-
ing of the properties of the blend components
is especially critical in a continuous manufacturing
process. Therefore, the process steps and equip-
ment parameters prior to the final blend step
are often critical to the flowability and segregation
of the final blend. There are several common

pre-blending process steps that may affect the final
blend, including:

1. Storage conditions of the raw ingredients, such as
the temperature, relative humidity, container
dimensions, and days stored at rest (inventory
control) can all influence the flowability of the final
blend, especially if any of the raw ingredients are
hygroscopic.

2. Milling and screening steps that alter the raw
ingredients’, and thus the final blend’s particle size,
shape, and distribution. Therefore, milling and
screening process parameters, such as the mill type,
mill speed, screen size, mill/screen feed method
(controlled vs noncontrolled feed) may all influence
on the flowability and segregation potential of the
final blend, especially in a direct blending process.

3. Granulation (dry roller compaction, wet
granulation, fluid-bed granulation) of the API,
together with select excipients, can often have a
positive effect on the flowability of the final blend,
especially for blends with high active loadings. The
granulation parameters, especially those that
influence particle size/shape/distribution, will have
a significant effect on flowability and segregation
potential. For roller compaction, the process
parameters that dictate the PSD and shape
distribution of the final blend may include the roller
compactor speed, roll compactor pressure, mill
type, and the screen size. The wet granulation
process parameters that affect PSD and shape, as
well as the moisture content, are often critical to
flowability. Therefore, wet granulation parameters,
such as the blade and impeller design/speed,
binder addition rate, and method and identification
of granulation end point, are critical to flowability,
as are the granule milling conditions. Similarly, the
fluid-bed granulation parameters that affect the
moisture content and particle size, such as the
binder addition rate/method, inlet air flow rate and
temperature, drying time, end point determination
(target moisture, powder temperature, exhaust air
temperature), and fluidization behavior for the
powder bed are all critical to flowability and
segregation. The details of scaling-up different
granulation processes are discussed in other
chapters.

4. Pre-blending of selected raw materials, such as pre-
blending a cohesive powder with a less cohesive
powder to reduce the likelihood of flow problems
during subsequent handling steps. Pre-blending
may also be conducted to achieve a more uniform
blend and reduce the segregation potential.

The measurement of flow properties and the design
parameters they provide are discussed in Section 26.4,
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but they can also be applied for trouble-shooting and
developing corrective actions for flow problems in the
pre-blending steps if needed.

26.2.2 Final blending

Final blending may be accomplished on a batch
or continuous basis. In the pharmaceutical industry,
batch blenders are most common, but continuous
manufacturing of oral solid dosages has progressed
significantly over the last decade. Therefore, this chap-
ter focuses on different batch blending processes.

Batch blending processes consist of three sequential
steps: weighing and loading the components, blending,
and discharging. Unlike a continuous blender, the
retention time in a batch blender is rigidly defined and
controlled, and is the same for all of the particles.
Batch blenders come in many different designs and
sizes, and make use of a wide range of blending
mechanisms.

All blenders use one or more of the following
mechanisms to induce powder blending: convective
blending, shear blending, and diffusive blending.1,2

Another classification system for blenders is based on
their design. This system categorizes blenders into two
categories:

• those that achieve blending within a moving vessel;
and

• those with fixed vessels that rely on internal
paddles or blades to move the materials.

There are many common blenders, or other techni-
ques for making a uniform material, used in the
pharmaceutical industry on a batch basis, including:

1. wet granulators;
2. fluid-bed granulators;
3. roller compactors; and
4. direct blending via tumble blenders (reviewed

briefly in this chapter).

Many of these blending processes, including
high-shear wet granulation, fluid-bed granulation,
roller compaction, and direct blending in mixer can
also be conducted in a continuous manufacturing pro-
cess. There are other types of blenders, such as pneu-
matic blenders, extruders, ribbon blenders, planetary
blenders, and orbiting screw blenders, which are not
discussed in this chapter.

As a result of the multiple classification systems, a
number of terms have evolved throughout the indus-
try to describe families of blenders. Regardless of the
terminology used to classify the blender, it is impor-
tant for the pharmaceutical scientist to understand
the capabilities and limitations of the equipment

when selecting an appropriate blender for a particu-
lar product. This is especially important during
process scale-up, when equipment with a different
design and operating principle may need to be used.
The optimization and scale-up of the wet granulation,
fluid-bed granulation, and roller compaction pro-
cesses are discussed in other chapters. The optimiza-
tion and scale-up of tumble blenders is discussed in
the literature.3

Note that some types of tumble blenders, such as
bin blenders, serve a dual purpose. In addition to
providing the container in which blending is accom-
plished, bin blenders can also be used to transfer the
powder blend to the next unit operation in a batch
process. This is of particular value when manufactur-
ing blends that tend to segregate when discharging
the blend onto the compression or filling equipment.
This also makes the use of bin blenders desirable
during the manufacture of potent drug products
that must be processed in high containment facilities.
In addition, by decoupling the blending bin from
the drive mechanism, the bin filling, discharge, and
cleaning take place at a separate time and location,
which increases the efficiency and utilization of
equipment.

26.2.2.1 Discharge from a blender or processing
vessel

Powder that has been blended must be discharged
from the blender for further processing, including the
creation of the unit dose at the press or encapsulator.
In many dry blending processes, such as tumble blend-
ing, the discharge is driven by gravity alone. As an
example, the final blend step may be conducted in a
V-blender or a double-cone blender. In these cases, the
blender geometry often consists of a converging cross-
section to the outlet, through which the powder must
be discharged reliably. In these cases, the blender is
essentially acting as a “bin,” so the equipment para-
meters of interest are those that are crucial to a
bin design. These crucial bin design parameters are
discussed in the next section on IBCs.

For fluid-bed granulation processes, it is not uncom-
mon for a conical “hopper” to be attached to the
“bowl” of a fluid-bed granulator, inverted, and dis-
charged to a downstream process step via gravity.

For wet granulators, the final blend may be dis-
charged using mechanical agitation by continuing to
operate the plow blade (typically at a lower speed) to
discharge the final blend through a central or side out-
let. Although the plow blade typically ensures that
the blend is discharged from the granulator “bowl”
reliably, the design of the transition chute from
the blender to the downstream process is also critical.
This is especially critical if the equipment below the

69926.2 COMMON POWDER HANDLING EQUIPMENT

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



granulator has a converging cross-section that is full of
material, as discussed further in Section 26.5.

When a blender/vessel is discharged manually
(hand-scooping), flowability may not be a primary
concern, but segregation concerns and other factors
(eg, production rate concerns, operator exposure and
safety) may limit the extent to which a blender/vessel
can be manually unloaded.

The transfer of the material from the final blender to
the downstream equipment, whether it is into an IBC
or directly to the press, is critical to the segregation
potential. Therefore, parameters such as the transfer
method (eg, manual, gravity, pneumatic), transfer rate,
transfer chute height and geometry, venting, and
other items will be critical in assessing and minimizing
the segregation potential during the blender-to-press
transfer steps. Design techniques to minimize segrega-
tion during these transfer steps are further discussed
in Section 26.5.

26.2.3 Intermediate bulk containers

The flowability and segregation potential of the final
blend is especially critical during storage and dis-
charge from an IBC. The IBC may be a bin (tote) or a

drum that is used to store and transfer the final blend
from the blender to the press. When a drum is used,
an attachment such as a conical hopper may be
attached to the cone to connect the drum to down-
stream equipment with a smaller inlet (eg, press hop-
per). This section focuses on the use of IBCs to store
the blend in a batch process, but the concepts can also
be applied and are critical to the storage of blend com-
ponents in a continuous process.

An IBC consists of two primary sections (see
Fig. 26.1):

1. A cylinder or straight-sided section with a constant
cross-sectional area that is often rectangular (with or
without radiused corners) or circular;

2. A hopper section with a changing cross-sectional
area that is often a converging conical or pyramidal
hopper.

IBCs may be used to store the blend for extended
periods of time. During this time, the flowability
may deteriorate as the blend is subjected to consoli-
dation pressures due to its own weight during stor-
age at rest. In addition, IBCs may be used to move
the blend from one process step to another, during
which time the blend may be subjected to vibration

FIGURE 26.1 Intermediate bulk con-
tainer (“IBC,” “bin,” “tote”).
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that may adversely affect flowability. Therefore, it is
important to determine what consolidation pressures
will act on the powder as it is stored and transferred
in an IBC.

The key IBC equipment parameters with respect to
flowability and segregation potential include:

1. The cylinder cross-sectional area and height which,
along with other parameters such as the fill height,
will affect the consolidation pressure acting on the
blend.

2. The hopper geometry (eg, planar vs circular) and
angles, which will affect the flow pattern that
develops during discharge. The flow pattern,
discussed in Section 26.3, will also affect the
segregation potential.

3. The interior surface finish of the hopper section,
which will affect the flow pattern that develops
during discharge.

4. The IBC outlet size and shape (slotted vs circular),
which will affect whether the blend will discharge
reliably without arching or ratholing.

5. General flow impediments, such as upward facing
ledges or partially opened valves, that may act as
flow obstructions.

Section 26.4 discusses the measurement of the flow
properties and segregation potential that are used to
obtain the key bin design parameters. The application
of these design parameters to provide reliable flow
and minimize segregation from the IBC to the press is
discussed in Section 26.5.

26.2.3.1 Transfer from intermediate bulk
containers to the press/encapsulator

The flowability and segregation potential of the final
blend is also critical during transfer from the IBC to
the press/encapsulation machine/etc. This transfer
step may be a manual transfer (hand-scooping), in
which case flowability may not be a primary concern.
The transfer step may also be conducted via pneumatic
conveying, in which case the flowability of the blend
may not be a primary concern, but equipment and
material parameters affecting conveying (conveying
gas pressure and flow rate, conveying line diameter
and layout, etc.) need to be considered. Pneumatically
conveying the final blend may also raise segregation
concerns, as further discussed in Section 26.3.

The transfer step may also be conducted via gravity
transfer via a single or bifurcated chute (see Fig. 26.2),
depending on the press configuration. These chutes
are often operated in a flood-loaded manner, and
may consist of converging sections where the cross-
sectional area of the chute is reduced. If this is the
case, the chute will need to be designed for reliable
flow in a similar manner to the IBCs.

The key transfer chute parameters with respect to
flowability and segregation potential include:

1. The chute cross-sectional area and height, which
will affect the consolidation pressure acting on the
blend, and how it may segregate.

2. Valving and venting of the transfer chute may affect
how readily a blend segregates.

3. For converging and nonconverging sections
of the chute, the chute geometry, angles, and
interior surface finish will affect the flow
pattern that develops during discharge through
the chute.

4. For converging sections of the chute, the outlet
shape and size will affect whether the blend will
discharge reliably without arching or ratholing.

5. General flow impediments, such as upward facing
ledges (mismatched flanges), sight glasses, level
probes, or partially opened valves may act as flow
obstructions.

The measurement of the flow properties and
segregation potential used to obtain the key chute
design parameters are discussed in Section 26.4.
The application of these design parameters for
equipment from the IBC to the press is discussed in
Section 26.5.

FIGURE 26.2 Bifurcated press feed chute.
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26.2.3.2 Feed from the press hopper to the die cavity

The press feed hopper must also be designed to pro-
vide reliable flow, and minimize segregation. Most
presses utilize a small press hopper that is, in essence,
a miniature IBC designed to provide a small amount
of surge capacity. The press hopper often consists of a
cylinder section and a hopper section similar to a
larger IBC. The hopper section may be asymmetric, as
opposed to the symmetric hopper designs commonly
used for larger IBCs. The press hopper is typically
flood-loaded from the IBC/chute above via gravity
feed. However, in some instances, the material level in
the press hopper may be controlled via a feeder at the
IBC outlet (eg, rotary valve or screw feeder), and/or
use agitation to promote flow. Some modern presses
do not have press hoppers with a converging hopper,
but instead consist of vertical, nonconverging chutes
from the press inlet to the feed frame inlet.

The key equipment parameters with respect to flow-
ability, which are outlined in the preceding section for
IBCs/bins, are also applicable to the press hopper.
Since the press hopper outlets are often much smaller
than an IBC outlet, flow problems, such as arching or
ratholing (discussed further in Section 26.3), may be
more pronounced at this location. As a result, press
hoppers may include mechanical agitators to assist
gravity discharge, such as a rotating agitator mounted
to a vertical shaft (Fig. 26.3).

The same design parameters used for a reliable IBC
design (see Section 26.4) can also be used to design a
press hopper (see Section 26.5).

26.3 TYPICAL FLOWAND SEGREGATION
CONCERNS

Objective of the section
This section will focus on typical flow and segrega-

tion concerns that occur during transfer operations
from the final blender to the press. This section will
also provide a summary of common flow problems,
segregation mechanisms, and the flow patterns that
can occur during gravity discharge.

26.3.1 Common flow problems

A number of problems can develop as powder flows
through equipment such as bins, chutes, and press hop-
pers. If the powder is cohesive, an arch or rathole may
form, resulting in “no flow” or erratic flow. In addition,
flooding or uncontrolled discharge may occur if a rat-
hole spontaneously collapses. A deaerated bed of fine
powder may experience flow rate limitations or no flow
conditions due to the two-phase flow effects between
the powder and the interstitial air. These flow problems
are primarily reviewed with respect to batch processes,
but also commonly apply to continuous processes. Each
of these flow problems is discussed in more detail next.

• No flow: no flow from a bin/hopper is a common
and significant solids-handling problem, especially
when handling fine/milled APIs and high active
loading blends. In production, it can result in
problems, such as starving downstream equipment,
production delays, and the requirement for frequent
operator intervention to reinitiate flow. No flow can
be due to either arching (sometime referred to as
“bridging” or “plugging”) or ratholing (also referred
to as “piping”) as described next.
• Arching: occurs when an obstruction in the

shape of an arch or bridge forms above the bin
outlet, and prevents any further material
discharge. It can be an interlocking arch, where
the particles mechanically lock to form the
obstruction, although this is less common with
fine pharmaceutical powders. An interlocking
arch occurs when the particles are large
compared with the outlet size of the hopper.
The arch could also be a cohesive arch where the
particles pack together to form an obstruction
(Fig. 26.4). Both of these problems are strongly
influenced by the outlet size of the hopper the
material is being fed through. Powder flowFIGURE 26.3 Agitator for use in small-scale hopper.
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properties, discussed in Section 26.4, can be
used to determine if these problems will occur
and used to address them during scale-up. In
particular, the cohesive strength of a powder
will dictate what size outlet it can arch over
(the greater the cohesive strength, the higher the
likelihood of arching).

• Ratholing: can occur in a bin when the powder
empties through a central flow channel, but the
material at the bin walls remains stagnant and
leaves an empty hole (rathole) through the
material, starting at the bin outlet (Fig. 26.5).
Ratholing is influenced by the bin/hopper
geometry and outlet size the material is fed
through. Similar to the problem of arching, this

problem will arise if the material has sufficient
cohesive strength. In this case, the material
discharge will stop once the flow channel empties.

• Erratic flow: erratic flow is the result of obstructions
alternating between an arch and a rathole. A rathole
may collapse due to an external force, such as
vibrations created by surrounding equipment or a
flow-aid device, such as an external vibrator. While
some material may discharge, falling material may
impact over the outlet and form an arch. This arch
may then break, due to a reoccurrence of the
external force, and material flow may not resume
until the flow channel is emptied and a rathole is
formed again. This not only results in erratic feed to
the downstream equipment (press), but can also
result in a nonuniform feed density.

• Fine powder flow concerns (two-phase flow
effects): additional flow concerns can arise when
handling fine powders, generally in the range
below 100 μm in average particle size. These
concerns are due to the interaction of the material
with entrained air or gas, which becomes
significant in describing the behavior of the
material. This interaction can result in two-phase
(powder/interstitial gas) flow effects. There are
three modes that can occur when handling fine
powders that are susceptible to two-phase flow
effects: steady flow, flooding (or flushing), and a
flow rate limitation.4 These three flow modes are
discussed in more detail next.
• Steady flow: will occur with fine powders if the

target flow rate (feed rate through the system) is
below the “critical flow rate” that occurs when
the solids stress is balanced by the air pressure at
the outlet. The target flow rate is often controlled
by a feeder, such as at the inlet to a compression
machine (press feed frame). The critical flow rate
and the flow properties tests used to determine it
are described in more detail in Section 26.4. At
target flow rates exceeding the critical flow rate,
unsteady flow can occur by two different modes:
� Flooding: (or “flushing”) is an unsteady two-

phase flow mode that can occur as falling
particles entrain air and become fluidized.
Since powder handling equipment often
cannot contain a fluid-like powder, powder
can flood through the equipment (feeders,
seals) uncontrollably. Flooding can also occur
when handling fine powders in small hoppers
with high fill and discharge rates. In such
situations, the powder does not have sufficient
residence time to deaerate, resulting in
flooding through the feeder. One adverse
effect of flooding or flushing may be high
variation in the tablet weight and strength.

FIGURE 26.4 Cohesive arch.

FIGURE 26.5 Rathole.
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� Flow rate limitation: is another unsteady two-
phase flow mode that can occur with fine
powders. Fine powders have very low
permeabilities, and are affected by any
movement of the interstitial air (air between
the particles). This air movement will occur
due to the natural consolidation and dilation of
the powder bed that takes place as it flows
through the cylindrical and hopper geometries.
As the material is consolidated in the cylinder,
the air is squeezed out. As the powder flows
through the hopper and outlet, it dilates and
additional air must be drawn in. The air
pressure gradients caused as a result of this air
movement can retard discharge from a hopper,
significantly limiting the maximum achievable
rates. This may be observed when the speed of
a high-speed press is increased, and the tablet
weight variation increases.

During unsteady two-phase flow modes, the materi-
al’s bulk density can undergo dramatic variations. This
can negatively impact downstream packaging or pro-
cessing operations. Problems can result, such as exces-
sive tablet weight variation, a required reduction in
filling speeds, and even segregation. Equipment and
process parameters will govern whether such pro-
blems occur, and are further discussed in Section 26.5.
These parameters include hopper geometry and
outlet size, applied vacuum and other sources of air
pressure differences (such as dust collection systems),
material level, time since filling, and of course the
target feed rate.

Material properties, such as permeability and com-
pressibility (discussed in Section 26.4) will also play
important roles, as will variations in the material’s state

of aeration that can occur based on its residence time or
degree of compaction from external forces and handling.

One of the most important factors in determining
whether a powder will discharge reliably from a hop-
per is establishing what flow pattern will develop,
which is discussed in the next section.

26.3.2 Flow patterns

Two flow patterns can develop in a bin or hopper:
funnel flow and mass flow. In funnel flow (Fig. 26.6),
an active flow channel forms above the outlet, which is
surrounded by stagnant material. This results in a
first-in, last-out flow sequence. It generally occurs in
equipment with relatively shallow hoppers. Common
examples of funnel flow bins include hopper geome-
tries, such as asymmetric cones and rectangular-to-
round transitions (Fig. 26.7).

FIGURE 26.6 Funnel flow discharge pattern.

FIGURE 26.7 Examples of funnel
flow bins.
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As the level of powder decreases in funnel flow,
stagnant powder may fall into the flow channel if the
material is sufficiently free-flowing. If the powder is
cohesive, a stable rathole may develop. Funnel flow
occurs if the powder is unable to flow along the hop-
per walls, due to the combination of friction against
the walls and hopper angle. Funnel flow’s first-in-last-
out flow sequence can also have an adverse effect
upon segregation, and result in a nonuniform feed
density to the downstream equipment (tablet weight
variation).

In mass flow (Fig. 26.8), all of the powder is in
motion whenever any is withdrawn. Powder flow
occurs throughout the bin, including at the hopper
walls. Mass flow provides a first-in-first-out flow
sequence, eliminates stagnant powder, provides a stea-
dy discharge with a consistent bulk density, and pro-
vides a flow that is uniform and well-controlled.
Ratholing will not occur in mass flow because all of
the material is in motion. A mass flow bin design may
also be beneficial with respect to reducing segregation
(further discussed in Section 26.5).

The requirements for achieving mass flow are:

1. sizing the outlet large enough to prevent arch
formation; and

2. ensuring the hopper walls are steep and smooth
enough to allow the powder to flow along them.

These mass flow design parameters are discussed
further in Section 26.4, and their implementation is
discussed in Section 26.5.

26.3.3 Common segregation mechanisms

The term “segregation mechanism” refers to the
mode or motive force by which the components of the
blend separate. There are many different segregation
mechanisms that can adversely affect uniformity,5 but
three primary segregation mechanisms are of interest
in typical pharmaceutical blend handling operations.
These three primary segregation mechanisms are:

1. sifting segregation (sometimes referred to as
“percolation segregation”);

2. fluidization segregation (sometimes referred to as
“air entrainment”); and

3. dusting segregation (sometimes referred to as
“particle entrainment in an air stream”).

The three segregation mechanisms are described
in more detail next. These terms are not universally
defined, so one must use caution when using them.
Segregation may occur as a result of just one of these
mechanisms or a combination of several mechanisms.

26.3.3.1 Material properties that affect segregation

Whether segregation occurs, to what degree, and
which mechanism or mechanisms are involved depends
on a combination of the properties of the blend, and the
process conditions encountered. Some of the primary
material properties that influence segregation tendencies
include:

1. The mean particle size and PSD of the API,
excipients, and final blend: segregation can occur
with blends of any mean size, but different
mechanisms become more pronounced at different
particle sizes, as further discussed next.

2. Particle density: the particle density will affect how
the blend components fluidize.

3. Particle shape: rounded particles may have greater
mobility than irregularly shaped particles, which
can allow more segregation.

4. Particle resilience: this property influences collisions
between particles and surfaces, which can lead to
differences in where components accumulate during
the filling of a bin or press.

5. Cohesive strength of the blend: as a general
rule, more cohesive blends are less likely to segregate.
However, if enough energy is added to dilate the
blend and/or separate particles from one another,
even a very cohesive material can segregate.

6. Electrostatic effects: the ability of components
to develop and hold an electrostatic charge, and
their affinity for other ingredients or processing
surfaces, can also contribute to segregation
tendencies.

FIGURE 26.8 Mass flow discharge pattern.
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Of all of these, segregation based on particle size is
by far the most common.6 In fact, particle size is the
most important factor in the three primary segregation
mechanisms considered here, as further described in
the following sections.

26.3.3.2 Sifting segregation

Sifting segregation is common for many industrial
processes. Under appropriate conditions, fine particles
tend to sift or percolate through coarse particles. For
segregation to occur by this mechanism, four condi-
tions must exist:

1. There must be a range of particle sizes. A minimum
difference in mean particle diameters between
components of 1.3:1 is often more than sufficient.6

2. The mean particle size of the mixture must be
sufficiently large, typically greater than
approximately 100 μm.7

3. The mixture must be relatively free-flowing to allow
particle mobility.

4. There must be relative motion between particles
(interparticle motion). This last requirement is very
important because without it even highly-
segregating blends of ingredients that meet the first
three tests will not segregate. Relative motion can be
induced in a variety of ways, such as when a pile is
formed when filling a bin, vibration from
surrounding equipment (such as a tablet press), or
as particles tumble and slide down a chute.

If any one of these conditions does not exist, the
mix will not segregate by this mechanism.

The result of sifting segregation in a bin is usually a
side-to-side variation in the PSD. The smaller particles
will generally concentrate under the fill point, with the
coarse particles concentrating at the perimeter of the
pile (Fig. 26.9).

26.3.3.3 Fluidization segregation

Variations in particle size or density often result in
vertically segregated material when handling powders
that can be fluidized. Finer or lighter particles often will
be concentrated above larger or denser particles. This
can occur during filling of a bin or other vessel or within
a blending vessel once the blending action has ceased.

Fluidization segregation often results in horizontal
gradation of fine and coarse material. A fine powder can
remain fluidized for an extended period of time after fill-
ing or blending. In this fluidized state, larger and/or
denser particles tend to settle to the bottom. Fine parti-
cles may be carried to the surface with escaping air as
the bed of material deaerates. For example, when a bin is
being filled quickly, the coarse particles move downward
through the aerated bed, while the fine particles remain
fluidized near the surface. This can also occur after
blending, if the material is fluidized during blending.

Fluidization is common in materials that contain a
significant percentage of particles smaller than 100 μm.8

Fluidization segregation is most likely to occur when
fine materials are pneumatically conveyed, when they
are filled or discharged at high rates, or if gas counter-
flow occurs. As with most segregation mechanisms, the
more cohesive the material, the less likely it will be to
segregate by this mechanism.

Fluidization via gas counterflow can occur as a
result of insufficient venting during material transfer.
For example, consider a tumble blender discharging
material to a drum, with an airtight seal between the
two (Fig. 26.10). As the blend transfers from the
blender to the drum, air in the drum is displaced, and
a slight vacuum is created in the blender. If both are
properly vented, air moves out of the drum and, sepa-
rately, into the blender. If the bin and drum are not
vented, the air must move from the drum to the
blender through the blender discharge. In doing so,
the fines may be stripped off of the blend, and carried
to the surface of the material still within the blender.

26.3.3.4 Dusting segregation

Like fluidization segregation, dusting is most
likely to be a problem when handling fine, free-
flowing powders with particles smaller than about
50 μm,8 as well as a range of other particle sizes.
If dust is created upon filling a bin, air currents cre-
ated by the falling stream will carry particles away
from the fill point (Fig. 26.11). The rate at which the
dust settles is governed by the particle’s settling
velocity. The particle diameter is much more signifi-
cant than particle density in determining settling
velocity.

As an example of this mechanism, consider a mix of
fine and large particles that is allowed to fall into the

FIGURE 26.9 Example of sifting segregation in a 2-D pile. Note
the black particles are approximately 1200 μm, while the white parti-
cles are approximately 350 μm. Source: Photo provided courtesy of Jenike
& Johanson, Inc.
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center of a bin. When the stream hits the pile of mate-
rial in the bin, the column of air moving with it
is deflected. The air then sweeps off the pile toward
the perimeter of the bin, where the air becomes highly

disturbed. After, the air generally moves back up the
bin walls in a swirling pattern. At this point, the gas
velocity is much lower, allowing many particles to
fall out of suspension. The finest particles (with low
settling velocities) will be carried to the perimeter
of the bin because settling velocity is a strong function
of particle diameter. The larger particles will concen-
trate closer to the fill point where the air currents
are strong enough to prevent the fine particles from
settling. Dusting segregation can also result in less
predictable segregation patterns, depending on how
the bin is loaded, venting in the bin, and dust collec-
tion use and location.

The empirical tests used to assess these segrega-
tion mechanisms are reviewed in Section 26.4,
and the application of their results to design
equipment to minimize segregation is presented in
Section 26.5.

26.4 MEASUREMENT OF FLOW
PROPERTIES

Objective of the section
The primary objective of this section is to provide a

description of the different quantitative flow properties
that should be measured, as well as the empirical
segregation test methods used to assess segregation
potential by different mechanisms. This section also
reviews the calculation of equipment parameters
required for consistent, reliable flow in powder han-
dling equipment for gravity discharge.

The following primary topics are reviewed in this
section:

1. Cohesive strength tests: a review of different shear
test methods, the Jenike Direct Shear Test method,
and the calculation of the design parameters to
prevent arching and ratholing.

2. Wall friction tests: a review of the Jenike Direct
Shear Test method for measuring wall friction, and
the calculation of the design parameters to provide
mass flow (mass flow hopper angles).

3. Bulk density test: a review of different bulk
density test methods, the compressibility test
method, and the application of the compressibility
test results.

4. Permeability: a review of the permeability test
method, and application of the results (critical flow
rate).

5. Segregation tests: a review of two empirical test
methods to assess segregation potential.

Note that additional powder characterization meth-
ods are discussed in chapter “Fundamental of Diffusion
and Dissolution.”

FIGURE 26.11 Example of dusting segregation during filling
of bin.

FIGURE 26.10 Example of fluidization segregation from blender
to bin.
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26.4.1 Cohesive strength tests: preventing
arching and ratholing

Dr Andrew Jenike developed his mathematical
model of the flow of powders by modeling the powder
as a rigid-plastic (not a visco-elastic) continuum of
solid particles.9 This approach included the postulation
of a “flow�no flow” criterion that states the powder
would flow (eg, from a bin) when the stresses applied
to the powder exceeded the strength of the powder.
The strength of a material will vary, depending on
how consolidated it is. For example, the strength of
wet sand increases as the consolidation pressure is
increased (eg, the more one packs it). Therefore, it is
critical to be able to measure the cohesive strength of a
powder when scaling-up a process and designing
equipment.

26.4.1.1 Test methods

One of the primary flow problems that can develop
in powder handling equipment is a no-flow obstruc-
tion due to the formation of a cohesive arch or rathole,
as discussed in Section 26.3. The required outlet size to
prevent a stable cohesive arch or rathole from forming
is determined by applying the flow-no flow criterion,
and using the results of a cohesive strength test. In
order to apply the flow-no flow criterion we need to
determine:

1. The cohesive strength of the material as a function
of the major consolidation pressure acting on the
material: the consolidation pressure acting on the
powder changes throughout the bin height due to
the weight of material above it. Therefore, the
cohesive strength must be measured over a range of
consolidation pressures. The cohesive strength can

be measured as a function of major consolidating
pressure using the test methods described in this
section.

2. The stresses acting on the material to induce flow:
gravity pulls downward on a potential arch that
may form. The stresses acting on the powder can be
determined using mathematical models.9

To further illustrate the concepts of strength and con-
solidation pressure, consider an “idealized” strength
test, as shown in Fig. 26.12. In this idealized test,
the cohesive strength of the powder is measured in the
following distinct steps:

1. Consolidation of the powder: the powder is
consolidated using a prescribed consolidation
pressure (P). In the idealized test shown, the sample
is contained in a cylinder and the consolidation
pressure is applied from the top (Step 1 in
Fig. 26.12).

2. Fracture of the powder: once the consolidation
pressure is applied, the cylinder containing the
powder would be removed without disturbing the
powder sample (Step 2a in Fig. 26.12). After, the
strength of the powder can be measured by applying
pressure to the column of powder until it fails or
fractures (Step 2b in Fig. 26.12). The applied pressure
at which the powder failed is referred to as the yield
strength (F) (cohesive strength). This idealized test
could be repeated several times to develop a flow
function (FF), which is a curve illustrating the
relationship between the yield strength (F) and the
major consolidation pressure (P). An example of a
flow function is shown in Fig. 26.12.

This idealized strength test is not possible for
the broad range of powders that might be tested.

FIGURE 26.12 Schematic of “idealized” strength test: (a) Step #1; (b) Step #2a; (c) Step #2b.
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Therefore, several different cohesive strength test meth-
ods have been developed. The respective strengths and
weaknesses of these different cohesive strength tests
are reviewed in the literature.10,11 Although many dif-
ferent test methods can be used to measure cohesive
strength, this chapter focuses specifically upon the
Jenike Direct Shear Test method. The Jenike Direct
Shear Test method is the most universally accepted
method, and is described in ASTM standard D 6128.12

It is important that these tests be conducted at repre-
sentative handling conditions, such as temperature, rel-
ative humidity, and storage at rest, because all these
factors can affect the cohesive strength. An arrange-
ment of a cell used for the Jenike Direct Shear Test is
shown in Fig. 26.13. The details of the Jenike Direct Test
Method are provided in Jenike,9 including the genera-
tion of:

1. Mohr’s circle to plot the shear stress (τ) versus the
consolidation pressure (σ);

2. Effective yield locus; and
3. Flow function.

The data generated experimentally from the Jenike
Direct Shear Test can be used to determine the follow-
ing derived parameters:

1. The flow function that describes the cohesive
strength (unconfined yield strength, fc) of the
powder as a function of the major consolidating
pressure (σ1). The flow function is one of the
primary parameters used to calculate the
minimum outlet diameter/width for bins, press
hoppers, blender outlets, and others, to prevent
arching and ratholing. The calculation of the

minimum outlet diameter/width is discussed in
more detail next.

2. The effective angle of internal friction (δ) that is
used to calculate the minimum outlet to prevent
arching and the required hopper angles for mass
flow (described next).

3. The angle of internal friction for continuous flow or
after storage at rest (φ and φt). The static angle of
internal friction (φt) is used to calculate the
minimum outlet to prevent ratholing (described in
the next section).

There are other testing methods that utilize the
same principles of consolidation and shearing to deter-
mine the cohesive strength of a bulk powder. Annular
(ring) shear testers produce rotational displacement
between cell halves containing material, rather than a
lateral displacement. The loading and shearing opera-
tions are more readily adapted to automation, since
unlimited travel can be achieved with this type of test
cell. The successful use of an annular ring shear tester
to measure cohesive strength has been discussed in the
industry.13�16

26.4.1.2 Calculation of minimum required outlet
dimensions to prevent arching (mass flow bin)

The flow behavior of powders through bins and
hoppers can be predicted by a complete mathematical
relationship. This is very beneficial when scaling-up a
process, and designing powder handling equipment. If
gravity discharge is used, the outlet size required
to prevent a cohesive arch or rathole from forming
over a bin outlet can be calculated. The term Bc refers
to the minimum outlet diameter for a circular outlet

FIGURE 26.13 Jenike Direct Shear Test, cohesive strength test set-up.
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to prevent a cohesive arch from forming in a mass
flow bin. The term Bp refers to the minimum outlet
width for a slotted outlet (Bp), in which the length:
width ratio exceeds 3:1, to prevent arching in a mass
flow bin.

The majority of bins used in pharmaceutical processes
utilize hoppers with circular outlets. Therefore, we
will focus our discussion on the calculation of the Bc

parameter. It is worth noting that the outlet diameter
required to prevent arching over a circular outlet (Bc)
will typically be about two times greater than the
required outlet width of a slotted outlet (Bp). The calcula-
tion of Bp is provided in Jenike.9

For mass flow, the required minimum outlet diame-
ter to prevent arching is calculated in Eq. (26.1):

Bc 5Hðθ0Þfcrit=γ ð26:1Þ

where:
H(θ0) is a dimensionless function derived from

first principles (mathematical model) and is given by
Fig. 26.14. The complete derivation of H(θ0) is beyond
the scope of this chapter, but is provided in Jenike.9

fcrit (units of force/area) is the unconfined yield
strength at the intersection of the hopper flow factor
(ff) and the experimentally derived flow function (FF),
as shown in Fig. 26.15. The flow factor (ff) is a mathe-
matically determined value that represents the mini-
mum available stress available to break an arch.
The calculation of the flow factor (ff) is also beyond
the scope of this chapter, but is provided in Jenike9

and is a function of the flow properties and the hopper
angle (θ).

γ (units of weight/volume) is the bulk density of
the powder at the outlet.

This calculation yields a dimensional value of Bc in
units of length, which is scale-independent. Therefore,
for a mass flow bin, the opening size required to pre-
vent arching is not a function of the diameter of the
bin, height of the bin, or the height-to-diameter ratio.

The determination of Bc is especially valuable
in making decisions during process scale-up. As a
formulation is developed, a cohesive strength test can
be conducted early in the development process to
determine the cohesive strength (flow function). This
material-dependent flow function, in conjunction with
Eq. (26.1), will yield a minimum opening (outlet) size
to prevent arching in a mass flow bin. For example,
this opening size may be calculated to be 200 mm. This
200 mm diameter will be required whether the bin
holds 10 or 1000 kilos of powder, and is scale-
independent. In this example, feeding this material
through a press hopper or similarly small openings
would pose problems with an arch developing over

the outlet because a 200 mm diameter opening is
required. This information could then be used early in
the development process to consider reformulating the
product to reduce the cohesive strength, and improve
flowability.

26.4.1.3 Calculation of minimum required outlet
dimensions to prevent ratholing (funnel flow bin)

If the bin discharges in funnel flow, the bin outlet
diameter should be sized to be larger than the critical
rathole diameter (Df) to prevent a stable rathole from
forming over the outlet. For a funnel flow bin with a
circular outlet, sizing the outlet diameter to exceed
the Df will also ensure that a stable arch will not
form (because a rathole is inherently stronger than
an arch). The Df value is calculated in Eq. (26.2),
and additional details of the calculation are provided
in Jenike.9

Df 5 GðφtÞfcðσ1Þ=γ ð26:2Þ

FIGURE 26.14 Plot of derived function H(θʹ) used to calculate
arching dimensions for mass flow bins.

FIGURE 26.15 Example of flow function (FF) and flow factor (ff)
intersection, showing fcrit at their intersection.
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where:
G(φt) is a mathematically derived function from first

principles and is given by Fig. 26.16.
fc(σ1) is the unconfined yield strength of the material.

This value is determined by the flow function (FF) at the
actual consolidating pressure σ1 (discussed next).

The consolidation pressure σ1 is a function of the
“head” or height of powder above the outlet of the bin,
and takes into account the load taken up by friction
along the walls, as derived by Janssen17 in Eq. (26.3):

σ15 ðγR=μkÞ ð12 eð2μkh=RÞÞ ð26:3Þ

where:

γ is the average bulk density of the powder in the bin
R is the hydraulic radius (area/perimeter)
μ is the coefficient of friction, (μ5 tangent φʹ). The
value of φʹ is determined from the wall friction test
(discussed in the next section)
k is the ratio of horizontal to vertical pressures. A k
value of 0.4 is typically used for a straight sided
section.
h is the depth of the bed of powder within the bin.

This relationship in Eq. (26.2) cannot be reduced
further (eg, to a dimensionless ratio) because the func-
tion fc(σ1) is highly material-dependent.

The application of these parameters (Bc, Df) to
design new equipment or develop corrective equip-
ment modifications is further discussed in Section 26.5.

26.4.1.4 Wall friction: determining hopper angles
for mass flow

Test Method: The wall friction test is crucial in deter-
mining whether a given bin will discharge in mass flow
or funnel flow (mass flow and funnel flow are dis-
cussed in the previous section). Wall friction is caused
by the powder particles sliding along the wall surface.
In Jenike’s continuum model,9 wall friction is expressed
as the wall friction angle (φʹ). The lower the wall friction
angle, the shallower the hopper or chute walls need to
be for powder to flow along them. This coefficient of
friction can be measured by shearing a sample of pow-
der in a test cell across a stationary wall surface using a
Jenike Direct Shear tester.9,12 One arrangement of a cell
used for the wall friction test is shown in Fig. 26.17. In

FIGURE 26.16 Plot of derived function G(φt) used to calculate
critical rathole diameter for funnel flow bins.

FIGURE 26.17 Jenike Direct Shear Test, wall friction test set-up.

71126.4 MEASUREMENT OF FLOW PROPERTIES

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



this case, a coupon of the wall material being
evaluated is held in place on the frame of the tester,
and a cell of powder is placed above. The coefficient
of sliding friction (μ, μ5 tangent φʹ) is the ratio of
the shear force required for sliding (τ) to the normal
force applied perpendicular to the wall material
coupon (σn). A plot of the measured shear force (τ)
as a function of the applied normal pressure (σn)
generates a relationship known as the wall yield
locus (see Fig. 26.18).

The wall friction measured is a function of the
powder handled and the wall surface (type, finish,
orientation) in contact with it. Variations in the
powder, handling conditions (eg, temperature/RH),
and/or the wall surface finish can have a dramatic
effect on the resulting wall friction coefficient.18 The
results of the wall friction test are used to determine
the hopper angles required to achieve mass flow and
will be discussed in the next section.

26.4.1.5 Calculation of recommended mass flow
hopper angles

Based upon mathematical models, design charts9

have been developed to determine which flow pattern is
to be expected during gravity discharge from a bin. The
design charts use the following inputs for the powder
being handled, and the bin design being considered:

1. the hopper angle (“θc” for a conical hopper or “θp”
for a planar hopper), as measured from the vertical;

2. the wall friction angle (φʹ), as measured from the
wall friction tests;

3. the internal friction angle (δ), as measured from the
cohesive strength tests.

This chapter will focus on the calculation of the
recommended mass hopper angles for a conical hop-
per (θc) because the majority of pharmaceutical pro-
cesses utilize bins with a conical hopper. The methods
to calculate the recommended mass hopper angles
for a planar hopper (θp) with a slotted outlet are

similar in approach, and are outlined in Jenike.9 It is
worth noting that the recommended mass flow angles
for planar hopper walls (θp) can often be 8�12 degree
shallower than those for a conical hopper (θc), for the
same sized opening.

An example of such a design chart for a conical
hopper is shown in Fig. 26.19. The design chart
shown is specifically for a powder with an effective
angle of internal friction (δ) of 40 degree; the design
charts will be different for different values of δ.9

Hopper angles required for mass flow are a function
of δ, since flow along converging hopper walls
involves interparticle motion of the powder. For any
combination of φʹ and θc that lies in the mass flow
region, mass flow is expected to occur. If the com-
bination lies in the funnel flow region, funnel flow is
expected. The “uncertain” region is an area where
mass flow is expected to occur in theory, but repre-
sents a 4 degree margin of safety on the design, to
account for inevitable variations in test results and
surface finish.

As an example of using the design chart, a bin with
a conical hopper angle (θc) of 20 degree from vertical is
used. Wall friction tests are conducted on the hopper
wall surface, and a wall friction angle of 35 degree is
measured for the normal pressure calculated at the
outlet. Based upon the design chart, this bin would be
expected to discharge in funnel flow. In that case, the
designer would need to find another wall surface, with
a wall friction angle that is less than 20 degree, to
ensure mass flow discharge.

The wall friction angle (φʹ) is determined by the
wall friction tests described previously. The value of φʹ
to use for the hopper design charts will be selected for

FIGURE 26.18 Example of wall yield locus generated from wall
friction test data.

FIGURE 26.19 Mass flow/funnel flow design chart for conical
hopper handling a bulk solid with an effective angle of internal fric-
tion (δ) of 40 degree.
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the expected normal pressure (σn) against the surface
at the location of interest in the bin (eg, the hopper
outlet). For many combinations of wall surfaces and
powders, the wall friction angle changes, depending
on the normal pressure. When mass flow develops, the
solids pressure normal to the wall surface is given by
the following relationship:

σn 5 ðσ0=γbÞ � γB ð26:4Þ

where:

(σʹ/γb) is a dimensionless parameter that can be
found in Jenike9;
B (units of length) is the span of the outlet: the
diameter of a circular outlet or the width of a
slotted outlet;
is the bulk density at the outlet.

Generally, φʹ increases with decreasing normal
pressure (σn). The corresponding normal pressure to
the wall (σn) is the lowest at the outlet where the
span (B) is the smallest. Therefore, it is at the outlet
where the wall friction angle (φʹ) is the highest for a
given design, provided the hopper interior surface-
finish and angle remain constant above the outlet. As
a result, if the walls of the hopper are steep enough
at the outlet to provide mass flow, mass flow should
be expected at the walls above the outlet (regardless
of total bin size).

The hopper angle required for mass flow is
principally dependent on the outlet size selected for
the hopper under consideration. The hopper angle
required for mass flow is not a function of the flow
rate, the level of powder within the bin or the diameter
or height of the bin. A steeper hopper is often required
to achieve mass flow for a bin with a smaller outlet
because the wall friction angle generally increases with
lower normal pressures.

26.4.2 Bulk density

The bulk density of a given powder is not a single
or even a dual value, but varies as a function of the
consolidating pressure applied to it. There are various
methods used in industry to measure bulk density.
One prominent method is utilizing different sized con-
tainers that are measured for volume after being
loosely filled with a known mass of material (“loose”
density), and after vibration or tapping (tapped den-
sity), such as the USP Chapter ,616. method.19

These methods can offer some repeatability with
respect to the conditions under which measurements
are taken. However, they do not necessarily represent
the actual compaction behavior of a powder being

handled in a bin, chute, or press hopper. Therefore, it
is necessary to measure the bulk density over a range
of consolidation pressures, via a compressibility
test,9,20 for design purposes. The results of the com-
pressibility test can often be plotted as a straight line
on a log�log plot (see Fig. 26.20). In powder handling
literature, the slope of this line is typically called the
“compressibility” of the powder.

The resulting data can be used to determine capaci-
ties for storage and transfer equipment, and evaluate
wall friction and feeder operation requirements. As
an example, when estimating the capacity of a bin,
the bulk density based upon the average major consoli-
dation pressure in the bin can be used. For the calcula-
tion of the arching dimensions (Bc), and recommended
mass flow hopper angles (θc), the bulk density based
on the major consolidation pressure at the bin outlet
can be used.

26.4.3 Permeability

The flow problems that can occur due to adverse
two-phase (powder and interstitial gas) flow effects
were reviewed in Section 26.3. These problems
are more likely to occur when the target feed rate
(eg, tableting rate) exceeds the “critical flow rate,”
based on the powder’s physical properties. The
results of the permeability test are one of the primary
flow properties used to determine the critical flow
rate. The permeability of a powder is a measure-
ment of how readily gas can pass through it. The
permeability will have a controlling effect on the
discharge rate that can be achieved from a bin/
hopper with a given outlet size. Sizing the outlet of a

FIGURE 26.20 Example of bulk density versus consolidation
pressure plot from compressibility test data.
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piece of equipment or choosing the diameter of a
transfer chute should take into consideration the
target feed rate.

Permeability is measured as a function of bulk den-
sity.20 A schematic of the permeability test is provided
in Fig. 26.21. In this test set-up, gas is injected at the
bottom of the test cell through a permeable membrane.
During the test, the pressure drop and flow rate across
the powder are measured. The method involves mea-
suring the flow rate of air at a predetermined pressure
drop through a sample of known density and height.
The permeability is then calculated using Darcy’s law.
The permeability of a powder typically decreases as
the bulk density increases, so the test is conducted
over a range of bulk densities.

Once the permeability/bulk density relationship is
determined (see Fig. 26.22), it can be used to calcu-
late the critical flow rates that will be achieved for

steady-flow conditions though various outlet sizes.
The critical flow rate is dependent upon the per-
meability, bin geometry, outlet size, and consolida-
tion pressure. The details of calculating critical flow
rates are outside the scope of this chapter, but
mathematical models have been developed for these
calculations.

Higher flow rates than the calculated critical flow
rate may occur, but may result in unsteady or erratic
feed and resulting adverse effects, as discussed in
Section 26.3. Permeability values can also be used to
calculate the time required for fine powders to settle or
deaerate in equipment.

26.4.4 Segregation tests

When developing a product or designing a process,
it is beneficial to know whether the blend will be
prone to segregation. If the blend is prone to segrega-
tion, it is beneficial to know what segregation mecha-
nism(s) will occur, since this information can be used
to modify the material properties (eg, excipient selec-
tion, component PSD, etc.) to minimize the potential
for segregation. An understanding of the potential for
segregation can alert the equipment or process
designer to potential risks that may then be avoided
during the scale-up process. In some cases, significant
process steps, such as granulation, may be required to
avoid potential segregation problems.

There are two ASTM standard practices on segrega-
tion test methods.21,22 These tests are designed to iso-
late specific segregation mechanisms, and test a
material’s tendency to segregate by that mechanism. A
brief description of these test methods is provided
next.

FIGURE 26.21 Schematic of permeability test set-up.

FIGURE 26.22 Example of permeability versus bulk density plot
from permeability test data.
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26.4.4.1 Sifting segregation test method

The sifting segregation test (Fig. 26.23a) is per-
formed by center-filling a small funnel flow bin, and
then discharging it while collecting sequential samples.
If sifting segregation occurs either during filling or dis-
charge, the fines content of the discharging material
will vary from beginning to end. Samples are collected
from the various cups (ie, the beginning, middle, and
end of the discharge). These collected samples can
then be measured for segregation by particle size
analyses, assays, and/or other variables of interest.

The sequence for performing the sifting segregation
test is depicted in Fig. 26.23b, and is:

1. the blend is placed in mass flow bin;
2. the material is discharged from a fixed height,

dropping into a funnel flow bin. This transfer of
material will promote segregation if the material is
prone to segregate due to sifting;

3. the material is discharged from the funnel flow bin.
The discharge pattern will cause material from the
center to discharge first, and material from near the
walls to discharge last; and

4. the collected samples are then measured for
segregation.

26.4.4.2 Fluidization segregation test method

The fluidization segregation test (Fig. 26.24) is run
by first fluidizing a column of material by injecting air

at its base. After the column is thoroughly fluidized, it
is held near a minimum fluidization velocity for a pre-
determined period of time. The air is then turned off,
and the material is allowed to deaerate. The column is
then split into three equal sections (top, middle, and
bottom) and the resulting samples are measured for
segregation.

Several other researchers and companies have
developed various segregation testers, including meth-
ods that induce vibration,23,24 shearing in a cell,25 and
methods that capture material from a pile after it
has formed.25�27 Improvements and variations to the
ASTM test methods have also been made. A fluidiza-
tion segregation tester that utilizes a different mecha-
nism to fluidize the bed has been developed.28 It uses
a smaller test sample, and provides unit-dose samples
for analysis. As another example, an alternate way to
run the ASTM sifting segregation test involves cycling
the blend multiple times to strengthen the segregation
“signal.”29

Segregation tests are useful for identifying the:

1. segregation mechanism(s) that might be active for a
given blend;

2. general segregation trend that may be observed in
the process; and

3. comparisons between different formulas, variations
of the same formula, etc.

However, the test results have limitations. Most
notably, the segregation results are not scaleable from
the tester to the manufacturing process, and therefore
cannot be tied quantifiably to the process. The segrega-
tion test results do not necessarily mean that a highly
segregating material cannot be handled in a manner that

FIGURE 26.23 Sifting segregation testers (a); and sifting segrega-
tion test sequence (b). Source: Photo provided courtesy of Jenike &
Johanson, Inc.

FIGURE 26.24 Fluidization segregation tester (controls not
shown). Source: Photo provided courtesy of Jenike & Johanson, Inc.
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prevents content uniformity problems. Therefore, the
segregation test methods are primarily used as a stress
test to identify the dominant segregation mechanism(s)
expected to occur. This information enables the equip-
ment designer to take the appropriate precautionary
measures during scale-up or make corrective actions to
existing equipment. Design techniques to minimize the
potential for segregation are outlined in Section 26.5.

26.5 BASIC EQUIPMENT DESIGN
TECHNIQUES

Objective of the section
The primary objective of Section 26.5 is to review

basic design techniques for the bin-to-press feed sys-
tem, to provide consistent, reliable flow for gravity
feed, and minimize segregation. In particular, we will
review the following basic design techniques:

1. reliable funnel flow bin design;
2. reliable mass flow designs for bins, transfer chutes,

and press hoppers;
3. minimizing adverse two-phase flow effects

(eg, feed/tableting rate limitations, flooding);
4. minimizing segregation during blender to press

transfers.

For each of these different design concerns, we will
review the key equipment design parameters.
Regardless of whether the equipment being designed
is a bin, transfer chute, or press hopper, a crucial first
step in designing a reliable feed system is determining
the flow pattern, and designing the equipment accord-
ingly. These design techniques will focus on equip-
ment commonly used in batch processes, but can also
be applied to continuous manufacturing equipment.
Section 26.4 discussed the wall friction tests and design
charts used to determine if a hopper will discharge in
mass flow or funnel flow.

26.5.1 Reliable funnel flow design (preventing a
rathole)

Funnel flow occurs when the hopper walls are not
smooth and/or steep enough to promote flow at the
walls. Funnel flow bins can be prone to ratholing if the
material is cohesive enough. A funnel flow bin design
can be considered if all of the following design criteria
are met:

1. Segregation of the final blend is not a concern. Since
a funnel flow bin will discharge in a first-in-last-out
flow sequence, any side-to-side segregation that
occurred as the bin was filled will often be
exacerbated in funnel flow discharge.

2. The final blend has low cohesive strength, therefore
the formation of a stable rathole is not a concern.
This can be checked by comparing the bin outlet
diameter/diagonal length to the critical rathole
diameter (Df) for the estimated major consolidation
pressure (σ1) for the bin design in question as per
Eqs. (26.2) and (26.3) (see Section 26.4). If the outlet
diameter is less than Df, ratholing is a concern.

3. Flooding due to a collapsing rathole is not a
concern. Flooding can result in highly aerated (low
density) powder being fed from the bin to the press,
which may have an adverse effect on the tablet
properties (weight, hardness, dissolution variation),
and can result in segregation.

4. A nonuniform feed density is not a concern.
Variation of the feed density into the press feed
frame can result in tablet weight variation because
tablet presses operate as volumetric feeders.

If all of these design criteria are met, a funnel flow
bin design can be considered. If a funnel flow bin
design is acceptable, the first concern is checking that
the outlet diameter is greater than the critical rathole
diameter (Df), to ensure that a stable rathole will not
form. If the diameter of the funnel flow bin is not
greater than Df, the following steps can be considered
to reduce the likelihood of ratholing:

1. Enlarge the bin opening: this may require using
a slotted outlet, which would require a feeder
capable of feeding uniformly across the entire outlet
(eg, mass flow screw feeder) or a valve capable of
shutting off such an outlet. Using a larger outlet
diameter may not be a practical modification, since
the opening may need to be increased to be larger
than standard valve or feeder sizes.

2. Reduce the material level in the bin: the critical
rathole diameter typically decreases with a
reduction in the major consolidation pressure (σ1),
which is a function of the fill height.

3. Use an internal, mechanical agitator: an internal,
mechanical agitator, such as an agitator with “arms”
that rotate about a central vertical shaft, may be a
practical modification on a small scale for a press
hopper. A bin with a discharge valve (eg, Matcon
discharge valve) could also be considered a means of
failing a stable rathole, but may need to be assessed
via full scale trials to determine the operating
parameters required (valve “stroke” setting, etc.).

4. Use external vibrators: the effectiveness of external
vibrators to collapse a stable rathole would
need to be assessed via full-scale trials prior to
installation, since vibration may actually increase
the strength on the blend in the bin and increase
the likelihood of ratholing. Trials would be
required to assess the optimum vibrator type
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(high-frequency/low-amplitude vs low-frequency/
high-amplitude), number of vibrators required,
location, frequency settings, and other design
considerations.

There are several adverse effects of using a bin
that discharges in funnel flow (first-in-last-out flow
sequence, nonuniform feed density, exacerbation of seg-
regation). In addition, the potential options to prevent a
rathole are often limited or impractical. Therefore, a
common design technique for preventing ratholing is to
redesign the bin for mass flow. The design techniques
for mass flow are discussed in the following section.

26.5.2 Reliable mass flow designs for the bin,
chute, and press hopper

Mass flow discharge from a bin occurs when the fol-
lowing two design criteria are met:

1. The bin walls are smooth and/or steep enough to
promote flow at the walls;

2. The bin outlet is large enough to prevent an arch.

The wall friction tests and design charts used to
determine if a bin will discharge in mass flow or funnel
flow were discussed in Section 26.4. This section focuses
on design techniques for mass flow bins, but these tech-
niques may also be extended to obtaining mass flow in
a transfer chute and press hopper. These techniques
may be applied to designing new equipment or modify-
ing existing equipment to provide mass flow.

When designing the bin to provide mass flow, the
following general steps should be taken:

1. Size the outlet to prevent a cohesive arch: the bin
designer should ensure that an arch will not form
by making the outlet diameter equal to or larger
than the minimum required outlet diameter (Bc, see
Fig. 26.25). If a slotted outlet is used (maintaining a
3:1 length:width ratio for the outlet), the outlet
width should be sized to be equal to or larger than
the minimum required outlet width (Bp, see
Fig. 26.25). The outlet may also need to be sized
based upon the feed rate and two-phase flow
considerations, as discussed next. If the outlet

FIGURE 26.25 Mass flow design
parameters (Bc, Bp, θc, θp). (a) Transition
hopper; (b) Conical hopper
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cannot be sized to prevent an arch (eg, press hopper
outlet that must mate with a fixed-feed frame inlet),
an internal mechanical agitator or external vibrator
could be considered, as discussed in the preceding
section.

2. Make the hopper walls steep enough for mass flow:
once the outlet is sized, the hopper wall slope
should be designed to be equal to, or steeper than,
the recommended hopper angle for the given outlet
size, and selected wall surface. For a conical hopper,
the walls should be equal to, or steeper than, the
recommended mass flow angle for a conical hopper
(θc, see Fig. 26.25). If the bin has a rectangular-to-
round hopper, the valley angles should be sloped to
be equal to or steeper than, θc. For planar walls, the
walls should be equal to, or steeper than, the
recommended mass flow angle for a planar hopper
(θp, see Fig. 26.25).

3. Pay careful attention to the interior wall surface
finish: when conducting the wall friction tests, it is
beneficial to conduct tests on several different
finishes (eg, #320 grit finish, #2B cold rolled finish,
#2B electro-polished finish, etc.). This will provide
the bin designer with a range of design options for
the bin. Testing multiple wall surfaces will also
enable the designer to assess the sensitivity of the
wall friction results to different finishes. It is
insufficient to simply test a 304 or 316 stainless steel
with no regard to the interior finish. The wall
friction of the blend may vary significantly from
finish to finish. The orientation of directional
finishes, such as a mechanical polish, is also critical
to assess and control during fabrication. In addition,
it cannot be assumed that an interior surface finish
with a lower average roughness (Ra) will provide
the best wall friction properties.

4. Consider velocity gradients: even when a bin is
designed for mass flow, there still may be a velocity
gradient between the material discharging at the
hopper walls (moving slower) versus the center of
the hopper (moving faster), assuming a symmetric
bin with a single outlet in the center. Depending
upon the application, the bin designer may want to
increase the velocity gradient to enhance blending
between vertical layers of material in the bin.
Alternatively, the bin designer may want to reduce
the velocity gradient to enhance blending on a side-
to-side basis. The decision to increase or decrease
the velocity gradient will be depend upon the
segregation that occurs upon filling the bin, and its
effect upon content uniformity. The velocity
gradient is reduced by making the hopper slope
steeper, with respect to the recommended mass
flow hopper angle (θc). The velocity gradient is
increased by making the hopper slope closer to (but

still steeper than) the recommended mass flow
hopper angle. Changing the interior surface to
reduce friction or using an insert (discussed more
next) are other methods used to control the velocity
gradient. Asymmetric hoppers, which are common
for press hoppers, are especially prone to velocity
gradients since the material will move faster at the
steeper hopper wall. In addition, a velocity gradient
cannot be completely eliminated, especially as the
material level in the hopper empties. Velocity
profiles, and their effect on blending material, can
be calculated a priori given the geometry of the bin
(θc) and measured flow properties that were
discussed in Section 26.4 (ie, φʹ, δ, φ).

5. Avoid upward-facing lips/ledges due to
mismatched flanges (eg, see Fig. 26.26), level probes,
view ports, partially opened valves, etc., especially
in the hopper section. Interior protruding devices
should be ideally located in the straight-sided
(nonconverging) section of a bin/press hopper if
possible, where they will be less detrimental in
upsetting a mass flow pattern.

FIGURE 26.26 Example of an upward-facing ledge at a flange
connection.
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If the bin designer is modifying an existing funnel
flow bin to provide mass flow, several different
options can be considered, including:

1. Using a different interior surface finish with better
wall friction properties (ie, lower wall friction). The
bin designer should conduct wall friction tests on
alternative wall surfaces, to assess if changing the
surface finish (eg, electro-polishing an existing #2B
finish) will convert the bin from funnel flow to mass
flow. This is often one of the most cost-effective
modifications to obtain mass flow.

2. Using a flow-controlling insert such as a Binsert
(Fig. 26.27) to obtain mass flow within the same bin.
A properly designed insert can change the stresses
that develop in the bin during discharge, so that

mass flow can be obtained at a wall where the
material was previously stagnant.

3. Modifying the hopper geometry. Use a different
geometry that is more likely to provide mass flow
(eg, conical instead of a rectangular-to-round
hopper with shallower valley angles). If the hopper
is modified to have a slotted outlet, it is crucial that
the feeder the hopper mates to withdraws material
across the entire outlet.

In addition to these design techniques for bins, there
are several additional design techniques for designing
transfer chutes for reliable mass flow including:

1. For converging sections that have a full cross-
section (ie, hoppers) use the same design criteria
discussed previously for a mass flow bin.

2. For nonconverging sections of the chute, the chute
should be sloped to exceed the wall friction angle (φʹ)
by a least a 10 degree margin of safety. As an
example, if the measured wall friction angle for the
given wall surface (from the wall friction test results)
is 40 degree from horizontal, the recommended chute
angle for the nonconverging portion of the chute
would be at least 50 degree from horizontal.

3. If a bifurcated chute is used, the sloping chute legs
should be symmetric, to prevent velocity gradients
and the possibility of stagnant material in the
shallower leg.

4. Use mitered joints between sloping and vertical
sections.

26.5.3 Minimizing adverse two-phase flow effects

The primary focus in preventing adverse two-phase
flow affects is to ensure that the powder handling
equipment is designed so that the critical flow rate
through a given outlet is greater than the target feed
rate. The critical flow rate is determined using mathe-
matical models, with permeability and compressibility
test results as primary inputs. The critical flow rate is
also a strong function of the outlet size, and increases
as the outlet size increases. The target feed rate is often
set by the required maximum tableting rate for the
process. Adverse two-phase flow effects are typically
most pronounced at the press feed hopper because it
often has the smallest outlet in the entire press feed
system. Therefore, the press hopper will typically have
the lowest critical flow rate.

When designing the powder handling equipment to
minimize adverse two-phase flow effects, the following
general design techniques are beneficial:

1. Design the equipment for mass flow: mass flow will
provide consistent feed and a more uniform
consolidation pressure acting on the powders. In

FIGURE 26.27 (a) Example of an “open” Binsert design;
(b) Example of a “closed” Binsert design.
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addition, having a first-in-first-out flow sequence
will allow the material more time to deaerate before
being discharged through the outlet. This will
reduce the likelihood of flooding. Mass flow will
also prevent collapsing ratholes that can result in
the powder aerating and flooding as it falls into the
central flow channel. It is worth noting that mass
flow can result in a lower critical flow rate than
funnel flow, but will be more stable. Therefore,
simply using a mass-flow bin design may not be the
only corrective action required if a flow rate
limitation occurs. However, designing the
equipment for mass flow is often the first step in
addressing adverse two-phase flow effects.

2. Use larger outlets for the handling equipment: the
critical flow rate is a strong function of the cross-
sectional area of the outlet. Therefore, increasing the
outlet can often be highly beneficial in reducing
two-phase flow effects. The goal would be to
increase the outlet size until the critical flow rate for
the selected outlet size exceeds the target flow rate.
Since this may not be feasible for a press feeder
hopper, in which the outlet size is fixed to mate
with the press feed frame inlet, additional design
techniques are discussed next. Computer software
can be used to model the two-phase flow behavior
to assess the effect of changing the outlet diameter.

3. Reduce the fill height in the handling equipment:
the critical flow rate through a given outlet
increases as the major consolidation pressure (σ)
decreases. Therefore, reducing the fill height will be
beneficial, but much less effective than increasing
the outlet size.

4. Reduce the target feed rate: if possible, reducing the
target feed rate (tableting rate) to be less than the
critical flow rate will be beneficial, but is often
impractical because it will result in decreased
production rate.

5. Consider gas pressure differentials: a gas pressure
differential can have a beneficial or adverse effect
upon two-phase flow effects. A positive gas
pressure differential at the outlet (ie, bin at a higher
gas pressure than the equipment downstream) may
be beneficial in overcoming a feed rate limitation. In
this case, the air pressure is forcing the material in
the direction of flow. Conversely, a negative gas
pressure differential at the outlet can further reduce
the critical flow rate because the negative gas
pressure acts to further retard the flow rate.

6. Add air permeation: air permeation may be added to
the system actively via an air injection system or
passively through a vent. In particular, adding
judicious (often very small) amounts of air at the
location in the press feed system where the interstitial
gas pressure is lowest can often be beneficial.

However, this can be very unstable for small systems
and/or very low permeability materials.

7. Changing the PSD of the powder: the permeability
of a powder is a strong function of its PSD. Powders
with a finer PSD are often less permeable and,
therefore, more prone to adverse-two phase flow
effects. Even a reduction in the percentage of fine
PSDs can often be beneficial in increasing the
permeability of a powder, and decreasing the
likelihood of adverse two phase-flow effects.

The key to implementing any corrective actions
designed to reduce adverse flow-effects will be using a
mathematical two-phase flow analysis to assess the effects
on the bulk solids’ stresses and interstitial gas pressure.
This analysis would need to use inputs such as key flow
properties (ie, permeability, compressibility), and equip-
ment/process parameters (ie, tableting rate, bin/hopper
geometry, and gas pressure gradients) to assess the effect
of the potential corrective actions outlined previously.

26.5.4 Minimizing segregation in the blender-to-
press transfer steps

It may be challenging for a designer to determine
which segregation mechanism(s) is dominant, and
develop appropriate corrective actions. This requires
knowledge of the material’s physical and chemical char-
acteristics, as well as an understanding of the segrega-
tion mechanisms that can be active. One must identify
the process conditions that can serve as a driving force
to cause segregation. Flow properties measurements
(ie, wall friction, cohesive strength, compressibility, and
permeability) can help to provide understanding of the
behavior of the material in storage and transfer equip-
ment. Consideration should be given to the fill/dis-
charge sequence, including flow pattern and inventory
management, which gives rise to the observed segrega-
tion. Testing for segregation potential (see Section 26.4)
can provide additional insight about the mechanisms
that may cause segregation. Sufficient sampling is
required to support the hypothesis of segregation (eg,
blend samples and final product samples, samples from
the center vs periphery of the bin). Finally, one must
consider the impact of analytical and sampling errors
specific to the blend under consideration, as well as the
statistical significance of the results, when drawing con-
clusions from the data.

From the previous discussion about segregation
mechanisms, it can be concluded that certain material
properties, as well as process conditions, must exist for
segregation to occur. Elimination of one of these will
prevent segregation. It stands to reason, then, that if
segregation is a problem in a process, one should look
for opportunities to either: (1) change the material or
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(2) modify the process equipment or conditions. This
chapter focuses on the equipment and process design
techniques to minimize segregation in batch processes.

Some generalizations can be made when designing
equipment to minimize segregation. The complete
details on how to implement these changes correctly are
beyond the scope of this chapter. However, all equip-
ment must be designed based on the flow properties
and segregation potential of the blends being handled.

Primary equipment and process design techniques
to minimize segregation during the final blender-to-
press transfer include:

1. Minimize the number of material transfer steps.
The tendency for segregation increases with each
transfer step and movement of the bin. Ideally, the
material would discharge directly from the blender
into the tablet press feed frame, with no additional
handling. In-bin blending is as close to this as most
firms can obtain practically. This assumes that a
uniform blend can be obtained within the bin
blender in the first place.

2. Storage bins, press hoppers, and chutes should be
designed for mass flow. In mass flow, the entire
contents of the bin are in motion during discharge.
In funnel flow, stagnant regions exist.

3. Minimize transfer chute volumes to reduce the
volume of displaced air, and the volume of
potentially segregated material. However, the
chute must remain large enough to provide the
required throughput rates.

4. Use a storage bin with a larger height:diameter
aspect ratio. A mass flow bin with a tall, narrow
cylinder will minimize the potential for sifting
segregation, compared with a short, wide bin. A
disadvantage is that the taller drop height may
exacerbate other segregation mechanisms.

5. Bins and blenders should be vented to avoid gas
counterflow. Air in an otherwise “empty” bin must
be displaced out of the bin as powder fills it. If this
air is forced through material in the V-blender, it
can induce fluidization segregation within the
blender. A separate pathway or vent line to allow
the air to escape without moving through the bed
of material can reduce segregation.

6. Velocity gradients within bins should also be
minimized. The hopper must be significantly steeper
than the mass flow limit to achieve this. A steeper
hopper section may result in an impractically tall
bin. Alternate approaches include the use of inserts
(discussed previously). If an insert is used, it must
be properly designed and positioned to be effective.
Asymmetric bins and hoppers should be avoided if
possible, and symmetrical ones should be used
whenever possible.

7. Dust generation and fluidization of the material
should be minimized during material movement.
Dust can be controlled by way of socks or sleeves,
to contain the material as it drops from the blender
to the bin, for example. Some devices are
commercially available. An example of this is a
solids decelerator shown in Fig. 26.28.

8. Drop heights should be minimized where possible.
Drop heights may aerate the material, induce dust,
and increase momentum of the material as it hits
the pile. This will increase the tendency for each of
the three segregation mechanisms to occur.

9. Valves should be operated correctly. Butterfly
valves should be operated in the full open
position, not throttled to restrict flow. Restricting
flow will virtually assure a funnel flow pattern,
which is usually detrimental to uniformity.

10. Use a symmetrical split whenever a process stream
is divided. A symmetrical split, such as a
bifurcated chute to feed two sides of a press (a Y-
branch), will eliminate potential differences in the
flow between the two streams. Consideration must
be given to any potential for segregation upstream
of the split. Even seemingly minor details, such as
the orientation of a butterfly valve prior to a split,
can affect segregation. Proper designs should be
utilized for Y-branches to avoid stagnant material
and air counterflow.

FIGURE 26.28 Example of a solids deceleration device. Source:
Photo provided courtesy of GEA Process Engineering.

72126.5 BASIC EQUIPMENT DESIGN TECHNIQUES

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



Other specific solutions may become apparent once
the segregation mechanism has been identified. For
example, mass flow is usually beneficial when han-
dling segregation-prone materials, especially materials
that exhibit a side-to-side (or center-to-periphery) seg-
regation pattern. Sifting and dusting segregation
mechanisms fit this description.

It is important to remember that mass flow is not a
universal solution because it will not address a top-to-
bottom segregation pattern. As an example, consider
the situation in a portable bin where fluidization upon
filling the bin has caused the fine fraction of a blend to
be driven to the top surface. Mass flow discharge of
this bin would effectively transfer this segregated
material to the downstream process, delivering the
coarser blend first, followed by the fines.

In summary, when addressing segregation concerns
it is crucial to know the chosen process, and how the
blend will segregate before implementing equipment
designs or corrective actions.
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Capsules Dosage Form: Formulation and
Manufacturing Considerations

S.W. Hoag
University of Maryland, Baltimore, MD, United States

27.1 INTRODUCTION—CAPSULES AS A
DOSAGE FORM

Capsules are a unique dosage form with a long his-
tory of use in pharmacy. The original patent was issued
in 1834 to a Parisian pharmacist, Joseph Gérard Dublanc,
and pharmacy student, François Achille Barnabé
Mothès, for the invention and manufacture of gelatin
capsules.1 The basic idea of a capsule is to enclose the
drug or active pharmaceutical ingredient (API) in an
odorless, tasteless, elegant, easy-to-swallow, and easy-to-
fill shell. Today there are two main types of capsules: the
hard gelatin capsule and the soft gelatin capsule, often
called softshells. This chapter will focus on hard gelatin
capsules. The hard gelatin capsule can be used for dry
fills such as powder, liquids, and semisolids, while the
softshell is exclusively used for liquids and semisolids.
The typically capsule shell is made of gelatin, but in
recent years, there have been a variety of gelatin alterna-
tives introduced to the market. The vast majority of cap-
sule applications are for oral delivery of an API;
however, there are specialty applications such as cap-
sules that can be loaded into dry-powdered inhalers,
add reagents as part of a diagnostic kit, and occasionally
as a suppository base with glycerin.2 The majority of
capsules are filled with a dry powder; however, semiso-
lids, nonaqueous liquids, and other dosage forms such
as beads, mini tablets, and even mini capsules can be
filled into a capsule shell. These applications will be dis-
cussed. In terms of production, capsules are one of the
most flexible forms. They can be made one a time in a
compounding pharmacy, in small-scale production for
clinical studies, and all the way up to commercial pro-
duction with machines that can make hundreds of

thousands of capsules per hour. Given the importance
capsules have in the pharmaceutical industry, the objec-
tive of this chapter is to give a broad overview of cap-
sules, gelatin, capsule manufacture, capsule filling, and
capsule formulation.

From the patient perspective, capsules have many
advantages, making them among the most popular dos-
age forms on the market. Generally speaking, most
patients consider capsule shells to be smooth, slippery,
and easier to swallow than tablets.3 In addition, cap-
sules eliminate all contact between the drug and the
mouth, which makes them tasteless and odorless, as
most drugs have a bitter taste with an unpleasant after-
taste. This greatly improves patient compliance and
consequently therapeutic outcomes. In addition, cap-
sules can be made with a clear, high-gloss film that can
be attractively colored and printed on, and they can
have an elegant appearance, which also enhances
patient acceptance. For patients who have trouble swal-
lowing, the capsule can be opened up, and the contents
sprinkled on a food such as applesauce, which is
advantageous for pediatric and geriatric patients.

From a drug delivery point of view, capsules have
many advantages. For immediate-release (IR) dosage
forms, a key step is the breakdown of the capsule shell,
which is analogous to disintegration in a tablet. For cap-
sules, this occurs readily; see the discussion of gelatin
cross-link in Section 27.2.2. Thus, capsules are ideally
suited for IR delivery. In addition, capsules can be used
for other types of release profiles as well. In addition to
dry powder fills, multiparticulate beads can be filled
into capsules, as shown in Fig. 27.1. For example, mor-
phine sulfate has a short half-life, and with an IR deliv-
ery system, it requires dosing every 8 hours, but with a
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controlled-release dosage such as Avinza or Kadian, it
can be dosed once a day, as seen in Fig. 27.2, which is a
big advantage in terms of compliance. For patients in
an institutional environment, it has greater convenience
for the nursing staff. In addition, with multiparticulate
beads, you can have a mixture of beads with different
release rates. If you look at the initial phase of the
plasma concentration versus time pharmacokinetic pro-
file in Fig. 27.2, you can see the initial onset is the same
as the oral solution. This is because the coated beads
are mixed with uncoated beads for rapid onset of pain
relief. In addition to putting multiparticulate beads in a
capsule, with modern filling equipment, you can also
fill capsules with other dosage forms such as mini
tablets and all possible combination of beads, tablets,
capsules, powders, and even liquids, as shown in
Fig. 27.1.4

From the company perspective, capsules can be
used throughout the entire drug development process
from preclinical studies in rodents to first-in-human

studies all the way through the commercial
manufacturing of a marketed product. While capsules
are not as cost effective as tablets to manufacture, cap-
sules are still relatively inexpensive to manufacture,
and being a solid dosage form with a dry powder fill,
capsule formulations promote good stability compared
to other delivery systems such as liquid formulations.
Another advantage of capsules is the relative ease of
formulation. For initial formulations, the formulation
requirements are minimal; however, as the speed of
production goes up, the formulation requirements also
go up. For capsules, the formulation requirements are
that a consistent plug with a consistent weight is
formed. For tablets, the formulation must flow well
and be very compressible, which is a more stringent
requirement than forming a plug with a consistent
weight. The relative simplicity of capsule formulations
can speed up the development process, especially for
high-dose, poorly compressible drugs. This formula-
tion simplicity makes capsules popular for clinical
trials where speed is critical. Perhaps one of the big-
gest advantages of capsules is that they can be self-
administrated, which is required for a drug to be a top
seller, because of the high cost of administration by a
health care worker such as with parenteral products.
Nonself-administration products that are big sellers
are typically only used for life-threating diseases such
as diabetes where the patient must regularly give him-
self or herself an injection.

One big advantage of capsules from the marketing
and patient perspective is the wide range of colors,
sizes, and printings that are available for capsules
shells (see Fig. 27.3). Having unique colors or printings
of a logo can help companies establish the brand ID of
a product for marketing purposes. A good example of
this is Nexium (esomeprazole magnesium), which is
an over-the-counter proton-pump inhibitor for gastro-
esophageal reflux. The unique “purple pill” has been
successfully used to establish a recognizable product
brand, and this could not be done without the unique
purple color of the capsule shell and the printing of
the gold bands and name on the capsule shell (see
Fig. 27.3). Also, color is the most remembered trait of a
medication and important for patient acceptance. For
example, you wouldn’t want to make an antidepres-
sant capsule black or a sleep aid sunrise yellow and
red. This is one area that capsules can easily accommo-
date a wide range of consumer tastes and preference
requirements to produce an elegant dosage form that
is appealing to patients.

Despite many advantages, capsules also have some
important disadvantages. In common with all oral
delivery systems, the capsule exposes the drug to the
gastrointestinal (GI) tract and the GI tract to the drug.
For example, some drugs when exposed to the GI tract

FIGURE 27.1 The different types of fills that can be put into
hard gelatin capsule shells. Source: http://www.epmmagazine.com/news/
empty-hard-capsules-and-barrier-packaging-films/.
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FIGURE 27.2 Multiparticulate dosing of morphine sulfate with
Avinza, from the official FDA label.
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can cause nausea, vomiting, and diarrhea. Other drugs
such as iron in prenatal supplements and fish oil cap-
sules have an unpleasant “burp back” effect, which
reduces patient compliance. In addition, some drugs
that are readily degraded in the GI tract, either due to
stomach acids or enzymatic degradation in the stom-
ach and small intestine, don’t make good candidates
for capsules. Also, for controlled-release dosage forms,
the maximum duration of action is limited to the GI
transit time.

Some disadvantages unique to capsules include inter-
actions between the drug, the excipients, and the cap-
sule shell. Hydroscopic materials may dry out the
capsule shell and cause it to become brittle. A typical
capsule shell has between 12% and 16% water, and if
the water content drops much lower, the shell can crack
during normal handling. Conversely, the capsule shells
can absorb water from the environment and develop
problems with drug stability due to too much water,
and the capsule shell can become tacky. Another disad-
vantage of gelatin capsule shells is you have to make
sure the shells are made from a bovine spongiform
encephalopathy (BSE)�free source. In addition, capsule
plugs are made with a lot less force than tablets, so for
high-dose bulky materials such as botanical supple-
ments, the dosage form size will be much bigger, and
patients prefer smaller dosage forms. Tablets are less

expensive to manufacture because you don’t have to
buy the capsule shells, and tablets have higher rates of
production, which reduces capital expenditures. In my
experience, capsule-filling machines are more complex
than a tablet press and take a longer time to setup up,
break down, and do cleaning validation due to all the
moving parts. When doing a change over from one cap-
sule size to another, you need to replace the dosing disk,
the tamping pins or dosator, and all the bushings
involved with separating the capsule shell. The change
over from one size to another can take many hours to
complete.

27.2 GELATIN AND CAPSULE SHELL
COMPOSITION

Today, gelatin is the most commonly used material
to make hard capsule shells; however, as gelatin alter-
natives gain in popularity, this may change in the
future. Since the first patent in 1834, gelatin has been
used to make capsule shells, and it has a long history
of use in pharmaceutical capsules and as a food addi-
tive. Gelatin is cost effective and nontoxic with an
excellent safety profile; the issue of BSE is discussed in
Section 27.2.4. In addition, gelatin has many excellent
mechanical properties such as the ability to form films

FIGURE 27.3 Diversity of capsule shell showing printing and colors.
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with precise dimensions and mechanical properties
that can withstand the rigors of high-speed processing
on commercial-scale production equipment. With gela-
tin, the film formation and gelling properties occur
over a narrow temperature range.5 The tribology sur-
face properties and shell clarity are also critical for
patient acceptance of a capsule shell. Also, gelatin has
many excellent delivery properties. It is readily soluble
in water and softens at body temperatures for rapid
release; the issue of gelatin cross-linking is discussed
in Section 27.2.2.6 Gelatin is recognized in all the major
pharmacopeias throughout the world. For these rea-
sons, gelatin is the most popular material used to
make two-piece hard capsule shells.

Gelatin is made up of proteins derived from the
skin and the bones of cattle and pigs and is a byprod-
uct of the meat industry, which helps make it cost
effective. Gelatin is made up of primarily collagen,
which is one of the main proteins in connective tissue.
For example, 46% of pig skin and 29.4% of bovine
hides are made of collagen.6 Gelatin undergoes revers-
ible thermal gelation at 35�C. This temperature and a
narrow transition range are critical because capsules
are made by a dipping process in a gelatin solution
and when cooled must rapidly form a thin, uniform
film on the dipping pin.7 In addition, gelatin is readily
soluble in water and softens at 30�C. These properties
make it an excellent ingredient from a manufacturing
and drug delivery point of view.6

There are different types of collagen found in
different parts of the body. For example, skin is
mainly made up of type I collagen and to a lesser
extent type III collagen.6 Collagen is composed of three
chains that form a triple-helix structure. The chains
have a high percentage of the amino acids glycine, pro-
line, and hydroxyproline in a repetitive sequence.6

When the three chains are linked together, they form a
very stable triple helix that is stabilized by intrachain
and interchain hydrogen bonds (see Fig. 27.4). Upon
heat treatment, the triple helix can denature (other fac-
tors can lead to denaturation, but they are not relevant
for this discussion), and depending upon temperature
and water content, the chains can exist in different
states with different degrees of cross-linking via the
formation of a triple helix (see Fig. 27.5). Once dena-
tured, they can form gels, and the extent of gel forma-
tion depends upon the temperature, moisture content,
and how fast the gel solution was dried.6,8,9 It is these
changes in state with different degrees of cross-linking/
triple-helix formation that contribute to the gelling
behavior of gelatin and give gelatin its unique proper-
ties for forming capsules and drug release.

Gelatin is made by either acid or alkaline processing
of cow bones or cow and pig hides. The process has
many steps and requires a long time to complete.

Fig. 27.6 shows the basic steps.10 The gelatin made
from pork skin via acid treatment is called Type A gel-
atin, and the gelatin made from bones and animal skin
by alkaline processing is called Type B gelatin. Each
gelatin type has its own properties (see Table 27.1).
Type A gelatin has a higher degree of plasticity and
clarity, and Type B gelatin forms tougher films and is
a little hazier. A capsule shell is made from the mix-
ture of the two gelatins, so the capsule shell has the
right clarity and mechanical strength properties to run
well on a filling machine.

The first step in the gelatin-making process is to
pretreat the bones and hides (see Fig. 27.6). For bones,
this means crushing, degreasing, and demineralization
of the bones to remove all the calcium phosphate,
Ca3(PO4)2, using diluted hydrochloric acid (HCl) to
solubilize the tricalcium phosphate, which can then be
removed by washing. The spongy organic material left
after the demineralization of the bones is called
ossein.11 The goal of the pretreatments is to produce a
relatively purified collagen than can be converted into
gelatin. After pretreatment, the gel can either be limed
(alkaline treatment) or acid treated. The goal of liming
is to condition the collagen so it produces gelatin with
the desired physical properties and to do so with good
yields.10 The liming process causes both chemical and
physical changes in the collagen. For example, during
liming, deamination of the collagen amino acids such
as glutamine and asparagine occurs with the evolution
of ammonia, and the alkali labile cross-links between
the chains are broken. For acid treatment, the gelatin
has a higher isoelectric point (see Table 27.1) because
the glutamine and asparagine residues remain in the
amide form and are not converted to carbocyclic acid
form as with the alkali treatment. As with liming, the

FIGURE 27.4 Structure of collagen. Source: Wikipedia collagen.
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acid treatment breaks up the collagen chains. The acid
treatment is faster (on the order of 24 hours) than lim-
ing (8�12 weeks), but it has poor yields for many col-
lagen sources such as bones and cattle hides.

After alkali or acid treatment, the collagen must be
extracted from the liquor. The pH, time, temperature,
and number of extractions (typically 3�6) vary with
the product. The goal of extraction is to heat up the
liquor under carefully controlled conditions to the
point where the gelatin solubilizes; typically this is
between 50�C and 60�C for the first extraction. The sol-
uble materials are then filtered and or washed to
remove the insoluble components. The soluble material
is deionized, typically by ion exchange. The cleanup
process is repeated several times until the material is
very pure (Fig. 27.6). Then the soluble gelatin is concen-
trated and cooled until it gels and can be processed
into a powder for shipping (Fig. 27.6).10,11 The gelatin
produced by the first extraction typically has a higher
molecular weight, higher viscosity, higher gel strength,
and lighter color, which is preferred for making cap-
sules as compared to later extractions.

27.2.1 Capsule storage

A key component of gelatin is water. Newly made
capsules will have a water content between 13% and
16%. If the amount changes, the capsule can become
brittle and fracture when running on a commercial
machine. Also, in our experience, if the water content
changes, the dimensions can slightly change, leading to
problems of capsule separation, rejoining, and solvent
sealing. For example, when sealing fish oil hard-shell
capsules, if the dimension change so the gap between
the cap and the body increases, oil can leak into this
space. This prevents the tight sealing of the cap to the
body because the sealing solvent can’t get into this
space. Thus, capsule shells must be carefully stored. At
a minimum, they should be stored in a tightly sealed
box, and ideally, they should be stored in a temperature-
and humidity-controlled room. For example, the
Capsugel company recommends that for Coni-Snap cap-
sules, the ideal storage conditions in the original corru-
gated box and tightly sealed polyethylene bag are 50%
RH at 21�C. However, if the facilities are maintained

FIGURE 27.5 Changes in collagen structure that influence gelling properties. Duconseille A, et al. Gelatin structure and composition linked to
hard capsule dissolution: a review. Food Hydrocol 2015;43:360�76.
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with a relative humidity in the range of 35�65% RH
and temperatures in the range of 15�25�C, you should
be able to keep them for the full 5-year shelf-life.

27.2.2 Gelatin cross-linking during storage

As discussed, gelatin undergoes a reversible thermal
gelation due to the physical interactions such as hydro-
gen bonding between the protein chains (Fig. 27.4), and
it is this gelation process that is in part responsible for
the rapid drug release from a capsule. However, there
are a whole host of irreversible chemical reactions that
can occur between the gelatin protein chains that can
cross-link the protein chains together.12 When the
extent of cross-linking becomes great enough, the gela-
tin becomes insoluble, and the capsule shell forms an
insoluble film around the API. This swollen, rubbery,
water-insoluble membrane is called a pellicle, and
when it forms during dissolution testing, the drug
release is greatly slowed, and the capsule fails to meet

its dissolution specification. Common causes of gelatin
cross-linking include aldehydes (in the active or excipi-
ents), peroxide impurities, storage in high heat and
humidity, and rayon coilers.12�15 When testing a mod-
erately cross-linked gelatin capsule, it will fail dissolu-
tion due to pellicle formation; however, when tested
in vivo, it may still have good bioequivalence com-
pared to a noncross-linked capsule due to proteolytic
enzymes in the gut.12,16 These results indicate that the
in vitro capsule dissolution test may not be predictive
of what happens in vivo due to the digestive enzymes.
Thus, the United States Pharmacopeia (USP) came up
with a two-tier dissolution test, and if the capsules fail
in the regular dissolution medium, they can be retested
in medium containing proteolytic enzymes.

27.2.3 Capsule shell additives

Besides a structural polymer gelatin or hydroxypro-
pyl methylcellulose (HPMC), there are other additives
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FIGURE 27.6 Gelatin manufacturing process. Adapted from Jones.
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in the capsule shell. Coloring agents are often added to
gelatin because pure gelatin is clear, which allows light
to contact the API and the patient to see the powder
inside of the capsule. The most popular dyes added to
capsule shells are synthetic water-soluble dyes (eg,
azo, indigoid, quinophthalone, triarylmethane, and
xanthene), pigments such as titanium dioxide and iron
oxides, and natural dyes such as carotenoids.17 When
adding a coloring agent, one can either add a dye or a
lake to the capsule shell.18 In general, dyes impart a
transparent or translucent color to the capsule shell,
and the patient can still see though the shell, albeit a
colored view. In contrast, pigments block the light and
opaquely color the capsule shell, blocking light from
reaching the inside of the capsule. Titanium dioxide
(TiO2) is the most commonly used opacifying agent. It
has a white color and is mostly inert. TiO2 can help the
dye better opacify the shell; thus, they are often added
together.

Printing inks are not really part of the gelatin, but
they are materials applied to the capsule shell and
could affect the product. Capsule printing is often done
to meet Food and Drug Administration (FDA) product
identification requirements, and the printing ink color-
ants must meet the same regulatory requirements as
those for the capsule shell.1 Generally, inks are made
up of insoluble colorants dispersed in a volatile solvent
and a film former.19 The colorants must be insoluble, or
when the solvent evaporates, it will bleed, making the
printing look blurry. The coloring agents can either be
added as a pigment like the iron oxides, which are
insoluble but limited in colors, or as lakes. Lakes are
made by precipitating a dye onto an aluminum hydrox-
ide or titanium dioxide carrier, thus, making them
insoluble.18 Lakes have the advantage of coming in a
wide range of colors and are insoluble. A common ink
film former is shellac, which has broad acceptance in
the major pharmacopeias and adheres well to gelatin.
Typical solvents used in the capsule printing inks
include ethyl alcohol, isopropyl alcohol, n-butyl alco-
hol, and water. Obviously, one has to be sure that the
residual solvent levels don’t exceed regulatory limits.
Fortunately, the amount of ink applied is small, so this
is typically not a problem if dried properly.

A warm gelatin solution can support rapid micro-
bial growth, so care must be taken to keep the total
microcount low when working with these solutions.
A properly stored capsule will have a water content in
the 13�16% range, which is low enough to not support
microbial growth. Thus, preservatives are not used in
gelatin capsules manufactured in Europe and in the
United States. However, in older products, preserva-
tives such as methyl and propyl parabens and sodium
metabisulfite were added to gelatin solutions to control
microbial levels during production.7

Sometimes processing aids can be in a capsule shell.
For example, sometimes a surfactant such as sodium
lauryl sulfate can be used in capsule shell manufactur-
ing. Also, there can be proprietary pin-release agents
used to help the capsule shell be stripped from the pin
after dipping. Also, things such as silicon dioxide have
been used in gelatin manufacturing. Some additives
are allowed in the USP, while others are disclosed
with a confidentially agreement with the capsule shell
manufacturer. If there are stability problems, gelatin
additives should be considered when trying to solve
the problem.

27.2.4 Mad cow disease

In the 1980s and 1990s, BSE (also known as mad cow
disease) was found in cattle in Europe, and in the
United Kingdom people were actually infected, most
likely from eating animal products containing
brain or spinal cord parts. While the process of produc-
ing gelatin is very harsh with either an acid or
alkaline treatment and reduced the infectivity to
undetectable levels, there is still a very slight possibility
that the prion that causes BSE could survive the process.6

Given that prions are difficult to detect, suppliers of gela-
tin must have preventative measures in place so their
products do not contain prions. These measures include
obtaining gelatin from certified BSE-free production
areas. Only healthy slaughtered animals can be used, and
the gelatin must not contain animal parts exposed to
neurological tissues such as the skull and backbone verte-
brae. The regulations for certifying that gelatin is BSE-
free varies from country to country. For example, Japan
and Argentina require only hide gelatin. Thus, make sure
that suppliers can supply a BSE-free certificate, as this
will be needed for release. Typically manufacturers have
these on their websites for download, and the certificate
should be kept as part of the batch records for clinical
studies and product release to the market.

27.3 CAPSULE SHELL MANUFACTURING

The first step in making a hard-shell capsule is to
produce a well-mixed dipping solution; the history of
capsule making is discussed by Jones et al.7 In addition
to gelling polymers, gelatin, or HPMC, the solution
could contain other additives such as coloring agents.7

The key quality attributes of the gel solution include
viscosity and gelation temperature. To achieve the nec-
essary attributes, the gelatin solution is made from a
combination of Type A and B gelatin for the best com-
bination of shell strength and clarity.

72927.3 CAPSULE SHELL MANUFACTURING

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



Capsule shells are made by dipping pairs (body and
cap) of room-temperature stainless-steel pins into a
heated gelatin solution. Because the pins are below the
gelling temperature, the gelatin begins to form a thin
gelatin layer or film on the pins (Fig. 27.7).20 After a
short time in the gel solution, the pins are removed
and rotated several times to evenly distribute the gel
over the pin. Once the gel is evenly distributed on the
pin, a blast of cool air is used to set the gelatin on the
pin. At this point, the gelatin is dried, and the pins are
sent through a long series of continuous ovens until
the moisture content is at the desired level (Fig. 27.8).
The drying is primarily done using dry, slightly
warmed air to avoid softening or melting the gelatin in
the drying oven; recall the gelling temperature of gela-
tin is about 30�C. After the gelatin is dried, the capsule
is striped off the pin and trimmed to the proper length.
Once trimmed, the two halves are put back together in

the prefit position. At this point, printing is done if
needed before packing in cartons for shipping.

27.4 ALTERNATIVES TO GELATIN

Issues with BSE, religious dietary restrictions with
pork-based products, consumer preferences for healthy
veggie products, and animal rights concerns have led
to the demand for nonanimal-based capsule shells.
Given the exacting processing requirements where
capsule shells have to run smoothly on the same com-
mercial filling machines as the gelatin capsules and the
drug delivery requirements of capsule shells, it has
been hard to find cost-effective alternatives to gelatin
capsule shells. Despite these difficulties, there are now
a range of gelatin alternatives readily available on the
market, but these products were not easy to develop.

The most common alternative to gelatin is hypromel-
lose in USP official nomenclature, also known as HPMC.
All major suppliers of capsules now produce HPMC cap-
sules. HPMC is a cellulose ether of vegetable origin,
which eliminates concerns with religious restrictions and
dietary preferences against animal products. Like gelatin,
HPMC has a long-use history in the pharmaceutical
industry for things such as a wet granulation binder,
layering binder, controlled-release matrix former, film
coating material, and suspending agent. It has an excel-
lent safety profile, is considered GRAS (generally
regarded as safe), and is listed in all the major pharmaco-
poeias.5 HPMC has lower water content, on the order of
4�7% compared to gelatin, which is in the range of
13�16%. This reduces problems with brittleness due to
loss of water because water does not plasticize HPMC as
much as it does gelatin, and a lower water activity level
generally is good for moisture-sensitive drug stability.1

There are also differences in water and oxygen perme-
ability, which is important for drug stability.1,21

HPMC capsules are made by the same dipping pro-
cess as gelatin. To form an HPMC capsule, the HPMC
solution must rapidly form a film on the dipping pin.
Currently, this film can be formed either by thermal
gelation or gelling via a gelling system. Unlike gelatin,
HPMC undergoes reverse thermal gelation; in other
words, HPMC forms a gel at higher temperatures,
whereas gelatin forms a gel at lower temperatures.22

For cellulose-based polymers such as HPMC, it is not
unusual for them to be more soluble at lower tempera-
tures, because at higher temperatures, the hydrophobic
interactions predominate more than the hydrophilic
interactions, and the hydrophobic interactions lead to
aggregation between the polymer chains. As the num-
ber of aggregates goes up, the gelation occurs. This
transition temperature can also be affected by environ-
mental factors such as ionic strength.23 Silva has shown
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FIGURE 27.8 The hard gelatin capsule manufacturing process.
Source: Dennis Murachanian, Capsulgel.
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that the sol-gel transition temperature occurs at about
55�C; however, this transition temperature is affected
by environmental factors and differences in the HPMC
polymers such as the molecular weight and the degree
of substitution.22,23 Thus, to make HPMC capsules on
the same dipping pin system, the HPMC solution is
kept cool at room temperature, and the pins are heated
to above the gelation temperature.5 The hot pins are
dipped into the cool HPMC solution, removed from
the solution, spun on the pins to form a uniform film,
and then dried, much like the gelatin capsule-making
process.

The disadvantage of thermal gelation using a cold
HPMC solution and hot pins to make the capsules is
that very expensive capsule-making equipment must be
modified or developed to accommodate these differ-
ences in processing. Another approach is to add gelling
agents to the HPMC solution, and these gelling agents
have the property of being a solution at cold tempera-
tures and a gel at higher temperatures. This allows the
use of the same cold solution/warm pin equipment
when making HPMC capsules.5 Currently there are two
commercial polymer gelling agents: kappa-carrageenan
and gellan gum. Kappa-carrageenan is a structural
polymer obtained from red seaweed. It is a sulfonated
polysaccharide that is widely used in the food industry
as a gelling and thickening agent, and it has an excel-
lent safety profile. Kappa-carrageenan has the unique
feature that it forms helical structures at room tempera-
ture, and the gelation occurs via interactions between
the helixes. Being a sulfonated polymer, the sulfate
group is unionized at the typical working pHs of
κ-carrageenan, which makes the polymer very sensitive
to ions, and small changes in ionic strength can affect
the gelling behavior of κ-carrageenan.24,25 This sensitiv-
ity is used to control the gelling temperature of
κ-carrageenan, so it can be processed on commercially
available dipping machines.

The other polymer used commercially as a gelling
agent for capsule manufacturing is gellan gum. Relative
to κ-carrageenan, gellan gum is new polymer that was
only discovered in the late 1970s. It is produced by the
bacterium Sphingomonas elodea. Gellan gum is a linear
anionic polysaccharide that has one carboxyl side group
and one 0-acetyl substituent per chemical repeat unit.26

The carboxylic group, which can ionize at the typical
working pH of the polymer, makes the gelation temper-
ature sensitive to environmental factors such as ionic
strength. Like κ-carrageenan, the ionic strength and the
pH of the gelling solution can be controlled so that gel-
lan gum gels at a good temperature for making cap-
sules on commercially available dipping machines.

Examples of commercially available HPMC capsules
made by thermal gelation include Vcaps Plus, also
called tg-HPMC. Commercial capsules made with

κ-carrageenan include QualiV, also called c-HPMC,
and commercial capsules made with gellan gum
include Vcaps, also called g-HPMC.5 A critical issue
with capsule performance is how these three types of
capsules compare to each other and with gelatin. The
key properties such as water uptake, mechanical
strength, color-hiding power, stability, esophageal
transit time, in vitro dissolution, and in vivo bioequiv-
alence of these different types of capsules have been
extensively studied.5,27�29

These studies and others are hard to summarize
because the results depend upon the type of drug and
the test conditions used, but in general, they found that
the performance was similar, but there were important
differences between the different types of capsules
shells. Thus, without some type of evaluation, one can-
not assume that the capsule shells types are inter-
changeable because there could be conditions where the
differences could affect in vivo performance and patient
outcomes. A purchasing agent should not make the
decision to switch from one type of capsule shell to
another, as this should be done within the confines of a
company’s change control procedures.

Currently, HPMC capsule shells have been devel-
oped to the point of being commercially available from
all the major suppliers; however, in the future, there
will be many new developments in capsules shells.
Some of these new technologies include pollen capsule
shells, starch hydrolysate capsule shells, HPMC soft-
gel shells, and capsule shells that are designed for
modified release; for example, there are enteric capsule
shells and controlled-release capsule shells for colonic
delivery. Because these new innovations are not as
widely available as HPMC, they will not be discussed
further, but they have been reviewed by Stegemann.5

27.5 HARD SHELL

The most commonly available capsule shells are the
hard gelatin capsule shell. This shell comes in two
parts: the body and the cap (Fig. 27.9). These capsule
shells are made of a hard gelatin or HPMC, which is
ridged and can be handled and run though processing
equipment. This is in contrast to soft gelatin shells,
which have to be formed and are typically used for
liquids and semisolids. Originally, the cap and the
body just fit together without a locking mechanism,
but this lead to problems, as sometimes the cap and
the body separate during handling and shipping; thus,
most capsule shells today come with a locking mecha-
nism that keeps the cap and the body from separating.
The Coni-Snap capsule shell is one such example, as
you can see in Fig. 27.10. There is a locking ring that,
once engaged, holds the cap and the body together.
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As shown in Fig. 27.10, the shells come from the man-
ufacture in the prefit position, and after filling, they
are pushed together to lock. Note that in this context
locked is not the same as sealed.

Modern capsule-filling equipment can fill up to
200,000 capsules per hour. For a capsule shell to run on

such a high-speed machine, it places a lot of perfor-
mance requirements on the capsule shell. Things such
as the mechanical strength of the gelatin film, dimen-
sional accuracy of the shell, the ability to vent air during
high-speed closure, closure-locking mechanism, prefit
locking strength, the ability to align for rectification, and

FIGURE 27.9 Capsule shells showing features.

FIGURE 27.10 Capsule shells.
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closure are all essential qualities that are needed to run
on a high-speed machine. How these features are engi-
neered into a capsule shell is part of a company’s patent
portfolio and used as special features to sell capsule
shells.1 Traditionally, three of the biggest manufacturers
of capsules were Capsugel, who made the Snap-Fit and
Coni-Snap capsule shells; Pharmaphil (now part of
Qualicaps), who made the Lox-it capsule shells; and
Shionogi Qualicaps (now called Qualicaps), who made
the Posilok capsules. This is not a complete list of all
manufacturers current or past. During the past decade,
a lot of companies in China, India, and other parts of the
world have started to manufacture capsule shells; they
are too numerous and transitory to review here.

27.5.1 Capsule sizes

Capsules come in standard sizes (Fig. 27.11). These
sizes range from 000 to 5, which have volumes from

1.36 to 0.13 mL, respectively. To estimate the fill
weight of these capsules, one can use the basic bulk or
tapped density if you compress during filling. The
bulk density will give you an approximate fill weight,
which can then be adjusted by trial and error. A more
quantitative method for determining the fill weight is
to use the method developed by Khawam.30,31

27.5.2 Use in preclinical and clinical studies

For clinical research, when one wants a blinded pla-
cebo or to make a comparison to a particular formula-
tion or existing product, it can be very difficult because
making an exact look-alike copy of a product can be
very difficult and time consuming. Thus, capsule man-
ufacturers have developed special-sized capsules with
a wide body specifically designed to make it easier
to be directly filled with an intact tablet (Fig. 27.12).

Capsule Sizes

Volume 1.36 0.95 0.67 0.48 0.37 0.27 0.20 0.13 mL

Starch fill* 1110 775 530 365 300 200 160 100 mg

000
00

0
1

2
3

4
5

*Density of 0.8 gm/mL

FIGURE 27.11 Standard capsule sizes. Source: Dennis Murachanian, Capsulgel.

FIGURE 27.12 Double-blinded capsules for clinical studies.
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There are eight different sizes of double-blind (DB)
capsules: AAA, AAel, AA, A, B, C, D, and E; see the
Capsugel website for size details. These capsules can
be filled by a compounding pharmacist. This can avoid
the expense of good manufacturing practice (GMP);
however, many compounding pharmacists lack the
capacity to support even small clinical studies. The
double-blinded capsules have some unique features
that make it hard to break the blind. For example, the
body is extended, and the cap fits into the body, mak-
ing it very difficult to pull them apart without destroy-
ing the capsule, which makes it almost impossible for
the patient and curious nurses or physicians to break
the blind without obvious signs of damage, which can
alert researchers to this possibility. Obviously this is
not a foolproof method of blinding, but it will at least
stop the casual patient or health care worker from
breaking the blind.32

27.5.3 Animal testing

Administration of an API to an animal is one of the
important initial steps in preclinical research. If you are
administering the drug to an animal such as a dog, pig
or primate, you can use human dosage forms, but if you
need to administer an API to a rodent, then human dos-
age forms are too large. For preclinical research, the API
is typically administered as a solution, emulsion, or sus-
pension via gavage; however, some APIs may have
poor stability, and a liquid preparation would not have
the needed shelf life for testing. Some APIs may be very
difficult to formulate as a liquid predations, and if the
study questions have to do with the API in the solid
state, then a liquid preparation will not answer your
questions. For these situations, capsules have been spe-
cifically developed and designed to be delivered to
mice, hamsters, rats, and guinea pigs (Fig. 27.13). In
addition, they have developed specially filling appara-
tus and tools for capsule administration, also shown in

Fig. 27.13. These capsules are hand-filled one a time (see
Section 27.6.1 for a discussion of hand-filling), so their
use is limited to preclinical studies. Also, these capsules
can be filled without excipients, which is an advantage
when compactability and stability are a concern. On the
other end of the spectrum are large specialty capsules
for livestock. For example, there are capsules that can
deliver gram quantiles of medication orally, rectally,
and vaginally to cattle.

27.6 CAPSULE FILLING

As mentioned previously, capsules are shipped with
the cap and the body prefit together. Thus, to fill a cap-
sule, the basic steps are: separate the cap from the body,
fill the formulation into the body, put the cap back onto
the body, and lock the cap and the body together. One
of the beauties of capsule filling is that it is very flexible
in terms of scale. Capsules can be hand-filled one at a
time, as done in a compounding pharmacy, or they can
be hand-filled using a jig, a semiautomated capsule-
filling machine, or filled on commercial-scale machines
making over 150,000 capsules per hour.

The primary differences between small-scale filling
and commercial production is in how the powder is
transferred into the capsule body. Small-scale produc-
tion is done by directly filling the powder into the cap-
sule shell and relying on the bulk/tapped density of
the powder to get the correct dose for the volume of
the capsule shell used. Capsules can also be made by
direct weighing of the API into the capsule body. For
commercial production, the capsule is filled in a pro-
cess called indirect filling, which is done by forming a
plug that is transferred into the capsule shell. Forming
a plug has several advantages over direct filling.
The plug is made by compressing the powder into a
cohesive mass, which holds together during the trans-
fer to the capsule body. This can be done by multiple

FIGURE 27.13 Capsule used for administration to rodents.
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tamping on a dosing-disk machine or by compression
in a dosator. The advantage of forming a plug is that
the powder can be compressed to higher density,
which allows for higher capsule fill weights, which
given the patient preference for swallowing smaller
capsules can be important. This is very important for
botanical products that typically have very low bulk
densities and if not compressed can lead to the patient
having to swallow very large capsules. In addition, the
machine operating parameters of the dosing-disk or
dosator machine can be adjusted to accommodate the
natural variation of the formulation components to
product more consistent fill weight, thus, improved
dose uniformity.

27.6.1 Hand-filling capsules

Hand-filling is the easiest and the slowest method.
It has the least formulation requirements and can
accommodate just about any API that is compatible
with the capsule shell materials, but this method is not
scalable to faster modes of production. Hand-filling is
typically done to prepare a small number of capsules
for toxicity and bioavailability studies in animals and
humans. Using a capsule-filling jig, one can produce
enough capsules to support a phase I study or clinical
research studies. Hand-filling can either be done one
capsule at a time or by using a capsule-filling jig.

Hand-filling one capsule at time is what is com-
monly done in a compounding pharmacy, where you
form a little pile of powder on a pill tile and then push
the inverted capsule body into the powder blend until
the capsule body is filled up and has the desired
weight. Alternatively, you can weigh the API directly
into the capsule body, but this is very slow process. In
recent years, an automated weight system has been
developed for direct filling of the API into a capsule
shell; the system is called the Xcelodose system, which
is described in Section 27.6.3. The capacity of hand-
filling is about 5�20 capsules per hour depending
upon the material being filled and operator skill.

To increase manual production rates from that of a
pill tile, one can use a capsule-filing jig, also called a
hand-filling capsule machine (Fig. 27.14), such as those
sold by CroPharm Inc., Torpac Inc., and Capsugel Inc.
Typically, these jigs can make from 100 to 500 capsules
per fill (Fig. 27.14). The basic steps are to (1) rectify
the capsules, (2) separate the cap from the body, (3) fill
the powder, (4) join the cap and the body together,
and (5) eject the filled capsules from the jig. These
steps are shown in Fig. 27.14. Because the cap and the
body have slightly different dimensions, the basic idea
of the hand-filling jig is to use a series of plates with
different sized holes to independently manipulate the

cap and the body for all the filling steps. To rectify the
capsules, they are randomly poured onto a tray that
has a series of slots, one slot for each capsule. The mid-
dle of the slot is bigger than the ends, so the capsules
fall into a hole body first. At the bottom of the hole are
four plates with a hole for each capsule. The top plate
has a hole that allows the body to pass through but
not the cap. Below the top plate are three plates
(Fig. 27.14). The middle plate is on an eccentric cam,
which moves the middle plate relative to the other two
plates in order to lock the capsule body in the three
plates. Once the capsule bodies are locked in place, the
top plate is removed along with the caps, resulting in
the separation of the cap from the body. The capsule
bodies can be pushed flush with the top of the three
lower plates so when a powder mass is poured onto
the jig plate, it can be evenly distributed to each cap-
sule. Often during the filling of the capsules a tamper
is used to slightly compress the powder. This increases
the bulk density of the fill and helps distribute the
powder into each capsule. Once the capsules are full,
they are rejoined by putting the top plate back on and
squeezing the stand so the capsule bodies are pushed
up through the three middle plates and into the top
plate where the caps are held. Then the top plate is
removed, the capsules are manually pushed into the
locked position, and they are dumped into a tray for
packaging or further processing.

27.6.2 Liquid filling two-piece capsules

For some drugs, a liquid fill can be better than a dry
powder; for example, for drugs with low solubility, the
delivery can be enhanced with a self-emulsifying drug
delivery system.33 Also, with highly potent, for exam-
ple, hormones, or cytotoxic drugs where worker expo-
sure to dust is a problem, a liquid fill can provide
better containment, and with low-dose drugs, content
uniformity can sometimes be easier to maintain in a liq-
uid formulation rather than a hard-to-mix powder.34

Typically, liquids are filled in soft-shell capsules, but
with special modification of traditional filling equip-
ment, liquids and semisolids can be filled in two-piece
capsules. Liquids can also be hand-filled into two-piece
capsules for feasibility studies and clinical studies.

For liquid fills, all the steps are the same as with the
powder fills, but instead of filling a powder into the
capsules, a pipet or liquid manifold is used to fill each
capsule with a liquid (Fig. 27.15). For liquids, the cap
and the body must be sealed to prevent leaking. This
is very important for oils such as omega-3 fatty acids
that turn brown when oxidized, which is a very obvi-
ous defect on the surface of a capsule shell. Thus, once
the capsules have been filled, it is important to quickly
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seal them. Capsules can be sealed either by banding
with heated gelatin or a hydroalcoholic solution fusion
process.35 In addition to liquid filling for over-the-
counter product, capsules should be banded so as to
be tamper evident.36

To seal a two-piece capsule using a hydroalcoholic
solution, the solution is either sprayed onto the capsule
shells in a pan coater or, if hand-sealing, via a swab.
When the liquid comes in contact with the gap between
the cap and the body, the liquid surface tension wicks
the solution into the gap, and then gentle heat is
applied, typically between 40�C and 50�C, for a minute.

Typically a 50:50 water-ethanol solution is used. The
water in the alcohol solution softens the partially dissol-
ving the gelatin, and when heated, the two pieces fuse
together. Then the water evaporates, and the gelatin
returns to its dry state, but the two halves are bonded
together. If pure water is used, too much softening
occurs. The capsule may develop ripple defects, and
sometimes the gelatin bubbles when heated. If too
much water is applied, this can lead to twinning (when
two capsule shells stick together), and at the point
where the shells are conjoined, there is typically a spot
defect in the gelatin. To band a capsule requires special

(a) (b)

(e) (f)

(c) (d)

FIGURE 27.14 Steps for using a hand-filling jig: (a) rectification of capsules, (b) capsule separation, (c) separated capsules ready to fill,
(d) using plastic scraper to distribute powder in capsule shells, (e) closing capsule shells, and (f) emptying filled capsule shells.
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equipment that heats up the gelatin and then applies a
thin band around the joint between the body and the
cap.34,35 When liquid filling two-piece capsules, it is
best to use capsule shells specifically designed for
liquid filling. These capsules have features such as no
vents and are designed for improved sealing of the
liquid or semisolid. Liquid filling can also be done on
a commercial scale, but this is beyond what will be
covered here, and the interested see reader can see
Cole et al.34 and Niederquell.37

27.6.3 Powder in capsule automated filling

It is well known that only a small fraction of the
compounds synthesized make it to the market. Given
the extreme risk of developing new compounds, the
goal of most companies is to make a go-no-go decision
as soon as possible for any compound in development.
A pivotal point in the development process is the first
studies in humans, and to conduct these studies, one
needs a formulation to administer to the patient. One
way to develop a formulation rapidly is to directly
weigh only the API into the capsule, which is called
the powder-in-capsule (PIC) method. With only the
powder in a capsule, you don’t have to worry about
adding an excipient to make the capsules. For exam-
ple, you don’t have to worry about lubricants and flow
aids in the formulation, and consequently, you don’t
worry about excipient compatibility and how much to
add to make the process run well.

To meet this need for rapid PIC formulation manu-
facture, companies such as Capsugel Inc. have devel-
oped an automating weighting system that can fill
between 100 μg to 100 mg per capsule, and according
to the company, it can do this with a 2% RSD. The
trade name for this system is Xcelodose. The system

accommodates up to a size 00 capsule, and the auto-
mated version of Xcelodose can fill up to 600 capsules
per h. As discussed, hand-filling via direct weighing is
very slow, and without an automated system, hand-
weighing would not be practical for a phase I study. A
more detailed description of the Xcelodose system and
its operation for filling capsules to put in a dry powder
inhaler can found in the review by Edwards.2

27.6.4 Semiautomatic

The next level of filling is a semiautomatic capsule-
filling machine, shown in Fig. 27.16. Conceptually, this
is the same as the hand-filling jig, that is, with no plug
formation. The only differences are that a few more
steps are automated and scaled up, and the powder is
fed into the capsule shells using an auger rather than by
manual feeding (Fig. 27.16). Some semiautomatic-style
systems use vibration to fill the powder into the cap-
sules, but to the best of the author’s knowledge, these
systems are not that popular and won’t be discussed
further. In the old days, semiautomatic machines were
commonly used for commercial production, but over
the years, the plug-forming indirect-filling machines
have largely replaced the semiautomatic machines for
commercial production, and today these machines are
typically used for small-scale, flexible manufacturing of
batches for feasibility studies and early-phase clinical
trials.

With a semiautomatic capsule-filling machine, the
process of capsule rectification is automated (Fig. 27.16).
With these systems, the capsules are randomly fed into
a slot, and then a finger pushes in the middle of the
prefit capsule. Because the body is smaller, it moves
first, which orientates the capsules so they are all facing
in the same direction (Fig. 27.17). Once the capsules are
all aligned, they are pushed into the dosing rings. As
with the capsule-filling jig, when the rings are manually
separated, the cap is separated from the body. After
separation, the body ring (Fig. 27.16) is placed under
an auger-driven hopper and rotated on a turntable.
To fill the capsules, the body ring is rotated, and
the hopper auger is turned on so the powder is
fed from the hopper at a fixed rate as the body ring
rotates. The fill weight is determined by a combination
of the turntable speed and the auger speed. The faster
the turntable rotates, the lower the fill rate. As there is
less time under the auger, which dispenses powder at a
fixed rate, the faster the auger rotates, the higher the fill
weight, as a faster auger speed pushes the powder out
faster into the capsule bodies. Once all the capsule have
been filled, the rings are pushed back together to rejoin
the cap and the body, and finally the capsules are
ejected from the rings (see Fig. 27.16).

FIGURE 27.15 Liquid filling of hard gelatin capsules.
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Typically these machines can produce up to
10,000�15,000 capsules per hour, depending upon the
ease of formulation handling and operator skill. The
formulation requirements are essentially the same as
hand-filling, but the powder has to flow out of the
hopper with the aid of an auger, so the formulation
can’t segregate, and it needs to be relatively free flow-
ing. Lubricants and flow aids may be necessary if dis-
charge from the hopper is problematic. If the material
is known to be sticky, that is, adhere to metal, then for-
mulation changes must be made for the formulation to
run well. Formulation strategies for API sticking to
capsule-filling machine parts are similar to those for
dealing with sticking and picking in tablets.38

27.6.5 Commercial production methods

The indirect method of capsule filling involves form-
ing a plug and then ejecting the plug into the capsule
body. This method of capsule filling is used in the vast
majority of commercial filling operations. There are
two principal methods for making a plug, the dosing
disks and the dosator methods, and these commercially
available capsule-filling machines can make 150,000 or
more capsules per h. To reliability fill at high speeds
requires a very good formulation. It is a misnomer to
say there are no formulation requirements for a capsule
because all you have to do is get the drug into the cap-
sule shell. While this may be true for hand-filling or

FIGURE 27.16 Semiautomated capsule-filling machine (eg, Colton Type 8).

FIGURE 27.17 Capsule rectification.
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slow filling on a semiautomatic capsule-filling
machine, for high-speed production, this is not the
case. In the next sections, we will discuss in general
terms the steps of capsule filling for the dosing-disk
and dosator method of filling followed by a discussion
of capsule formulation. For a history of capsule filling
and a detailed discussion of capsule-filling machines,
see Lightfoot.39

27.6.5.1 Dosing disk

The dosing-disk method of filling uses a disk with
holes and tamping pins to form a plug (Fig. 27.18). This
type of machine is exemplified by the Bosch (formerly
Hofliger Karg) GKF models and the Harro Hofliger
(H&H) KFM models. The dosing-disk setup, shown in
Fig. 27.18, has the powder bed above the dosing disk,
and it uses tamping pins to push the powder into holes
in the dosing disk. A typical dosing disk has from 12 to
100 holes drilled in the dosing disk. To simplify the dis-
cussion and match the discussion to the illustrations, I
will refer to the H&H machine, which has a dosing
disk with 12 holes. This discussion can be easily
extended to other machines such as the Bosch GKF
machine, which has 72 holes, so the same things are
happening, but instead of 12 holes, there are 72 holes in
six groups, and the dosing disk rotates 60� instead of
90� like the H&H machine. The matching tamping pin
assembly has a tamping pin to match each hole. These
are mounted onto a single assembly, with all tamping
pins going up and down simultaneously. Typically, the
tamping pin assembly tamps, that is, goes up and

down, 2�5 times for each hole to form a plug. Then the
disk rotates to the next set of tamping pins and com-
presses the plug three to five times more. With each
tamp, the capsule plug become taller and denser. After
three sets of tamps, the dosing disk rotates to the final
hole, which is open on the bottom so that the capsule
plug is unsupported. The capsule body is below the
final position of the dosing disk, and when tamping pin
comes down, it ejects the plug into the capsule body.
The tamping pins are spring loaded to prevent over-
loading the capsules, which are not designed to take
large forces. Typical tamping forces range from 20 to
200 N (see Fig. 27.19). For a more detailed description
of this process and the monitoring of plug formation,
see Shah and Augsburger.40 To have a consistent fill
weight, it is essential to keep the powder bed at a con-
stant bulk density. Thus, there are typically moving baf-
fles in the powder bed that sweep across the dosing
disk to keep the bed a uniform density. The primary
factors controlling the fill weight are the thickness of
the dosing disk, the thickness of the powder bed, and
the tamping pressure.

27.6.5.2 Dosator

A dosator, shown in Fig. 27.20, is made up of a dos-
ing tube and a piston that slides up and down in the
dosing tube. Typical dosator machines include Zanasi,
MG2, Dott. Bonapace, and Macolar machines. To make
a plug, the dosing tube is inserted into a powder bed,
and the piston compresses the powder to form a plug.
Then the dosing tube is withdrawn from the powder

Capsule filling – dosing disc principle

Bosch GKF

FIGURE 27.18 Schematic of Bosch dosing-disk capsule-filling machine.
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bed and positioned over an open capsule body, and the
piston ejects the plug into the capsule body,
(Fig. 27.21). The first step to forming a plug is to insert
the dosing tube into the powder bed of a set height.
This height is usually greater than the height of the pis-
ton, that is, the powder bed height is greater than the
height of the open length of the tube. By inserting the
dosator into a powder bed, the powder is precom-
pressed in a manner analogous to the precompression
during tablet compression in a die (Fig. 27.20).
Following precompression, the powder is compressed
by the piston to form a plug. Then the dosator is with-
drawn from the powder bed and positioned over the
empty capsule body, and the piston ejects the plug into
the capsule body (Fig. 27.20). For a more detailed
description of the process and the monitoring of plug
formation, see Small and Augsburger.41 Like the
dosing-disk method, to have a consistent capsule fill, it
is essential that the powder bed be kept at a constant
bulk density. Thus, in the powder bed, there are typi-
cally moving baffles that move through the powder

bed to keep the density and the height of the bed con-
stant. This is important because the dosator is always
inserted in the same location of the powder bed. The
primary factor controlling fill weight is the height of
the piston in the dosing tube (ie, the volume of open
space in the dosing tube), and the second-most-
important factor is the height of the powder bed.

27.7 CAPSULE FORMULATION
REQUIREMENTS

As mentioned previously, to reliably produce
capsules on a high-speed filling machine, you need at a
minimum a formulation that (1) flows well, (2) consoli-
dates to form a plug, (3) has sufficient lubricity to be
efficiently ejected into the capsule body, and (4) when
the capsule shell dissolves, the formulation must disin-
tegrate for drug release. Obviously there are other
criteria such as stability, but these are drug specific and
beyond the scope of this chapter. In the following

(a) (b)

FIGURE 27.19 (a) Spring-loaded tamping pin with strain gauge instrumentation and two different dosing disks showing size differences.
(b) Spring-loaded tamping pin with strain gauge instrumentation and two different dosing disks showing size differences.

(a) (b)

FIGURE 27.20 (a) Close up of a dosator and (b) Dosing tube and piston.
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sections, we will discuss these fundamental properties
that every formulation must have and the typical exci-
pients used to create a robust formulation.

27.7.1 Flowability

For both the dosing-disk and the dosator-filling
methods, a uniform powder bed density is essential to
getting a consent capsule fill weight on a high-speed
machine. Because for each capsule the volume of pow-
der is repeatedly removed from the same location in
the powder bed, the powder bed must reform, or the
fill weight will drop and vary. Replenishing the pow-
der bed is accomplished via the intrinsic flow proper-
ties of the powder and with the aid of baffles or
agitators that move in the powder bed to redistribute
the powder to the locations where the powder was
removed. With all this movement of the powder bed,
another formulation requirement is that the formula-
tion does not segregate. The problem of segregation is
formulation specific and beyond the scope of this
chapter, but the interested reader can see Xie et al.42 In
addition, for the dosing-disk machine, fluidity is
important because as the powder flows into the tamp-
ing pin holes at faster speeds, the less time the powder
has to flow into the tamping pin hole, which is why
sometimes with poorly flowing formulations when the
speed goes up, the fill weight decreases.

As discussed by Hardy et al., flow is a critical factor
affecting fill weight uniformity for dosing-disk
machines.43 Thus, when developing a formulation, the

ability to measure flow in the laboratory before doing
full-scale experiments on a high-speed machine will
save a lot of time and resources. Much research has
been done on flow measurements. One problem with
most of the current flow measurements is they do not
measure the fundamental physical properties, so the
flow measurement can’t be directly related to the perfor-
mance in a capsule-filling machine. Another issue is that
different flow methods look at slightly different powder
flow properties. For example, in static versus dynamic
flow and flow at low-bulk versus high-bulk density, the
different methods won’t always have the same rank cor-
relation. Thus, one must look at several flow parameters
to gain a thorough understanding of a formulation’s flu-
idity; see Ramachandruni and Hoag for a more com-
plete discussion of these issues.44 Thus, with these
empirical methods, experience is needed to apply them
to the formulation development.

For capsule filling, some of the most commonly
used methods to measure flow are the angle of repose,
Carr index, Hausner ratio, funnel flow rate, FT4, and a
minimum orifice diameter.45,46 Other methods such as
a shear cell are more fundamental measurements of
powder flow from which flow predictions can be
made, but these methods require specialized and often
expansive equipment.

Two of the most commonly used methods of charac-
terizing flow are the Carr compressibility index and
the Hausner ratio. The Carr index is defined as

CI5
ρt 2 ρb

ρt
3 100 ð27:1Þ

Capsule Filling – Dosator Method

MG2 Futura

FIGURE 27.21 Dosator filling principles.
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where ρt is the tapped bulk density, and ρb is the loose
bulk density. The Hausner ratio is defined as

H5
ρt
ρb

ð27:2Þ

Both of these methods are based upon a change in
density when the powder bed is subjected to force by
tapping. The principle of these methods is that when
the powder is loosely packed cohesive powder will
form many bridges due to the cohesive bonds between
the particle at the point of contact between the parti-
cles, and when the powder bed is tapped, these cohe-
sive bonds are broken. The powder bed collapses to a
smaller volume and hence a higher density, whereas
less cohesive powders won’t undergo as much change
in bulk density, as they do not form the bridging cohe-
sive bonds.48 Thus, small changes in density as a result
of tapping are indicative of a good flowing powder as
they don’t form cohesive bonds or large changes in
bulk density. From empirical experience, typical values
of the Carr index and Hausner ratio for powders are
given in Table 27.1. One reason these methods are so
popular is that they are easy to measure, and because
bulk density is important for the choice of mixer and
the capsule shell size, they are often measured as part
of formulation development. Because these methods
are empirical, the next question is how does this corre-
late to fill weigh and fill weight variation, which has
been the subject of much research.

Nair et al. studied the relationship between the Carr
index, the flow rate index, and the minimum orifice
diameter in relation to machine settings such as tamp-
ing pin height, fill weight, and fill weight variation.49

They found that the flow is critical to the fill weight
and the fill weight variation. In general, they found
that pin height setting and the bed height could be set
to minimize weight variation, and flow measurements
were helpful in making such decisions. In another

study, Osorio and Muzzio found results consistent
with Nair et al., in which several flow parameters are
needed to understand the relationship between weight
variation and content uniformity.50 Heda et al. com-
pared the filling requirements of formulations run on
the Zanasi LZ64 dosator and the Hofliger-Karg (H&K)
GKF 70.51 They found that poor flow measured by the
Carr index was correlated by poor weight uniformity,
and a Carr index in the range from 20 to 30 was ideal
for weight variation.

To improve the flow of capsule formulation, glidants
such as colloidal silica, cornstarch, talc, and magnesium
stearate can be added to the formulation; of all these
materials, colloidal silica is the most commonly used gli-
dant. It should be noted that magnesium stearate has
some effect on powder flow, but its principal effect is as
a lubricant. Glidants typically have very small particle
sizes and work by disrupting the cohesive forces
between the particles.52 There are many theories on how
glidants function, but the mechanism by which they
work is not well understood; see Armstrong for a discus-
sion.53 It is generally believed that to reduce cohesion
between the particles, glidants coat the particles.52 Thus,
there is an optimum level for best flow, which is gener-
ally less than 1% and typically 0.1�0.25%, and empirical
observation by the author has found that if the concen-
tration of colloidal silica exceeds that needed to coat the
powder surfaces, the excess colloidal silica will not
improve flow and can actually reduce flowability, so the
optimal glidant concentration is a critical parameter that
needs to be determined.

27.7.2 Compressibility and compactability
of capsule plugs

With the indirect method of capsule filling, a plug is
formed and then ejected into the capsule body. The typi-
cal capsule plug can be handled but will easily crumble
when squeezed between your fingers. There are many
similarities and important differences between capsule
plug formation and tablet compaction.43,54 Both capsule
plugs and tablets are formed by the compression of a
powder in a confined space. Generally, capsule plugs
are compressed at forces under 200 N, while tablets are
made by compression forces that range from 10 to
15 kN. A typical capsule plug has a much higher poros-
ity, typically greater than 30%, with typical values rang-
ing from 40% to 60%. In contrast, tablets have porosities
less than 20%, and typical values are from 5% to 15%. In
diametric compression, the typical breaking force for a
capsule plug is under 1 N, and for tablets, the range is
from 100 to 300 N. Another difference is the height-to-
diameter ratio. For capsules, this is typically from 3:1 to
4:1 depending upon capsule size, and for tablets it is
typically less than one, with a 0.3:1 ratio being typical.

TABLE 27.1 Empirical Relationship Between the Carr Index
and Hausner Ratio

Observed flowability Carr index Hausner ratio

Excellent 5�10 1.05�1.11
Good 11�15 1.12�1.18
Fair 16�20 1.19�1.25
Passable 21�25 1.27�1.33
Poor 26�31 1.35�1.45
Very poor 32�37 1.47�1.59
Exceedingly poor 38�45 1.16�1.82
Adapted from Carr RL. Evaluating flow properties of solids. Chem Eng 1965;

72:415�9; Wassgren C, Pedersen H. Particle and powder flow characterization; 2010.
http://pharmahub.org/resources/362.47
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Plug integrity is critical to the filling performance
and in particular weight variation, because during the
transfer from the powder bed to the capsule body, any
powder that falls from the plug will result in a capsule
weight variation. For dosing-disk machines, this can
occur just before ejection when the dosing disk is
moved over an open space where the capsule plug is
unsupported to the position the plug over the capsule
body. For dosator machines, this can occur when the
dosing tube is withdrawn from the powder bed and
moved over the capsule body.55,56 In addition, during
plug formation, differences in consolation can also
lead to a plug weight variation and consequently dose
uniformity problems. Thus, the ability of the plug to
be transferred to the capsule body without a loss of
powder is a critical quality attribute that must be con-
trolled if a formulation is to be run successfully on a
high-speed capsule-filling machine. Another key issue
with plug compressibility for high-dose drugs and
botanical products in particular is that you want to
minimize the capsule size; thus, increasing the bulk
density is important to optimizing the fill weight that
can be put in the smallest size capsule possible. Note
this requirement of forming a cohesive plug is at odds
with the requirement of a free-flowing powder, so
when developing a capsule formulation, one must bal-
ance the need for a free-flowing powder with the need
to form a cohesive plug.

One way of assessing the propensity of a capsule
plug to lose mass during transfer to the capsule body is
to measure the mechanical strength of the plug and, in
particular, plug compactability. In this chapter, I will

use the notation commonly adopted by many authors
such as Leuenberger: The term “compressibility” is
defined as the ability of a powder to decrease in vol-
ume under pressure, and the term “compactibility” is
defined as the ability of the powdered material to be
compressed into a tablet of specified strength (ie, radial
tensile strength or deformation hardness).57 One of the
most common ways to measure plug strength is by
measuring the diametric crushing force or strength.
This test is similar to measuring tablet-crushing force
using diametric compression (Fig. 27.22). This method
has been studied for capsule plugs.51,55,56,58 In general,
increasing the compression force increases the plug
hardness and the bulk density. However, there is a
point where more force, in the range of typical capsule
forces, does not increase the plug-crushing force and
can actually adversely affect the weight variation. The
compressibility of a formulation is very dependent on
the ingredients in the formulation and the compactabil-
ity of the API, and each formulation must be optimized
for optimal filling.

27.7.3 Lubricity

As mentioned previously, capsule plugs are typi-
cally made using compression forces less than 200 N,
but forces as 300 N have been reported. While these
forces are much lower than those used to make tablets,
there is still a need for lubricants in a capsule formula-
tion that is to be run on high-speed filling machines.
Like tablets, traditional lubricants have been shown to
significantly reduce the ejection force and improve

110M
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DCL15

FIGURE 27.22 Diametric compress of a capsule plug; see Moolchandani et al.
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capsule filling.41,55,56 In addition, like tablets, there is
an optimal lubricant level. Too little lubricant will cre-
ate problems with ejection, and too much lubricant will
create problems with weight uniformity and dissolu-
tion. The optimal level of lubricant depends upon the
nature of the formulation. As a general rule, for plastic
materials such as microcrystalline cellulose and starch,
concentrations from 0.25% w/w to 0.5% w/w works
best, and for brittle materials such as dibasic calcium
phosphate and intermediate materials such as lactose,
higher concentrations around 1.0% w/w may be
needed.

27.8 CAPSULE FORMULATIONS

27.8.1 Filler binders

The nature or requirements of the capsule formula-
tion is very dependent upon the filling method
(Table 27.2). As discussed previously, for slow-speed
direct-filling methods, the excipients requirements are
minimal, and for PIC filling, there are no excipients in
the capsule. When hand-filling using a jig, one needs a
filler binder to bulk up the API volume such that the
powder fill volume matches the capsule shell volume.
Thus, the only excipient requirements are for a consis-
tent bulk density, compatibility with the API, and no
interference with the drug release. When filling cap-
sules using the semiautomatic or auger principle, one
needs a better flowing formulation that can undergo
uniform mass flow out of a hopper without rat holing
in addition to having the correct bulk density and not
interfering with the drug release. When filling by the

indirect methods, one needs a formulation that can
form a plug, and the plug must be ejected into a cap-
sule shell, be compatible with API, and not inhibit the
drug release. To achieve these objectives, one must
come up with the right combination of excipients that
meets these requirements.

A typical capsule formulation for each of filling
methods discussed in this chapter is shown in
Table 27.2. The first thing to consider when developing
a formulation is the nature of the API. The formulation
must be built around the nature of the API. This discus-
sion applies to a typical API. For very low-dose drugs
of less than a couple of milligrams, special formulation
and blending techniques must be applied to ensure
content uniformity; see Garcia and Prescott.59 Also, if
the drug has other constraints such as low solubility,
special techniques must be applied, which are beyond
the scope of this chapter. If we consider the API to be
one part, then the first thing to be added is the filler
binder; typically the filler binder is added in two to
three parts of the formulation. For example, if the dose
is 50 mg, then the filler binder would typically be
added in an amount of 100�150 mg as a starting point
and then optimized from there.

Commonly used filler binder types include lactose,
starch, dibasic calcium phosphate, and the cellulosics
such as microcrystalline cellulose (MCC). Each of these
excipient types comes in a variety of grades, and as a
general rule for capsule filling, the direct compression
grades are preferred for capsule formulation as they
tend to have the best combination of flowability and
compactability. When selecting the filler binder for a
drug with poor solubility, it is best to choose water-
soluble binders such as lactose. One should avoid high

TABLE 27.2 Typical Excipient Amounts Used in Capsule Formulations

Ingredient

Direct filling methods Indirect filling methods

PIC Hand-filling Auger-filling Dosing disk Dosator

API 1 part 1 part 1 part 1 part 1 part

Filler-binder NA 2�3 parts 2�3 parts 2�3 parts 2�3 parts

Disintegrants

• Traditional
• Super

NA 10%�20% wt;
4%�8% wt

10%�20% wt;
4%�8% wt

10%�20% wt;
4%�8% wt

10%�20% wt;
4%�8% wt

Lubricants 0

• Hydrophobic
• Water soluble

NA NA 0.5%�1.0% wt
2%�4% wt

0.5%�1.0% wt
2%�4% wt

0.5%�1.0% wt
2%�4% wt

Flow aids

• Silicas
• Starches

NA NA 0.25%�0.5% wt
2%�4% wt

0.25%�0.5% wt
2%�4% wt

0.25%�0.5% wt
2%�4% wt

Surfactants NA 0.5%�2% wt 0.5%�2% wt 0.5%�2% wt 0.5%�2% wt
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concentrations of excipients that are known to gel;
for example, HPMC would not be a good filler binder
for low-dose drugs with poor solubility. Also, in high
concentrations (ie, for low-dose drugs), MCC can form
a gellike structure that can inhibit release. Thus, for a
low-dose formulation, is it good to add some lactose
or starch in with the MCC.

Minimizing API segregation when selecting a filler
binder is a critical factor for content uniformity. As a
general rule, the most important thing affecting the seg-
regation tendency of a formulation is particle size dif-
ferences between the filler binder and the API; that is,
big differences in particle size should be avoided. In
the author’s personal experience with free-flowing non-
cohesive powders, ideally, I like to keep the API filler
binder-to-particle size ratio somewhere between 1:3 or
3:1, with a target of 1:1. Of note, this range is the ideal
range; however, in the real world, this might not be
practical. Formulations with particle size ratios outside
of this range may work perfectly well, but a formulator
should verify the segregation tendency of the forma-
tion.42 This also applies to free-flowing noncohesive
powder systems. For cohesive powder systems, such as
a micronized powder of less than 20 μm, the problem is
typically not segregation but deaggregation of the
micronized powder during mixing.59

The issue of ingredient compatibility with each
other and the capsule shell is complex and very API
dependent, so it won’t be covered further.60 However,
the Maillard reaction between reducing sugars such as
lactose glucose, galactose, maltose, and maltodextrines
and drugs with primary and secondary amino groups
such as peptides and proteins is a common reaction
and should be considered when developing a formula-
tion. From a practical point of view, when the reaction
occurs, yellow and brown spots are formed, and as the
reaction proceeds, the reactants turn black; the reaction
is promoted by high temperatures and alkaline pHs.14

Also, the Maillard reaction requires some free water,
and only a small amount may be required for the reac-
tion to occur. Thus, the hygroscopicity of the overall
formulation and the type of lactose used must be con-
sidered to maintain good stability. From a moisture
point of view, lactose is either in an anhydrous or a
monohydrate form. The differences between them are
that the monohydrate forms have a low propensity for
water, while the anhydrous forms readily absorb
water. In addition, the water in the monohydrate form
is crystalline water and thus does not significantly
react.61,62 In summary, the capsules can be filled with
lactose and have good stability for long-term storage
as long as sufficient care is taken to ensure that the
free water content is kept low. This requires a tight
container closure system and a formulation that does
not promote water absorption.63

27.8.2 Disintegrants

Disintegrants are added to a formulation to promote
the drug release. They do this by increased water wick-
ing into the plug, and they promote deaggregation of
the plug particles. For IR tablets disintegrants are essen-
tial, but for capsules, they are less important because the
plug is less of a barrier to the drug release than a com-
pressed tablet. (See the discussion in Section 27.7.2 about
the differences between a capsule plug and a tablet.)
Adding a disintegrant to a capsule formulation does
facilitate the drug release, which makes the formulation
more rugged to the inevitable variation in excipient
properties and processing conditions that occur during
production over the manufacturing life of a product.

There are two classes of disintegrants: traditional
disintegrants, such as starch, and super disintegrants,
which include croscarmellose sodium, crospovidone,
and sodium starch glycolate. Currently, these three sup-
per disintegrants are the most popular disintegrants. In
capsule formulations, super disintegrants are typically
used at levels from 4% to 8% (Table 27.2), which is about
twice that used in a typical tablet formulation.64,65 The
reason for this is that when a disintegrate breaks apart
the plug, it does so by swelling, and this expansion of
the disintegrant particles pushes the adjacent particles
apart, but because plugs have a much higher porosity
and the particles are not packed as close together, a
given amount of expansion does not push the particle
apart as much as in a tablet where the particles are
much closer together. Sodium starch glycolate is known
to swell more than other super disintegrants, which
makes it a popular choice for capsule formulations.

27.8.3 Lubricants and flow aids

The requirements for formulation lubricity and
flowability have been discussed, and in this section,
the lubricants and flow aids for capsule formulation
will be discussed. In common usage, the terms lubri-
cant and flow aid are sometimes used synonymously,
but for this discussion, we will use the term lubricant
or true lubricant to describe an excipient that reduces
the friction between the capsule plug and the metal
surface of the dosing tube or the dosing disk. A glidant
is something that improves the flowability of the pow-
der. In addition, sometimes lubricants are added to
reduce powder adhesion to metal surfaces. For some
drugs, such as amlodipine, adherence to metal surfaces
can be a significant problem; if the powder builds up,
it can adversely affect content uniformity.

Lubricants can be broken into hydrophobic and
water soluble. Of the hydrophobic lubricants, the
most popular and efficient lubricant is magnesium
stearate. In this context, efficiency refers to the ability
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of a lubricant to reduce powder metal friction.
Hydrophobic lubricants include the metallic stearates
such as calcium stearate and stearic acid. Magnesium
stearate typically uses about 0.5% wt, while the metal-
lic stearates are included at between 0.5% and 1.0% wt,
and stearic acid in the range of 1�5% wt is commonly
used. For some capsule formulations, it is important
that all the ingredients be soluble; for example, cap-
sules used in a diagnostic kit need to be completely
soluble. For these formulations, lubricants such as
polyethylene glycol (PEG) can be used. These lubri-
cants are not as efficient as magnesium stearate and
must be used at a higher concentration; in the range of
5�15% wt is typical. To improve flow, the most com-
mon glidant is colloidal silica, but also starch and talc
can be used to improve flow in a capsule formulation;
the typical amounts used are given in Table 27.2.

27.8.4 Surfactants

For some drugs with low bioavailability, surfactants
can be added to increase the wetting of powder mass.
By improving API wetting, this can increase the rate of
water uptake, which can improve the dissolution and
the bioavailability of the formulation. Two commonly
used surfactants are sodium docusate (SDS) and
sodium lauryl sulfate (SLS). Typical use levels for SDS
are in the range of 0.1�0.5% wt, and for SLS, they are
in the range of 1�2% wt (Table 27.2).
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Design, Development, and Scale-Up of the
High-Shear Wet Granulation Process

S. Badawy and P. Pandey
Bristol-Myers Squibb, New Brunswick, NJ, United States

28.1 INTRODUCTION

The high-shear wet granulation process is one of
the more traditional and commonly used granulation
processes in design and development of a solid
oral drug product. It is used to achieve the desired
bulk density, flow, and compaction properties of the
formulation.1 It also helps minimize segregation and
offers better content uniformity.2 In certain instances it
can also be used to improve the bioavailability of a
formulation by providing intimate contact between
a poorly water-soluble drug and a surfactant, and
was shown to mitigate food effect.3,4 Another known
benefit of the wet granulation process is the robustness
of the process to handle changes in active pharmaceuti-
cal ingredient (API) powder properties. This can be
important during the early stages of drug product
development where the API manufacturing process
undergoes optimization and scale-up, thus producing
materials with some variations in powder properties.
Other manufacturing processes, such as direct com-
pression and dry granulation, usually experience a
more significant impact of any changes to API powder
properties.5,6 Direct compression has the advantage of
short manufacturing time, but requires formulation
with adequate density, flow, and compaction proper-
ties. These criteria are not commonly met for high drug
loading formulations. On the other hand, low drug
loading formulations may present a high risk of blend
segregation and poor content uniformity when using
a direct compression process. There are also some
significant challenges with dry granulation (using roller
compaction), such as flow into the roller compactor
(especially at high drug loading), sticking to the rolls,

and loss of compaction after passing through the
rolls,7,8 all of which are not present for the high-shear
wet granulation process. Wet granulation is the
preferred manufacturing method for formulations with
high drug loading. However, the use of water and/or
high degree of shear during wet granulation offer a dif-
ferent set of challenges for APIs that are sensitive
to water and shear and can undergo transformation
(eg, form conversion) that may lead to a worse drug
product stability profile.9�14 The wet granulation
process also requires an additional unit operation of
drying. There are other variants of wet granulation pro-
cess that may be used as alternatives to the high-shear
process, such as low-shear, fluid bed, and twin-screw
granulation based on the specific formulation and pro-
cess challenges of the drug product. For APIs sensitive
to shear, a low-shear process may be preferrable.15

Fluid bed granulation has the advantage of providing
short exposure of the granulation to the water com-
pared with high-shear granulation. It imparts less shear
and densification of the granulation and results in
more porous granules that can have a higher dissolu-
tion rate and better compaction properties. A choice
between these manufacturing processes can be made
by manufacturing process risk assessments based
on prior drug product formulation knowledge, such as
sensitivity to moisture, shear, and/or temperature.

A typical high-shear wet granulation formulation
consists of API, filler (eg, microcrystalline cellulose
and/or lactose), disintegrant (eg, superdisintegrants
such as croscarmellose sodium), binder (eg, polyvinyl-
pyrrolidone (PVP), hydroxypropyl cellulose (HPC)),
and lubricant (eg, magnesium stearate). In some
cases it may also contain a surfactant (eg, sodium
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lauryl sulphate) and a flow aid (eg, silicon dioxide).
The components that are added in the granulation
bowl and undergo granulation are called intragranular
components and are incorporated into the granules.
The use of a polymeric binder in this step helps
to form solid bridges between the particles when the
granules are dried up, which dictates mechanical prop-
erties of the formed granules in conjunction with
process parameters. The extragranular components
of a typical formulation can include the use of filler
(for providing compaction enhancement), disintegrant
(to help disintegrate the overall tablet), and lubricant
(aids in compaction process). Extragranular components
are generally kept low in concentration (unless needed
for a specific purpose) to reduce the possibility of
blend segregation during blend transfer and compaction
process.

A high-shear wet granulation process involves
a granulation bowl equipped with an impeller blade
that provides agitation and imparts high-shear to the
powder during granulation. The bowl contains a chop-
per that helps to break-up large agglomerates formed
during granulation. The binder is usually added
(sprayed through a nozzle or pumped through a tube)
as part of a binder solution from the top of the bowl.
The binder may also be added in a dry manner, in
which it is included as part of the powder formulation
and water alone is used as a granulating liquid. This
mode of dry binder addition is gaining popularity
because it removes the additional processing steps
of ensuring binder solution mixing, dispersion, and
appropriate storage.16,17 However, it can be argued
that dry binder addition does not allow enough time
for the binder to be fully hydrated, and thereby
renders it less effective.

A schematic of a high-shear wet granulator is
shown in Fig. 28.1.18 The overall process can be subdi-
vided into various steps. The first step (“preblending”
or dry mixing) involves charging the intragranular
portion of the formulation into the granulator bowl

and mixing all the components to ensure a uniform
mixture. The second step is when the granulating
liquid is added at a certain rate to the moving powder
bed, and is called the “water-addition” step. In this
stage the binder gets distributed on the powder
surfaces as the powder is moved by the impeller,
promoting particle-particle collisions and thereby
causing particle agglomeration. In the third and final
step of granulation, the wet mass of granules is mixed
in the granulator for some additional time, and is
termed the “wet-massing” step. This step ensures
further uniform distribution of water and is mainly
dominated by granule consolidation and breakage.

At the end of granulation, the wet granules typi-
cally require a wet milling step through a relatively
coarse mesh to break up oversized agglomerates that
may have resulted from local overwetting. Routinely
at the end of granulation, a normal distribution of
granule size is not obtained and there is a portion
of large-size agglomerates that require some form of
milling. At a small-scale (,200 g), this can be done by
passing the wet granules through a coarse mesh
(eg, US mesh size 8). For pilot and larger scale
batches, a mill may be used to eliminate the coarser
granules and obtain a more uniform granule size
distribution. The coarser wet granules (if not elimi-
nated) carry an additional risk during the drying step,
especially when drying in a fluidized bed, where the
larger granules will fluidize differently than the rest
of the granules and may not dry as efficiently. Large
granules have a higher risk of “case hardening,”
where granules dry mostly on the outside surface
while retaining a wet core.

After the wet milling, the following step is to dry
these granules, which is done either using a tray oven
or a fluidized bed. The choice between the drying
equipment is often based primarily on the batch
size, but other factors such as the physical/chemical
characteristics of materials, production capacity,
drying characteristics, and initial and final desired
moisture content all play a role in the selection. Tray
oven is often used for early-stage development work
(eg, formulation screening studies) where batch sizes
are small (,500 g). During tray drying, the granules
should be spread over a larger area using multiple
trays so as not to form a deep granule bed, or else
caking of powder might be observed during drying.
This can then have an impact on the granule particle
size distribution (and sometimes granule porosity),
especially if a high amount of binder is present in the
formulation.

Fluidized bed drying is the method of choice for
pilot-scale and commercial scale batches. Fluidized
bed drying is a more efficient and quicker process
than the tray drying method and produces more
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nozzle 
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FIGURE 28.1 Schematic of a high-shear wet granulation process.
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porous granules, but relies on the ability of the powder
to be fluidized appropriately. Too high of an airflow at
the start of the process may result in a wet mass of
granules being carried all the way up the fluidized
bed, sticking to the filter bags, and this wet mass may
not be dried completely and remain stuck to the filter
bags. On the other extreme, too low of airflow will
result in a “bubbling” fluidized bed that does not pro-
vide efficient drying. The risks of case hardening and
powder consolidations exist if the process conditions
are not chosen appropriately (eg, high temperatures
and low airflow/fluidization). Fluidized bed drying
method is likely to result in more fines than the tray
drying method due to higher granule attrition in the
fluid bed. A comparison of granule size distribution
before and after the fluidized bed drying process
can give an indication of the granule strength and
contributes to deciding the amount of binder to be
used in the formulation. Granules coming out of
the dryer are passed through a screen (typically using
a conical mill) that helps to break-up any large
granules and result in a more uniform granule size
distribution, thus reducing segregation potential. The
dry milled granules are blended with the extragranular
excipients and lubricant in the final blending step(s)
to form the “final blend,” which is then compressed
into tablets.

28.2 RATE PROCESSES IN WET
GRANULATION

The high-shear wet granulation is a complex
process with several and simultaneous rate processes,
such as nucleation, coalescence, consolidation, and
attrition, governing the overall granulation outcome.
The net effect of all the rate processes depends
on the processing conditions and also on the formu-
lation components (material properties). For example,
higher impeller speed may promote higher aggrega-
tion, but may also promote higher attrition, depend-
ing on the other process and formulation factors.
This section provides a fundamental description
of the different factors governing each of the rate
processes.

28.2.1 Liquid distribution and nucleation

As liquid is added to the granulator, it wets the
powder particle and creates liquid bridges between
them, resulting in the formation of initial granules
or nuclei. Wetting of the powder particle by the
liquid is essential for successful nucleation and is

governed by the spreading coefficient of the liquid
on the solid, λLS:

λLS 5WA 2WCL ð28:1Þ
where WA is the work of solid-liquid adhesion and
WCL is the work of cohesion of the liquid.19,20 A posi-
tive spreading coefficient indicates that spreading of
the liquid on the solid surface is thermodynamically
favorable and conducive to nucleation.

In addition to the thermodynamics of wetting, size
distribution of the formed nuclei is also dependent
on kinetics of nucleation.21 Kinetics of nucleation is
a function of liquid addition and powder mixing
parameters. In pharmaceutical wet granulation, liquid
is traditionally added as bulk by pouring into the
granulator bowl, metered though tubing using a
pump, or atomized with a nozzle. Granule size distri-
bution is dependent on droplet size of the liquid in
cases where liquid is added by atomization into small
droplets with an addition rate that is low relative to
the speed of powder surface and droplet penetration
time into the powder bed. If this is the case, powder
flux in the spray zone is fast and droplet penetration
into the bed is rapid compared with liquid addition
rate and thus, liquid droplets do not overlap on
the surface of the powder bed. Nuclei size distribu-
tion is determined by droplet size distribution of the
granulating liquid.

Dimensionless spray flux22�27 is a measure of the
density of droplets falling on the powder bed surface,
and is defined by Eq. (28.2):

Ψa 5
_a
_A
5

3 _V

2 _Add
ð28:2Þ

where Ψa is the dimensionless spray flux, _A is the
powder flux or spray area in the nucleation zone per
unit time, _V is the volumetric spray flow rate, dd is the
average droplet size, and _a is the total projected area
of drops per unit time. A very low value of Ψa ({1)
indicates low droplet density, which do not coalesce
with one another before hitting the powder surface.

Droplet penetration time into a powder bed, tp,
is given by:

tp 5 1:35
V

2=3
d

ε2
μ

Reffγlvcosθ
ð28:3Þ

which shows that droplet penetration time is increased
(slower penetration) at higher liquid viscosity, μ, and
decreased at higher bed porosity, ε, and bed pore
radius, Reff.

28,29 Vd is drop volume, γlv is liquid surface
tension, and θ is liquid-solid contact angle.

Hapgood et al.25 proposed a nucleation regime map
in terms of spray flux and drop penetration
time (made dimensionless by normalizing to particle
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circulation time). In regions with low spray flux
(,0.1) and fast drop penetration, each individual
droplet forms a separate nucleus granule, and the
nucleation process is described as being in the “drop-
let-controlled” regime. In this case, the initial nuclei
size will be directly related to the droplet size, and
therefore can be controlled by atomization parameters.
On the other hand, a very high value of Ψa (. 1) will
result in the spray area being covered by droplets that
have coalesced and the individual initial droplet size
information bears little meaning. In that case, the
water distribution is governed by the mechanics of the
granulator (eg, impeller speed and design, chopper
speed and design) and is called the “mechanical
dispersion” regime. Local overwetting may occur
when operating in the mechanical dispersion regime if
shear forces are not sufficient for effective liquid dis-
tribution. This was shown to result in initial bimodal
distribution of the granulation, which slowly changes
to unimodal distribution by continued mixing in the
granulator.30 Nucleation is always in the mechanical
dispersion regime when liquid is added as bulk by
pouring into the granulator.

28.2.2 Consolidation

Porosity of granules decreases by mixing in the
high-shear granulator as granules collide with each
other, with the granulator wall, and with the impeller.
Forces imparted on the granules as the result of such
collisions cause primary particles within the granules
to move closer to each other, resulting in reduced
granule porosity. As porosity is decreased, granule
strength increases, which makes it more resistant to
breakage. Interparticle frictional forces are typically the
main barrier to consolidation of pharmaceutical gran-
ules, particularly for cohesive materials with small and
wide particle size distribution.31,32 Granulating liquid
acts as a lubricant which reduces interparticle friction
and thus facilitates granule consolidation.33

28.2.3 Coalescence and growth

As granules collide in the granulator they can either
stick together (coalesce), resulting in growth, or they
may bounce back with no increase in granule size.
Layering is the term used for a special type of coales-
cence when fine particles or granules coalesce with
larger ones. Probability of successful coalescence is
inversely related to particle size and as granule size in
the granulator increases, rate of coalescence decreases
and granule growth tends to slow down. Coalescence is
a dynamic process that begins as soon as nuclei are
formed during the initial phase of liquid addition and

continues until a maximum granule size is achieved

(acoalcr Þ. The probability of successful coalescence between
granules depends on mechanical properties of the
granules and on the presence of granulating liquid
on the granule surface. Probability of coalescence is
enhanced by the increase in plastic deforming ability
of granules because granule deformation increases
the surface area of granule contact available for
bonding between granules. Granule deformation also
squeezes liquid to the granule surface, which forms
liquid bridges between colliding granules and aids in
coalescence.34

Granules liquid saturation, which is defined as the
portion of pores within a granule that are filled with
liquid, was shown to be a key factor in controlling
granule coalescence.34 Granule liquid saturation takes
into account both the volume of available pores as well
as the liquid volume as follows:

S5
wρsð12εÞ

ρlε
ð28:4Þ

Where S is granule liquid saturation, w is the mass
ratio of liquid-to-solid, ρs is solid density of primary
particles, ρl is liquid density, and ε is granule porosity.
As liquid saturation increases, granules become more
plastic and the thickness of liquid layer on granule sur-
face increases. Granule growth was found to increase
at higher liquid saturation because coalescence is
enhanced by both of these factors.34�36 Liquid satura-
tion increases as granules consolidate and porosity
decreases, and thus, consolidation was found to enhance
granule growth in many cases.

Iveson and Litster37 proposed a granule growth
regime map in which granule growth behavior is
dependent on granule deformation behavior (defined
by a granule deformation number) and granule pore
saturation. They described two regions of granule
growth behavior, steady growth and induction growth,
depending on granule deformability and pore satura-
tion. Steady growth occurs in deformable granules and
is characterized by linear increase in granule size as
function of time. Induction growth is exhibited by
strong granules with little deformation upon impact
resulting in an initial phase of minimal growth. Once
sufficient consolidation occurs, liquid saturation is
increased which is followed by a phase of rapid
growth.38 In addition to steady growth and induction
growth regions, the regime map also included a
nucleation-only region at low liquid saturations, where
nuclei can form but coalescence does not take place due
to the low liquid saturation. To the contrary, at very
high liquid saturations, rapid growth and eventually
slurry formation can occur. For very weak materials, a
crumb region is described where permanent granules
cannot form.
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Different models have been reported for granule
coalescence, which can be broadly classified into two
classes.21 In Class I models,39,40 coalescence takes
place if the kinetic energy of colliding granules is
fully dissipated during collision. As a result, granules
do not bounce back and it is assumed that the formed
bond between the granules is sufficiently strong to
result in permanent coalescence. Class II models31,41

assume that granules are sufficiently plastic to dissi-
pate the kinetic energy and establish contact between
the granules for a finite amount of time. However,
depending on the strength of the formed bond,
granules may permanently stick together or separate
due to shear forces in the granulator. The model of
Liu et al.39 is a prominent example of Class I models.
They proposed two types of coalescence for deform-
able surface wet granules. In type I coalescence,
kinetic energy of colliding granules is dissipated
by the viscous forces in the liquid layer on granule
surface before their surfaces come in contact with
each other. This results in the formation of a larger
granule consisting of the two colliding granules
held together by a liquid bridge. Type I coalescence
can also occur for nondeformable granules because it
does not involve granule deformation. In type II coa-
lescence, kinetic energy is not completely dissipated
by the viscous forces in the liquid layer. Further
dissipation of the kinetic energy occurs via plastic
deformation as granule surfaces come in contact,
resulting in complete loss of the kinetic energy.
For nonsurface wet deformable granules, only type II
coalescence is possible.

28.2.4 Attrition and breakage

High-shear mixers typically have a wide distribution
of particle velocities and shear forces. A granule
formed by coalescence in one region of the granulator
can break up as it goes through another region with a
higher shear intensity. Granule breakage was shown by
tracer studies using colored tracer granules.42,43 Tardos

et al.44 defined a limiting granule size (abreakcr Þ above
which a granule will break, which is inversely related
to shear rate. This is analogous to the limiting granule

size for successful coalescence, acoalcr ; which was
mentioned previously. Granules would grow up to the

acoalcr , but would tend to break if acoalcr exceeds abreakcr .
Large granules formed by local overwetting in the
liquid addition zone will also tend to break up if

they are larger than abreakcr . As mixing continues in the
granulator, a steady state with a stable granule size
distribution may be reached that depends on the

relative magnitude of abreakcr and acoalcr and distribution of
shear forces in the granulator.

It should be obvious from the previously stated
overview that high-shear wet granulation is a complex
unit operation that involves multiple simultaneous rate
processes. In order to design a robust drug product
and achieve the desired target product profile (TPP),
it is important to have a good understanding of the
critical material attributes (CMAs) and critical process
parameters (CPPs) of the process and how these CMAs
and CPPs are related to the drug product critical
quality attributes (CQAs). A summary of potential
CMAs, CPPs, and potential critical granule properties
impacted by them is shown in Table 28.1, and are
discussed in detail in the subsequent sections.

28.3 MATERIAL PROPERTIES IN WET
GRANULATION

There are various physical attributes of the excipi-
ents and API that govern the granulation process
and thereby the final characteristics of the resultant
drug product. While it may be thought that physical
properties of the API are more important than the

TABLE 28.1 A Summary of Potential CMAs, CPPs and
Potential Critical Granule Properties as they Relate to High-Shear
Wet Granulation

Potential CMAs

(Input material

properties)

Potential

CPPs (Process

parameters)

Potential critical

granule properties

Particle size
distribution

Impeller speed Particle size
distribution

Surface area Wet massing time Pore volume
distribution

Particle shape and
morphology

Water addition time Granule
morphology

Solubility Spray rate Granule mechanical
properties and
strength

Binder viscosity Nozzle properties Bulk, tap density

Surface tension of
granulating liquid

Water amount
(water to solids ratio)

Flowability

Bulk density Bowl fill Compaction
properties

Water uptake
capacity

Granulator geometry Content uniformity

Contact angle
(wettability)

Impeller design/
configuration

Particle surface
properties

Source: From Pandey P, Badawy SI. A quality by design approach to scale-up of
high-shear wet granulation process. Drug Dev Ind Pharm 2016;42(2):175-189
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“inactive excipients,” the latter play an equally
important role in the granulation process. Examples
of physical properties of input materials (excipients
and drug substance) that have been shown to have
an effect on granulation process include particle
size and shape, surface area, solubility, and contact
angle with the binder solution. The granulation phe-
nomenon is also affected by the properties of the
granules that are formed during the process, such as
the granule strength and granule porosity. A discus-
sion on some of the main attributes is provided in
this section.

28.3.1 Powder properties

28.3.1.1 Particle size

Strength of wet agglomerates is directly impacted
by particle size distribution of the starting materials.
According to the model proposed by Rumpf,45 the
static strength of moist agglomerates of a single
component is expressed as:

σT 5 SC
12εð Þ
ε

� �
λvcosθ
dp

� �
ð28:5Þ

where σT is the tensile strength of a moist agglomerate, S
is liquid saturation of the agglomerate, ε is agglomerate
porosity, λv is liquid surface tension, θ is liquid-solid
contact angle, dp is diameter of primary particles (assum-
ing monosized spheres), and C is a material constant.
While the Rumpf equation was derived for a single
component with monosized particles, it can be possibly
useful for a mixture of components with a particle
size distribution using relevant approximation of mean
particle size and liquid-solid contact angle.

Small particle size of the starting material also
results in moist agglomerates that are more resistant to
densification and produce more porous granules
under similar process conditions.33 Moist compacts
prepared with smaller particle size lactose were more
resistant to densification in a uniaxial compaction test
than the larger particle size fraction, which was also in
agreement with the higher porosity of the granules
prepared in the high-shear granulator using the mate-
rial with smaller particle size.46 Kristensen et al. also
reported a similar observation for dicalcium phos-
phate.31 They proposed a model relating agglomerate
tensile strength to intrinsic interaction parameter of
particles within the agglomerate and showed that this
interaction parameter increased with the decrease in
particle size and increase in the width of particle size
distribution.32 Granule porosity for the development
compound DPC 963 was also found to be higher when
using smaller drug substance particle size under the
same process conditions47 (Fig. 28.2).

The increase in granule strength at the smaller parti-
cle size is attributed to the increased volume density of
interparticle contacts, which consequently increases
frictional forces that contribute to the strength of wet
granules.21 The higher strength of moist agglomerates
at the liquid distribution stage is conducive to more
robust nucleation and reduced attrition. Increasing
material particle size decreases strength of formed
granules and moves the systems up the growth
regime map described in Section 28.2.3 from induction
to steady growth and eventually to the crumb region.
A minimum particle size is hence required for a given
solid/liquid system above which stable granules can-
not form.21 At the coalescence phase, granule growth
is enhanced by higher plasticity and lower yield stress
of the granules.39 Therefore, at the same porosity and
liquid saturation, granules formed from larger particle
size material are expected to have lower yield stress
and more rapid coalescence. However, the effect of
particle size on coalescence is confounded by its effect
on consolidation tendency and, thus, liquid saturation.
Granules with larger starting material particle size are
more easily densified and possess lower porosity
and higher liquid saturation at the same solid-to-
liquid ratio. The lower porosity increases yield stress
while the higher liquid saturation tends to increase
plasticity and reduces yield stress.46 The effect of start-
ing material particle size on yield stress and granule
coalescence will thus depend on the system-dependent
balance of these opposing mechanisms. For many
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FIGURE 28.2 Porosity of DPC 963 granulation fraction manufac-
tured using small (’) and large (▲) drug substance particle size.
Source: From Badawy SI, Lee TJ, Menning MM. Effect of drug substance
particle size on the characteristics of granulation manufactured in a high-
shear mixer. AAPS PharmSciTech 2000;1(4):E33.
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pharmaceutical systems, increased porosity outweighs
the impact of lower liquid saturation46 and therefore
smaller starting material particle size was found
to enhance granule growth in many cases.29,46,47 In
their study of 25 pharmaceutical compounds and
excipients, Vemavarapu et al. found a statistically
significant enhancement in granule growth resulting
from the decrease in starting material particle size.29

However, an opposite effect of particle size on granule
growth was reported for dicalcium phosphate, where
larger particle size showed faster growth.31 Dicalcium
phosphate demonstrated induction growth with brittle
granule behavior and minimal coalescence until very
high liquid saturations. The impact of increased liquid
saturation for the low-porosity granules with larger
stating material particle size appeared to be predomi-
nant in this case. For cohesive materials like dicalcium
phosphate, the effects of increased liquid saturation
and diminished interparticle friction are significant;
resulting in lower yield strength and rapid coalescence
for the denser agglomerates prepared using the larger
particle size material.

28.3.1.2 Surface area

Surface area determined by a gas adsorption
method represents the sum of external and internal
(within particle) surface area. Surface area is inversely
related to particle size for materials with minimal
internal porosity or surface irregularities and therefore
increased surface area resulting from the decrease in
particle size of these materials is expected to have
the same effects as described above for particle size.
However, the effect of a material’s internal surface
area on the wet granulation process is mediated
through a different mechanism and should therefore
be considered independently from particle size. As a
result, Vemavarapu et al.29 did not find a correlation
between the effect of inverse particle size and surface
area on granule growth. Granule growth was found to
decrease as both surface area and particle size
increased. Inclusion of both terms in the regression
model was necessary to optimize model fit. It appears,
therefore, that the two factors affect granule growth
through independent mechanisms. The contribution
of internal porosity to surface area was more signifi-
cant than the impact of particle size on surface
area. Surface area was primarily construed as the
internal area (intraparticle porosity) with additional
contribution of surface irregularities. The penetration
of water into the pores of the primary particles during
granulation makes less of it available at the particle
surface which decreases liquid film thickness and
granule pore saturation, thus reducing the chances
of coalescence and growth.

28.3.1.3 Contact angle

Wetting of the powder particles by the granulating
liquid (low solid-liquid contact angle) is necessary
for robust nucleation. High contact angle results
in slow nucleation and low strength of wet granules.
Slow nucleation is the result of decreased spreading
coefficient and the less thermodynamically favorable
wetting at the higher contact angle. In addition, the
static strength of the wet granule is also lowered
at high contact angles, as predicted by the Rumpf
equation (Eq. (28.5)). Once formed, the wet granule
should withstand the high-shear and impact forces
generated in the mixer. Such lack of strength due to
poor wetting results in breakage of wet granules,
thus reducing granule growth. For example, granula-
tion of sulfur with different polymer solutions was
not successful due to the poor wetting of the sulfur
particles by the granulating liquid.35 The increase
in solid-liquid contact angle by the addition of the
hydrophobic salicylic acid to lactose resulted in
the reduction of the resulting granule particle size.21

Vemavarapu et al.29 reported low growth ratio
(defined as ratio of granulated blend particle size to
particle size of starting material) at the same granula-
tion conditions for materials with a high contact
angle with water. Jaiyeoba and Spring also reported
a similar negative influence of high contact angle and
poor wettability on granule growth.21,48

Poor wettability and high contact angle also results
in decreased tendency for densification. Poor wetting
by the granulating liquid reduces its effectiveness
in lubricating and reducing fractional forces at inter-
particle contact points, which resists movements of
particles.37 Consequently, poor wetting of the particles
by the granulating liquid results in porous, weaker
granules.

28.3.1.4 Solubility

During wet granulation, dissolution of soluble com-
ponents in the granulating liquid takes place as liquid
is added and mixed with the solids in the granulator.
If the formulation contains a large fraction of a highly
soluble active or excipient, a significant portion of the
formulation can dissolve during wet granulation,
resulting in the decrease in the solid-to-liquid ratio
and an increase in granulating liquid viscosity. The
decrease in solid-to-liquid ratio shifts the system to the
rapid growth and overwet mass regions of the growth
regime map. The increased viscosity can also affect
granule growth as described next. Consequently,
formulations with highly soluble component(s) require
a lower amount of granulating liquid to achieve
desired growth and to avoid “overgranulation” and
uncontrolled granule growth. Granule growth was
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reported to be uncontrolled in highly soluble composi-
tions, as reflected in the large oversize fraction of the
resulting dried granules (defined as weight fraction
of granules .1.4 mm).29 In the same study, highly
soluble compositions also demonstrated wider size dis-
tribution for the dried granules, which was attributed
to the higher tendency for uncontrolled growth. The
increased viscosity of the granulating liquid upon
dissolution of the highly soluble material, which
hinders liquid distribution, was also suggested as a
contributing mechanism to the formation of the wide
granule size distribution.

28.3.2 Granulating liquid properties

28.3.2.1 Viscosity

Granulating liquid viscosity impacts all rate pro-
cesses in wet granulation: nucleation, consolidation,
coalescence and breakage.11 Since its effect on the
different rate processes can be in opposite directions,
the impact of viscosity on final product attributes is
system dependent. Oftentimes, the binder (eg, PVP
or HPC) is dissolved in the granulating liquid, which
increases its viscosity depending on binder type,
concentration, and molecular weight. High viscosity
impedes liquid dispersion for systems in the mechani-
cal dispersion nucleation regime, resulting in localized
overwetting. Longer times and higher impeller energy
are required for uniform dispersion of the viscous
granulating liquid and, subsequently, achieving uni-
form growth takes a longer time. Short or low-energy
granulation processes with viscous granulating liquid
often result in oversize granules and wide granule
size distribution. Granulation of calcium carbonate
with PEG 4000 aqueous solutions resulted in a wide
bimodal granule size distribution attributed to the
poor dispersion of the highly viscous binder.49 For
systems operating in the droplet-controlled nucleation
regime, the increase in binder viscosity may lead
to larger droplet size and increased droplet penetra-
tion time, which can eventually shift the system to
the mechanical dispersion regime. Dry mixing of the
binder with other formulation ingredients and granu-
lating with water is a frequently used strategy to
reduce viscosity and improve granulating liquid
dispersion. However, rapid hydration of the binder as
water is added to the formulation may still impede
rapid dispersion of the granulating liquid.

High viscosity increases strength of the liquid
bridges between primary particles within the granule
according to Eq. (28.6)11:

Fv 5
3πμr2p
2h

dh

dt
ð28:6Þ

where Fv is the dynamic strength of the liquid bridge,
μ is liquid viscosity, rp is the primary particle radius,
h is the distance between the two primary particles
held by the liquid bridge, and t is time. The increased
strength of liquid bridges resists particle movement
within the granule, thus decreasing consolidation and
resulting in more porous granules.40 In addition, high-
er viscosity hinders liquid movement through the
intragranular space, which makes liquid squeezing
during consolidation more difficult.33 Accordingly,
the strength of dried calcium carbonate granules was
reduced by the increase in polyethylene glycol 4000
concentration and viscosity of the granulating liquid.
The higher viscosity of the more concentrated PEG
4000 solutions decreased granule consolidation pro-
pensity resulting in more porous and weaker final
granules.49 Similarly, Iveson et al. showed that the
rate of granule consolidation increases as liquid
viscosity decreases.33

Granulating liquid viscosity has a pronounced effect
on the different coalescence mechanisms described
in Section 28.2.3 (type I and type II with surface wet or
surface dry granules). Higher binder viscosity on gran-
ule surface dissipates kinetic energy of colliding gran-
ules and increases probability of successful type I
coalescence for surface wet granules.40 Viscous Stokes
number (Stv), which describes the balance between
kinetic energy of colliding granules and dissipating vis-
cous forces in the liquid bridge, decreases with the
increase in liquid viscosity as follows:

Stv 5
8ρgru

9μ
ð28:7Þ

where ρg is granule density, r is the mean granule
radius, u is relative velocity of granule impact, and
μ is the viscosity of the liquid on granule surface.
A limiting value for Stv exists for each system below
which successful type I coalescence takes place.

For deformable granules, the higher liquid viscosity
and enhanced granule strength increases yield stress,
which increases the Stokes deformation number (Stdef)
and decreases probability of type II coalescence.
Stdef, a measure of the ratio of granule kinetic energy
to energy lost by plastic deformation of colliding
granules, is described as39:

Stdef 5
mu2

2D3Yg
ð28:8Þ

where D and m are the mean granule diameter and
mass, respectively, and Yg is the granule yield stress.
For surface wet deformable granules, increased binder
viscosity has two competing effects on coalescence
with the net effect determined by the contribution

756 28. DESIGN, DEVELOPMENT, AND SCALE-UP OF THE HIGH-SHEAR WET GRANULATION PROCESS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



of each of them to coalescence in a given system.
For surface dry deformable granules, higher binder
viscosity can only reduce coalescence.

28.3.2.2 Surface tension

Static strength of moist agglomerates is enhanced by
the higher surface tension of the liquid according to
the Rumpf equation (Eq. (28.5)). Increased strength of
the moist agglomerates at the nucleation phase reduces
their attrition, resulting in more robust nucleation.
Maximum stable granule size is increased with higher
surface tension granulating liquids.

The stronger liquid bridges formed by granulating
liquids with higher surface tension are also more capa-
ble of pulling primary particles together, resulting in
lower granule porosity. Granule density increased
progressively with the reduction in surface tension as
ethanol was added to water in the granulating liquid.50

Ritala et al. also found that granule porosity was lower
when the higher surface tension PVP solution was
used to granulate dicalcium phosphate compared with
the lower surface tension PVP/polyvinyl alcohol copol-
ymer and hydroxypropyl methylcellulose (HPMC)
solutions.35 Growth was also faster with the higher
surface tension PVP solutions, which was attributed
to the lower porosity and enhanced liquid saturation.
The authors found that granule growth is strongly
dependent on liquid saturation and showed that rela-
tionship between granule size and liquid saturation is
independent of the granulating solution used.

The lower strength of granules due to low liquid sur-
face tension makes plastic granules more easily deform-
able, which increases probability of type II coalescence.
However, the low surface tension decreases the bond
formed between the two colliding granules, which makes
the resulting granule more susceptible to breakage.11

28.4 DESIGN OF THE
PHARMACEUTICALWET
GRANULATION PROCESS

There is a significant interaction between formula-
tion components and process variables that dictate
the granulation outcome. The two main components
of the process include the granulator equipment and
granulation liquid. The factors associated with granu-
lator equipment would be the granulator design, bowl
volume and fill, impeller blade design (size, shape,
angle), impeller blade placement (top or bottom
driven), impeller and chopper speed, chopper design,
and process time. The factors associated with granula-
tion liquid include amount, liquid introduction
method (spray vs drip), spray rate, spray characteris-
tics (droplet size, velocity, spray area, etc.), liquid

addition time, addition location, liquid properties
(viscosity, surface tension, etc.), and binder addition
method (wet vs dry). The previous section discussed
the input material properties (formulation aspects),
while this section focuses on the main process
variables that govern the wet granulation process.

28.4.1 Impeller and chopper speeds

Speed and frequency of particle collisions in the
granulator increase as the impeller speed is increased.
Increasing collision energy enhances deformability and
growth of plastic particles,39 while increasing attrition
in brittle granules with low liquid saturation.51 At low
water level and liquid saturation, granules are more
brittle and high collision velocity is more likely to result
in granule breakage rather than coalescence and
growth. In other words, granule behavior when yield
stress is exceeded determines the effect of impeller
speed. For brittle granules, which break at their yield
stress, a maximum stable granule size is achieved
under given conditions according to the model pro-
posed by Tardos et al.,44 which predicts the maximum
stable granule size to be inversely related to impeller
speed.

acr 5
ð2τyStdef=ρpÞ1=2

γ
ð28:9Þ

where acr is the is the maximum stable granule size,
τy is the yield stress, ρp is the granule density, γ is the
average shear rate in the granulator, and Stdef is
the Stokes deformation number. This model predicts
the maximum stable granule size to be inversely
related to impeller speed because γ is directly related
to the impeller speed.

In contrast to brittle granules, plastic granules,
which deform rather than break at their yield stress,
demonstrate increase in probability of coalescence
with the increase in impeller speed, according to
the model of Liu et al.39 The effect of impeller speed
on granule size thus depends on granule mechanical
properties where plastic granules are likely to have
more pronounced growth as the impeller speed
is increased, while brittle granules can undergo
more attrition and reduction in granule size at the
higher impeller speed. Consequently, the increase
in granule size with impeller speed was found to
be dependent on water level used for granulation
in case of razaxaban and brivanib formulations.51

For both formulations, the increase in granule size at
the higher impeller speed was predominantly
observed at the high water level where granules have
sufficient liquid saturation and plasticity.51 Other
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studies also reported increased granule growth rate at
higher impeller speed.52,53

In addition to the granule mechanical properties,
the effect of impeller speed on granule size can also
depend on the impeller’s effect on liquid distribution
in the granulator. As pharmaceutical high-shear wet
granulation usually operates in the mechanical
dispersion regime for nucleation where mechanical
forces are responsible for liquid distribution and nucle-
ation,25 a low impeller speed that does not efficiently
distribute the liquid can result is localized overwetting
and formation of lumps.51 These lumps or oversize
granules are distinct, at least from a mechanistic point
of view, from large granules that result from granule
coalescence and uniform growth. The oversize lumps
represent a larger particle size than would be achieved
if the granulating liquid is uniformly dispersed and
the granulation process is allowed to proceed to steady
state. Higher impeller speed can thus increase the effi-
ciency of water distribution and reduces oversize
lumps and granule size is also reduced as a result.
Consequently, pexacerfont formulation showed signifi-
cant reduction in granule size as the impeller speed
was increased.51 In this case, the reduction in particle
size at the high impeller speed was more predominant
at the higher water level. This was attributed to the
improved water distribution at the higher impeller
speed and the breakage of lumps resulting from local-
ized overwetting at the high water level.51

The higher impeller speed also results in higher con-
solidation forces in the granulator and decreased gran-
ule porosity.49,51,52,54 As the porosity is decreased,
granule liquid saturation is increased at the same level
of granulating liquid. According to Iveson and Litster’s
regime growth map,37 this increase in liquid saturation
shifts the system’s behavior from the nucleation to the
growth regions, resulting in faster granule growth
as the increased consolidation squeezes the liquid to the
granule surface, which enhances coalescence.

Increasing impeller speed may result in a more
spherical shape for deformable granules at high liquid
saturation.54,55 Granule shape can affect its performance
as more spherical granules have higher bulk density
due to their closer packing ability. Spherical granules
will thus tend to have improved flow properties.
On the other hand, more irregularly shaped granules
may have improved volume reduction behavior and
compactability.55

Chopper speed is not usually as critical as impeller
speed. Chopper may be useful in breaking up over-
wetted lumps and aids in liquid distribution. Chopper
may also provide shear forces contributing to granule
growth. In addition, the chopper may disrupt uniform
flow pattern of powders and improve mixing in the
granulator. Knight53 reported narrowing of the granule

size distribution when the chopper was switched on,
which was attributed to the chopper’s preferential
breakage of large granules. Despite the narrower
distribution, mean granule size distribution was not
impacted by chopper action.

28.4.2 Amount of granulating liquid

The ratio of liquid to solid used for granulation
determines granule liquid saturation, which research-
ers reported to be a critical factor with respect to
granule growth and consolidation.32,35,36,51,52,56�59 As
granule liquid saturation is increased, granules move
from the nucleation to the growth regions on the
growth map. Increased liquid saturation makes gran-
ules more deformable and enhances coalescence.33

Granulating liquid also lubricates particle movements
within the granules, reduces interparticle friction,
and facilitates consolidation. Consequently, granule
porosity is reduced as liquid saturation in increased.
Iveson et al.33 reported decreased granule porosity at
the higher liquid saturation when low viscosity liquid
was used for granulation. An opposite effect was
found when high viscosity liquid was used. In the
latter case, the disruption of interparticle friction by
the liquid was outweighed by the increased strength
of the liquid bridges of the viscous liquid, which
resists densification.

28.4.3 Process duration

Process duration is usually defined as the time
taken from the beginning of granulating liquid addi-
tion until mixing is stopped. It is typically broken
down into two phases: (1) liquid addition phase
during which granulating liquid is added to the granu-
lator while mixing, and (2) wet massing time which is
the term used to describe mixing that takes place in
the granulator after granulating liquid addition is com-
plete. It is usually beneficial to delineate the duration
of the two phases as their impact on the granulation
process may be different, and thus, controlling the
duration of one of the phases may be more effective
than controlling total process duration.

Wet massing phase helps provide even distribution
of water along with some further agglomeration,
reduction of fines, consolidation, and attrition of gran-
ules. During wet massing, granule coalescence and
growth may take place, but large granules may also
undergo breakage until a steady state particle size dis-
tribution is achieved.44 Wet massing can result in an
increase53,60 or decrease61 in particle size. Increasing
wet massing time has been reported to reduce granule
d90 due to attrition of large granules, while increasing
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d10 and d50 resulting in a narrower granule size
distribution.58 Wet massing time in pharmaceutical
wet granulation, however, is not usually long enough
to achieve true steady state.

During wet massing, granules that were formed dur-
ing water addition can also get further consolidation.
Granule densification, which takes place during wet
massing, can affect granule liquid saturation and
mechanical properties and thus, particle size distribution
of the granules. For systems with induction behavior,
consolidation, and subsequent increase in liquid satura-
tion during wet massing is required to induce coales-
cence and granule growth. Typically, an exponential
decay of porosity is observed during this phase62,63 as
shown in Eq. (28.10).

ε2εmin

ε02εmin
5 expð2kctÞ ð28:10Þ

where ε is the average granule porosity, εmin is the
minimum achievable porosity at given process condi-
tions, ε0 is the initial porosity, kc is the granulation con-
solidation rate constant and t is the wet massing time.
Consolidation rate during wet massing is usually also
dependent on other process conditions, including
impeller speed and the amount of water used during
granulation.

The wet massing time should generally be kept
short because higher porosity is generally a desired
property. High-shear wet granulation processes should
therefore be designed with sufficient granulating

liquid added to achieve adequate granule liquid
saturations to be in the steady growth regime37 at the
end of liquid addition phase, which results in coales-
cence and desired granule growth. Design of induction
systems that require long wet massing times and
consolidation to increase liquid saturation and induce
growth should be avoided. Increasing the granulating
liquid amount to achieve desired growth is thus, a
preferred strategy than using lower liquid amount and
long wet massing time. Despite the short wet massing
used in steady growth systems, significant reduction
in porosity and subsequent decrease in compactability
of granules and dissolution rate of tablets have been
reported.64 Increasing the wet massing time for briva-
nib from 10 to 50 s showed a statistically significant
decrease in porosity and tablet dissolution rate.
Significant increase in granule density and reduction
in compactability was observed for razaxaban upon
the increase in wet massing time from 30 to 180 s.
Similarly, reduction in granule porosity and compact-
ability was reported for a lactose-based granulation52

(Fig. 28.3) and for a lactose/microcrystalline cellulose
system65 upon increasing wet massing time to 90 and
180 s, respectively. The high liquid saturation for the
steady growth systems makes them prone to rapid
densification and therefore design strategy should aim
to minimize or eliminate52 wet massing time.

While the increase in mixing time after complete
water addition (wet massing time) resulted in a signifi-
cant effect on granule densification, the increase in
mixing time during water addition (water addition
time) showed minimal impact on granule porosity
for the same formulations.52,64 This suggests that the
effect of mixing on granule porosity is dependent on
the water level (granule liquid saturation). Mixing after
complete water addition tends to be more effective
in decreasing granule porosity (due to the lubricant
effect of water mentioned previously). On the other
hand, mixing during water addition, when granule
liquid saturation is still low, is not as effective in
reducing granule porosity and consequently prolong-
ing water addition time has little or no effect on
granule porosity. It is therefore prudent to control wet
massing time as a separate parameter distinct from
water addition time and not to lump both as one
parameter representing total processing time.

In many cases, liquid addition rate mainly affects
liquid dispersion under conditions where mechanical
dispersion of the granulating liquid is not very effec-
tive. In these instances, reducing liquid addition
rate aids in the dispersion of the liquid, decreases
overwetted lumps, and produces narrower granule
size distribution. This is more likely to be the case for
viscous granulating liquids, when the binder is dis-
solved in the granulating liquid, or if the formulation
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FIGURE 28.3 Effect of wet massing time on compressibility of
granulation manufactured in the PMA-65 high-shear granulator.
Source: From Badawy SI, Menning MM, Gorko MA, Gilbert DL. Effect of
process parameters on compressibility of granulation manufactured in a
high-shear mixer. Int J Pharm 2000;198(1):51�61.
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contains a high concentration of polymeric material
such as cellulosic, polymer-based, controlled-release
matrix formulation that hydrates rapidly when it
comes in contact with water. Water addition time had
a statistically significant effect on mean granule size
for pexacerfont and the increase in water addition time
(slower water addition) resulted in smaller granule
size.51 A statistically significant term for the two-way
interaction between water amount and water addition
time was also observed, which showed a more pro-
nounced effect of water addition time at the higher
water level. Batches manufactured at the higher water
level are more likely to have a higher content of the
overwetted lumps and thus, the slower water addition
is more beneficial in improving water dispersion for
those batches.51 Particle size of paracetamol granules
manufactured at the low impeller speed and highest
liquid addition rate showed the widest distribution,
likely because of the poor liquid distribution at these
conditions.66

28.5 QUALITY ATTRIBUTES OF WET
GRANULATED PRODUCTS

Microscale granule properties, such as size, mor-
phology, porosity, and strength dictate the macroscale
attributes of the granulation and final product. In the
previous sections, the impact of starting material attri-
butes and process parameters on granule microstruc-
ture were discussed. In this section, the effect of wet
granulation process on performance-indicating macro-
scale product quality attributes is reviewed.

28.5.1 Solid state form

Solid state phase transformation is a common
occurrence in wet granulation. Phase transformation
in wet granulation can be classified into the follow-
ing categories: (1) transformation to a more stable
polymorphic form, (2) formation of a hydrate/solvate,
(3) formation of a high-energy metastable form
(eg, amorphous), and (4) transformation of a salt form
to the less-soluble free form. Solid state transforma-
tions present quality and regulatory challenges to drug
product development and commercial manufacturing.
Thus, careful risk assessment, mechanistic understand-
ing, and appropriate control strategy should be in
place if wet granulation is to be used for a drug
substance that is prone to such transformations.

Transformation of a metastable polymorph to the
more thermodynamically stable polymorph can take
place via solvent-mediated mechanism during wet
granulation. For example, transformation of form

A to the more stable tautomeric polymorph B was
reported to take place during wet granulation of
an irbesartan formulation.67 Polymorphic conversion
of the metastable form I of flufenamic acid to the
stable polymorph III was also observed during wet
granulation with ethanol.68 As the more soluble meta-
stable polymorph dissolves in the granulating liquid,
it forms a supersaturated solution with respect to
the stable polymorph, which subsequently crystallizes
from the supersaturated solution. The less-soluble
polymorph may have lower dissolution rate and bio-
availability compared with the metastable form.69,70

The extent of conversion to the more stable polymor-
phic form depends on the kinetics of phase transfor-
mation relative to processing time. Rate of phase
transformation is a function of dissolution rate of the
metastable form, volume of granulating liquid used
in the process, and crystallization kinetics of the
stable polymorph.71 Extent of transformation can thus
be dependent on granulation parameters that impact
these factors. Processing time is dependent on liquid
addition rate and wet massing time, while dissolution
rate may be a function of impeller speed.

Compounds which exist in a hydrate form can
potentially convert to the hydrate if the anhydrous
form is used in aqueous wet granulation because water
activity during wet granulation is usually higher than
the critical humidity for the formation of the hydrate.
Hydrate formation can also take place through a
solvent-mediated mechanism, as described previously
for polymorphic transformations. Many literature arti-
cles exist on the transformation of the anhydrous form
to hydrate during wet granulation.11�13 The lower solu-
bility of hydrates can potentially lead to a lower
dissolution rate and bioavailability.70,72 The hydrate
form may partially or completely convert back to the
anhydrous form during drying of the granulation, so a
mixture of forms can potentially exist in the final prod-
uct. Wikström et al.12,13 used Raman spectroscopy to
follow hydrate formation of theophylline during wet
granulation. They concluded that hydrate formation
takes place via a solvent-mediated mechanism and
showed that the rate of transformation increased by the
increase in agitation speed. Formation of theophylline
monohydrate in the wet mass was inhibited by granu-
lation at elevated temperature (50�C).73 Theophylline
monohydrate, formed by granulation at lower tempera-
tures (27�40�C), was found to convert back to the
anhydrous form by drying at 70�C.73

Hydrate formation of an excipient can also take place
during wet granulation. Formation of lactose monohy-
drate upon wet granulation of anhydrous lactose was
reported.74 Anhydrous lactose has superior compaction
properties compared with lactose monohydrate due to
its particle morphology.74 Anhydrous lactose particles
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have high surface roughness and porosity, in contrast
with the smooth low-porosity lactose monohydrate
particles. Interestingly, lactose monohydrate particles
created from anhydrous lactose particles in wet granu-
lation still retained the morphological features of the
initial anhydrous lactose particles and consequently
maintained higher compactability compared to the “as
is” lactose monohydrate.74

Formation of a high-energy metastable form can
take place when the starting lower energy polymorph
dissolves in the granulating liquid and is kinetically
trapped into a high energy form during drying.71

A high energy disordered phase can also form through
a nonsolvent mediated mechanism where shear forces
applied during wet granulation in the presence
of water cause disruption of crystallinity and create
crystal defects or amorphous phase. Formation of an
amorphous phase can also increase formulation hygro-
scopicity after wet granulation.75 Wet granulation of
BMS-561388 resulted in partial transformation to the
less stable, amorphous form.9 Similarly, aqueous wet
granulation of either polymorph A or B of dexketopro-
fen trometamol with microcrystalline cellulose caused
transformation to the amorphous form regardless of
the initial polymorph used in granulation.76

Salts of weak bases or weak acids may covert to
the free form (free base or free acid) during aqueous
wet granulation. As the salt dissolves in the granulat-
ing water, it will form a saturated solution with
respect to the free form if the solution pH is higher
(for a weak base) or lower (for a weak acid) than the
pH of maximum solubility (pHmax). The free form
subsequently precipitates from this saturated solu-
tion, resulting in the salt-to-free-form transformation.
If this solution pH requirement is not met, the salt
would be the thermodynamically stable form in
equilibrium with solution and consequently there
would be no conversion to the free form. As for poly-
morphic transformations, wet granulation parameters
(amount of granulating liquid, impeller speed, and
process duration) can potentially affect the extent
of solvent-mediated transformation of the salt to the
free form.

Excipients can be used to stabilize a drug substance
against form conversion during wet granulation.
Excipients may inhibit solvent-mediated polymorphic
and hydrate transformations by absorption of the
solvent (water), thus making it less available to dissolve
the active. In addition, specific interactions between a
drug molecule and an excipient can slow down nucle-
ation and/or crystal growth. In a study of the effect of
several polymers on hydrate formation of three model
compounds in wet granulation, Gift et al.11 found vary-
ing degrees of inhibitory effect on hydrate formation
depending on the compound and polymer used. Cross-

linked poly(acrylic) acid was found to completely
inhibit caffeine hydrate transformation and both
HPMC and cross-linked poly(acrylic) acid completely
inhibited the carabamazepine hydrate formation. On
the other hand, sulfaguanidine transformation was
rapid even in the presence of polymers. Airaksinen
et al.77 found that hygroscopic, partially crystalline
excipients hindered hydrate formation of nitrofurantoin
in wet granulation, likely due to their significant
uptake of granulating water. Form transition from a
metastable to a stable form of theophylline during wet
granulation was also inhibited by povidone. Higher
molecular weight of povidone was more effective in
inhibiting the transition than the lower molecular
weight polymer.78

28.5.2 Chemical stability

The wet granulation process was reported to affect
chemical stability of drug molecules. In some cases, the
effect of wet granulation process on chemical stability
manifests itself by enhancing degradation reactions
during processing whereby an increase in degradant
content is observed at the end of manufacturing.
Exposure of a moisture-sensitive compound to the high
water activity experienced in aqueous wet granulation
may be the underlying mechanism. Alternatively,
degradation in the solution phase, as a fraction of
the active dissolves in the granulating liquid, can
be the causal mechanism. Actives with high solubility
in the granulating liquid are expected to be more sus-
ceptible to the latter mechanism. Degradation during
manufacturing, however, is not frequently observed
in wet granulation due to the short processing time rel-
ative to reaction rates even for moisture-sensitive
compounds.9,10,79

Enhanced degradation caused by wet granulation
is more commonly observed upon storage (accelerated
and long-term stability) and not at the end of
manufacturing. While this may be attributed in some
cases to a high level of residual water in the drug
product, it is more frequently the result of creation of
high-energy disordered states during wet granulation.
Rate of degradation reaction in the high-energy phase
is significantly higher than the crystalline phase and
thus drug degradation in the solid state usually takes
place in disordered regions or in crystal defects.80

The higher molecular mobility in those disordered
regions results in a faster degradation rate than in
the crystal lattice. In addition, disordered regions
have higher water content due to absorbed water,
which further enhances degradation rate in those
less-ordered regions for reactions in which water acts
as a reactant.81 As described in the previous section,
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amorphous regions of the active could form in wet
granulation, and although the fraction of the drug in
amorphous state may be small, this still leads to a
measurable impact on stability because the
acceptable specification limit of a drug product degra-
dant is usually very low.81 The rate of degradation of a
highly water-soluble triazine derivative (compound I)
on accelerated stability was thus dependent on the
amount of water used for granulation (Fig. 28.4),
despite the similar granulation moisture content at
the end of drying. This was attributed to the higher
amorphous content resulting from the increased
fraction of the active dissolving in the larger volume of
granulating liquid. The fraction dissolving during
granulation was shown to form amorphous material
after drying.10

In some cases, wet granulation can result in
the formation of a high-energy state of one or more
excipients, which increases formulation hygroscopicity
and negatively impacts stability of moisture-sensitive
compounds. For example, wet granulation increased
moisture uptake and degradation rate of the unbuffered
lactose-based formulation of the low dose compound,
DMP 754, which was attributed to the formation of
amorphous lactose during wet granulation.75

The effect of wet granulation on product stability
can also be caused by enhanced contact between
drug and excipients. Partial dissolution of an excipient
and/or the drug substance during wet granulation
and subsequent crystallization during drying (albeit to
the same initial form) results in higher surface area
of drug/excipient contact. This intimate contact of the
drug and the excipient enhances rate of drug degrada-
tion caused by drug-excipient interaction and results
in a less stable drug product.

The intimate contact of drug and excipients resulting
from wet granulation was leveraged to enhance
stability in some cases. For formulations containing a
pH modifier, dissolution of the buffer components in
the granulating liquid results in better distribution
of the pH modifier in the formulation and in a more

effective pH control, thus maximizing drug product
stability.82 Thus, while the rate of acid-catalyzed hydro-
lysis of compound I was enhanced by wet granulation
compared with a dry blend in formulations without
pH modifier, the opposite effect of wet granulation
was observed in formulations containing sodium
carbonate as a pH modifier.10 The wet granulation
process enhanced the pH modifying effect of the
carbonate, which outweighed the destabilizing effect of
crystallinity disruption caused by wet granulation
(Fig. 28.5). The loss of crystallinity appeared to have
no negative effect on stability when the pH was
not sufficiently acidic to promote the acid-catalyzed
reaction.82 Similarly, improved stability of a formula-
tion containing pH modifier was also reported for
DMP 754 tablets and capsules when a wet granulation
process was used for product manufacture. Disodium
citrate was used as the pH modifier and was dissolved
in the binder solution used for wet granulation. Both
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ester and amidine hydrolysis rates of DMP 764 were
shown to decrease in the wet granulated dosage form
compared with the dry granulated product. This was
also attributed to the more effective pH control due to
the uniform distribution of the pH modifier, which was
confirmed by an x-ray imaging technique of the tablets.
It is noteworthy that the improved stability of the wet
granulated product in this case was observed despite
the increased formulation hygroscopicity.75

28.5.3 Dissolution and bioavailability

Agglomeration of drug substance particles in wet
granulation can potentially affect dissolution rate.
Agglomerated particles have lower surface area avail-
able for dissolution and thus, dissolution rate would
be reduced by granulation, unless granules
disintegrate rapidly upon contact with the dissolution
medium. For slowly disintegrating granules where
granule erosion is the predominant mechanism for
dissolution, dissolution rate is dependent on granule
size. On the other hand, for rapidly disintegrating
granules, granule size usually has no effect on dissolu-
tion. Disintegration of granules, however, is affected
by porosity and thus, in this case, dissolution rate
may be dependent on granule porosity. As porosity is
lowered, granule disintegration and subsequently
dissolution rate slow down. As granule pore diameter
is decreased, dissolution medium ingress into the
granule and subsequent granule disintegration
becomes slower, resulting in the slower tablet

dissolution. Thus, depending on the predominant
mechanism of dissolution, granule porosity and/or
size distribution may impact drug product dissolution
rate. The dissolution rate of brivanib tablets was
strongly dependent on granule porosity. The amount
dissolved in 10 min showed a strong correlation with
granule pore diameter (Fig. 28.6) and poor correlation
with granule mean diameter. To the contrary, pexacer-
fornt tablet dissolution correlated with granule mean
diameter and showed no dependence on blend den-
sity.51 As both granule size and porosity are affected
by granulation parameters and starting material and
granulating liquid properties, wet granulation process
can thus be modulated to optimize dosage form disso-
lution. Depending on the biopharmaceutical proper-
ties of the drug molecule, the effect of granulation
process on dissolution rate may also impact
bioavailability.

Apart from the impact of wet granulation on
dissolution rate through its effect on granule size and
structure, wet granulation may also affect dissolution
rate of primary drug substance particles. The intimate
contact of drug substance and excipients achieved
in wet granulation can be leveraged to increase
effectiveness of surfactants as wetting agents. For com-
pounds with dissolution rate limited bioavailability,
the resulting improvement in drug particle wetting by
the dissolution medium can enhance dissolution rate
and bioavailability. In a recent article, Pandey et al.
showed that for a formulation exhibiting a dramatic
positive food effect, the type and level of surfactant
and binder were able to modulate the dissolution rates
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and, in turn, the bioavailability.3,4 The incorporation of
a surfactant such as Vitamin E TPGS and poloxamer
via a high-shear wet granulation process was found
to significantly enhance dissolution of the tablet
formulation. The study data showed that the presence
of Vitamin E TPGS in dogs was essential in enhancing
the bioavailability in the fasted state, and this was
confirmed in human subjects where this formulation
was successful in mitigating the food effect.3

28.5.4 Compaction and flow properties

Wet granulation can have considerable effect on
compaction properties of the resulting granulation.
Change in compaction properties (tablet tensile
strength vs applied compression pressure) upon wet
granulation is a combined effect of loss in porosity and
size enlargement of the constituent particles, and the
concomitant increase in the bonding and plasticity
of particles upon uniform application of the binder.
While the former is known to decrease compactability
following wet granulation, the latter enhances the com-
pactability through activation of the binder. In their
study of a group of 25 pharmaceutical compounds
and excipients, Vemavarapu et al.29 concluded that the
latter mechanism is more dominant than the former
with more compounds/excipients showing enhanced
compactability upon wet granulation. The increase in
compactability upon wet granulation was found to be
highest in materials with low initial compactability,
which are more likely to gain compatibility benefit
from the application of a uniform binder layer in
wet granulation. To the contrary, more hygroscopic
materials with high surface area resulting from high
internal porosity showed decreased compatibility after
wet granulation. These materials are more likely to
have diminished intraparticle porosity as the result
of high-shear wet granulation and thus, deterioration
in compactability. Microcrystalline cellulose is a
notable example of these materials. The change in pore
structure of microcrystalline cellulose was shown to
correlate with reduced compatibility in wet granulation,
even without the increase in particle size.83

Despite the enhancement in compactability
observed for many compounds under the granulation
conditions used by Vemavarapu et al., it should be
emphasized that excessive granule densification can
greatly diminish compactability. Growth of overly den-
sified granules results in reduced volume reduction
behavior and compressibility (density vs compression
pressure) of the granulated material.55,84�86 Thus,
many studies reported decrease in compactability with
the increase in amount of granulating liquid and wet
massing time and at higher impeller speed—all are

factors which were shown to concomitantly decrease
granule porosity.51,52,65,87

Improving blend-flow properties is one of the main
objectives of wet granulation. The improved flow
properties in wet granulation is usually the result of
increased particle size and/or density of the blend.
The contribution of increased size versus density was
shown to vary among different formulations. The
enhanced flow rate for brivanib by wet granulation
was mainly attributed to increased granule density
with little contribution from particle size enlargement.
On the other hand, the increase in particle size (with
reduction in fines) appeared to be the main mechanism
for improvement in flow properties for pexacerfont
formulation. The increase in both particle size and
density contributed to reduced angle of repose and
enhanced flow properties of razaxaban.51

28.6 SCALE-UP OF THE HIGH-SHEAR
WET GRANULATION PROCESS

The scale-up of high-shear wet granulation process
is highly relevant to the pharmaceutical and food
industries. This topic has been a subject of extensive
research over the years and many publications exist to
date proposing different ways to scale-up this process.
This section discusses the main challenges associated
with scale-up and broadly categorizes the various
scale-up methodologies into two main categories or
strategies (Fig. 28.7).

28.6.1 Challenges in scale-up of high-shear wet
granulation

The challenges associated with scale-up of high-
shear wet granulation process arise from the short
processing times (typically B3�5 min), and relatively
high-intensity process conditions in terms of shear,
particle velocities, and particle collision frequency and
energy, that are inherent to this process.87 Change in
drug substance material properties throughout the
product development life cycle presents an additional
challenge to scale-up. In a quality by design paradigm,
there is a need for an increased understanding of
the process and to establish a design space of process
parameters and material properties. If such experi-
ments are done at the large scale, it would lead
to significantly higher costs. Therefore, it is important
to establish the scalability of the process and be able
to conduct more experimentation at the lab and/or
pilot scales.

The underlying strategy during scale-up is to ensure
that particles experience the same overall process
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conditions across scales so that the same granule qual-
ity can be achieved. In order to accomplish that, there
are three types of similarities required across scales:
geometric, dynamic, and kinematic similarity.18,88,89

In relation to high-shear wet granulation process, the
geometric similarity refers to the granulator bowl
geometry, including impeller design, and can be
maintained if the ratio of linear dimensions across
scales is maintained. The dynamic and kinematic
similarities refer to the forces experienced by the parti-
cles inside the granulator and the particle velocities,
respectively. The forces or shear experienced by
the particles inside the granulator result mainly from
particle-particle, particle-wall, and particle-impeller
collisions. The impeller design and speed generally
dictate the magnitude of shear experienced by the par-
ticles, which in turn governs the interplay between the
various granulation mechanisms, such as aggregation,
consolidation, and breakage (discussed in previous
sections).

It is challenging to maintain geometric, dynamic,
and kinematic similarities across different scales of
high-shear granulators. Geometric similarity is a pre-
requisite to obtaining the other two similarities, and is
easier to maintain if the same granulator design is
used. In such cases, batch size is increased proportion-
ally to granulator volume, which results in the same
powder-bed-height-to-bowl-diameter ratio. Equipment
manufacturers have recognized the importance of
granulator design effects during scale-up in recent
years and started offering granulators that can be
set-up with different size granulators that have the
same design. However, this may not be the case at
the commercial scales, where routinely the granulator
manufacturers are different from lab and pilot-scale

manufacturers, or have a different granulator design.
Sometimes the difference can be as drastic as having a
top-driven versus a bottom-driven granulator, both of
which will have significantly different particle flow
patterns. Even though lab and pilot-scale equipment
often get upgraded with new capabilities (such as
monitoring torque profiles), this is generally not the
case at the commercial site, where good manufacturing
processes regulations are in effect and changes to
equipment could be a significant undertaking, both
in terms of costs and procedures. The geometrical
differences across granulators result in different
distribution profiles of particle velocities and forces at
the different scales, which make the goal of attaining
dynamic and kinematic similarities more complicated.
In addition, it is also challenging to simultaneously
obtain similar peak particle velocity and force across
scales. As a result of these challenges, the concept
of granulation “endpoint” is quite common in high-
shear wet granulation. In this case, granulating liquid
amount and/or wet massing time are based on an
in-process measurement, which is used to determine
when the granulation reaches desired properties
(or endpoint) and consequently the process is stopped
when this endpoint is achieved.18

In looking at the various scale-up rules proposed
in the literature, it is observed that the scale-up
methodologies can be categorized broadly into two
main strategies: (1) parametric-based scale-up strate-
gies in which target parameters identified at the small
scale and shown to provide the desired final product
attributes are scaled up using certain empirical calcu-
lations or; (2) attribute-based scale-up strategies in
which parameters are adjusted at the different scales
to achieve target in-process attributes or endpoint,

Scale-up strategy

Attribute-based

Particle size

eg, FBRM

Wet mass
consistency

eg, Wet mass
rheology, torque,

power
consumption,
dimensionless
power number

Other PAT tools

eg, NIR,
acoustics, etc.

Parametric-based

Batch size

Constant
volume ratio,

or
constant h/D

Water amount

Scale-up
linearly with
batch size

or adjust at-
scale

Impeller speed
Wet massing

time
Spray-related

Constant tip
speed,

empirical
stress, Froude

number 

Scale wet
massing with

impeller speed
ratios, or keep
wet massing
time constant

Constant
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pray flux, or
fix water
addition
rate/kg

FIGURE 28.7 Scale-up strategy for high-shear wet granulation process. In parametric-based scale-up, all the parameters must be scaled-up
simultaneously based on certain rules (as shown) in order to achieve success during scale-up. Source: From Pandey P, Badawy S. A quality by
design approach to scale-up of high-shear wet granulation process. Drug dev ind pharm 2015;42(2):175�89.
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as determined by an in-process measurement.18

A combination of the two approaches is often utilized
in practice. A more detailed discussion on each
of these categories is provided in the subsequent
subsections.

28.6.2 Scale-up principles

28.6.2.1 Parameter-based process scale-up
strategies

A parametric-based scale-up strategy is one in
which the process parameters at the larger scale
are determined from the small-scale parameters using
certain scale-up principles for each or many of those
parameters. These scale-up factors are most commonly
related to the impeller speed, wet massing time, water
amount, and sometimes to the granulating liquid
addition (eg, spray rate, water addition time, droplet size,
mode of addition). The first step in a parametric-based
approach is to conduct small- or pilot-scale experiments
in order to help identify CPPs that govern the granulation
properties for that formulation and then scale-up those
critical parameters appropriately.61,90,91 Scale-up rules for
the frequently used CPPs are listed next.

28.6.2.1.1 Water Amount

The water amount can be considered as the most
critical parameter that governs the granulation process.
It can be sometimes considered as a formulation factor,
but given that water is introduced first and then taken
out at the end (drying), it acts more as a process aid/
parameter. The general strategy for scale-up of water
amount is to increase it proportionally to the batch size
at the large scale, in order to keep the ratio of water to
intra-granular solids constant at the different scales.92

This approach makes sense because the water amount
required should be governed by the formulation
components (powder properties), which do not change
during scale-up. If other parameters have been scaled
appropriately, there should be no need to make further
adjustments in the water amount at the larger scale.
However, amount of water is sometimes adjusted to
compensate for other changes during granulation.87,90

The amount of water may need to be adjusted at the
large scale in some cases in order to achieve similar
growth and consolidation across scales because it
is usually not possible to exactly match particle
velocity and force distributions at the different scales.
Altering water amount at the large scale becomes an
iterative approach and demands such experiments be
conducted at the large scale, which can be costly.
The general understanding is that a higher amount of
water may be needed at larger scales to match granule
properties across scales.87

28.6.2.1.2 Impeller Speed

Impeller speed is directly related to the shear that
is applied to the granules, and also governs the flow
pattern of the powder in the granulator. There are
numerous publications that discuss impeller speed�
related scale-up rules.2,92�96 The most commonly used
methods of scaling impeller speed use a power law
correlation, as shown in Eq. (28.11).

rpm2

rpm1
5

D1

D2

� �n

ð28:11Þ

where rpm2 and rpm1 are the impeller speeds in
revolutions per minute, D1 and D2 are the impeller
diameters in the two granulators, and n is the power
law number. The three most commonly used values of
n are 0.5, 0.8, and 1. A value of n5 0.5 corresponds to
the case when Froude number across the scales is
kept constant. In a high-shear granulator, the Froude
number is essentially the ratio of angular acceleration
to the gravitational acceleration. A constant Froude
number maintains similar forces at the different scales,
which would aid in maintaining dynamic similarity
across scales. A value of n5 1 corresponds with keep-
ing the tip speed constant across scales and is the
more commonly used value of n, which aims to keep
similar particle velocity (kinematic similarity) across
scales. A constant tip speed aims to maintain constant
shear rate and particle velocity at the tip of the
impeller across scales.18

An experimental study conducted by Tardos et al.95

suggested that neither approach matches average shear
force experienced by the granules. The study used
tracer pellets to measure the stress experienced by the
granules across scales and suggested that a value of
n5 0.8 results in similar shear stress across different
scales. Thus, empirical matching of the stress in the
granulator based on this study results in large-scale
impeller speed between constant tip speed and
constant Froude number approaches. This empirically
derived value of n (constant empirical shear stress)
was used successfully to scale-up the wet granulation
process.44,94,95 Another scale-up parameter found in
the literature that is related to impeller speed is known
as “relative swept volume.”34,94,97�101 It is defined as
the volume swept by the impeller per second divided
by the volume of the granulator. This is associated
with the work input on the material that provides
densification of the consolidated mass.91

There is disparity in literature on which impeller
speed scale-up rule works best for high-shear wet
granulation. One of the limitations when using Froude
number, which is more fundamental in nature, is the
constraints with the equipment itself. Depending on
the scale difference, this rule may predict impeller
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speed values that are not achievable with certain
granulators. Therefore, a practical limitation with this
rule often limits the use of Froude number. The most
commonly used rule is where tip speed is kept con-
stant across scales. However, there is existing literature
that suggests that a constant tip speed will not ensure
similar mixing patterns inside the bowl, which means
that the granulation process will be different.22,95,102

In a recent study by Tao et al., the commonly used
impeller speed scale-up rules were evaluated using
a microcrystalline cellulose—lactose-based low drug
loading formulation with a comprehensive characteri-
zation of granule properties.87 It was shown that the
constant tip speed rule produced slightly less granu-
lated materials at the larger scales and that a longer
wet massing time at the larger scale can be used
to produce granules of comparable properties across
scales. Constant Froude number and constant empiri-
cal stress rules yielded granules that were more
comparable across different scales, but it was pointed
out that there may be practical equipment constraints
limiting the use of constant Froude number approach,
especially if there is a big scale-up factor between the
small and large scales.

28.6.2.1.3 Wet Massing Time

There is no universal rule of how wet massing
time should be scaled-up. Typical wet massing time
at the lab and pilot-scale range from 15 s to 1 min,
and 2�4 min at the commercial scales. A constant
wet massing time across scales is sometimes used.
Alternatively, wet massing time can be adjusted based
on a ratio of impeller speeds from one scale to
the other in order to keep the same total number of
impeller rotations across scales.92 A similar number
of impeller revolutions across scales are intended to
maintain constant residence time of the particles in the
higher shear regions. If the impeller speed is scaled up
by constant tip speed, then the constant number of
impeller rotations rule would result in wet massing
time that is proportional to the granulator bowl
diameters. Limitations may exist for a constant number
of impeller rotations rule when scaling between granu-
lators that vary greatly in size. This approach implic-
itly assumes that granule growth and consolidation is
predominantly limited to the regions of peak force in
the granulator and thus, the same number of rotations
across scales aims to maintain similar number of
“passes” in these peak force regions. An opposite
extreme would be to keep wet massing time constant
at the different scales, assuming a narrow distribution
of forces within the granulator.18 In some cases, wet
massing time is used as a means to reach a desired
endpoint during scale-up, as described next under the
attribute-based approach. This means that the wet

massing phase is continued until a desired set of
granule properties is reached. This method may ensure
that some of the granule properties are matched
between scales, but this may not be a desirable
approach given that an extended wet massing time is
generally detrimental to most of the important granule
properties, such as granule porosity.87

28.6.2.1.4 Spray-related Parameters

There are factors to be considered during scale-up
in terms of water addition, namely liquid addition
time or liquid addition rate and nozzle properties
(which dictates droplet size, spray area, droplet
velocity, etc.). Some of these spray-related factors can
be combined into a single parameter: the dimension-
less spray flux described in Section 28.2.1. Given that
dimensionless spray flux is not a scale-dependent
property, it has been a subject of several scale-up
studies as a parameter to be kept constant during
scale-up.102,103 It can serve as a good mechanistic
basis for scale-up of spray-zone conditions in order
to achieve equivalent liquid distribution and nucleation
across scales. It has also been shown that at
low dimensionless spray flux, a narrow nuclei size
distribution is obtained.22 However, in practice,
pharmaceutical high-shear wet granulation usually
operates in the mechanical dispersion regime in the
production scale equipment. While it may be possible
to operate in the droplet-controlled regime at the small
scale using an appropriately selected nozzle and spray
rate, scale-up of such a process is usually not feasible
from a practical perspective. If the liquid addition time
is kept constant across scales, then the liquid spray rate
has to increase significantly when scaling up. This
means that the dimensionless spray flux would
increase significantly, which would shift the nucleation
regime. On the other hand, if spray rate is kept
constant, then it would lead to a significant increase in
liquid addition time, which can affect the granule
agglomeration and consolidation process, in addition
to increasing the overall process time. A way to handle
this would be to increase the number of spray nozzles
used,104 which may not always be a practical solution,
and would require re-engineering of the granulator
bowl. In addition, batch size generally increases by vol-
ume during scale-up and it would be difficult to pro-
portionally increase the number of spray nozzles.
Another challenge with the spray flux approach
is the need to have full characterization of the spray
properties (eg, spray area, droplet size).105

A practical approach to scale-up of liquid addition
in the mechanical dispersion regime has been to keep
liquid addition time constant, thus increasing spray
rate in proportion to batch size. This usually works
well if there is sufficient mixing and mechanical
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forces to dispense the liquid at the large scale.18

If this is not the case, then local overwetting stem-
ming from poor liquid distribution can be observed at
the larger scale where liquid/solid mixing is less
efficient, which results in large, oversized granules
and wide size distribution. Therefore, as a general
practice, water is often added using a nozzle (with or
without atomization) that helps to spread the water
over a broader area to reduce local overwetting. This
is especially important if the formulation contains
highly water-soluble components.

28.6.2.2 Attribute-based process scale-up:
granulation endpoint

An attribute-based scale-up strategy focuses on
granule attributes or properties rather than the process
parameters themselves. In this approach, the equipment
process parameters are adjusted such that equivalent
granule attributes are obtained across scales.18 An in-
process in-line or at-line measurement using a process
analytical technology (PAT) tool is typically used to
monitor progress of the granulation and to guide
process parameters, mainly granulating liquid amount
and/or wet massing time. In other words, an in-process
granulation attribute is used to provide feedback
control on process parameters and eventually dictate
granulation endpoint.

There are various challenges when using the
attribute-based endpoint approach for scale-up. Given
that there are several in-process properties that can be
potentially monitored, the key to using this scale-up
strategy successfully is to first identify the appropriate
endpoint measurement that ensures desired product
quality for that particular formulation/system. This
can be formulation-specific and is governed by the
desired quality attributes for a particular drug product.
In some cases, using one attribute for endpoint
determination is not sufficient to ensure that the final
product meets all the desired quality characteristics;
a situation which may undermine the feasibility of an
attribute-based scale-up strategy.

Endpoint measurements have been studied exten-
sively, but the findings vary greatly on the best way
to determine granulation endpoint. Some endpoint
methods published in the literature include near-
infrared, particle size by focused-beam reflectance
microscopy (FBRM), power or torque, acoustics,
wet-mass rheology, imaging, etc.31,32,106�119 One of
the most commonly used granule properties when
using this type of scale-up strategy is particle size dis-
tribution. In-process measurement of granule size
distribution using FBRM has been recently utilized.120

FBRM probe measures chord length of particles that
pass through a spinning laser beam and therefore
tracks real-time changes in particle size and

distribution in the granulation process. FBRM technol-
ogy (Lasentec, C35 probe, Mettler-Toledo) gained
attention over the past few years with the develop-
ment of a modified probe with a mechanical scraper
on the sapphire window that prevents probe fouling.
Such real-time monitoring of the process provides a
great opportunity for scale-up purposes and for
matching granulation kinetics across scales to ensure
successful scale-up, and also to enhance process and
equipment understanding.

There are other existing PAT techniques to monitor
the granulation kinetics that have gained more
attention recently, such as capacitive sensor, strain-
gauge torque sensor, near-infrared (NIR), Raman,
acoustic monitoring, etc.13,111,119,121�127 Rantanen et al.
and Luukkonen et al. both demonstrated the utility
of an in-line NIR spectroscopy to high-shear wet gran-
ulation process.124,126 Rantanen et al. concluded that
this technique can be valuable for scale-up, but should
be used in combination with other measurements,
such as power consumption and torque, to provide
full characterization of the process because NIR does
not measure directly the properties of the wet mass.
Acoustic monitoring is another monitoring technique
that is shown to provide a signature of the granulation
process. It is noninvasive in nature and can be
correlated with dynamic changes in granule particle
size, flow, and compaction properties.111,123 These PAT
techniques provide valuable real-time information
about the progression of the granulation process and
can be used for process endpoint determination
and control.

Another approach for endpoint determination of
the wet granulation process is related to the rheologi-
cal or “consistency” changes of the wet mass during
granulation. There are several ways in which this is
accomplished in the literature. In some cases, this was
done “at-line” by taking a sample of the wet mass
from the granulator and using a mixer torque rheome-
ter to determine sample “viscosity.”128�131 In-line
measurements related to wet mass consistency are also
common by using an instrumented impeller to
measure impeller torque, impeller power, or other
derived parameters based on impeller power (eg, work
done) in order to define the granulation endpoint and
guide scale-up.96,98,106,108,114,115,132�134 Similar to the
other previously mentioned PAT tools, this method
captures the kinetics of the granulation process, and
the data have often enabled researchers to identify
different phases of granulation.

A major limitation of using a power-based approach
is that the motor power differs between different
equipment and can even change for a given equipment
over time.34,35,112 Therefore, some normalization
techniques, such as normalized impeller work, were
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proposed by researchers to account for differences
in scale and impeller blade design, which can be
different between granulators during scale-up.106,133

Dimensional analysis has also been applied to the
scale-up of the wet granulation process. One dimen-
sionless number derived from such analysis is the
Newton power number shown in Eq. (28.12):

Np5
ΔP

ρω3R5
ð28:12Þ

where ΔP is the power consumption (corrected by
the baseline power during dry mixing stage), ρ is the
wet mass density, R is the impeller radius, and ω is
the rotational speed. The Newton power number can be
expressed as a function of other dimensionless numbers
such as Froude number, pseudo-Reynolds number, and
fill or geometric ratio62,96 as shown in Eq. (28.13).

log10ðNpÞ5 a:log10 ϕRe:Fr:fillratio
� �

1 b ð28:13Þ
where a and b are scale-independent regression
constants, ϕRe is the pseudo-Reynolds number (defined
by Eq. (28.14)), Fr is the Froude number, and fill ratio is
the granulator volume to wet mass volume ratio.

ϕRe5
ρR2ω
μ

ð28:14Þ

where μ is the wet mass viscosity.
The validity of Eq. (28.13) has been shown across

several scales and granulators.108,135,136 In order to use
this scale-up approach, experimental data need to
be generated at different scales using geometrically
similar granulators and different granulation times
(or endpoints), which result in granulations with
different wet mass density and viscosity. Once the
relationship in Eq. (28.13) is verified and values of a
and b are established for a particular formulation, this
dimensionless relationship can be used to predict the
power endpoint at a larger scale for the desired wet
mass viscosity.18 In absence of wet mass density
and viscosity data, impeller torque measurements can
be used to estimate the pseudo-Reynolds number.
The Froude number during scale-up can either be
kept constant or estimated if the impeller speed for
the larger scale is determined by another impeller
speed�related scale-up rule (eg, constant tip speed)
as described previously.

In practice, often a combination of the two scale-up
strategies (attribute-based and parametric-based) is uti-
lized, with certain process parameters being scaled-up
using the discussed scale-up principles (eg, impeller
speed based rules), but also controlling some of the
process parameters (eg, wet massing time) such that
the desired endpoint or equivalent granule properties
(eg, particle size and porosity) are achieved.

28.7 MODELING AND SIMULATION IN
HIGH-SHEARWET GRANULATION

There has been increased interest in modeling and
simulation of wet granulation in recent years. Wet
granulation models can potentially be utilized to
increase understanding of the effect of process para-
meters on resulting product attributes and can aid in
process scale-up. A fully predictive model can also be
used for process control. At this time, high fidelity
predictive models of pharmaceutical wet granulation
are not yet available and, therefore, existing models
are predominantly applied to enhance mechanistic
understanding during process design and scale-up,
rather than process control. The various modeling
approaches utilized for high-shear wet granulation
process include regime-map based models, population
balance modeling (PBM), discrete element modeling
(DEM), PBM coupled with DEM, PBM coupled with
computational fluid dynamics, PBM with compartmen-
tal model and DEM, and PBM coupled with volume of
fluid models.65,137�145 Kayrak-Talay et al. provided a
recent review of regime-map based models for a priori
design and scaling.146 This section discusses the more
commonly used PBM and DEM-based approaches,
and the more recently used hybrid approach between
PBM and DEM.

28.7.1 Population balance modeling

PBMs are number balance models around each
granule size (volume) fraction where the change in
the number of granules in a given size is equal to the
number of granules formed minus the number of
granules leaving the size fraction. Particles in any size
fraction are assumed to interact with each other and
with the environment, which results in the change in
the number frequency of particles in the size fraction
over time. For a wet granulation system with only
aggregation (coalescence) rate process, the PBM to
describe the system can be written as147:

δnðu; tÞ
δt

5Bcoal u; tð Þ2Dcoal u; tð Þ ð28:15Þ

where n(u,t) is the number frequency of granules
of size u at time t. Bcoal(u,t) and Dcoal(u,t) represent
the rate of formation and disappearance of granules
of size u due to the binary coalescence of granules of
size v with u-v and u with v, respectively. These are
given by

Bcoal u; tð Þ5
1

2NðtÞ
ðu
v50

β� v; u2 vð Þnðv; tÞnðu2 v; tÞdv

ð28:16Þ
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Dcoal u; tð Þ5
1

NðtÞ
ðN
v50

β� u; vð Þn u; tð Þnðv; tÞdv ð28:17Þ

where β�(u,v) is referred to as the coalescence kernel,
which is the normalized frequency of collisions
between granules of sizes u and v that result in coa-
lescence, and N(t) is the total number of granules per
unit volume in the granulator. Similarly, β�(v, u-v) is
the coalescence kernel of granules v and u-v. Early
work by Annapragada and Neilly148 demonstrated
that PBM based on aggregation term alone does not
adequately describe experimental data for wet granu-
lation and proposed the addition of breakage term to
the PBM equation, such as the one proposed by
Ramachandran et al.145 In addition to breakage, other
terms can be also added to Eq. (28.15) to describe all
relevant rate processes in the granulator that result
in creation or death of granules, as shown in
Eq. (28.18).

δnðu; tÞ
δt

5Bnuc u; tð Þ1Bcoal u; tð Þ2Dcoal u; tð Þ
1Bbreak u; tð Þ2Dbreak u; tð Þ

ð28:18Þ

where Bnuc is the rate of nucleation and Bbreak(u, t)
and Dbreak(u, t) represent the rate of formation and
disappearance of granules of size u due to breakage.

The coalescence kernel β�(u,v) is at the core of
the PBM model. The value of the PBM depends on the
success of the kernel to accurately define coalescence in
the system. There are numerous literature reports
describing different expressions for β�(u,v).142,144,149�151

Earlier reports used empirical kernels where the kernel
form was assumed and its value was estimated by fit-
ting data from granulation studies to the model.152�154

The validity of the kernel was concluded if the model
provided good fit to the experimental data. Such an
empirical approach has significant limitations due
the kernel’s lack of physical relevance and because pre-
dictions can be made only for the same scale and
within a certain process space spanned by the experi-
mental design. Recently, development of physical-
model-based kernels is becoming more common where
microscale (particle level) models of granulation are
used to define the kernels, thus increasing the scope
and applicability of PBM models. Kernels based on
models that account for these factors are expected to be
more successful in describing the granulation process
because granule and liquid properties as well as gran-
ule collision velocity dictate probability of coalescence.
Earlier attempts to establish physical-based kernels
were limited to invoking physical models to only select

kernel form, but were not predictive in nature as
rate constants were still obtained by data fitting. For
example, Liu and Litster151 proposed a coalescence
kernel the value of which depends on the type of
coalescence (type I or II). Adetayo and Ennis149 defined
a critical granule size based on Stokes viscous number.
All granule collisions where the effective mean granule
size of the colliding granules is less than the critical
size were considered successful and modeled by a size-
independent kernel. On the other hand, collisions with
mean granule size greater than the critical size were
considered unsuccessful with zero rate of growth.
Ideally, models with physical-based kernels should be
predictive with no fitted parameters where the kernel
is completely defined a priori based on physical models
of coalescence. Physical parameters in the model are
preferably determined by independent calibration
experiments, rather than fitting of granulation study
data to the PBM. More recent PBM models have moved
in this direction,65,138,141,144,155 but kernels still include
some fitting parameters that make the PBM not entirely
mechanistic in nature. Accounting for the particle colli-
sion velocities in the coalescence kernel still remains
as one of the key challenges due to the wide and
scale-dependent distribution of particle velocities in the
granulator. One approach to address this challenge
would be to model the granulator as several segregated
regions with different collision velocities in each region
and size-dependent rates of transfer of granules
between each zone.147 Once model development is
completed, model performance should be verified
using new studies independent of the data set used to
establish the model.

The coalescence kernel is often split into two
components150,156:

β� u; vð Þ5Cu;vβ u; vð Þ ð28:19Þ
where the first term Cu,v is related to collision frequency
of particles u and v and while the second term, β�(u,v),
is a function of collision efficiency (ie, the probability
that a collision of the two particles results in successful
coalescence). Cu,v accounts for process parameters, such
as impeller speed and some granule properties such as
granule size. β�(u,v) has traditionally been dependent
on granule size alone in the one-dimensional PBM
models where the probability of successful coalescence
is assumed to depend only on particle size of colliding
granules. However, physical models of coalescence
clearly show that probability of coalescence is depen-
dent on other granule properties, such as liquid content
and porosity. Therefore, a fully predictive PBM model
needs to include multidimensional granule distributions
of size, porosity, and liquid content as independent
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variables that evolve with time.147 A three-dimensional
PBM is expressed as:

δnðm; ε; l; tÞ
δt

5Bcoal m; ε; l; tð Þ2Dcoal m; ε; l; tð Þ
1C m; ε; l; tð Þ1 L m; ε; l; tð Þ

ð28:20Þ

where m is the mass of granule solid phase, l
is granule liquid to solid ratio, and ε is granule
porosity. In addition to the coalescence terms, the
equation also includes terms for evolution of poros-
ity, C, and liquid content, L, due to consolidation
and liquid addition, respectively. The coalescence
terms are expressed as

Bcoalðm;ε; l;tÞ5 1

2NðtÞ
ðm
m150

ð1
ε150

ðN
l150

β�ðm1;m2;ε1;ε2;l1;l2Þ

nðm1;ε1;l1;tÞnðm2;ε2; l2;tÞdm1dε1dl1
ð28:21Þ

Dcoalðm;ε; l;tÞ5nðm;ε;l;tÞ
NðtÞ

ðN
m150

ð1
ε150

ðN
l150

β�ðm1;m;ε1;ε;l1;lÞ

nðm1;ε1; l1;tÞdm1dε1dl1
ð28:22Þ

where granule with property m; ε; l is created by
coalescence of granules m1; ε1; l1 and m2; ε2; l2 and
disappears by coalescence with granule m1; ε1; l1.
The resulting is a complex, three-dimensional integro-
differential equation which is computationally expensive
to solve. While conventional numerical methods have
been used to solve the multidimensional PBM equations,
more efficient computational methods such as Monte
Carlo techniques have been recently utilized to reduce
computation times.142,157,158

One of the utilities of PBM is the ability to conduct
a sensitivity analysis of some of the main formulation
and process parameters (eg, viscosity, impeller speed,
contact angle, and spray rate) using minimal experi-
ments.159 Such a sensitivity analysis can be useful in
establishing a process and formulation design space
of a drug product. PBM predictions can also be
used to reduce experimentation once a good model is
established using some initial experimentation that
is required for determining the kernel parameters for
the system being modeled.65,140

28.7.2 Discrete element modeling

DEM is a numerical simulation technique which
tracks the position of every particle within the defined
geometry of the granulator and estimates the velocity
and force exerted on every particle.18 In contrast to

PBM models, which are meso- and macro-scale
models, DEM models bridge the gap between the
micro- and meso-scale and have some advantages over
PBM simulations. DEM provides detailed information
about the particle dynamics, such as time evolution of
individual particle velocities and shear experienced by
the particles.140,143,160�162 Two distinct DEM methods
have been used, which are the hard sphere and soft
sphere methods. While the hard sphere method is
computationally less demanding, it is generally less
applicable to the pharmaceutical granule due to the
porosity and liquid content associated with granule
microstructure. The soft sphere method is more
capable of simulating particles in pharmaceutical wet
granulation, but is computationally more expensive
and capable of handling fewer particles than the hard
sphere method.142 As a result, DEM simulation of a
pharmaceutical wet granulation system is computa-
tionally demanding and not currently capable of
simulating the large number of particles present in the
high-shear granulator. DEM simulation is usually
carried out using larger particle size (in the few mm
range143) than what is typically used in the pharma-
ceutical granulation because DEM can only handle few
hundred thousand to a million particles. Calibration of
microscale particle properties also presents another
challenge to DEM. As result of these complexities,
some literature reports used DEM to study a limited
aspect of wet granulation, rather than applying it for
complete prediction of the wet granulation process.
DEM proved to be a useful tool in studying flow
patterns and force distributions in the granulator
across scales.143,150,163,164 Such applications do not
provide a predictive model of wet granulation,
but are still valuable in process design and scale-up.
In one such example, DEM was used to understand
differences in flow patterns and particle velocity
distribution between different granulators and scales,
which are useful from a scale-up perspective.143

28.7.3 Combined PBM/DEM approach

A combined approach using both PBM and DEM
has been proposed to model high-shear wet granulation
process because PBM and DEM are different scale mod-
els. Multiscale DEM/PBM molding is emerging as a
potentially powerful approach for high-shear wet gran-
ulation.150,165�167 Microscale DEM is used to model par-
ticle flow in the granulator and characterize particle
collisions. In addition, DEM is also used to establish
collision efficiency at the microscale.143 The two feed
into the PBM coalescence kernel for meso-scale simula-
tion of wet granulation. Gantt et al. provided an
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example of the combined approach 140,150 in which they
integrated DEM and the physical model of coalescence
in parallel for simultaneous microscale particle analysis.
Relative velocities of colliding particles were calculated
by DEM simulation. These velocities, together with
granule porosity and liquid content, were used to deter-
mine whether coalescence will take place based on the
physical coalescence model. The data obtained from
the DEM/coalescence model were used to estimate
the coalescence efficiency term of the PBM kernel.
Simple regression was used to map particle collision
and coalescence information from the DEM/coales-
cence model to a four-dimensional coalescence effi-
ciency term, which is dependent on particle diameter,
pore saturation, porosity, and collision velocity. DEM
was also used to establish frequency and size depen-
dence of granule collisions in the granulator and
estimate the collision frequency component, Cu,v, of the
PBM kernel.

28.8 SUMMARY

High-shear wet granulation is a complex unit
operation that involves multiple simultaneous rate pro-
cesses. In addition, the outcome of wet granulation is
strongly impacted by input material and granulating
liquid properties. In order to design a robust drug
product, it is important to have a good understanding
of the CMAs and CPPs and how they are related to the
drug product’s CQAs. Various material properties,
such as particle size, surface area, contact angle,
and solubility have profound effects on the wet granu-
lation process together with granulating liquid surface
tension and viscosity. In addition, there are usually sig-
nificant interactions between formulation components
and process variables dictating the granulation outcome
and thus, successful design of a robust wet granulation
process should account for these interactions. Key pro-
cess parameters known to affect wet granulation were
discussed in this chapter and their role in the design of a
robust process was articulated.

Scale-up of the wet granulation process presents
another challenge. A section in this chapter discussed
the challenges associated with scale-up of the
high-shear wet granulation process, the various scale-
up principles that are commonly used, and their
broad classification into attribute-based and process
parameter-based approaches. In addition, modeling
tools that can be used to enhance understanding of the
process, and potentially allow for in silico design space
development in the future were also discussed.
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29.1 OVERVIEW OF THE FLUID-BED
GRANULATION PROCESS

One commonly used strategy to improve undesir-
able powder characteristics of the active pharmaceuti-
cal ingredient (API) is to granulate the API with other
excipients. There are two widely used methods to
make granules: dry granulation, which involves
mechanical compaction (slugging or roller compaction)
followed by a dry-sizing process; and wet granulation
using a liquid binder (low shear wet granulation, high
shear wet granulation, or fluid-bed granulation). While
separate drying equipment is required following a
low-shear or high-shear wet granulation process, fluid-
bed wet granulation is a one-pot process that can
blend, wet-granulate, and dry, all in one piece of
equipment.1

A typical fluid-bed wet granulation sequence con-
sists of dry blending, wet granulation, and drying
steps. Raw materials are first fluidized by hot inlet air
for blending. Granulation fluid is then sprayed onto
the preblended material until the desired moisture
content or granule size is achieved. At this point, dry-
ing begins until a predetermined product temperature
is reached. Binder solution is commonly used as a
granulation fluid. However, it can also be added as a
dry ingredient to the powder bed. Granules produced
using the fluid-bed process have the advantages of
being homogeneous, free-flowing, and less dense.
Generally, these granules require lower pressure to
compress into tablets than granules made by other
granulation methods.

The amount of solvent removed during fluid-bed wet
granulation and drying steps can be calculated using heat
and mass transfer theory. By taking process variables, such
as spray rate, dew point, volume of inlet air, and powder
characteristics of raw material into consideration, a robust
manufacturing process can be developed for a variety of
formulation compositions and manufacturing scales.

Being a self-enclosed system, the fluid-bed is a pre-
ferred technology for highly potent compounds requir-
ing containment. When coupled with a clean-in-place
(CIP) system, fluid-bed becomes the preferred granula-
tion method for such potent compounds.

29.2 EQUIPMENT DESIGN

29.2.1 Batchwise models

Among the three well-established batch fluid-bed
methods, top spraying is commonly used for granulat-
ing purposes due to its ability to produce highly porous
particles with better dispersibility and compressibility
for downstream compression. The bottom-spray design
(Wurster) is very popular for layering of active compo-
nent and coating to modify drug release due to its good
film formation in such units. Drug-layering on sugar
beads using Wurster inserts is widely reported in the
research literature. Tangential spray (rotary) methods
are mostly used in pelletization and coating of the
formed pellets. The operating mechanisms are shown in
Fig. 29.1. The design and operational details for the
three methods are described in the next sections.
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29.2.1.1 Top spray

The main components for a top-spray processor are:

• An air-handling unit optionally equipped with
humidification and dehumidification for dew-point
control

• A product container
• An expansion chamber
• A spray system containing single or multiple

nozzles
• An exhaust system with a filter and, optionally, an

explosion suppression system

Glatt expansion chambers come in models known
as tall conical GPCG design or the shorter and wider
WSG design. GPCG machines are suitable for top-
spray and bottom-spray granulation, while the WSG
design is suited for drying of wet granules, and occa-
sionally for top-spray granulation processes.

Top spray has a simple setup, offers a high capacity,
and is typically used for either granulating powders or
spray-drying. When a binder solution is sprayed
through the nozzles, the droplets produced bind to
fluidizing powder particles, forming agglomerates.
There are cases when water is sprayed into the powder
bed, which contains a dry binder, to form granules.
Granulation with water, also referred to as instantizing,
is mostly used in the food and diagnostic industries.
Granules formed by instantizing are generally more
loosely formed and friable. Controlling inlet air dew
point and bed temperature is important for batch-to-
batch consistency.

A top-spray fluid-bed can also be used as an alterna-
tive to the traditional spray-drying process using hot

air. Since the air volume in a fluid-bed can be increased
easily, it does not demand a high temperature to dry-
sprayed droplets. This is especially attractive to protein
formulations, which can be denatured if the processing
temperature is too high. Particles formed through a top-
spray fluid-bed method are larger in size due to the
effect of layering. Flowability of these particles is gener-
ally better, as a result of larger particle formation with
narrow size distribution.

Since the particles formed are very porous, the top-
spray method is not suitable for coating of beads and
fine particles for controlled-release products. One
exception is hot-melt coating, where molten materials
are sprayed onto fluidized particles. Jones and Percel2

used all three methods to produce sustained-release
chlorpheniramine maleate pellets by spraying molten,
partially hydrogenated cottonseed oil, and found that
the top-spray method resulted in a smooth surface and
a decreased dissolution rate.

29.2.1.2 Bottom spray

Bottom spraying, originally developed by Dale
Wurster in the late 1950s, is most commonly used in
the coating of particulates and tablets. There are
several unique features with a Wurster-type column
design. First, the nozzle is mounted at the bottom of
the product container and above the air distribution
plate. Second, the air distribution plate has larger holes
in the middle than on the outer rim. This allows more
air flow through the middle portion of the plate.
Finally, an insert (partition) is placed above the plate.
This configuration ensures that particles are fluidized
upward in the insert, fall outside the insert, pass under

FIGURE 29.1 Top spray, bottom spray, and tangential spray mechanisms (from left to right) used in batch fluid-beds. Source: Courtesy
Glatt Air Techniques, Inc.
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the insert, and are lifted again inside the insert. The
region inside the insert is commonly referred to as the
up-bed region, while that outside the insert is known as
the down-bed region. Particles are sprayed in the up-bed
and dried in the down-bed many times, until the
desired film thickness is achieved.

Since coating solution is sprayed from the bottom,
coating efficiency is typically much higher than by top
spraying. Mehta and Jones3 demonstrated that
bottom spraying produced a much smoother coating
than top spraying, especially when organic solvent-
based solution was sprayed. Top-spraying solvent-
based solution leads to flash evaporation and more
spray-drying, resulting in a rough surface.

29.2.1.3 Tangential spray

The tangential-spray process involves a variable-
speed rotating disk inside the product bowl. The spray
nozzle is mounted at the side of the bowl near the bot-
tom and is buried in the batch during processing. The
gap between the disk and bowl wall can be adjusted to
allow varying amounts of air through. During granula-
tion, the rotating disk imparts a centrifugal force to the
material, forcing the particles to move to the outer part

of the disk. The air flow then provides a lifting force.
These two forces, along with natural gravity, make the
material travel in a spiraling helix. This motion results
in the compaction of the material to produce uniform
and dense granules, thereby enabling the manufacture
of high-dose loading products. An added advantage is
that further coating of the formed pellets can be done
in the same processor, without having to discharge the
pellets. Disk speed and air volume need to be reduced,
compared to the granulation stage, in order to avoid
film breakage potentially caused by abrasion.

29.2.2 Semicontinuous design

The best known case of implemented semicontinu-
ous fluid-bed technology is the Glatt MultiCell,4,5

which combines high shear granulation and fluid-bed
drying (Fig. 29.2). Typically, three fluid-bed dryers are
set up side by side, along with a horizontal high shear
granulator and a wet sieving mill. After wet granula-
tion, the wet mass is wet-screened and loaded in the
first fluid-bed for partial drying (predrying). Partially
dried granules are then pneumatically conveyed to the
second fluid-bed unit for continued drying (final

FIGURE 29.2 Semicontinuous fluid-beds, Glatt multicell: 1. Dosing unit; 2. high-shear granulator; 3. sieve; 4. fluid-bed; 5. pneumatic trans-
port system. Source: Courtesy Glatt Air Techniques, Inc.
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drying), then to the third unit for final drying and
equilibration (cooling). The dried granules are then
conveyed to a dry mill for milling.

The three fluid-bed units are designed for different
air temperature and humidity conditions, with the first
one typically set at high temperature (60�C), and the
last cell at ambient temperature and humidity.

GEA Niro Pharma Systems (Columbia, MD) demon-
strated a new version of a semicontinuous fluid-bed
coater a few years ago, the SUPERCELL.6,7 This device
is capable of automatically preweighing small batches
of tablets (typically 30�120 g) into the coating chamber,
coating them rapidly (typically ,10 minutes), and
finally pneumatically conveying them out of the cham-
ber. The ability of SUPERCELL to coat tablets and cap-
sules rapidly and uniformly is claimed to be due to
uniquely patented designs (ie, a special gas distribution
plate), and a two-fluid spray nozzle located below it.

The atomizing gas is mixed with low-pressure dry-
ing gas, thereby reducing the momentum of the atom-
izing air. Attenuation of the spraying momentum,
along with a very short processing time, is expected to
reduce tablet wear and tear, thereby improving tablet
appearance. Conceivably, friable or hygroscopic tablets
can also be processed in such a unit due to its rather
short coating time. A vendor-sponsored study of

coating an enteric film on aspirin tablets confirmed
good acid resistance for tablets coated with .9%
weight gain. No tablet edge defects after coating were
found. A prototype model is shown in Fig. 29.3.
Acceptance and use of this device by the pharmaceuti-
cal industry has yet to be seen.

29.2.3 Continuous models

Glatt developed various continuous fluid-bed models
with the GF and AGT units shown in Fig. 29.4. In the GF
model, the inlet air plenum is divided into multiple
chambers, each with adjustable temperature and air flow
control. By this means, spray agglomeration, drying, and
cooling can all be done in this single unit. By controlling
air flow in the various chambers, the overall powder
flows in a plug fashion toward the discharge port.

In the 1980s, Glatt commercialized the AGT technol-
ogy, which has a discharge pipe right in the middle of
the bottom screen. The air velocity in this pipe deter-
mines what size particles can be discharged. Heavy
particles with sinking velocity greater than the air
velocity inside the pipe will be discharged, while smal-
ler particles are blown back to the fluid-bed and are
exposed to layering again.

FIGURE 29.3 Cutaway view of the liquid nozzle and gas distribution plate, tablet movement inside the coating chamber, and the
SUPERCELL coater general appearance. Source: Courtesy GEA Niro Pharma Systems.
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Continuous processors are typically used in the
chemical, food, and agricultural industries.

29.3 FLUID-BED HYDRODYNAMICS

29.3.1 Product temperature and moisture
content profiles through fluid-bed processing

A fluid-bed, wet-granulation process consists of dry
blending, wet granulation, and drying. A typical exam-
ple of product temperature and moisture content pro-
files through fluid-bed processing is that product
temperature initially increases during the blending
step. It then decreases after spraying starts and eventu-
ally bottoms out. Assuming that there is no heat loss
from the equipment surface, and that the materials are
well mixed by fluidization air, product temperature
could reach:

• Wet bulb temperature of the inlet air when the
spray rate is greater than the drying capacity of the
inlet air. In this case, product temperature is kept
constant at the wet bulb temperature, even after
drying begins. This continues until water levels in
the wet mass become less than the drying capacity,
at which time the product temperature rises.

• Between the inlet air temperature and the wet bulb
temperature of the inlet air, if the spray rate is lower
than the drying capacity of the inlet air. In this case,
the product temperature starts increasing
immediately after spraying is stopped.

Once product temperature starts rising, a good cor-
relation between the moisture content of granules and

product temperature can be established. Product tem-
perature becomes a good indicator for predicting the
drying end point.

Following moisture level changes through fluid-bed
processing yields more information than monitoring
product temperature. The moisture level of starting
materials first decreases during the blending step, and
then it increases when spraying starts and keeps
increasing until spraying stops. The accumulation of
moisture depends on processing parameters (inlet air
and spraying conditions). A good correlation between
moisture content and size of wet granules can also be
established. When the spraying step is completed,
accumulated moisture within the wet mass starts to be
removed. It has also been demonstrated that a good
correlation between moisture content and size of dry
granules exists.

29.3.2 Moisture mass balance during the
fluid-bed process

Moisture profiling throughout the fluid-bed process
not only can be used as a fingerprint for the formula-
tion and process, but is also useful for process devel-
opment and troubleshooting purposes. When wet
granules contact the hot inlet air, the hot inlet air
exchanges its heat for moisture. The temperature of
the air drops due to evaporative cooling and exits the
process chamber as exhaust air. Water in wet granules
is vaporized instantly by heat at this temperature.
Since the granules are suspended into fluidization
(inlet) air, and contact surface area between air and
wet granules is considered to be huge, heat and mass
transfer reach equilibrium instantaneously.

GF AGT

FIGURE 29.4 Continuous fluid-beds, Glatt GF and AGT units. Source: Courtesy Glatt Air Techniques, Inc.
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29.3.2.1 Drying process

Fig. 29.5 shows moisture balance during fluid-bed
operation. In the drying process, moisture in wet gran-
ules is removed by dry inlet air. During wet granula-
tion, there is another source of moisture, which is
sprayed binder solution.

As shown in Fig. 29.6, moisture removed (Mr)
during the drying process can be calculated from

the moisture content of inlet (Min) and outlet air (Mout)
as follows:

Mr 5Mout 2Min

where Min and Mout can be determined by monitor-
ing the temperature and relative humidity of inlet and
outlet air. Using moisture content (Mend) and weight
(Wini) of wet granules at the wet-granulation end

Inlet air

Moisture content: Min

Moisture removed: Mr

Outlet air

Moisture content: Mout

Inlet air

Moisture content: Min

Moisture removed: Mr

Moisture accumulated: MA

Sprayed moisture: Ms

MA = Ms – Mr = Ms – (Mout – Min)

Outlet air

Moisture content: Mout

Drying Wet granulation

Mr = Mout–Min

Mr = Mout–Min

FIGURE 29.5 Moisture mass balance
during fluid-bed process.
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point, the moisture content of wet granules during the
drying process can be calculated:

Mg 5
ðMend 2MrÞ
Wini 2Mr

3 100

29.3.2.2 Wet-granulation process

To predict moisture balance during the wet-
granulation process, two parameters need to be taken
into consideration: moisture removed (Mr), and mois-
ture accumulated in the wet granules (MA) for the
wet-granulation process (Fig. 29.5). Since the binder
solution is sprayed onto the powder bed during this
process, moisture in the sprayed binder solution (Ms)
needs to be built into the equation in order to calculate
the moisture level accumulated in wet granules:

MA 5Ms 2Mr 5Ms 2 ðMout2MinÞ
The moisture content of wet granules can be calcu-

lated using the initial conditions, which include the
batch size (Wini), and initial moisture content of the
powder bed (Mini):

Mg 5
Mini 1MA

Wini 1MA
3 100

29.3.2.3 Prediction of moisture profile during the
fluid-bed process

By taking air factors, including air volume per unit
time and specific volume, into consideration, the mois-
ture profile during fluid-bed operation can be predicted.
Briefly, a given inlet air drying capacity is expressed as

DC5Hin wb 2Hin db

where Hin_wb and Hin_db are the absolute moisture con-
tent of the wet bulb and the dry bulb temperature of
inlet air, respectively.

The rate of moisture removal (Xr) is expressed as

Xr 5 Hin wb 3
Vin

VHsp out

� �
2 Hin db 3

Vin

VHsp in

� �
where Vin is inlet air volume per unit time, and
VHsp_in and VHsp_out are specific volume of the inlet
air and outlet air, respectively.

Then the moisture content for the drying process is
expressed as

Mg 5
ðMend2Xr 3 tÞ
Wini 2Xr 3 t

3 100

and the moisture content for the wet-granulation pro-
cess is expressed as

Mg 5
Mini1 ðXs 2XrÞ3 t

Wini1 ðXs 2XrÞ3 t
3 100

where Xs and t are spray rate and running time,
respectively.

29.4 MECHANISMS OF
AGGLOMERATION

29.4.1 Phases in granule growth

The main objective of granulation is to improve the
undesirable powder characteristics of raw materials
(poor powder flow, fluffiness, segregation, etc.); there-
fore, the specific needs first must be identified.
Granulation properties after the process are likely
different, depending on the target of the process.

The moisture content of wet granules can be con-
trolled by process parameters. If there is a target mois-
ture range in mind, it can generally be achieved through
process controls (air and spray conditions). At the begin-
ning of the process, the powder bed is assumed to be
dry, with no aggregation. Following binder spraying, the
powder bed becomes wet, and then aggregation starts
and granule size increases with the spraying of more
binder solution. The granule growth rate during the wet-
granulation process can vary from slow progress in the
beginning, to rapid growth exceeding the desired end
point. To develop a robust wet-granulation process, the
basic concept of granule growth and its influencing
factors need to be understood.

29.4.2 Bonding mechanisms

Rumph8 classified particle�particle bonding mechan-
isms into five categories:

1. Solid bridges
2. Interfacial forces and capillary pressure in movable

liquid surfaces
3. Adhesion and cohesion forces in bonding bridges

which are not freely movable
4. Attraction between solid particles, such as van der

Waals forces, electrostatic forces, and magnetic type
interactions

5. Form-closed bonds, such as particles interlocking or
entangling

Category 1 is the moisture-mediated bonding
mechanism, with interfacial and capillary forces
between particles playing important roles to form
particle�particle bonds during the wet granulation
process. Particle�particle bonds are classified into four
categories, based on the phase of interaction between
liquid and particles: pendular, funicular, capillary, and
droplet, according to Newitt and Conway-Jones and
Barlow.9,10 Assuming that a binder solution is used as
the granulation fluid, which is sprayed into fine
droplets, liquid bridges between particles can be vis-
cous and adhesive. Formed solid bridges will remain
after drying.
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Upon spraying binder solution onto the powder
bed, moisture content increases and the surface of
powders becomes self-adhesive due to coalescence of
the binder solution. During the coalescence, water may
be absorbed into particles, resulting in high void satu-
ration with increased deformation capability (plastic-
ity) which helps to bind particles together (see Huang
and Kono,11,12 and Abberger13). Once liquid bridges
start to be formed between particles (nucleation), the
progress of granule growth is determined by a balance
of cohesive and adhesive forces between particles
(viscosity of the liquid bridge), and impact from colli-
sion of particles during the wet-granulation process.14

Since two or more particles are held together with liq-
uid bridges, granule size could be regulated by num-
ber, size, and viscosity of the liquid bridges. If
the liquid bridge size is small or less viscous, then the
bridge can hold only small particles or breakage may
occur. If the liquid bridge size is large, viscous, or
both, the liquid bridges could hold heavier and larger
particles, as well as granules, together.

29.5 FORMULATION AND PROCESS
VARIABLES AND THEIR CONTROL

Like many other unit operations, many variables
can affect manufacturability and product quality in the
fluid-bed wet-granulation process. In order to develop
a robust process, it is necessary to evaluate the effects
of these variables at an early stage. These variables can
be classified into three groups: equipment-related,
formulation-related, and process-related variables. The
performance of a fluid-bed wet granulator depends on
equipment-related variables, such as equipment size
(dimensions) and shape, position of spray nozzle (top,
bottom, tangential), number of spray guns, etc. These
variables need to be assessed during the scale-up activ-
ity from one scale to another. This aspect was covered
in Section 29.6, earlier in this chapter.

Due to the basic mechanism of granule growth dur-
ing the wet-granulation process, particle size and its
distribution, density, wettability, solubility, and hygro-
scopisity of starting materials impact product quality
(bioperformance, content uniformity, chemical stabil-
ity, etc.), and manufacturability of the formulation. It is
also well known that cohesiveness and static charge of
raw material can cause undesirable homogeneity and
low-yield problems after the wet-granulation process.
On the other hand, inlet air conditions (relative humid-
ity of dew point, temperature, air volume, or velocity),
and spraying conditions (spraying rate, atomizing air
pressure, spray gun position), are key variables to
make a consistent quality product batch after batch
(reproducibility).

29.5.1 Formulation variables

There are a variety of excipients commercially avail-
able for fluid-bed formulation development, and each
excipient has different material properties. It is impor-
tant to understand excipient functionality and its
behavior during processing. Since multiple excipients
are put into a formulation, it then becomes compli-
cated to understand the impact of all these excipients
on manufacturability and the final product quality.

Schaefer and Worts investigated the influences of
starting material property and its mixing ratio in the
fluid-bed granulation process, using crystalline lactose
and starch as raw materials. It was shown that the
granule size depended on the ratio of lactose and
starch, with higher lactose content generating larger
granule sizes. It was also indicated that the higher the
surface area of starting materials, the smaller the gran-
ule size that was obtained after granulation.15 Wan
et al. also demonstrated that, after fluid-bed wet gran-
ulation, the granule size of lactose, a water-soluble
excipient, is larger than the granule size of cornstarch,
a water-insoluble excipient.16 Since different excipients
have different particle sizes and interact differently
with water, processing conditions will need to be
different in order to obtain similar granule properties.

A binder is an essential component of the granula-
tion process, which provides binding ability in the for-
mulation after drying. The binder can be added either
as powder or sprayed as a solution to the powder bed
during the wet-granulation process. Wan and Lim
reported that larger granule size and higher density is
obtained when the binder is added as a powder,
rather than by spraying as a solution.16 Schaefer and
Worts demonstrated that the droplet size of the
binder solution is influenced by the viscosity of the
binder solution. However, it was also shown that vis-
cosity is not the sole factor that affects granule size.17

The type of binders and the binder concentration could
be critical variables when the binder solution is
sprayed using a nozzle system. Binders such as hydro-
xypropylcellulose, polyvinylpyrollidone (PVP), hydro-
xypropylmethylcellulose (HPMC), and pregelatinized
starch are commonly used for fluid-bed wet granula-
tion with a range of 2�5% w/w solution.18

29.5.2 Key process variables

As discussed in the previous section, there are three
major factors influencing the fluid-bed wet granulation
process: namely, air conditions, spray conditions, and
equipment-related factors. The equipment-related
factors include design of equipment, bag filter, distrib-
utor, shape of bowl and extension chamber, shaking
mechanisms, and the position and number of spray
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nozzles. These factors need to be carefully evaluated
when batch size is changed or a formulation is trans-
ferred from one site to another.

29.5.2.1 Inlet air conditions

Air conditions, including temperature, dew point
(or absolute humidity), and inlet air volume, are the
three key factors influencing drying and wet granula-
tion. Since moisture from wet granules is evaporated
and removed as exhaust air during the wet granula-
tion and drying process, exhaust air contains a higher
amount of moisture than inlet air. As described in
Section 29.3.2 earlier in this chapter, the amount of
moisture that inlet air can remove (DC) is

DC5Hin wb 2Hin db

Absolute moisture values depend on inlet air, which
is the reason why the dew point of inlet air and inlet
air temperature are the critical factors for the wet-
granulation and drying processes. The same inlet air
temperature and inlet air volume could result in a
different DC value due to a different dew point. If no
dew point controller or dew point monitoring system
is available, it is recommended to measure inlet air
relative humidity and temperature to make the DC
consistent (manufacturing process reproducible). These
absolute moisture values can be obtained from the
psychometric cart.

The powder bed is fluidized by inlet air, and it is
important to keep sufficient fluidization throughout
the process; otherwise, the bed may collapse. It may be
necessary to adjust inlet air volume during the wet-
granulation and drying processes because of weight
change of wet versus dry materials. Inlet air volume
needs to be reduced in order to minimize attrition dur-
ing the drying process. The amount of moisture
removed per unit time is expressed as

Amountofmoisture removed

minute
5DC3air volume=minute

When inlet air volume is adjusted, the amount of
moisture removed per unit time will change.

29.5.2.2 Spray rate, droplet size, and spray pattern

Since formation of liquid bridges among particles is
the main mechanism of granule growth, it is reason-
able to expect that spray rate and droplet size signifi-
cantly affect the wet-granulation process and influence
granule size and size distribution. The effects of spray
rate and droplet size on fluid-bed wet granulation are
not much different from those for the high-shear wet-
granulation process. If the spray rate is too fast, rapid
granule growth occurs, and the process could be sensi-
tive to subtle changes in raw material and process

conditions. Water-soluble components may be
dissolved into the binder solution, which accelerates
granule growth. If the spray rate is too slow, it takes a
long time to reach the desirable end point, and in the
worst cases, no granule growth occurs. Large droplet
size tends to produce larger and denser granules,
while a fine mist may result in spray-drying the binder
solution. Spray pattern and atomizing air influence
droplet size. Shaefer and Worts17,18 reported that a
broad spray pattern creates insufficient air and liquid
mixing, which causes the droplet size to become larger
(Table 29.1). Small changes of air and liquid flow ratio
(air-to-liquid mass ratio) influence droplet size changes
(Table 29.2).

The effect of droplet size and powder material parti-
cle size on granule size after fluid-bed melt granula-
tion using polyethylene glycol 3000 was examined by
Abberger et al. 19 It was concluded that the mechanism
of agglomeration depended on the ratio of the binder
droplet size to the particle size of the solid powder.
When the solid powder particle size is smaller than
the binder droplet size, immersion of the solid particle
in the surface of the binder solution is the main mecha-
nism of nucleation. Distribution of the binder solution
to the solid particle makes the solid particle’s surface
sticky and deformable. When the solid particle size is
greater than the binder droplet size, these sticky and
deformable wet particles stick together, which becomes
the dominant nucleation mechanism.

TABLE 29.1 Influence of Spray Angle on Droplet Size (d50, μm)

Air dome setting

2 5 1.2

(c. 30 degree) (c. 40 degree) (c. 60 degree)

56 μm 89 μm 100 μm

Data from Schaefer T, Worts O. Control of fluidized bed granulation I. Effects of
spray angle, nozzle height and starting materials on granule size and size

distribution. Arch Pharm Chem Sci Ed 1977;5:51�60; binder solution: gelatin 4%,
40�C; liquid flow rate: 150 g/min; air flow rate: 10 Nm3/h.

TABLE 29.2 Influence of Liquid Flow Rate and Air-to-Liquid
Mass Ratio on Droplet Size (d50, μm)

Mass ratio

Liquid flow rate (g/min)

100 150 200

1.15 129 μm 99 μm 98 μm

123 μm 113 μm 98 μm

1.43 106 μm 90 μm 79 μm

102 μm 86 μm 88 μm

Data from Schaefer T, Worts O. Control of fluidized bed granulation I. Effects of spray

angle, nozzle height and starting materials on granule size and size distribution. Arch

Pharm Chem Sci Ed 1977;5:51�60; binder solution: gelatin 4%, 40�C.
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29.5.3 Granule growth under drier conditions
(low moisture content of wet granules during
the granulation process)

AbuBaker et al.20 investigated the effects of proces-
sing conditions on granule properties using a 25-11 2
factorial design of experiment (DOE), using a fluid-bed
granulator/dryer. The factors evaluated were fine and
coarse drug particle size, binder solution concentration
(11% and 16%), spray rate (70 and 110 g/minutes),
atomizing air pressure (1 and 3 bar), and inlet air dew
point (-5�C and 15�C). Statistical analysis from the
study indicated that the spray rate and atomization air
pressure ratio significantly influence granule size. Due
to the very low moisture content (less than 2%) of
granules, distribution of binder solution to solid parti-
cle surface makes the particle surface ready for aggre-
gation, which is likely to be the main mechanism of
granule growth. In this case, factors such as the spray
rate and atomization pressure (liquid-to-air) ratio,
which controls the droplet size of binder solution,
become dominant factors for granule growth. The level
of moisture content in wet granules may not be a good
parameter to monitor, due to the very small change of
the moisture level during the process.

29.5.4 Granule growth under wetter conditions
(high moisture content of wet granules)

When moisture is accumulated in wet granules,
more liquid bridges are formed, which increases
the contact surface area between particles. As a result,
the bonding capability of wet particles becomes
higher than that for drier particles. It was reported that
granule size is proportional to the humidity level
inside the fluid-bed,21 so granulation size can be moni-
tored by measuring the moisture content of the wet
mass. Watano et al.22,23,24 introduced an infrared (IR)
sensor to monitor the moisture level during fluid-bed
granulation and established a good correlation
between moisture content and granule size.

29.6 SCALE-UP CONSIDERATIONS

Scale-up of fluid-bed processes from small laboratory
units to large commercial machines has been a continuing
activity in the chemical and pharmaceutical industries for
over half a century. In spite of this, fluid-bed scale-up is
still not an exact science; it remains a mix of mathematics,
engineering, and personal judgment. There are many
simplifications, approximations, and educated guesses
involved in fluid-bed granulation and drying. Better data,
more realistic models, and more exact equations are
always sought after in this field. The secret to successful

fluid-bed scale-up, however, lies in the recognition and
management of uncertainties rather than finding the
fluid-bed’s exact attributes.25 Generally, equipment vari-
ables, such as the type and size of the equipment, and
key process variables, such as spray rate, atomization
pressure, and inlet air temperature, affect the product
quality attributes. Control of such parameters, in order to
yield a consistent product at a large batch size (scale),
thereby constitutes a successful scale-up strategy. Equally
important is the consistent quality of incoming raw mate-
rials (API and excipients). A change in particle size distri-
bution of the API is known to affect granulation
characteristics, and ultimately compressibility.

Of the three steps involved in fluid-bed agglomera-
tion (dry mixing, spray agglomeration, and drying), the
spray agglomeration stage is the most critical phase to
monitor. During this phase, dynamic granule growth
and breakdown takes place, along with solvent evapora-
tion. Schaefer and Worts21 demonstrated that granule
size is directly proportional to bed humidity during
granulation. Therefore, controlling bed humidity
becomes critical. Gore et al.26 studied various processing
parameters and concluded that air temperature, spray
nozzle location, spray rate, and atomization pressure can
all affect granule characteristics. If one has to limit the
number of process parameters to control for scale-up
purposes, bed humidity and atomizing air pressure
should be chosen. Atomization pressure affects granule
growth through its effect on droplet size and spray pat-
tern. Maintaining binder droplet size, when performing
scale-up activities, is regarded as the key to scale-up suc-
cess. Along with atomization pressure, nozzle atomiza-
tion air volume should be recorded.

The primary consideration in scaling up the fluid-
bed process is to maintain drying efficiency between
the laboratory and production equipment. In a larger
unit, inlet air temperature may need to be lowered,
due to its higher air volume, in order to maintain the
same drying efficiency as in smaller units. Otherwise,
spray-drying of binder solution can occur. Another
commonly used method is to maintain bed tempera-
ture, which can be achieved by balancing air tempera-
ture, dew point, air flow, and spray rate.

An additional consideration during scale-up is mate-
rial handling procedures and transfer methods. While
hand-scooping into and out of the bowl is convenient for
small-scale processors, it is physically demanding and
may not even be acceptable from a worker safety per-
spective. Vacuum transfer becomes a preferred option
and a common practice. This is achieved through the cre-
ation of negative pressure inside the unit by running the
blower with the inlet air flap minimally open and leav-
ing the outlet flap fully open. Ingredients can be charged
one by one via vacuum, and then the mixing and granu-
lation phases can be started. For granule discharge, the
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product can be vacuum transferred, bottom discharged
by gravity, or side discharged into another intermediate
bulk container (IBC) for further mixing and compression.
Fully contained IBCs aided by vacuum transfer that can
be linked to the discharge port of the fluid-bed processor
are commercially available. These units keep the bowl
from opening during product discharge and are typi-
cally used for potent compounds. If the fluid-bed is
equipped with CIP cleaning nozzles, it can then be
washed down before the bowl disengages from the
expansion chamber.

29.6.1 Batch size and equipment selection

Scale-up from small laboratory sized fluid-bed
machines can be made much easier if the same line of
equipment is used. Manufacturers generally keep
scale-up issues in mind when designing their line of
processors. However, if equipment from a different
manufacturer is to be used at the commercial site due
to availability limitations, efforts will need to be spent
on modifying process parameters. This is because of
differences in air flow pattern, expansion chamber
geometry, gun-spray pattern, and other factors.

Minimum and maximum batch size within selected
top-spraying equipment can be approximated using
the following equations:

Smin 5V3 0:53BD

Smax5V3 0:83BD

where S is batch size in kilograms, V is the product
bowl working volume in liters, and BD is the bulk den-
sity of finished granules in grams per cubic centimeter.

Linear scale-up can be used as a rough estimate in the
beginning. Assuming that 6-kg scale batches have been
made in a 22-L bowl at 60% volume, and that the next
scale-up will be done in a 100-L bowl, a starting batch
size of 30 kg is recommended. One must be kept in mind
that as the batch size increases in the larger units, the
powder bed will become more compacted, resulting in a
higher bulk density in the bowl. Jones27 predicted that
approximately 20% higher bulk density should be fac-
tored in when comparing larger units to smaller ones.

For tangential-spray in a rotary fluid-bed granula-
tor, minimum and maximum batch sizes can be deter-
mined as follows:

Smin 5V3 0:23BD

Smax5V3 0:83BD

Rotor granulation is amenable to a wider range of
batch size changes in the same bowl, although one

should keep in mind that a larger batch load typically
produces denser granulation due to the increased
mass effect. Similar to a top-spraying model, a good
starting point would be for the finished product to
occupy 60% of the working capacity or volume of the
rotor product chamber.

For bottom-spraying in a Wurster-type of equip-
ment, the minimum and maximum batch size can be
calculated using the following expressions:

Smin 5
1

2
ðπR2

1H2NπR2
2HÞ3BD

Smax 5 ðπR2
1H2NπR2

2HÞ3BD

where R1 is the radius of the chamber, R2 is the radius
of the partition, N is the number of partitions, and H is
the length of the partition.

29.6.2 Spray rate scale-up

Spray rate scale-up is determined by the drying
capacity of the equipment rather than by the increase
in batch size. In other words, spray rate change should
be based on similarities in fluidization patterns at
different scales. However, one should keep in mind
that at a given atomization pressure and air flow vol-
ume, change in liquid spray rate affects droplet size,
which in turn affects particle agglomeration.

Two methods can be used to determine spray rates.
If air volume can be read directly from the equipment,
spray rate can be simply calculated as follows:

S2 5 S13
V2

V1

where S1 is spray rate in the laboratory scale equip-
ment, S2 is spray rate in the scaled-up equipment, V1

is air volume in the laboratory scale equipment, and
V2 is air volume in the scaled-up equipment.

If there is no direct air volume readout on the
equipment, cross-sectional areas of the product bowl
screens can be used for approximation as follows:

S2 5 S13
A2

A1

where A1 is the cross-sectional area of the laboratory
scale equipment, and A2 is the cross-sectional area of
the scaled-up equipment.

Using a 22-L bowl as the starting point, scale-up
and scale-down factors have been tabulated for ease of
use, as listed in Table 29.3.

Recently, AbuBaker et al.20 proposed that the ratio
of spray rate/atomization pressure is the most impor-
tant factor controlling the droplet size of the spray.
The authors reached this conclusion while working on
scaling up an eroding tablet formulation with a high
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drug load. By maintaining a constant ratio, scale-up
from 8 to 70 kg was successful despite differences in
drug particle size, granulator geometry, and number
of nozzles used.

The authors have further devised a new process
parameter termed driving force, which is the product of
spray rate, binder concentration, and droplet size, and
then normalized by batch size. Granule growth rate was
shown to correlate well with calculated driving force:

Driving
Force

5

Spray Rate3
Binder

Concentration
3Droplet Size

Batch Size

Conceivably, if driving force is maintained constant
at different scales, scale-up can be done with ease,
resulting in granules with the same particle size.

29.6.3 Rotary disk speed scale-up

A simple way to scale-up disk speed is by maintain-
ing radial velocity (V) constant as the diameter of the
disk increases:

N2 5N1 3
d1
d2

where N is the disk speed (rpm) and d is the diameter
of the disk (m), and the subscripts 1 and 2 represent
the first and second set of conditions, respectively.

Radial velocity (V, m/s) can be calculated from

V5
πdN
60

Alternatively, radial acceleration can be held
constant in order to keep steady the centrifugal force
(Fc) acting on the bed. Since radial acceleration equals
to 23V2/d, the following scale-change equation can
be derived:

N2 5

ffiffiffiffiffiffiffiffiffiffiffi
N2

1d1
d2

s

Assuming that a disk speed of 200 rpm was used in
a 485-mm rotor, the scaled-up disk speed for the
780-mm rotor would be

Using radial velocitymethod: N25
20030:485

0:780
5124 rpm

Using radial accelerationmethod:

N25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð200Þ230:485

0:780

vuut 5158 rpm

The known equipment parameters for the Glatt RSG
and GRG rotor granulators are listed in Table 29.4.

Scale-up in a rotor granulator can also be done by
maintaining Fc constant for different-sized rotors or the
same rotor with different amounts of material loading.
Horsthuis et al.28 used the Froude number for scale-up
in high shear Gral compounders. Chukwumezie et al.29

modified the Froude number method to maintain Fc in
rotor granulation. By maintaining an Fc of 41,667 N for
a 1-kg batch in a 12-in. rotor at 500 rpm, these authors
were able to scale the process up to a 10-kg load in a
19-in. rotor at 200 rpm:

Fc 5
W 3V2

R

where W is the batch weight, V is the radial velocity,
and R is the plate radius.

TABLE 29.3 Approximate Scale-Up Factors for Fluid-Bed
Granulators

Unit
volume (L)

Screen
diameter (mm)

Spray rate
scale-up factor

Run-time
scale-up factor

1.75 100 0.21 0.38

4.50 150 0.47 0.44

22 220 1.0 1.00

45 350 2.5 0.82

100 500 5.2 0.87

215 730 11.0 0.89

420 900 16.7 1.14

670 1000 20.7 1.47

1020 1150 27.3 1.70

1560 1250 32.3 2.20

2200 1750 63.3 1.58

3000 1740 62.6 2.18

TABLE 29.4 Glatt RSG and GRG Rotor Parameters

Model

Disk
diameter

Radial
velocity
(m/s)

Speed
(rpm)

Air
volume
(m3/h)

Number
of nozzles

RSG 1/3 295 0�27 0�1800 80�580 1�2
RSG 5/15 485 0�30 0�1200 120�750 1�3
RSG 15/30 620 3.7�22 113�680 200�1500 2�4
RSG 60/100 780 4.4�22 108�540 600�3000 2�4
GRG 100 1000 5�25 100�500 800�4500 3�6
GRG 200 1400 5�25 70�340 1000�6000 3�6
GRG 300 1600 5�25 60�300 1400�8000 4�8
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Typical batch size ranges for the GPCG, RSG, and
GRG lines of machines are listed in Table 29.5.

29.6.4 Rational scale-up

Due to the large numbers of interrelating para-
meters affecting product attributes, scale-up efforts can
be significantly improved by employing rational
approaches, such as DOE. DOE allows the scientist to
narrow down the most critical formulation and process
parameters to monitor during scale-up trials. Full
factorial designs afford the identification of factor-to-
factor interactions that cannot be revealed by the one-
parameter-at-a-time method.

As an example, a controlled-release formulation was
granulated in a small-scale GPCG-3 top-spray granula-
tor in the authors’ laboratory. A 231 2 design (three
factors, two levels, with two center points) was utilized
in this study, with the factors being PVP level, spray
rate, and HPMC viscosity variation within the same
commercial grade. Resulting granulations were com-
pressed into tablets and tested for dissolution. The
response surface plot is shown in Fig. 29.6. While there
were no significant effects of spray rate and HPMC
viscosity on dissolution, the PVP level did appear to
be a statistically significant factor. Therefore, control-
ling PVP levels in the formulation is important,
although how PVP affects HPMC gelation during dis-
solution still remains unclear.

Process analytical technology (PAT) also proves to
be a valuable tool in process monitoring. Among well-
established PAT methodologies is the near-infrared
(NIR) spectroscopy technique via fiber-optic probes
placed inside the bowl of the granulator. Since a wide
spectrum (1100�2500 nm) of signals is captured in real
time along the granulation process, it can then be pro-
cessed to reflect water and particle size changes. Frake
et al.30 installed an inline NIR system in a Glatt GPCG
30/60. The second derivative changes in absorbance at
1932 nm were used to correlate with moisture, while

the zero-order absorbance at 2282 nm was selected to
reflect particle size increase during granulation. This
continual inline NIR monitoring has been shown to
provide a suitable means of end-point determination
for a top-spray granulation process.

Rantanen et al.31 employed a multichannel NIR
detector in a Glatt WSG-5 unit to monitor moisture
level during granulation and drying of blends and
pellets. Moisture detection was performed at 1990 nm
throughout the mixing, spraying, and drying phases.
Together with bed temperature measurements, NIR
moisture monitoring provides a value-added tool for
better process understanding.

Watano et al.32 utilized an IR moisture sensor for a
laser scattering spray size analyzer for their work with
agitation fluid-beds. They recommended that if the
ratio of spray area to vessel cross-sectional area is kept
constant, localized overwetting can be prevented. By
means of moisture control, drying efficiency during
wetting and agglomeration phases can be maintained
constant among the different sized vessels. In a follow-
up article,33 these researchers further correlated the
relationship between IR absorbance and granule mois-
ture content. Except for very dry conditions, such as
low spray rate or high air temperature, there appears
to be excellent correlation between measured moisture
level (by offline drying) and IR absorbance.

Another method in monitoring real-time granule
growth is by image analysis. Watano and Miyanami34

developed an image processing system by coupling a
particle image probe (ie, a charge-coupled device
camera), and an image-processing unit. A close agree-
ment in granule size between image process and the
traditional sieve analysis was obtained. The authors
further automated this system to make it capable of
controlling the spray rate at the end of the granulation
phase or in order to avoid excessive agglomerate
formation.35 Modulation of spray rate was accom-
plished via fuzzy logic, a linguistic algorithm employ-
ing if-then rules, and a process lag element. Good
control of granule growth was reported.

29.6.5 Scale-up via semicontinuous
(batch-continuous) processing

The principle of using continuous processing to
improve cost efficiency is well established in the food
and bulk chemical industries. The pharmaceutical
industry has been rather slow to adopt such a strategy
due to relatively high profit margins, constant product
changeover at the manufacturing site, and equipment
qualification concerns. Semicontinuous processes,
however, offer several advantages over traditional
batchwise processing. The most important of these is

TABLE 29.5 CPCG, RSG, and GRG Batch Size Ranges

GPCG RSG GRG Disk (mm)

Maximum
working
volume (L)

Typical batch
size range (kg)

1 & 3 1 N/A 300 4.5 0.5�3.0
5 & 15 5 N/A 500 30 3�20
30 & 60 30 30 620 60 5�40
60 & 120 60 60 780 105 10�75
N/A N/A 100 1000 180 25�125
N/A N/A 200 1400 430 50�300
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the ability to manufacture small and large volumes in
the same equipment setup, thereby eliminating scale-
up needs. Other advantages include ease of automa-
tion and less product risk in case of batch failure.36

Betz et al.,37 using the Glatt MultiCell and two pla-
cebo formulations, demonstrated that consistent yield
(discharge from the high shear granulator), compres-
sion profiles, and tablet disintegration can be gener-
ated throughout many subunits manufactured. This
method has been extensively tested by Roche Basel,
with more than 30 marketed products. It was postu-
lated that 600 subunits can be manufactured to
constitute a large “batch” of 4200 kg.37 One other such
subunit set-up has been installed in Pfizer’s facility in
Freiburg, Germany.

29.6.6 Scale-up via continuous processing

True continuous fluid-bed processing equipment is
rarely used by the pharmaceutical industry, although
suitable equipment lines are available. The primary appli-
cations are the chemical and food industries. An example
is the Glatt GF series, which were developed over a
decade ago in order to improve the throughput of fluid-
bed processes. Originally designed for drying solids, vari-
ous models are available today for granulation, coating,
pelletizing, drying, and cooling applications.

The design feature of the GFG (granulator) is its
inlet air plenum, which is divided into multiple cham-
bers, thereby enabling the introduction of air with
different temperatures and velocity in each chamber.
Together with the correct placement of spray nozzles
above each chamber, it is possible to create very differ-
ent conditions in different sections of the process
chamber. Agglomeration, drying, and cooling, there-
fore, can be done as the product travels from chamber
to chamber within the same unit.

29.7 APPLICATION OF QUALITY-BY-
DESIGN TO FLUID-BED GRANULATION

The inter-related nature of fluid-bed granulation pro-
cess parameters can be approached more effectively via
quality-by-design principles, especially with the aid of
PAT. Critical quality attributes (CQAs) defined during
granulation and drying steps typically encompass gran-
ulation particle size distribution, moisture content, bulk
density, tapped density, and flowability index. Through
the appropriate use of DOE, data analysis, and model-
ing, critical process parameters can be identified and
suitable design space defined in the regulatory filing for
operational flexibility. It is perfectly feasible to envision
real-time batch release of granules from granulators

upon successful implantation of online or inline PAT
techniques which are validated to provide instanta-
neous data on CQAs. Drying can be terminated using
real-time data and built-in feedback loops in the batch
manufacturing recipe.

Peinado et al.38 described a case study on the estab-
lishment of a validated NIR method to monitor
granulation moisture level at commercial scale and
compared with data generated using traditional loss
on drying (LOD) methodology. A 300-L Glatt fluid-bed
dryer was instrumented with an inline NIR spectro-
photometer and signals captured between 1178 and
2075 nm, upon which a partial least squares model
was then built. After proving that applicable validation
criteria (specificity, linearity, accuracy, robustness, and
precision) were all met, this method has been
approved as the primary drying end-point control for
this product, yielding much improved precision over
the conventional LOD method.

Lourenço et al.39 reported another design space case
study on a large scale (WSG200 drier, 500 kg) by
leveraging an inline moisture analyzer based on micro-
wave resonance technology and another inline particle
size analyzer based on spatial filter velocimetry (SFV).
Samples were also characterized offline using optical
microscopy, laser diffraction, and Karl-Fisher titration.
A partial factorial DOE was executed to evaluate inlet
air temperature, air flow rate, and binder spray rate
during the spray phase. Inlet air temperature and air
flow rate during drying were also included as process
parameters in this DOE. Granulation moisture content
has been shown to be affected by inlet air temperature,
binder-spray rate, and air flow rate increment (recipe
changes) during the granulation phase. Based on this
study, a design space for the commercial scale granula-
tion process has been proposed (which happens to be
within previously filed limits).

In addition to NIR and SFV, there are other technol-
ogies that are capable of determining granulation
particle size inline (ie, focused beam reflectance
measurements, acoustic emission, particle image veloc-
imetry, etc.). These techniques, along with data inter-
pretation through statistical treatments,40 can help in
delineating critical process parameters and their multi-
variate interactions, which ultimately define a design
space in regulatory applications.

29.8 SUMMARY

Fluid-bed granulation is a widely used and well-
characterized unit operation in the pharmaceutical
industry. With proper selection of equipment design,
operating conditions, and suitable excipients, it has
been shown that this technology can be scaled up from
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the laboratory to commercial production. Although the
wet-granulation process can vary from formulation to
formulation, it is important to understand the basic
concepts of equipment design and fundamental granu-
lation theory, in order to develop robust and scalable
formulations and processes. Application of PAT and
DOE can help establish a design space for the fluid-
bed process, as well as serving as great tools for scale-
up and technology transfer. When a formulation and
process are optimally developed using fluid-bed tech-
nology, the granules will ultimately impart superb
quality to the end product (tablet, capsule, etc.).
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30.1 INTRODUCTION

A majority of new active pharmaceutical ingredients
(APIs) in development exhibit low aqueous solubility
and poor dissolution limiting oral bioavailability. A
number of approaches have been used to improve
aqueous solubility and bioavailability.1�4 These have
included particle size reduction5; creation of amor-
phous solid dispersions (ASDs)6,7; use of solubilization
formulations (eg, using complexing agents, cosolvents,
and lipid-based formulations)8,9; crystal modification
(eg, using salts and cocrystals)10; and chemical modifi-
cation (eg, prodrugs).11

Amorphous solids offer a number of advantages for
the delivery of APIs (also referred to as compounds or
drugs) with low aqueous solubility. Amorphous solids
promote faster dissolution and higher dissolved drug
concentrations because they lack long-range order,
exhibit weak interactions between individual mole-
cules, and have higher enthalpy, entropy, and free
energy than their crystalline counterparts.12 However,
some formulations based on amorphous solids may
present challenges, including physical instability, poor
manufacturability at a large scale, inconsistent perfor-
mance, and materials handling difficulties. This chap-
ter is focused on the use of ASDs, which overcome a
number of these issues by achieving a kinetically stabi-
lized amorphous form.7 ASDs, which are molecular
dispersions of drug, polymer(s), and/or other excipi-
ent(s), can be prepared using a number of processes
and are applicable to a wide range of API types,

offering an attractive means to increase the aqueous
solubility and bioavailability of problematic com-
pounds. This chapter addresses the formulation,
process development, scale-up, and drug product con-
siderations for preparing spray dried dispersions
(SDDs), a particular class of ASDs, for APIs with low
aqueous solubility.

30.2 BACKGROUND

In this section, we provide background information
on ASDs in general, and SDDs in particular.

30.2.1 Background: assessment of ASD
applicability

ASDs are increasingly used commercially and
clinically because of their utility.13,14 Successful use of
ASDs, however, depends on careful assessment of the
suitability of this approach for the specific application.
Following this assessment, care must also be taken in
the selection of the dosage form, taking into account
performance (solubility enhancement and sustainment
for biologically relevant timeframes), chemical and
physical stability, manufacturability, and adequate
drug loading, as described in the next sections.

The low aqueous solubility of compounds is gener-
ally attributed to strong interactions in the crystal
lattice (high melting point) and/or hydrophobic

793
Developing Solid Oral Dosage Forms

DOI: http://dx.doi.org/10.1016/B978-0-12-802447-8.00030-3 © 2017 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-802447-8.00030-3


groups (as indicated by a high octanol/water partition
coefficient, log P).15 Insight into the utility of a particu-
lar solubilization application can be gained by asses-
sing the dose-to-solubility ratio required to achieve
high oral bioavailability for the compound. This can be
done using a technology map, such as that shown in
Fig. 30.1, which shows the applicability of ASDs versus
other technologies. The top-most solid diagonal line in
the map (Fig. 30.1) traces the maximal solubility (Smax)
of the lowest-energy, neutral form of the compound,
calculated using a modified general solubility equation
(Eq. (30.1)). Eq. (30.1) assumes that compound solid-
state interactions are negligible (ie, the compound is a
liquid at ambient temperature).

Smaxðmg=mLÞ5 10003 10ð2Log PÞ ð30:1Þ

Decreasing aqueous solubility at a constant log P
value is driven primarily by an increase in the solid-
state interactions, which are directly proportional
to melting temperature (Tm). Generally, the further a
compound falls below the diagonal line, the higher
its Tm value. In the upper region of this map,
crystalline solubility is high enough to achieve good
bioavailability at a 100-mg active (mgA) dose using a

crystalline drug form. Decreasing solubility associated
with increasing log P and/or increasing Tm requires a
solubilization-enabling technology to maintain good
in vivo performance.

As Fig. 30.1 shows, particle-size-reduction technolo-
gies (eg, creating microcrystals or nanocrystals via
micronization or milling) can offer acceptable bioavail-
ability at a 100-mgA dose when solubility falls below
1 mg/mL. This is achieved by increasing the surface
area to overcome the slow dissolution rate of a crystal-
line drug, keeping the drug at its equilibrium concentra-
tion in the gastrointestinal (GI) tract.5,16

However, as solubility decreases further, the utility of
such technologies diminishes because absorption is inad-
equate even if high (including instantaneous) dissolution
rates are achieved. At such low solubilities, technologies
are required that increase the drug concentration in the
GI lumen above its equilibrium solubility and/or that
increase drug transport across the unstirred water layer
via submicron-sized colloids. For compounds with high
lipophilicity (ie, log P. 6), the addition of lipidic excipi-
ents can help solubilize and enhance transport of the
compound through the unstirred aqueous boundary
layer—a process that can otherwise be slow and limit
absorption of lipophilic drugs.
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FIGURE 30.1 Crystalline solubility
versus Log P of compounds showing
applicability of Amorphous Solid
Dispersions (ASDs) compared with
other technologies. Assumptions: the
figure is based on solubility of the
neutral bulk crystalline form at pH
6.5, assuming the fraction of dose ion-
ized at pH 7 is less than 50%, the
molecular weight of the compound is
less than approximately 700 Da (so
permeability is not adversely affected
by molecular size), and the human
dose is 100 mgA. If the dose is higher
or lower than this, the property space
in which high bioavailability can be
achieved changes.
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Due to their rapid dissolution rate and higher drug
activity relative to bulk crystalline drug, ASDs are use-
ful where the drug at the desired dose is dissolution-
or solubility-limited, often with a dose number .1.17

ASDs are most readily applied to compounds that
have low to moderate log P values, although the tech-
nology can be extended to compounds with higher log
P values.13,18 ASDs have been shown to keep dissolved
drug levels high and enhance bioavailability signifi-
cantly in preclinical and clinical settings.19,20

Typically, ASDs are used instead of pure amor-
phous API because the physical stability of the latter is
usually not sufficient to avoid rapid API crystallization
in the solid state or in the use environment. ASDs can
be made by a number of processes, including spray-
drying,21 spray coating of API and excipient onto sub-
strates,22 solvent-controlled precipitation,23 freeze dry-
ing,24 fusion-based process,25 and hot melt extrusion
(HME).26 Processing temperatures, miscibility of API
and solvent, time spent in a high-mobility state, parti-
cle properties (eg, size and density), and equipment
availability can all affect the choice of the process for
making ASDs. For example, an API with a high Tm

can present challenges for preparation using HME due
to the need for higher processing temperatures that, in
turn, increases the risk of API and/or excipient degra-
dation.26 This chapter is focused on ASDs made using
spray-drying—one of the most common processes for
converting API and excipients (typically polymers)
into an ASD. The SDD shares some, but not all charac-
teristics of ASDs made using other processes.

30.2.2 SDD key considerations

SDDs are prepared by spray drying a solution of
API, polymer, and possibly other excipients, in a vola-
tile spray solvent. SDD development, like other formu-
lation development, should begin with a well thought
out target product profile (TPP), which can guide the

development process and be refined as additional
information becomes available.27,28 Ideally, SDD for-
mulations for bioavailability enhancement should meet
several manufacturing and performance criteria, as
shown in Fig. 30.2. On the manufacturing side, the API
and excipients should have relatively high solubility in
one or more high-volatility spray solvents and have
good chemical stability in solution. The solvent should
be easy to remove during spray-drying and/or subse-
quent secondary drying. On the performance side, the
formulation typically should have a rapid dissolution
rate and sustain high dissolved-drug concentrations.
Other key attributes include good physical stability
with respect to amorphous phase separation and drug
crystallization, and good solid-state chemical stability
of the drug and excipients. Ideally, all these criteria
should be met using a SDD with a high enough drug
loading to meet the TPP, allowing delivery of the
desired dose using an acceptable number of dosage
units. Finally, SDDs should have acceptable powder
properties for commercial manufacture of solid dosage
formulation (eg, capsules or tablets). Table 30.1 lists
common critical to quality attributes (CQAs) that can
impact TPP and the formulation and process para-
meters that commonly define the SDD attributes.

30.3 SDD FORMULATION COMPOSITION

As shown in Fig. 30.2 and Table 30.1, SDD CQAs and,
thus, performance is dependent on the formulation com-
position (eg, API and polymer chemistry, API:polymer
ratio, and other excipients); choice of spray solvent(s);
and the manufacturing process parameters (eg, droplet
size, drying rate, and secondary drying). It is important
to understand the interdependencies between the formu-
lation composition and manufacturing process to ensure
manufacture of a consistent SDD product that meets the
desired performance criteria.

SDD Key considerations

• Rapid dissolution and ability to sustain high levels of
 dissolved API.

• Acceptable physical and chemical stability for
 adequate product shelf life.

• Can be manufactured at commercial scale.
• Acceptable solubility of API and excipients in
 the spray solvent.

• API loading in SDD adequate to allow for
 suitable number of dosage units.
• Acceptable powder properties for commercial
    manufacture of solid dosage formulation.

Performance

API

Process

Spray dried

dispersions

Excipients Solvent

Polymer

Stability

Manufacturability

Dosage form considerations

FIGURE 30.2 Spray Dried Dispersions (SDDs) Target Product Profile—Performance, stability, manufacturability, and dosage-form
considerations.
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TABLE 30.1 Potential SDD Critical to Quality Attributes and Important Formulation and Process Parameters and Their Potential Product Impact

Potential SDD CQA Potential product impact
SDD composition
considerations

SDD process parameters
consideration Typical analytical tools

Physical state (presence of
crystalline API)

• Product physical stability
(presence of crystalline API)

• Dissolution, in vivo
performance

• API physicochemical
properties eg, Tg, Tm, Log P,
counterion, API-polymer
miscibility

• API to polymer ratio
• Polymer chemistry and MW
• Spray solvent
• Spray solution solids content

• Droplet size and drying
rate

• Incomplete dissolution
of API in spray solvent.

• Secondary drying
parameters

• Exposure to humidity

• DSC
• PXRD
• SEM and PLM
• FT-IR
• Raman
• ssNMR
• Dissolution tests

Potency • Potency • API to polymer ratio
• Spray solution solids content

• Incomplete API and/or
polymer dissolution in
spray solvent

• HPLC
• In-line spectroscopy

tools

Impurities • Impurities • Impurities from API, solvent
and polymers

• Chemical stability of
API, polymer and
solvent during SDD
process

• HPLC

Chemical stability • Degradant level upon release
and storage

• API physicochemical
properties

• Polymer, excipient, and
solvent choice

• Reactive impurities in
polymers, excipient, and
solvent

• Spray solution temp
and hold time

• Spray drying and
secondary temperature
and duration

• Exposure to humidity
and temperature

• HPLC

Water content • Potency
• Physical and chemical

stability

• SDD, API and polymer
hygroscopicity

• Secondary drying
parameters

• Exposure to humidity

• Karl Fischer

Residual solvent • Residual solvent
• Physical & chemical stability

• Solvent choice • Droplet size and drying
rate

• Secondary drying
parameters

• GC-MS
• QNMR

Particle size • In vivo performance
• Downstream processing and

final product quality
attributes (eg, dissolution,
assay, content uniformity,
tablet hardness)

• Polymer chemistry and MW
• Spray solution solids loading

• Droplet size
• Particle attrition during

agitated secondary
drying

• Malvern
• G3-Morphologi
• Dissolution tests

Bulk density and
morphology

• Downstream processing and
final product quality
attributes (eg, assay, content
uniformity, tablet hardness)

• Polymer chemistry and MW
• Spray solution solids loading

• Droplet size and drying
rate

• Scotts volumeter
• G3-Morphologi
• SEM



30.3.1 API properties

The SDD performance attributes are highly depen-
dent on the physicochemical and biopharmaceutical
properties of the API. As exemplified next, a funda-
mental understanding of the impact of API properties
on SDD performance can guide development of a
robust SDD formulation. API properties that can
impact SDD performance include: melting point (Tm);
glass-transition temperature (Tg); Kauzmann tempera-
ture (Tk), the temperature at which the difference in
entropies becomes zero; crystalline form (including
counterions for salts); acid dissociation constant at log-
arithmic scale (pKa); miscibility in polymers; hydrogen
bond donors and acceptors; lipophilicity (eg, log P);
epithelial membrane permeability; solubility in aque-
ous biorelevant media and spray solvents; and chemi-
cal stability.29�34 Trasi et al. and Van Eerdenbrugh
et al. recently demonstrated the importance of API
molecular properties on ASD physical stability. The
authors found that the crystal growth rates of com-
pounds could vary by about five orders of magnitude
between the fastest growing compounds and the slow-
est growing compounds.33,35,36 The authors found that
physicochemical properties of the compounds that
had fast crystal growth rates had lower molecular
weights, higher Tm values, lower Tg values, fewer
rotatable bonds, lower melt entropies, lower melt
viscosities, and higher crystal densities.

Tg is one of the important API characteristics that is
used to predict the physical stability of the SDD. Tg is
the temperature at which the amorphous solid con-
verts from a glassy state (solid) to super-cooled liquid
state, as shown in Fig. 30.3.37 Structural factors, such

as molecular size and shape, and the extent, strength,
and direction of hydrogen bonding can affect Tg. A
higher Tg value and a lower Tm/Tg ratio generally
indicates that amorphous API will have a lower pro-
pensity to crystallize.33 Generally, APIs with Tg values
much higher than the storage temperature (Ts) will
have a low tendency to crystallize, and SDDs made
with such APIs tend to be physically stable.38 In addi-
tion to the driving force for crystallization in the solid
phase, the API lipophilicity (indicated by log P) is an
important factor because highly lipophilic compounds
often form SDDs that wet poorly and, consequently,
dissolve poorly.

An API’s tendency to crystallize and its lipophilicity
can be used to guide the selection of the polymer and
excipients and determine the maximum drug loading
for an SDD.32 In general, compounds that have higher
tendency to crystallize require a higher ratio of
polymer-to-drug to form SDDs that resist crystalliza-
tion. Compounds with high log P values may also
require a larger ratio of polymer to drug and excipi-
ents to reduce drug�drug interactions, improve wet-
ting, and achieve the desired dissolution performance.
Wetting and, hence, dissolution of SDDs can also be
improved by incorporating surfactant in the SDD or in
the dosage form.39

API is generally isolated in a crystalline form even
if it is later converted to an amorphous dispersion for
bioavailability purposes because the crystalline drug
form has many processing advantages. Different drug
forms (eg, salts, free forms, solvates) and polymorphs
can have different solubilities in spray solvents, which
can affect processing ease. Therefore, it is important to
select a suitable crystalline drug form for SDD devel-
opment and to evaluate the solubility of the selected
form in the desired spray-drying solvent or solvent
mixture. The API’s tendency to form a solvate with the
spray solvent should also be examined because these
solvates will have lower solubility than the neat form.
When dealing with acidic or basic drug compounds,
acid�base equilibria can take place in the amorphous
state, leading to unanticipated changes in various
solid-state properties. In cases where a salt of the crys-
talline form is isolated and used to form an SDD, spe-
cial attention should be paid to the choice of
counterion because it can affect properties of amor-
phous materials. Towler et al. reported that use of
counterions with high electrophilicity indices resulted
in stronger intermolecular interactions, producing dis-
persions with higher Tg values.40 Towler et al. also
found that Tg is affected by the pKa of the counterion,
with higher Tg values observed for counterions
with lower pKa values.40 Sonje et al. evaluated the
effect of monovalent sodium and bivalent calcium
and magnesium counterions on the properties of
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FIGURE 30.3 Temperature versus enthalpy (E). Depending on
thermal history, glasses can form with slightly different energies,
resulting in variable Tg values.
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amorphous salts of atorvastatin prepared by spray-
drying.30 They found that the choice of counterion
affected the Tg, fragility (ie, temperature dependence
of molecular mobility), crystallization tendency, and
chemical stability of the drug.30

30.3.2 Polymer choice

Other than the physical and chemical properties of
the API, the polymer has the most significant impact
on SDD’s ability to achieve and maintain supersatu-
ration, physical and chemical stability, and powder
properties.41,42 SDDs employ polymers as a matrix

material to achieve desired performance criteria
(Fig. 30.2) that typically cannot be achieved with
pure amorphous API. Key polymer properties that
influence choice of dispersion polymer include:
(1) miscibility with the drug over the desired range
of compositions; (2) functional groups (eg, acidic,
basic, and hydrogen bond donors/acceptors that can
result in drug�polymer interactions); (3) Tg (higher is
typically better); (4) low hygroscopicity; (5) aqueous
solubility; (6) precipitation inhibition characteristics;
and (7) solubility in organic solvents suitable for
spray-drying. Table 30.2 lists common polymers used
for SDDs.

TABLE 30.2 Polymers Commonly Used in Spray Dried Dispersions (SDDs)

Polymer
(grade)a Structure

Tg (�C)
Water content at
25�C/75% RH (wt%)

Typical spray
solventsc

Ionizable
groups, 5% RHb At 75% RH

HPMCAS (M) 125 73 6 Acetone,
methanol, THF,
DCM

Acidic

HPMC (E3)

OH

H

C H2OR

H

ORH

O R H

OH

H

H

O RH

OR

CH2O R

H

O

O

n

R= -H

-CH3
-CH2CH(OH)CH3

142 43 11 Methanol/water None

PVP-VA
(VA-64)

106 17 21 Acetone,
methanol

None

PVP (K15) 116 2 14 35 Methanol None

PMA
(Eudragit L100)

191 97 12 Acetone,
methanol, DCM

Acidic

aHPMCAS (M)5 the M grade of hydroxypropyl methylcellulose acetate succinate, HPMC (E3)5 the E3 grade of hydroxypropyl methylcellulose; PVP-VA (VA-64)5 the VA-64

grade of polyvinylpyrrolidone vinyl acetate, PVP (K15)5 the K15 grade of polyvinylpyrrolidone, PMA (Eudragit L100)5 polymethacrylate marketed as Eudragit L100.
bRH—relative humidity.
cTHF—tetrahydrofuran; DCM—dichloromethane.
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Polymers stabilize SDDs by reducing the molecular
mobility of the drug by forming intermolecular interac-
tions between drug and polymer, and by reducing the
chemical potential of the drug.43 An amorphous drug
is typically most stable when drug and polymer are
mixed homogeneously at the molecular level.44,45 An
advantage of spray-drying, as opposed to HME for
example, is that rapid drying kinetics trap drug and
excipients in a well-mixed state in the low-mobility
polymer matrix. Therefore, in an SDD, the drug does
not have to be miscible in the polymer to the level at
which it is loaded. Nevertheless, the miscibility of
drug in the polymer matrix can play a role in the phys-
ical stability of the dispersion with respect to phase
separation, including crystallization. The strong inter-
actions between an API and a polymer via ionic inter-
actions, hydrogen bonding, halogen bonding, van der
Waals forces (eg, dipole�dipole, dipole-induced
dipole, London dispersion forces), and hydrophobic
interactions are expected to facilitate miscibility of the
drug in the polymer and may increase physical stabi-
lity.46�48 Thus, a molecular-level understanding of the
interactions between the drug and polymer can aid in
the selection of an appropriate dispersion polymer and
drug loading for the SDD.

One of the key mechanisms by which polymers sta-
bilize amorphous SDDs is by reducing drug mobility.
Polymers with high Tg values are preferred to limit
drug mobility and the resulting potential for drug-
excipient phase separation. Typically, a molecular dis-
persion will have a Tg that is between that of the drug
and polymer. The Tg of the drug�polymer mixture
can be estimated using several approximations, includ-
ing the Fox equation (Eq. (30.2))49 and the Gordon-
Taylor equation (Eq. (30.3)).50 In these equations, Tg1

and Tg2 and w1 and w2 are the Tg values and weight
fractions of drug and polymer, respectively, and KGT is
a constant that indicates interaction between two com-
ponents. Eq. (30.4) shows the calculation of KGT, with
ρ1 and ρ2 being true densities (g/cm3).

1

Tg
5

w1

Tg1
1

w2

Tg2
ð30:2Þ

Tg 5
w1Tg1 1KGTw2Tg2

w11KGTw2
ð30:3Þ

KGT 5
ρ1Tg1

ρ2Tg2
ð30:4Þ

In many cases, the theoretically predicted Tg values
for the drug�polymer system deviate from the experi-
mental value. The reason for this deviation is nonideal-
ity in mixing and/or interaction of the drug with
polymer, which could be because drug�drug and
polymer�polymer interactions are different than the

drug�polymer interaction. A strong or equal interac-
tion between drug and polymer due to ionic interac-
tions, hydrogen bonding, halogen bonding, van der
Waals forces (eg, dipole�dipole, dipole-induced
dipole, London dispersion forces), and hydrophobic
interactions will lead to a more stable SDD.

Besides physical stability, polymers have a signifi-
cant impact on the ability of the SDD to achieve and
sustain supersaturation in solution.51,52 The general
concept behind almost all solubilization technologies is
termed the “spring-and-parachute” effect, where the
“spring” portion relates to the ability of the SDD to
achieve supersaturation and the “parachute” portion
relates to the ability of the SDD to maintain super-
saturation long enough for drug absorption to take
place.53 Most of the polymers used for SDDs are
hydrophilic or at least amphiphilic (Table 30.1).
Charged or ionizable polymers include substituted
acrylates (eg, polymethylacrylate (PMA) and hydroxy-
propylmethylcellulose acetate succinate (HPMCAS)).
Uncharged polymers include hydroxypropylmethylcel-
lulose (HPMC), polyvinylpyrrolidone/vinyl acetate
(PVP-VA), and polyvinylpyrrolidone (PVP). Neutral
water-soluble polymers can be useful for applications
where rapid dissolution of the drug in the stomach
is needed and where sustainment of supersaturated
drug is not made difficult by a drug’s strong tendency
to crystallize. The rapid dissolution can be advanta-
geous to maximize the time of exposure of high con-
centrations of dissolved drug in the small intestine.

Enteric polymers, such as HPMCAS, can be useful
for applications where rapid gastric dissolution in the
gastric is not needed or desired. For example, the high
solubility of some weakly basic drugs in the low-pH
gastric environment can result in high supersaturated
drug levels, especially upon transit and subsequent
neutralization of the drug in the higher pH of the
small intestine, which can lead to rapid crystallization.
In these instances, it can be advantageous to use an
enteric polymer in the SDD to retard dissolution of the
drug until the material reaches the small intestine,
where the supersaturation will be more moderate and
rapid crystallization of the drug to a lower-energy
form will be less likely.32,54

On the other hand, depending on the SDD particle-
size distribution and on the specific interactions between
the drug and polymer in a hydrated environment, drug
release can be rapid without concomitant dissolution of
the enteric polymer. In this scenario, use of the enteric
polymer can be a disadvantage if the supersaturated
drug precipitates before the enteric polymer can dissolve
in the higher pH of the small intestine and interact
favorably with the drug to inhibit crystallization.

For acidic APIs that may have low solubility in the
gastric environment and higher solubility in the

79930.3 SDD FORMULATION COMPOSITION

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



higher-pH intestinal environment, an enteric polymer
is often not necessary to prevent premature release
and supersaturation. In these cases, use of a neutral
water-soluble polymer can sometimes result in more
rapid release when a drug travels to the small intes-
tine. Therefore, the choice of optimal polymer for the
SDD is often dictated by a number of drug properties,
including solubility, ionizability, lipophilicity, and pro-
pensity to crystallize, as well as the required SDD
drug loading.

The impact of polymer selection on the in vivo per-
formance of SDDs has been reported in the litera-
ture.13,42,55 Qian et al. described the impact for SDDs
made with BMS-A and PVP-VA or HPMCAS.42 In this
case, BMS-A was miscible with both PVP-VA and
HPMCAS, with the former better solubilizing the
drug. The in vitro dissolution performance of both
SDDs was similar, as shown in Fig. 30.4, but in in vivo
testing, the BMS-A/HPMCAS SDD had a higher maxi-
mum drug concentration (Cmax) and area under the
time-concentration curve (AUC) than the BMS-A/PVP-
VA SDD, as shown in Fig. 30.5. The authors found that
the fast dissolution of the PVP-VA resulted in elevated
drug loading in partially undissolved particles and
facilitated drug recrystallization before complete
release. In contrast, the hydrophobicity and slower dis-
solution of the HPMCAS prevented BMS-A recrystalli-
zation within the HPMCAS matrix, effectively
prolonging BMS-A supersaturation.

The enteric polymers tend to be some of the more
amphiphilic polymers used in SDDs and therefore
form drug�polymer colloids more readily. Such col-
loids provide a high-activity, high-surface area source
of drug that can readily replenish a dissolved drug as
it is absorbed.32 In addition, colloids may act to shuttle
the drug across the unstirred boundary layer. On the
other hand, acidic polymers can be incompatible with
drugs that have acid-sensitive chemical stability liabili-
ties. For these drugs, it can be advantageous to use
nonacidic polymers to avoid the potential for chemical
instability. In some cases, modestly reducing the num-
ber of acid groups on the polymer—for example,
changing from the (L) grade to the (M) or (H) grade of
HPMCAS—can have a significant positive effect on
chemical stability.56

30.3.3 Additional excipients

Drug and polymer are typically the two primary
components of an SDD, but sometimes additional exci-
pients are included in the SDD formulation. These
excipients might include antioxidants to improve the
oxidative stability of the drug in the amorphous state;
pH modifiers to improve stability or mitigate a pH
effect57,58; superdisintegrants to improve disintegra-
tion/dissolution; glidants to improve bulk material
properties59,60; complexing agents (eg, cyclodextrins)
to bind and solubilize drug61; or surfactants to
improve wettability and maintain supersaturation.62,63

The addition of other excipients, such as surfactants
or lipids, to the SDD can be advantageous in specific

FIGURE 30.4 In vitro release kinetics of BMS-A amorphous
formulations. USP II sink condition dissolution of PVP-VA (&)
and HPMCAS (’) solid dispersion. Dissolution medium: 1000 mL
of pH 4.5 acetate buffer with 1.5% Brij 35. Paddle speed 50 rpm.
Source: From Qian F, Wang J, Hartley R, Tao J, Haddadin R, Mathias N,
et al. Solution behavior of PVP-VA and HPMC-AS-based amorphous
solid dispersions and their bioavailability implications. Pharm Res
2012;29:2765�76. Published with permission of Springer.

FIGURE 30.5 In vivo pharmacokinetic performance of BMA-A
amorphous solid dispersions. BMS-A/PVP-VA solid dispersion (&)
and BMS-A-HPMC-AS solid dispersion (’) in a dog PK study
(n5 4, 75 mg/dog). Source: From Qian F, Wang J, Hartley R, Tao J,
Haddadin R, Mathias N, et al. Solution behavior of PVP-VA and HPMC-
AS-based amorphous solid dispersions and their bioavailability implications.
Pharm Res 2012;29:2765�76. Published with permission of Springer.
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circumstances. For example, addition of low-
molecular-weight surface-active agents such as sodium
lauryl sulfate (SLS) or Vitamin E d-alpha tocopheryl
polyethylene glycol 1000 succinate (TPGS) can enhance
dissolution rates for some SDDs, particularly those
containing highly lipophilic drugs, and may also pro-
mote the formation of mixed micelles with bile salts in
the small intestine to increase the micellization of
drug.64�66 In addition, some low-molecular-weight
surface-active agents, such as Vitamin E TPGS and
polyethylene oxide oligomers (PEO) have been
reported to interact with the gut epithelium to enhance
absorption.67 The addition of excipients can change
solution-state interactions and can affect the spray-
drying process, which in turn can influence SDD parti-
cle properties (eg, shape, morphology, physical struc-
ture, surface chemistry) and performance. Therefore, it
is important to understand the interactions at the
molecular level where possible, and their impact on
SDD processability, performance, and stability. SDD
process involves solubilization of all formulation com-
ponents in solvent that is removed during the
manufacturing process. Solvent is not considered an
excipient, but its choice and residual level can have a
plasticizing effect that potentially influences the SDD’s
physical and chemical stability.

30.3.4 Drug loading

The target drug exposure is a critical factor, as dose
and bioavailability are interrelated, and therefore
impact the drug loading requirements for the SDD.
The TPP is typically based on the size and a maximum
number of dosage units to deliver the target dose.27,28

Generally, a higher drug loading (drug to polymer
ratio) in the SDD is desirable to minimize the final

product size and units. The maximum drug loading in
the SDD will depend on the physical and chemical sta-
bility, dissolution performance, and powder properties
of the SDD as a function of drug loading. Typical
achievable active loadings are 25�50%A, but in the
authors’ experience, loadings from 1%A to 90%A have
been used.68 The maximum achievable loading is often
limited for drugs with high Tm and low log P values
that have a strong tendency to crystallize from the
amorphous state, as shown in the map in Fig. 30.6.32

Dilution of these drugs in the excipient matrix can
help promote physical stability during spray-drying,
storage of the SDD in the solid state, and help limit
precipitation when the SDD is introduced into the use
environment. The maximum drug loading for a partic-
ular drug depends not only on the drug properties,
but also on the characteristics of the polymer.
Polymers in which the drug is more miscible or that
offer a lower mobility environment can help stabilize
the drug against crystallization or amorphous phase
separation. In many cases, the drug has a lower Tg than
the polymer. In these cases, the Tg of the SDD typically
decreases as drug loading is increased, which can
increase the risk of phase separation due to the poten-
tial for increased drug mobility at typical storage condi-
tions (ie, temperature and relative humidity, RH).

High drug loadings in the SDD can also result in
poor dissolution properties, especially for highly lipo-
philic drugs that may wet poorly in the aqueous
milieu of the GI tract. Often, the dissolution mecha-
nism of such SDDs is by slow erosion. In such cases, a
lower drug loading and a water-soluble polymer can
be used to enhance the dissolution rate through faster
erosion or by changing the dissolution mechanism
from erosion to disintegration. These mechanisms are
described in more detail later.

Physical stability challenge due to
high tendency to crystallize in the
dispersion. Drug loading limited.
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FIGURE 30.6 Physical stability map
for SDDs, showing crystallization ten-
dency as a function of lipophilicity.
Source: Modified from Vodak DT, Morgen
M. Design and Development of HPMCAS-
Based Spray-Dried Dispersions. In: Shah N,
Sandhu H, Choi DS, Chokshi H, Malick W,
editors. Amorphous Solid Dispersions. New
York: Springer; 2014. p. 303�22.
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30.3.5 Spray solvent

Since the choice of solvent has a large impact on
process and product quality and performance, it is
important to identify a solvent that: (1) can dissolve
the polymer (which is generally hydrophilic), the drug
(which is generally hydrophobic), and any additional
excipients at sufficient concentration; (2) has high vola-
tility that enables rapid drying of spray-droplets; (3) is
chemically compatible with the formulation compo-
nents and spray-drying equipment; (4) has
acceptable rheological properties; (5) is chemically sta-
ble; (6) is nontoxic69; (7) has acceptably low levels and
types of impurities; (8) is noncombustible under
spray-drying conditions; and (9) is eco-friendly. The
solvent-dependent parameters, such as evaporation
rate, diffusion coefficient, API/polymer solubility,
API/polymer/solvent interactions, rheological proper-
ties, and chemical compatibility can have a significant
impact on SDD characteristics such as particle mor-
phology, particle density, particle size, API-polymer
miscibility, yield, dissolution, residual solvent, and
physical and chemical stability.70 Table 30.3 provides
some of the relevant physical properties for common
spray solvents.29 In many cases, a single solvent with
the desired characteristics cannot be identified, so a
mixture of solvents may be used to achieve the desired
solution characteristics.

The solubilization capacity of the solvent is highly
dependent on its dielectric constant, dipole moment,
total solubilization parameter, and hydrogen bonding
characteristics.29,71 The development and optimization
of the spray-drying process requires screening of the
API solution solubility as a function of temperature

and solvent composition using manual or high-
throughput screening systems. Due to the structural
requirements needed to address new drug targets,
many of the drugs in current development programs
are poorly soluble not only in aqueous media, but also
in typical spray-drying solvents. Rigorous solvent
screening protocols involving a combination of experi-
mental and theoretical methods72 are required to iden-
tify optimal spray-drying solvents in which the drug
has sufficient solubility for acceptable throughput,
yield, and particle properties.

Solvents can influence the conformational properties
of polymer and, thus, the properties and physical sta-
bility of the SDD.29,70,73,74 A polymer in a “good” sol-
vent will typically be better solvated and “extended”
than the same polymer in a “bad” solvent, where it
might assume a more “compact” structure. Al-Obaidi
found that spray-drying griseofulvin, poly[N-(2-hydro-
xypropyl) methacrylate] (PHPMA) and PVP from an
acetone/methanol solvent system produced SDDs
with dramatically different morphology, stability, and
dissolution properties compared with a similar SDD
prepared using acetone/water as the solvent system.73

The authors attributed the differences in SDD proper-
ties to the conformational variations of the polymers in
solution before spray-drying. Al-Obaidi et al. and
Paudel et al. showed that choice of a poor spray-
drying solvent can impact SDD phase behavior and,
thus, the physical stability and in vitro/in vivo perfor-
mance of the SDDs.70,73

In a case study involving a BMS-A/PVP (K30) SDD,
the authors (Qian F, AAPS Webinar, March 2011)
showed that BMS-A and PVP (K30) were miscible
based on the negative Flory�Huggins interaction

TABLE 30.3 Relevant Properties of Common Spray-Drying Solvents

Solvent
Boiling
point (�C)

Density
(g/mL)

Solubility in
water (g/100 g)

Relative
polarity

ICH
limitsa (ppm)

ΔHv
b

(kJ/mol)
Vapor
pressurec (hPa)

Viscosityd

(mPas)
Surface
tensiond (mJ/m2)

Acetone 56.3 0.786 Me 0.355 Class 3 29.1 240 0.3 22.68

DCM 39.8 1.326 1.32 0.309 600 28.0 475 0.42 27.20

Ethanol 78.3 0.789 M 0.654 Class 3 38.7 59 1.08 22.00

Ethyl
acetate

77.1 0.894 8.7 0.228 Class 3 31.9 97 0.43 23.20

Isopropanol 82.3 0.785 M 0.546 Class 3 45.7 44 2.07 18.30

Methanol 64.7 0.791 M 0.762 3000 35.3 128 0.54 22.10

THF 66.0 0.886 30 0.207 720 26.9 200 0.46 26.40

Water 100 0.998 M 1 NAf 40.7 17.5 0.89 71.90

aICH5 International Conference on Harmonisation.
bΔHv5 enthalpy of vaporization.
cAt 20�C.
dAt 25�C.
eM—miscible.
fNA—not applicable.
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parameter. Further, infrared (IR) and solid-state
nuclear magnetic resonance (ssNMR) spectroscopy
showed nonlinear interaction between BMS-A and
PVP (K30), indicating drug�polymer specific interac-
tion. A 50/50 (w/w) BMS-A/PVP (K30) SDD was
made using either an acetone/water solvent system or
pure methanol as solvent. The SDD sprayed from the
acetone/water solvent system showed two Tg events
(at 78�C and 128�C), whereas the SDD sprayed from
methanol had a single Tg of 90�C. Further, the SDD
prepared with acetone/water showed the presence of
crystalline API peaks when stored for 2 weeks at
25�C/60% RH in open containers, whereas no signs of
crystallization were seen when the SDD prepared from
methanol was stored under similar conditions.

Solvent properties such as boiling point, enthalpy of
vaporization, and vapor pressure influence the energy
required and, thus, the process parameters needed to
remove the solvent during spray-drying. Rheological
properties, such as viscosity and surface tension, affect
the atomization of the spray solution. The composition
and the viscosity of the spray solution significantly
affect droplet formation, drying, and the particle
properties of the dry SDD.75

The solvent’s thermal properties largely influence
the residual solvent level. Solvent levels should be con-
trolled per ICH guidelines because an excess of resid-
ual solvent can be toxic.69 In addition, the residual
solvent can plasticize the SDD, reducing its Tg and
potentially causing physical instability.76 Residual sol-
vent levels are usually reduced to well below the
recommended ICH guidelines. The vast majority of the
solvent is removed during the spray-drying process. A

secondary drying process (the fourth step in the spray-
drying process) is then used to remove residual sol-
vent to the desired level. The solvents used in the
spray-drying process often contain impurities that can
be more toxic than the solvents themselves. For exam-
ple, acetone is often tainted with mesityl oxide (MO)
and diacetone alcohol (DAA), and methanol can con-
tain trace levels of benzene. During the spray-drying
process, the higher boiling points of these impurities
can result in their concentration in the SDD. Therefore,
it is usual to assess levels of potential impurities, espe-
cially if they are toxic. In one case, Quirk et al. devel-
oped a sensitive and validated headspace gas
chromatography (GC) method to determine residual
levels of acetone and acetone-related impurities (ie,
MO and DAA) in SDDs.77 Yue et al. recently proposed
a control strategy for benzene impurity in HPMCAS-
based SDDs. To eliminate risk of residual benzene
reaching patients, the authors developed a science-
and risk-based approach to establish upstream control
of benzene in solvents and in-process control of resid-
ual solvents in polymer-stabilized SDDs.78

30.4 SDD PROCESS CONSIDERATIONS:
MANUFACTURING AND SCALE-UP

The spray-drying process involves atomizing and
drying solution of drug, polymer, and potentially other
excipients in a volatile spray solvent. As shown in
Fig. 30.7, the spray-drying process typically involves
four steps: (1) preparation of spray solution, (2) atomi-
zation and drying of spray solution, (3) collection of

Spray solution

preparation

Solvent

Polymer

Solution tank

Spray
nozzle Cyclone

WetSDD
collection

Secondary
dryer

Final product
collection

Drying
chamber

API

Spray drying Product

collection

Secondary

drying

FIGURE 30.7 Spray-drying process overview.
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the wet (ie, solvent-laden) SDD, and (4) secondary dry-
ing of the wet SDD to remove residual solvent.

Spray dryers are available in a variety of scales: lab
units that can process milligram quantities, pilot units
that can process gram to kilogram quantities, and com-
mercial units that can process metric tons. Although
the fundamental principles for the spray-drying
process remain the same, the large units are more effi-
cient and the powder properties of the materials from
small units can be significantly different from those
produced at larger scale.

30.4.1 Spray-solution preparation and
considerations

Spray-solution preparation is the first step of the
spray-drying process in which all the components—drug,
polymer, and any additional excipients—are dissolved in
solution prior to atomization. A number of considerations
during this step can impact SDD quality attributes and
processability. These include: (1) the solvent choice;
(2) the solution composition and solids content (ie, API,
polymer, and excipient concentration); (3) solution rheo-
logical properties (eg, viscosity, surface tension, and
density); (4) chemical stability (of spray solution, includ-
ing solvent); (5) polymer conformation; (6) solution
mixing (especially for processes in which the spray sol-
vent is heated to facilitate dissolution of components and
increase organic solubility); and (7) spray solution stabil-
ity. Selection of the spray solvent is very important for
generation of SDDs with desired stability and material
properties. The key considerations during selection of the
spray solvent were covered in the previous section.

The achievable spray solution concentration is
largely dependent on the solubility of API in spray
solvent because the solubility of common SDD poly-
mers is sufficiently high in common spray solvents.
Typically, spray solution solids concentration ranges
from 2�20% w/v. The spray solution concentration
has a direct impact on its rheological properties and
thus, the droplet formation and drying. Increase in
spray concentration generally results in bigger and
denser particles. This is due to higher spray solution
viscosity, less liquid to evaporate, and lower diffusion
of solutes within the droplet. In contrast, dilute spray
solutions typically results in smaller and lower density
particles.70 However, an increase in the spray concen-
tration can result in phase separation, while lower
spray concentration can increase hygroscopicity (and
hence physical instability) due to higher effective sur-
face area of the SDD.70,73 Therefore, when developing
a spray-drying process, the impact of spray solution
concentration of droplet size, drying, and SDD physi-
cal stability and performance should be evaluated.

The spray-drying process can take several hours to
days, depending on the manufacturing scale. Therefore,
it is important to establish the stability of spray-solution
for an appropriate duration (generally several days)
and temperature range. The spray solution hold-time
should cover manufacturing time and additional time
to cover unforeseen issues that might arise during
manufacturing. Chemical stability of the API in the
presence of other spray solution components (polymer,
excipients, and solvent) is generally of highest concern.
The likelihood of API degradation due to reactive
impurities is high because all components are in solu-
tion. In addition to chemical stability, physical instabil-
ity due to API form change (eg, solvate formation),
polymer aggregation should be monitored. The spray
solution temperature should be properly controlled or
their impact understood because small changes in tem-
perature can impact stability and rheological properties
(and thus, SDD powder properties). Physical stability
and degradation kinetics of spray solution at various
temperatures should be evaluated during lab stability
studies to enable hold-time for spray solution.

30.4.2 Warm and hot spray drying processes

Drugs with high Tm values can have limited solubil-
ity in organic spray solvents, resulting in a spray-drying
process with unacceptably low throughput, as well as
the production of particles with poor properties (eg,
small size). To efficiently process such high-Tm com-
pounds, the temperature of the spray solution can be
increased to increase the solubility of active in the spray
solvent. In some cases, only a modest increase in the
solvent temperature—such that the solvent is still below
its boiling point—is required. This is known as a
“warm process.” In other cases, especially where a large
enhancement in solubility is required, the spray-
solution temperature is increased to well above the
ambient-pressure boiling point of the solvent.79 In this
high-temperature spray-drying “hot process” the drug
is dissolved immediately before it is introduced into the
spray-dryer, as shown in Fig. 30.8. The drug suspension
is constantly stirred to ensure homogeneity and an in-
line heater exchanger is used to heat the suspension
above the solvent boiling temperature. The pressure of
the solution is controlled to prevent the solution from
boiling before it exits the heat exchanger and is fed
through the spray nozzle. Typically, the temperature is
chosen so that the concentration of drug is 30�50% of
the solubility of the drug in the spray solvent at that
temperature to ensure production of homogenous parti-
cles. A flash nozzle is typically used to achieve solution
atomization.80,81 The drying resulting from the hot
process is generally faster than for the standard
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spray-drying process, resulting in shorter solidification
times for the particles; which can be advantageous for
making homogeneous dispersions.

30.4.3 Atomization and drying of spray
solutions

The spray-drying process starts with atomization of
the spray solution into droplets, which dry when they
contact heated gas in the drying chamber. Atomization
of the spray solution depends on (1) spray-solution flow
rate and pressure, (2) nozzle geometry, and (3) spray-
solution viscosity and surface tension. Drying of the
atomized droplets depends on (1) droplet size, (2) inlet
temperature, (3) outlet temperature, (4) relative satura-
tion at the spray-dryer outlet, (5) and the specific drying
ratio (ie, the mass ratio of liquid to drying-gas flow rate).
These steps and process variables are described next.

30.4.3.1 Atomization

The purpose of atomization is to convert the spray
solution into fine droplets. The resulting increase in
the surface area improves efficiency for heat and mass
transfer, promoting rapid drying of droplets in the
spray-drying chamber. Due to rapid atomization, the
drying material never reaches the inlet temperature of
drying gas, which makes spray drying a method of
choice for heat-sensitive APIs. SDD composition and
process can be tuned to allow control of particle size
and morphology.75,82

Atomization of the spray solution is achieved by
using scale-appropriate spray nozzles. There are sev-
eral types of spray nozzles including: (1) rotary atomi-
zers, (2) two-fluid or pneumatic nozzles, (3) pressure
nozzles, (4) ultrasonic nozzles, and (5) flash atomi-
zers.83,84 Rotary atomizers (disk or wheel type) achieve
atomization by discharging liquid from the edge of a
wheel rotating at high speed (ie, 10,000�50,000 rpm).
These nozzles, which have a spray angle of about
180 degree, are generally used in wide-diameter spray-
dryers at large scale. Rotary nozzles typically produce
droplets in the range of 20�200 μm, with the droplet
size being inversely proportional to the disk or wheel
speed. The high energy provided by the rotary nozzles
makes them ideal for atomizing slurries, suspensions,
and high-viscosity solutions. Two-fluid or pneumatic
nozzles use pressurized gas to break the liquid feed
into small droplets. These nozzles typically produce
droplets in the range of 5�75 μm. These nozzles pro-
vide very good control over the droplet size because
the spray-solution feed rate and gas flow rate can both
be controlled independently. One disadvantage of
these nozzles is that the use of pressurized gas for
atomization can limit their use at industrial scale.

Pressure nozzles generate droplets by pressurizing
the spray solution and forcing it through a nozzle ori-
fice. These nozzles generally include a chamber or swirl
insert that imparts swirling motion to the liquid inside
the chamber. The swirling motion pushes the liquid to
the wall in a hollow sheet, leading to the desired hollow
cone spray pattern when the spray solvent is ejected.
These nozzles typically produce droplets in the range of
30�200 μm. The droplet size is inversely proportional
to the atomization pressure and directly proportional to
the spray-solution feed flow rate. However, these two
parameters are interdependent because an increase in
atomization pressure also increases spray-solution feed-
flow rate. The drawback of this interdependency can be
overcome with the multitude of commercially available
nozzle geometries.

Ultrasonic nozzles produce droplets in a fine
mist spray using high-frequency sound vibrations
(ie, 20�120 kHz). The liquid spreads over a vibrating
small horn after exiting the nozzle orifice, generat-
ing a uniform, narrow droplet-size distribution rang-
ing from 20 to 100 μm in a low-velocity spray.
However, the limited throughput of these nozzles
limits their use at commercial scale. Flash atomiza-
tion occurs when a solution that is heated above the
boiling point at ambient temperature reaches the
equilibrium vapor pressure. Boiling and nucleation
can start and the energy from this process drives
droplet formation.80 Flash atomization is not often
used for SDD atomization, although it is preferred
while using the hot process.

Spray suspension Spray drying

Solvent

Heat exchanger

Flash
nozzle

Drying
chamber

Suspension
tank

T>Tboil

P>Pboil

P<Pboil

Polymer

API

FIGURE 30.8 Schematic of SDD manufacture by hot process
(T, temperature; P, pressure).

80530.4 SDD PROCESS CONSIDERATIONS: MANUFACTURING AND SCALE-UP

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



The choice of atomizer is dictated by the spray-dryer
scale, solution properties, throughput, and desired
particle-size distribution. In SDD production, pressure
nozzles are preferred for their (1) ease of use and clean-
ing, (2) robust operation, (3) ability to handle variety of
feeds with broad rheological properties, (4) narrow
droplet-size distribution, and (5) scalability. Pressure
nozzles have been well studied and characterized.85 The
size of the dried particle is directly correlated with the
size of the droplet and the solids content of the spray
solution, as described by Eq. (30.5)86:

DparticleDDdroplet 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xsolids 3

ρdroplet
ρparticle

3

s
ð30:5Þ

where Dparticle is the diameter of the dried particle;
Ddroplet is the diameter of the droplet; xsolids is the
mass fraction solids in the spray solution (ie, API,
polymer, and excipient concentration); ρparticle is the
density of the dried particle; and ρdroplet is the density
of the spray solution. This relationship assumes a solid
sphere morphology of a fixed density.

Droplet size can be measured experimentally with a
phase Doppler particle analyzer (PDPA), using either

the actual spray solution or a placebo solution
with matching rheological properties. Fig. 30.9 shows
representative droplet sizes produced using two pressure
nozzles at various atomization liquid pressures and solu-
tion feed rates.86 Such data can be used to select a nozzle
and atomization parameters that yield the desired
particle-size distributions.

30.4.3.2 Drying

Particle are formed during spray-drying by atomizing
the feed solution to form droplets and subsequent dry-
ing of the droplets. The atomized droplets mix with the
drying gas maintained at the appropriate temperature
and humidity to dry the solvent from the droplets. To
maximize the heat and mass transfer, the atomizer and
drying-gas inlets are positioned at the top of the drying
chamber and liquid spray-solution feed and drying-gas
flow are cocurrent. As the droplets begin to dry, a film
forms around the outer edges of the droplet in a process
known as “skinning.” As drying progresses, the remain-
ing solvent is driven off, increasing the solid density and
generating the SDD particle. Following drying of the sol-
vent, a particulate aerosol forms. Depending on the gas
flow, these particles may recirculate in the drying cham-
ber for some time before exiting into a cyclone separator
and/or bag filtration system for separation of the solid
SDD particles from the drying gas. The drying gas that
exits the spray-dryer must be filtered to avoid
contamination.

On larger pilot-scale and commercial systems, the
drying gas then continues through a condenser unit,
which removes much of the solvent vapor. The drying
gas is then reheated and continuously recycled for the
spray-drying process. Process parameters that have a
large influence on the properties of the spray-dried
SDD particles include: (1) the solids content of the spray
solution; (2) the drug�polymer ratio; (3) the properties
of the drug and polymer; (4) drying rate; (5) the outlet
temperature of the spray-dryer; and (6) the identity and
relative saturation of the spray-drying solvent.

30.4.3.3 Scale-up considerations

Improper atomization and drying can lead to a
number of issues during spray drying, some of which
are mentioned next.

30.4.3.3.1 Atomization

Improper atomization can lead to undesired droplet
sizes, SDD particles with undesirable properties, and
dripping of spray solution. Improper atomization
conditions can produce droplets that are too small or
too large. Small droplets will result in SDD with a
large fraction of fines (small particles less than B5 μm)
and poor flow properties. Large droplets are difficult
to dry because they possess enough momentum to
escape the gas whirl and deposit on the equipment

FIGURE 30.9 Results of phase doppler particle analyzer (PDPA)
testing, showing representative droplet diameters and nozzle pres-
sures as a function of solution feed rate. Source: From Dobry DE,
Settell DM, Baumann JM, Ray RJ, Graham LJ, Beyerinck RA. A model-
based methodology for spray-drying process development. J Pharm Innov
2009;4:133�42. Published with permission of Springer.
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walls. Insufficiently dried material can phase-separate
and be physically instable. Another issue with
improper atomization is filament formation, which can
happen if the viscosity of the spray solution is too high
or if atomization energy is too low.

30.4.3.3.2 Product accumulation

Product accumulation on the walls of the equipment
(eg, spray-drying chamber, cyclone, collection bags,
ducts, filters) is a common issue. Product buildup is
related to nonoptimal spray-drying parameters and
may result in wet SDD with a higher residual-solvent
content and lower Tg. The problem can be mitigated
by optimizing the process conditions—for example, by
either reducing the spray-dryer outlet temperature or
by reducing outlet relative saturation by reducing con-
denser temp or reducing solution feed rate.

30.4.3.3.3 Bearding

Buildup of the product on the nozzle tip and
around the nozzle (also known as bearding) is another
common issue. Bearding can interfere with spray for-
mation and droplet size—and, thus, product quality—
and can clog the nozzle A number of approaches to
overcome bearding, including repositioning the nozzle,
changing the atomization conditions, using an addi-
tional gas stream concentric to the nozzle tip, and
using an antibearding cap.

30.4.3.3.4 Condensation

Relative saturation of the drying gas can be significant
when operating in recycle mode, particularly if water is
used as a cosolvent. Condensation in the spray-drying
chamber should be avoided by selecting conditions that
will not encroach on the dew point, particularly as the
drying gas leaves the insulated spray-drying chamber.
During its transit, the drying gas may cool down further
from the target process conditions.

30.4.4 Secondary drying

After spray-drying, the solid particles in the drying
chamber may contain significant residual solvent, The
residual solvent content of this so-called “wet” SDD
must be reduced to a concentration below the ICH
guideline.69 Removal of residual solvent is also desir-
able because the presence of this solvent can plasticize
the SDD and lower its Tg, leading to phase separation
of the API and polymer.

Residual solvent is removed using the secondary
drying process. This commonly involves vacuum des-
iccation at small scale, and tray-drying or agitated vac-
uum drying at larger scales. Agitated vacuum drying
can, at least in principle, cause SDD particle attrition,
which can affect powder properties and subsequent

downstream processing into solid dosage forms.68

Therefore, it is useful to understand the secondary
drying mechanism and kinetics, as well as how the
drying process affects the SDD particle quality
attributes.

Hsieh et al. recently elucidated the fundamental
drying mechanisms, developed a mathematical mass-
transfer model, and used this model to predict the fate
of organic solvents and solvent-related impurities,
such as benzene in SDD products.87 The authors
concluded that the kinetics of solvent removal during
secondary drying follows a Fickian diffusion model
described by:

Mt

M0
5
XN
n50

8

ð2n11Þ2π2
exp 2 ð2n11Þ2tβg ð30:6Þ

and

β5
Dπ2

4l2

where Mt is the weight of solvent in the SDD product
at drying time t, M0 is the weight of solvent in the wet
SDD before secondary drying, n is an integer, and β is
the diffusion parameter that is described by the diffu-
sion constant (D) and diffusion length (l). The ratio of
Mt to M0 represents the fraction of solvent remaining
in the wet SDD. As shown in Fig. 30.10, at the begin-
ning of the diffusion (t5 0), the ratio of Mt to M0

equals 1, and when the solvent is completely removed

FIGURE 30.10 Representative results for scale-up of a
secondary-drying process at various temperatures and drying scales
for SDD particles. Conditions: SDD particles dried using a tray dryer
and an Ekato agitated-vacuum dryer at 1 and 2 m/s. Source: From
Hsieh DS, Yue H, Nicholson SJ, Roberts D, Schild R, Gamble JF, et al. The
secondary drying and the fate of organic solvents for spray dried dispersion
drug product. Pharm Res 2015;32:1804�16. Published with permission of
Springer.
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from the wet SDD, the ratio equals 0. For a given value
of Mt/M0, the secondary drying time will increase with
diffusion length (l) and decrease with increase in the
diffusion coefficient (β). Authors demonstrated that
the diffusion coefficient can be sensitive to the
secondary-drying temperature, depending on the rela-
tionship between Tg and the residual-solvent content
of the SDD.

When a mixture of solvents (A and B) is present in
a wet SDD, the relative diffusion rate of the two sol-
vents can be described by Eq. (30.7). Where αAB is the
relative diffusion rate of Solvents A and B, βA and βB

are the diffusion coefficients of Solvents A and B, DA

and DB are the diffusion constants for Solvents A and
B, and l2A and l2B are the diffusion lengths of Solvents
A and B. Assuming that both solvents have the same
diffusion length, the relative diffusion rate (αAB) is
simply the ratio of the diffusion coefficient of Solvent
A (βA) to the diffusion coefficient of Solvent B (βB).
This equation can also be applied to predict the fate of
residual-solvent impurities in the primary spray
solvent during the secondary drying process. Using
this model, Hsieh et al. successfully predicted levels of
residual benzene, an impurity in methanol, during the
spray-drying process.87

αAB 5
βA

βB

5
DAl

2
B

DBl2A
5
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ð30:7Þ

30.4.5 SDD process and impact on bulk
material properties

SDD material properties, such as SDD particle-size
distribution, particle density, and morphology and
derived properties such as flow, bulk density, and
compressibility are dependent on SDD feed solution
composition (API-polymer ratio, polymer chemistry,
solvent, spray solution solid content) and SDD process
parameters (droplet size, drying rate, and secondary
drying).88 As described previously, particle formation
during spray-drying is achieved by atomizing the feed
solution to form droplets, the size of which are depen-
dent on the nozzle type, spray pressure, spray rate,
and feed-solution viscosity, density and surface ten-
sion.89 As the droplets begin to dry, a film is formed
around the outer edges of the droplet in a process
known as “skinning.” As drying progresses, the
remaining solvent is driven off, increasing the solid
density and thereby creating void space within the
SDD particle. The properties of API and excipients and
the drying rate of the process determine the morphol-
ogy of the SDD particles, which can range from hollow
spheres to more dense, raisin-like structures.75,90

Fig. 30.11 shows the tensile strength of particles as a
function of compression strength for SDD dried at
three sets of conditions. The scanning electron micro-
graphy (SEM) images show the effect on particle

FIGURE 30.11 Effect of spray-drying conditions on SDD particles, showing tensile strength as a function of compression strength for three
sets of conditions.
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morphology for fast-hot drying conditions and slow-
cold drying conditions.

Fig. 30.12 shows the effect of particle size on disso-
lution rate that can sometimes occur for SDDs pre-
pared on different size spray-dryers (ie, laboratory,
PSD-1, and PSD-2 scales). At the PSD-1 scale, SDD
batches with two sets of solids contents are shown.

30.4.6 Scale-up considerations

When spray-drying processes are scaled up, the goal is
often to maintain the SDD properties attained at small
scale (eg, particle-size distribution, particle density and
morphology, and the homogeneous amorphous state),
while achieving the throughput needed for a later stage
drug development program. Scale-up typically affects the
atomization and droplet drying rates. In particular, as
the spray-solution flow rate increases through a pressure-
swirl nozzle, additional energy is needed to achieve the
same droplet (and particle) size. The additional energy is
provided by applying increased atomization pressure.

During scale-up, the droplet drying rate is affected
by two main factors. First, droplet density in the spray
plume increases due to the higher spray-solution flow
rate. Second, larger dryers are typically run in “recycle
mode,” where a fraction of the spray solvent is con-
densed from the drying gas before being recycled
through the dryer during subsequent passes. Because
not all the solvent is removed in the condenser, the sol-
vent level in the drying gas can be higher for large-
scale processes than for small-scale processes, which
are typically run using a single pass of the drying gas.

To match the particle characteristics of SDDs made
at large scale with those made at smaller scale, it is
helpful to develop correlations of droplet size to

solution viscosity, nozzle characteristics, and atomiza-
tion parameters (eg, pressure). To complement these
measurements, thermodynamic mass-energy-balance
relationships can be modeled that take into account
relative and absolute gas and spray-solution flow rates,
process input and output temperatures, and relative
residual-solvent vapor levels to define the thermo-
dynamic operating space. This space can be assessed
within the context of process equipment and plant
constraints (eg, inlet drying-gas temperature).

30.5 SDD CHARACTERIZATION

A number of tools and techniques are available for
characterizing SDD attributes including those shown
in Table 30.4. These include tests for assessing physical
characteristics, physical and chemical stability, powder
properties, and in vitro dissolution performance.

30.5.1 Physical characteristics

Table 30.4 lists common analytical tools and techni-
ques typically used to assess key physical properties of
the SDD. These techniques range from particle proper-
ties (eg, size, morphology, density, wall thickness,
hygroscopicity), the physical state of matter and stabil-
ity (eg, dispersion homogeneity, crystallinity, propen-
sity to crystallize, Tg, Tc).

30.5.2 Speciation testing

When dispersed in an aqueous environment, SDDs
generally provide higher dissolved-drug concentra-
tions than crystalline forms of the API because of the
higher free energy of the amorphous form relative to
the crystalline form. In addition, SDDs can produce
drug�polymer colloids that can influence drug absorp-
tion. The mechanism and rate of SDD disintegration/
dissolution and the relative abundance of various drug-
containing species depends on (1) the drug properties;
(2) the absolute and relative concentrations of the drug,
polymers, and any other excipients in the SDD; and
(3) the properties of the dissolution medium (eg, pH,
the presence and abundance of bile-salt micelles).

Although the mechanism of drug release from
SDDs can be complex, there are two mechanistic limits
of SDD dissolution: (1) the rapid separation of drug-
and polymer-rich phases, and (2) surface erosion, as
shown in Fig. 30.13. In the former case, ingress of
water induces a phase separation in which the SDD
disintegrates into two or more phases, one of which
tends to be drug�polymer colloids that are typically
rich in drug relative to the initial SDD composition.
These resulting drug-rich polymer colloids typically

FIGURE 30.12 Effect of spray-drying scale and solids content on
SDD particles, showing dissolution rate as a function of particle size.
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provide rapid dissolution of drug. In the latter case, the
polymer and drug on the SDD surface both dissolve,
releasing more or less free drug and free polymer into
the medium. The two mechanistic models suggested
here are limits, and any particular SDD may dissolve by
some combination of “erosion” and “disintegration.”

Drug species typically provided by SDDs upon dis-
integration/dissolution include freely dissolved or
solvated drug, drug in bile-salt micelles, and drug�
polymer colloids. Significant numbers of drug�
polymer colloids are typically formed only when using
amphiphilic polymers, such as HPMCAS. These

TABLE 30.4 Analytical Techniques to Assess Performance of SDDs

SDD quality attributes Typical analytical tools Comments

Physical state and stability
(presence of crystalline API,
phase separation)

Dissolution tests

Powder X-Ray (PXRD) Quantifying crystal formation and polymorphism.
Sensitive to .5 wt% crystal formation can go
,1 wt% crystal formation with high resolution
PXRD

Scanning Electron Microscope (SEM) Evaluating particle morphology changes such as
fusing and crystallization. Qualitative observation
of crystals, but very sensitive

Polarized Light Microscopy (PLM) Presence of crystalline API. Qualitative
observation of crystals, but very sensitive

Modulated Differential Scanning Calorimetry
(mDSC)

Evaluate SDD homogeneity, measure Tg, Tc, and
Tm. Most sensitive for phase separation

Isothermal Calorimetry—Thermal Activity
Monitor (TAM)

Measure phase separation and crystallization
kinetics. Very sensitive, but dependent on sample
size

Fourier Transform Infrared Spectroscopy (FT-IR) Quantifying crystal formation and polymorphism

Raman spectroscopy Quantifying crystal formation and polymorphism

Solid state NMR (ssNMR) Quantifying crystal formation and polymorphism

Potency High Performance Liquid Chromotograph
(HPLC)

Method dependent

In-line spectroscopy tools

Chemical stability (impurities
and degradation products)

HPLC Impurity and method dependent. Additional
analytical techniques (eg, NMR, LC-MS), may be
used for identification

Dissolution Evaluate ability of SDD stability samples to
maintain supersaturation and sustainment

Estimated to be reproducible to 10%

Water content Karl Fischer 50�100 ppm for coulometric KF

Residual solvent Gas chromatography mass spectrometry (GC-MS) Solvent and method dependent

Quantitative Nuclear Magnetic Resonance
(qNMR)

Particle size Laser light scattering particle size analysis Optical or laser diffraction methods

G3-Morphologi

Surface area Gas adsorption analysis

Bulk density and tap density Scott’s volumeter

True density Helium pycnometer

Morphology G3 Morphologi Morphology, particle structure, wall thickness

SEM

Hygroscopicity Moisture-sorption
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colloids are high-energy, high-surface-area species that
can enhance absorption by rapidly resupplying freely
dissolved drug and drug in bile-salt micelles in the
small intestine.32 In addition, depending on their size,
these drug�polymer colloids may enhance absorption
in situations where absorption is limited by transport
of drug through the unstirred mucus boundary layer
of the epithelium by serving as drug carriers that tran-
sit this boundary layer. The SDD drug speciation and
absorption mechanism is shown schematically in
Fig. 30.14. Table 30.5 shows the types of tests that are
performed to determine the drug species present.

30.5.3 In vitro dissolution testing

The general strategy behind solubilization technolo-
gies is to create a supersaturated solution and maintain
the supersaturation long enough for drug absorption
to take place in the intestine. Therefore, the main per-
formance criteria for an SDD in in vitro testing are
often rate, extent, and sustainment of dissolution in
biorelevant aqueous media, such as simulated gastric
fluid (SGF) or simulated intestinal fluid (SIF).

Fig. 30.15 shows a representative dissolution-
performance test plot showing the enhancement in
drug concentration enabled by SDDs.91 A number of
in vitro dissolution tests have been used to assess per-
formance, some of which are described next.

The solubilization performance of SDDs can be
assessed in vitro using a wide variety of dissolution
testing apparatuses and procedures. Dissolution test-
ing often consists of, or is coupled with, additional
analytical methods that lend insight into the SDD per-
formance. Such methods are often aimed at determin-
ing the species of drug present, and ideally providing
time-concentration profiles of the drug-containing spe-
cies shown in Eq. (30.8). Where [Dtotal] is total drug
concentration, [Dfree] is free drug, [Dmicelles] is drug in
bile-salt micelles, and [DPN] is drug in drug/polymer
nanoparticles.

½Dtotal�5 ½Dfree�1 ½Dmicelles�1 ½DPN� ð30:8Þ
An example of a performance-indicating in vitro

test has been used by the authors is a small-scale
dissolution test based on centrifugation to separate
drug species. In this so-called “microcentrifuge test,”
SDD powder is added to a biorelevant medium in a

FIGURE 30.13 Two limits Of SDD dissolution mechanism: phase separation and dispersal of drug-rich polymer colloids (top) and surface
erosion (bottom). Source: Modified from Vodak DT, Morgen M. Design and Development of HPMCAS-Based Spray-Dried Dispersions. In: Shah N,
Sandhu H, Choi DS, Chokshi H, Malick W, editors. Amorphous Solid Dispersions. New York: Springer; 2014. p. 303�22.
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microcentrifuge tube and vortexed to make a well-
mixed suspension. The suspension is then periodically
centrifuged, and the supernatant is sampled and
analyzed for drug. The measured drug concentration
typically consists of all three species shown in
Eq. (30.8), all of which can play a role in absorption.

Ultracentrifugation can often be used to separate the
drug in colloids from dissolved drug and drug in
micelles. This process tends to pellet such colloidal
material, depending on the colloids size and density.
To confirm pelleting of colloidal material, dynamic
light-scattering (DLS) can be used to detect any

remaining colloids in the supernatant after micro- or
ultracentrifugation.

NMR spectroscopy is another complementary tool
that can be used to measure the concentration of dis-
solved drug and drug in micelles. Typically, drug in
colloids is not visible by NMR due to the relatively
slow tumbling of colloids in solution relative to the
NMR frequency.

Any precipitate that forms or remains during such
dissolution testing can be collected and analyzed by a
variety of methods. Polarized light microscopy (PLM)
can often be instructive in determining whether the

TABLE 30.5 Drug Species During SDD Dissolution and Tools to Characterize Them

Drug species Importance In vitro determination

Undissolved drug or precipitate • Source for high-energy drug
• Evidence for conversion to low-

energy form

• Microcentrifuge dissolution test
• Collection and analysis of solids from solution

(eg, potency, powder X-ray diffraction (PXRD))

Drug�polymer assemblies (ie, colloidal
drug species or nanoaggregates)

• Relatively mobile source of high-
energy drug

• Microcentrifuge dissolution test
• Ultracentrifugation
• Dynamic light-scattering (DLS) analysis

Drug in bile-salt micelles (or other micelles
sourced from formulation)

• Highly mobile (mass transfer
across unstirred boundary)

• Critical in bioavailability of
lipophilic compounds

• Partition coefficient determination
• Microcentrifuge dissolution test
• Membrane permeability test
• Equilibrium solubility measurements
• NMR and/or ultracentrifugation

Freely dissolved drug • Highly mobile (mass transfer
across unstirred boundary)

• Driver for permeability
• Driver for bile-salt micelle

partitioning

• Membrane permeability test
• Equilibrium solubility measurements
• NMR and/or ultracentrifugation

FIGURE 30.14 Schematic of SDD bioavailability enhancement, showing typical drug-containing species and absorption mechanisms.
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drug has crystallized during the test. Powder X-ray
diffraction (PXRD) can be used as a more definitive
technique to determine whether crystalline drug is
present in the precipitate and to verify the crystalline
form. To avoid crystallization of dissolved drug during
drying of PXRD samples, wet precipitates can be col-
lected and quickly frozen and lyophilized.

A second type of dissolution performance test that
can be done at the small scale is a membrane-permeation
test in which the SDD is placed in a biorelevant aqueous
medium (eg, SIF) on one side of a semipermeable

membrane and the concentration of drug in a permeant
on the other side of the membrane is measured. The
authors have used a polypropylene membrane treated to
make the feed surface hydrophilic and used a low-
volatility organic or an aqueous phase in which the drug
is highly soluble as the sink or permeant.

The dissolution test methods described previously
are typically a sensitive measure of SDD performance
and can be done at various stages of drug development
for a variety of purposes. Early in formulation develop-
ment, such testing can be done to screen various formu-
lations to rank the performance of SDDs made with
different polymers, drug loadings, or various other
excipients, such as surfactants. At later stages of devel-
opment, dissolution testing can be used to confirm the
robustness of SDD manufacturing scale-up by compar-
ing the performance of SDDs made at larger scales with
those made early on at smaller scales. For example, the
particle-size distribution can increase as the process is
scaled from the smallest spray-dryers, producing larger
SDD particles with reduced dissolution performance for
some SDDs, as shown in Fig. 30.16.

Dissolution testing is often performed on an SDD
after accelerated aging studies (eg, storage at high
temperatures and humidities) to predict the long-term
physical stability of the formulation. The dissolution
performance is typically very sensitive to fusing of
SDD particles, drug crystallization, or amorphous
phase separation. Finally, the speciation data obtained
from the comprehensive dissolution studies described
previously can be used as inputs to mechanistic physi-
ologically based pharmacokinetic models to predict
oral absorption of various SDD formulations relative
to each other and other formulation approaches.

FIGURE 30.15 Dissolution performance of SDDs made with
Compound 2 and various polymers, at 50% drug loading.
Dissolution was carried out using the syringe dissolution test in
MFDF at 37�C, with a 500 μg/mL total concentration (dissolved plus
undissolved drug). Source: From Curatolo W, Nightingale JA, Herbig
SM. Utility of hydroxypropylmethylcellulose acetate succinate (HPMCAS)
for initiation and maintenance of drug supersaturation in the GI milieu.
Pharm Res 2009;26:1419�31. Published with permission of Springer.

FIGURE 30.16 Dissolution test results showing the impact of larger particle sizes on dissolution performance in a SGF/SIF transfer test.
Conditions: SGF5 0.01 N HCl at 400 μgA/mL, SIF5DEFINE at 200 μgA/mL.
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Table 30.6 summarizes the various applications for dis-
solution testing and the key output from such tests.

30.5.4 Physical/chemical stability during
storage as suspension or powder

The physical and chemical stability of the SDD during
short- and long-term storage is important. As high-
energy solid forms, SDDs can be prone to physical insta-
bility, including amorphous phase separation or drug
crystallization. Likewise, due to the lack of crystalline
order, the drug in an SDD can sometimes be more prone
to chemical degradation than when in crystalline form.
The increased susceptibility of amorphous drug forms to
chemical degradation makes it important to assess the
compatibility of the API with the SDD excipients, partic-
ularly the polymer. In addition, it may be necessary to
use additives, such as antioxidants, to protect APIs that
are susceptible to specific mechanisms of degradation.

The typical two modes of physical instability—amor-
phous phase separation and drug crystallization—are
shown schematically in Fig. 30.17. Drug crystallization
often follows after separation of amorphous domains
has occurred because once amorphous domains of pure
or enriched drug phases have formed, less drug mobil-
ity is needed for crystallization to occur.

Phase separation in SDDs is driven by molecular
mobility of the polymer matrix and drug within the
matrix. One indicator of the molecular mobility is
the difference between Ts (Storage Temperature) and
Tg. As the Ts approaches the Tg of the SDD, mobi-
lity increases, viscosity decreases, and the time to
phase separation, including crystallization decreases.

Since water can plasticize the SDD lowering the Tg,
it is useful to understand SDD physical stability as
a function of RH.

Early in a SDD-development program physical
stability predictions of the SDD are often based on Tg

versus RH curves (Fig. 30.18). It is assumed that if
Tg values are significantly higher than the anticipated

TABLE 30.6 Purposes of Typical Dissolution Tests, Uses, and Outputs

Purpose When Scope Output

Formulation screening SDD feasibility Dissolution in SGF-SIF and SIF,
free drug and dynamic light
scattering

Rank ordering of SDD
performance

Process robustness Scale-up or change in process Differences in rate, Cmax, or AUC
with process/scale change

Performance risk with increasing
scale, particle size, or process
parameters

Physical stability Advanced SDD screening or
IND supporting stability

Differences in rate, Cmax, or AUC
relative to SDD physical stability
during accelerated aging

Performance risk related to
physical or chemical changes
with long-term storage

Mechanistic absorption
model

SDD feasibility Dissolved, micellar, and colloidal
drug levels

Time-concentration profile of
drug species that are inputs for
oral absorption model—level of
sophistication fit for purpose

SGF-SIF vs. SIF alone

SGF—Simulated Gastric Fluid.

SIF—Simulated Intestinal Fluid.

SGF-SIF—A two step transfer dissolution method.

Cmax—Maximum concentration.

AUC—Area Under Curve.

FIGURE 30.17 Possible structures of SDDs where curvy lines
and parallelogram symbol represent polymer and drug, respectively.
A is homogeneous molecular dispersion, B is phase-separated SDD
containing amorphous-rich drug region, and C is crystallized SDD
containing crystalline drug. Source: Adapted from14 Huang Y, Dai WG.
Fundamental aspects of solid dispersion technology for poorly soluble drugs.
Acta Pharm Sin B 2014; 4:18�25.

814 30. FORMULATION, PROCESS DEVELOPMENT, AND SCALE-UP: SPRAY-DRYING AMORPHOUS SOLID DISPERSIONS FOR INSOLUBLE DRUGS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



Ts, physical stability will be acceptable. For SDDs with
a Tg close to or below the anticipated Ts, physical sta-
bility could become an issue. Historically, a good rule
of thumb was that storage at 50�C below the Tg should
result in good long-term physical stability.38 This
turned out to be a conservative metric with regards to
ensuring a 2-year shelf life for SDD pharmaceutical
products. In the example shown in Fig. 30.18, a 10%A
HPMCAS SDD demonstrated good physical stability
when stored for 18 months at 25�C/50% RH when the
Tg was only 41�C above the Ts, whereas when stored
at 40�C/75% RH (at a Tg 6�C above Ts), the SDD
crystallized within 3 months.

Fig. 30.19 shows the fraction of SDDs that were
found to be physically stable at 6- and 13-week time
points as a function of Tg2Ts. The data, taken from a
variety of development programs, suggest that when
the Tg is well above Ts, the SDD has good stability. As
the Tg drops relative to Ts, the risk of physical instabil-
ity increases. In this instance, physical stability was
defined as no significant change in thermal characteris-
tics (by differential scanning calorimetry (DSC)), mor-
phology (by SEM), or in vitro dissolution performance.

30.6 DOSAGE FORM CONSIDERATIONS

SDDs are amenable to administration in a wide
range of dosage forms, including as a suspension or in
a solid dosage form, such as tablets and capsules.

30.6.1 Aqueous SDD suspension formulations

It is becoming increasingly common to use aqueous
SDD suspensions to support (1) animal safety and effi-
cacy studies, where dose multiples are significantly
higher than clinical doses; and (2) exploratory clinical
studies as powder-in-bottle formulations. Typically, a
suspending agent such as methyl cellulose is used to
increase the viscosity of the SDD suspension to
improve homogeneity and stability. Buffers, additional
polymers, surfactants, and other excipients may be
used to improve physical stability of the aqueous sus-
pension.92 Suspension formulations are generally pre-
pared and administered within a short period of time,
depending on physical and chemical stability. In many
cases, it is possible to achieve suspension stability of

FIGURE 30.18 Tg versus RH for
an example 10%A HPMCAS SDD.
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days to a week. Typical doses achievable in safety
studies are shown as a function of API loading in the
SDD provided in Table 30.7.

30.6.2 Solid dosage forms

Traditionally, immediate-release tablets are the most
common solid dosage forms for SDDs, although
capsule formulations have also been used. The dos-
age form should allow fast disintegration and release
of native SDD particles in the stomach or small intes-
tine. Designing the dosage form to quickly and uni-
formly disperse the SDD avoids the gelling and

subsequent slow disintegration and release that is
typically undesirable for bioavailability-enhancement
applications.

For tablet formulations, the SDD is typically dry
granulated (using roller compaction) or directly com-
pressed. Wet granulation is usually avoided due to the
risk of process-induced physical instability.

Some of the key considerations during tablet formu-
lation development include: rapid disintegration,
drug-excipient compatibility, physical and chemical
stability during processing and storage, drug loading
and maximum achievable dose, and choice of granula-
tion/compression process.

One of the important considerations during solid-
dosage-form development is the maximum unit
strength, which is governed by the SDD loading in the
solid dosage form and the API loading in the SDD
(Fig. 30.20). For low-dose compounds, the strategy is
generally to have a lower API loading in the SDD and
a higher SDD loading in the tablet. For high-dose com-
pounds, API loading in the SDD and the SDD loading
in the tablet both must be maximized, which can result
in performance and manufacturability risk for the SDD
and tablets. Some of the constraints to consider are the
maximum tablet size allowed, the effect of SDD load-
ing in tablet on dissolution, and the effect of SDD
material properties on tableting.

30.6.3 Effect of formulation and process on
performance (physical, chemical, dissolution)

Although the impact of drug-product processing on
crystalline API phase transformation is well-studied,
there is limited literature describing the effects of
solid-dosage-form processing on SDD stability. It is
reasonable to expect that the physical stability of the
SDD may be affected by the formulation composition
and manufacturing process. Leane et al. recently
demonstrated a marked difference in physical stability
of ibipinabant SDD tablets (20/75/5 ibipinabant/PVP
K30/SLS SDD, Tg5 130

%
oC, 5% w/w SDD in

tablet formulation) in the presence of different fillers.
Microcrystalline cellulose (MCC) provided the best sta-
bility profile and mannitol provided the worst, as
shown in Fig. 30.21.62 As expected, the physical insta-
bility (ie, crystallization of API in SDD) resulted in a
corresponding decrease in dissolution rate. The
authors attributed the higher stability achieved with
MCC to the cushioning it provided during compaction,
preventing fracturing of the SDD particles. Dhumal
et al. had previously shown that the tablets manufac-
tured with amorphous coprecipitate of celecoxib with
PVP and carrageenan had better stability than tablets
manufactured with amorphous celecoxib and an SDD

FIGURE 30.19 Fraction of SDDs that are Stable after storage for
up to 13 weeks as a function of Tg2Ts. Key: Numbers in columns
indicate the number of stability samples tested at 6 or 13 weeks for
compounds transferred into good manufacturing practice (GMP)
production. Stability is defined as no change in dissolution perfor-
mance, thermal characteristics (by DSC) or morphology (based on
SEM analysis) from that of initial samples.

TABLE 30.7 Typical Syringable Volume and Dose for SDD
Formulations Prepared Using HPMCAS-M and 0.5% W/W
Methocel E4M Premium as a Suspending Agent

SDD drug

loading (%Active)

Maximum syringable

concentration (mgA/mL)

Deliverable dose

(mg/kg) at 10 mL/kg

10 17 167

25 50 500

33 75 749

40 100 1000

50 150 1500

75 450 4500
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of celecoxib with PVP.93 The authors attributed the
improved physical stability of the coprecipitate to the
cushioning provided by the viscoelastic polymer cara-
geenan and hydrogen-bonding interaction between cel-
ecoxib and PVP.

Crystallization of amorphous solids can involve
bulk and surface crystallization. Surface crystal growth
has been observed to be orders of magnitude faster
than bulk crystal growth due to the enhanced surface
mobility and energy of the drug molecules. An under-
standing of surface�surface interactions and the
impact of excipients on surface crystallization is help-
ful in designing the SDD formulations because SDDs
have an intimate contact with other excipients within a
solid dosage form. Zhang et al. recently reported a
simple microscopic method for studying the effect of
common tablet excipients on the surface crystallization

of amorphous drugs.94 In this method, amorphous
samples of the drugs were covered by excipients and
stored in controlled environments and rates of surface
crystal nucleation and growth were measured in real-
time.

When considering the choice of excipients, excess
manipulation (eg, compression, milling) during manu-
facture of the solid dosage form and exposure of the
solid dosage form to moisture and heat during the
coating process can lead to physical instability of SDD
formulations.

30.7 CONCLUDING REMARKS

Amorphous SDDs are ideally molecularly dispersed
mixtures of drug, polymers, and optionally, other

FIGURE 30.20 Effect of SDD loading in the tablet and dose on tablet size for 25%A and 50%A SDDs.

FIGURE 30.21 Raman results for formulations containing different excipients (a) and different processing conditions (b) following storage
under controlled conditions for 3 months. Source: From Leane MM, Sinclair W, Qian F, Haddadin R, Brown A, Tobyn M, et al. Formulation and pro-
cess design for a solid dosage form containing a spray-dried amorphous dispersion of ibipinabant. Pharm Dev Technol 2013;18:359�66. Published with per-
mission from Taylor & Francis Ltd., http://www.informaworld.com.
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excipients (eg, surfactants, stabilizers). SDDs stabilize
amorphous drug, resulting in reduced crystallization
by inhibiting molecular mobility and reducing nucle-
ation. SDDs typically provide higher apparent solubil-
ity and faster dissolution than bulk drug crystals,
affording superior bioperformance for poorly soluble
drugs. Spray-drying is a robust and scalable technol-
ogy that has been successfully applied to a number of
commercial products including Kalydeco (Ivacaftor),
Incivek (Telaprevir), Intelence (Etravirine), and
Zortress (Everolimus). On the basis of a literature sur-
vey, Newman et al. estimated that 82% of the amor-
phous dispersions showed improved bioavailability
over a reference formulation.13 SDDs of more than 500
different drugs showed 1.5- to 100-fold higher absorp-
tion than crystalline drug in various animal models. In
humans, SDDs of 65 different drugs showed at least
twofold higher relative bioavailability than the poorly
absorbed control formulation. A high success rate in
enhancing oral absorption of poorly absorbed com-
pounds, versatility, good fundamental understanding,
and availability of spray dryers that can make SDDs
from milligram to metric ton quantities has made
SDDs a common approach for developing of com-
pounds in preclinical and clinical development.

Successful development of SDDs requires careful
consideration of CQAs (eg, physical and chemical sta-
bility, in vitro and in vivo performance, residual sol-
vents, and material properties for downstream
processing) that can impact the TPP. It also requires a
good understanding of the formulation (eg, API and
polymer chemistry, API:polymer ratio, excipient, and
solvent) and process parameters (eg, droplet size, dry-
ing rate, and secondary drying) that define the SDD
attributes.
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31.1 INTRODUCTION

Extrusion processing is intended to physicochemically
transform powder into molten or wet mass and enable
the continuous production of highly homogeneous pro-
ducts through the accurate control of processing
conditions. It is used to produce a wide range of food
and feed products, ceramic, metal, plastics, chemicals,
and more recently pharmaceutical products. There are
different types of extrusion machines depending on the
material extruded or the extrusion technology. Extrusion
equipment used today to process pharmaceutical
products typically includes extruders with a single
or twin-screw auger powered by an electric motor
(Fig. 31.1). While single-screw extrusion (SSE) is a
mechanically simple and low-cost processing option,
twin-screw extrusion (TSE) has been used extensively
for mixing, compounding, or agglomerating a variety
of ingredients to produce a wider range of products.

In manufacturing solid dosage forms, TSE can be
used for hot-melt extrusion (HME), wet and melt
granulation. During HME and wet or melt granula-
tion, liquids and powders can be fed accurately and
continuously throughout the run to ensure consis-
tency of the formulation. HME is one of the most
common processing options to enable the formation
of amorphous solid dispersion (ASD) for enhancing
dissolution and bioavailability of poorly water-
soluble drugs. It is a solvent-free process that trans-
forms a powder blend of active pharmaceutical ingre-
dients (APIs), polymers, and other excipients into an
extrudate containing a molecularly dispersed API in a
polymer matrix through either melting and mixing

the molten drug with molten polymer or dissolving
the API in the molten polymer(s) during the extrusion
process. The extrudate can be subsequently directly
shaped or converted into granules or pellets for
downstream processing. Wet and melt granulation
via TSE refers to the process of mixing powdered
excipients and APIs together with a liquid or
meltable binder in the extruder to produce granules
with characteristics suitable for manufacturing solid
dosage forms. It is more scalable and capable of pro-
cessing materials consistently with greater process
flexibility and higher efficiency when compared to
the traditional low-shear, high-shear, fluid-bed, or
spray-congealing process. Due to the high mixing effi-
ciency and accurate process control, extrusion granu-
lation usually requires less quantity of binder than
other processes. It can be optimized to generate more
uniform granules with respect to physicochemical
characteristics. It also offers a great flexibility in pro-
ducing granules with diverse characteristics and
requires significantly less materials for process devel-
opment, scale-up, and optimization. As shown in
Table 31.1, the TSE process has been successfully
applied to manufacture a growing number of com-
mercial drug products covering a wide range of ther-
apeutic areas.

In essence, TSE offers many advantages over conven-
tional pharmaceutical process, including: (1) continuous
processing with increased efficiency and productivity
and the ability to handle multiple processing functions
in series (such as conveying, melting, distributive and
dispersive mixing, granulating, and devolatilizaton);
(2) solvent-free processing with a small equipment
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footprint; (3) considerable flexibility in achieving specific
mixing characteristics to meet different product and
process requirements and produce a wide range of phar-
maceutical dosage forms with fewer unit operations; and
(4) exceptional mixing capability for achieving superior
product homogeneity and content uniformity. When the
extrusion process is used as a continuous processing
technology in commercial production, it is essential to
establish and implement a sound control strategy,
such as real-time release testing (RTRT). However, in
pharmaceutical manufacturing, a process train typically
consists of a combination of batch (eg, blending, coating)
and continuous unit operations (eg, compression). Thus,
batch and lot definition becomes a key consideration.
In most cases, a batch can be defined based on the
limiting factor(s) of the upstream or downstream unit
operations. For a process train involving TSE, batch size
of the preblend can often be used to determine
product batch size, enabling thus converting back-to-back
extrusion runs into a semicontinuous process to meet
the requirement for uniform quality while preserving the
advantage of high manufacturing efficiency.

This chapter describes the design and basic princi-
ples of (1) the TSE process, (2) the design and function-
ality of the extruder and screw elements, (3) process
parameters, and (4) material considerations in process
development. The fundamentals of product and pro-
cess development using TSE are presented, including
the HME process for ASD products, and continuous
wet and melt granulation for immediate-release (IR)
and extended-release (ER) dosage forms. Process scale-
up and critical issues are also discussed, including
general principles, common approaches, and model-
ing. Case studies are provided to illustrate the versatil-
ity of TSE and some of its successful applications in
manufacturing different types of solid dosage forms.

31.2 TWIN-SCREW EXTRUDER AND
EXTRUSION PROCESS

31.2.1 Extruder design and components

An extruder can be roughly divided into three
sections based on functionality: (1) the drive section,
which includes the motor, gear box, shaft linkage, and
thrust bearings; (2) the process section, which is com-
posed of the barrel, screw, optionally an endplate/die,
and various sensors; and (3) the control section
(ie, human machine interface, HMI). The drive and
control sections of the extruder are generally defined
by equipment specifications, and modification of these
portions for individual process requirements is not
common. This chapter will mainly focus on the process
section of the extruder.

There are two common types of commercially avail-
able extruders: the ram type and screw type. Compared
to a ram extruder, a screw extruder is preferred due to
its continuous manufacturing capability. Depending on
the number of screws, screw extruders can be classified
as SSEs, TSEs, and multiscrew extruders. SSE is a rela-
tively simple process, and it has served as a fundamen-
tal operation for polymer processing since the early
1900s. Due to its superior mixing capability and shorter
material residence time, a TSE is more preferable for
the pharmaceutical industry. A TSE consists of two par-
allel rotating screws inside a stationary cylindrical bar-
rel. The two screws can rotate either in the same
direction (ie, corotating) or in opposite directions (ie,
counterrotating). When a counterrotating extruder is
employed, materials are subject to high-shear regions;
thus, this setup should be considered when higher
shear regions are required. Based on the centerline
distance between the two screw shafts, TSEs can be

Continuous
screw

extrudes

Single screw
extruders

Twin screw
extruders

Non-
intermeshing

screws

Contra-rotating
screws

Coaxial
screws

Contra-rotating
screws

Parallel
screws

Conical
screws

Corotating
screws

Intermeshing
screws

FIGURE 31.1 Types of extruders. Tangram Technology Ltd.
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TABLE 31.1 Commercial Drug Products Manufacturing Using TSE

Product Indication Type of dosage form Company Year approved

Lacrisert (HPC rod) Dry eye syndrome Shaped system Merck 1981

Ophthalmic insert

Zoladex (goserelin acetate implant) Prostate cancer Shaped system AstraZeneca 1996

Subcutaneous implant

NuvaRing (etonogestrel, ethinyl estradiol) Contraceptive Shaped system Merck 2001

Vaginal ring

Implanon (etonogestrel) Contraceptive Shaped system Merck 2006

Vaginal ring

Ozurdex (dexamethasone) Macular edema Shaped system Allergan 2009

Ophthalmic implant

Zithromax (azithromycin) Antibiotic Sustained release Pfizer 1996

Palladone (hydromorphone HCl) Pain Sustained release Purdue Pharma 2004

Abuse deterrence

Nucynta (tapentadol) Pain Sustained release Depomed Inc. 2011

Abuse deterrence

Opana ER (oxymorphone HCl) Pain Controlled release Endo Pharmaceuticals 2011

Eucreas (vildagliptin, metformin HCl) Diabetes Immediate release Novartis 2007

Gris-PEG (griseofulvin) Antifungal Crystalline dispersion Pedinol Pharmacal 1975

Rezulin (troglitazone) Diabetes Amorphous dispersion Wyeth 1997

Kaletra (ritonavir/lopinavir) Antiviral (HIV) Immediate release AbbVie 2005

Amorphous solid dispersion

Norvir (ritonavir) Antiviral (HIV) Immediate release AbbVie 2010

Amorphous solid dispersion

Onmel (itraconazole) Antifungal Immediate release Merz North
American, Inc.

2010

Amorphous solid dispersion

Noxafil (posaconazole) Antifungal Delayed release, Amorphous solid
dispersion

Merck 2013

Viekira Pak (ombitasvir, paritaprevir,
ritonavir, dasabuvir)

Antiviral (HCV) Immediate release AbbVie 2014

Amorphous solid dispersion

Belsomra (suvorexant) Insomnia treatment Immediate release Merck 2014

Amorphous solid dispersion

Zepatier (elbasvir and grazoprevir) Antiviral (HCV) Immediate release Merck 2016

Amorphous solid dispersion

Venclexta (venetoclax) Oncology Immediate release AbbVie 2016

Amorphous solid dispersion
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further classified as fully intermeshing TSEs (ie, the
centerline distance is less than the screw diameter) or
nonintermeshing TSEs (ie, the centerline distance
between two screw shafts is equal to the screw diame-
ter). The detailed classification of screw extruders can
be found in Fig. 31.1. Fully intermeshing corotating
TSE offers self-wiping or self-cleaning feature, and is
the most widely used and studied setup for pharma-
ceutical applications.

31.2.1.1 Barrels

Extruder barrels are the housing for the screws.
The barrels are generally electrically heated and water
cooled. During the extrusion process, the barrel tem-
perature is monitored by thermocouples. Depending
on the design and manufacturer, the barrel can be
either a one-piece or a modular design. Compared
to the one-piece design, modular barrels are more
widely used in the pharmaceutical industry due to
their greater flexibility to meet processing or product
requirements. Modular-designed barrels and screws
are shown in Fig. 31.2. The typical length of an
extruder should be determined based on the screw
configuration required for the process. However, the
individual modular barrel can be in different lengths
and diameters. The barrel temperature can also
be controlled individually or in grouped zones.
In addition, the modular barrels could be configured
differently (see Fig. 31.3).1 Some common barrel
configurations are closed barrel, feed barrel, vented
barrel, and combi barrel.1 The closed barrels generally
comprise the majority of an extruder design. Liquid
feed, if needed, can be introduced into the system

through an injection nozzle connected to a closed
barrel or a combi barrel.

The feed barrel, with either a circular- or rectangu-
lar- shaped opening on the top, is generally the first
section in the extruder and is normally kept near
room temperature. To maximize the free volume for
material to enter the extruder, the screw in the feed-
ing section should have a long pitch to keep the mate-
rial moving forward rapidly (see detailed discussion
on screw design in Section 31.2.2). However, depend-
ing on formulation, the number and locations of the
feed barrels should be carefully considered. Adding
material downstream reduces its residence time and
the amount of shear the material experiences. Bruce
et al. reported that using a side-stuffing port close to
the die could successfully incorporate heat-sensitive

FIGURE 31.2 Extruder barrels and screws.1

FIGURE 31.3 Different types of barrel section.1
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dextromethorphan hydrobromide granules with a
molten polymer plasticizer while avoiding exposure
of the material to the high process temperature
required for melting the carrier polymer.2

The vented barrel is used to remove air and/or
volatiles from the extruder; this process is also
referred as devolatilization. The vent barrel also pos-
sesses an opening on the top, which can be connected
to atmosphere or vacuum. Devolatilization may be
critical to the extrusion process. The proper venting
(or devolatilization) should allow air and/or volatiles
to escape from the barrels while preventing the mate-
rial from being lost. A variety of vent-port designs,
including vent stuffers, elongated vent barrels, and
side vents, have been developed for corotating TSEs
to accommodate a wide range of applications and
materials. In general, the vacuum port covers approxi-
mately half of the screw surface; this can be achieved
by either the vent port design or addition of vent
caps. Some typical vent cap configurations are shown
in Fig. 31.4.1 Besides regular-shaped openings, the
barrel can also house dynisco ports (ie, standard
high-pressure/temperature instrumentation ports) for
installing various process monitoring probes.

31.2.1.2 Screw elements

Screw design can significantly impact product char-
acteristics and quality because it affects mechanical
shear and residence time.3 Thompson and Sun reported
that changes in screw elements could influence the size
and shape of lactose-polyvinylpyrrolidone granules for
a wet granulation process.4 Nakamichi et al. showed
that a kneading paddle play an important role in the
preparation of ASD of nifedipine.5 Therefore, special
attention should be given when designing screws. The
design must consider both the process requirements and
the material properties. Screw configurations can be
designed as shear-intensive or shear-passive according
to the process requirements. With modular designs (see

Fig. 31.5),118 there are seemingly infinite possibilities of
screw variations. However, considering the discrete
zones, including the solid feed/conveying zone, mix-
ing/melting zone, the melt conveying/metering zone,
and potential devolatilization/venting zones as shown
in Fig. 31.6 for a basic extrusion operation, there are
predominately two types of screws: (1) flighted
(threaded) screws to achieve conveying and (2) non-
flighted screws for mixing and melting by creating
shear regions.6,7 One example of a complete modular
screw design is shown in Fig. 31.6.8 During extrusion,
material can be transported mainly through drag flow
and pressure flow. The pressure flow is due to the pres-
sure buildup at specific regions, while the drag flow is
created from the volumetric displacement of screw.

31.2.1.2.1 Conveying screws

One typical flighted screw is the conveying screw.
The helix geometry of a single-flight conveying screw is
shown in Fig. 31.7.9,10 The pitch is defined as the
distance between consecutive flights. The helix angle is
the angle between the screw flight and the plane
perpendicular to the screw axis. The pitch is directly
related to the helix angle. The optimum helix angle/
pitch should be designed based on the material proper-
ties and design requirement. Fight clearance, with
a rule of thumb of 0.1% of the screw diameter, is
the space between the screw outer diameter Do and the
barrel wall. Di is the inner screw diameter.

Conveying screws are the primary constituent of the
screw configuration in the feed zone and metering zone.
The feed section is responsible for conveying materials
such as pellets and powder forward to the transition
section. The metering section, also called melt conveying
or pumping zone, delivers the melt toward the discharge
end of the extruder. The helix geometry enables material
transportation through the open channel downstream.
The capability of the screw conveying is directly related
to the volumetric displacement or free volume of the
channels. The screw conveying capacity can be calcu-
lated in many different ways. One example is shown in
Eq. (31.1); the conveying capacity is expressed as drag
flow Qd during the extrusion process.10

Qd 5 0:53 a3 z3 cosðθÞ3N ð31:1Þ

FIGURE 31.4 Vent cap configurations.1

FIGURE 31.5 Modular screw design.118
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where Qd is the drag flow; α is the area of the open
section of the screw; z is the lead length of the screw;
θ is the helix angle; and N is the screw speed.
The lead length is proportional to the screw pitch.
For a single-flight screw element, the lead length is
equal to pitch (ie, the axial distance that screw travels
in one complete revolution of 360�), while for a
double-flighted screw, the lead length would be twice
of the pitch.

Regardless of the various mathematical expressions,
it is clear that the screw conveying capacity is primar-
ily a function of the screw open section or the free
volume. The screw design, including the number of
flights, ratio between Di and Do, and pitch, has a sig-
nificant impact on the free volume. Zimmermann
listed the free volume of various screw designs.11 The
comparison among three commonly used conveying
screw designs is shown in Table 31.2.118 The impact of
pitch on volumetric displacement and general guid-
ance of its use are summarized in Table 31.3.118 The
screws in the feeding zone usually have a greater
pitch; the pitch reduces in the metering/compression
zone to increase pressure by increasing the degree of
fill while removing entrapped air. For a HME process,
the screw with a pitch less than one screw outer diam-
eter (,Do) is employed in the melt-conveying section
to generate pressure and pump the melt uniformly out
to the die cavity. As the degree of fill could also impact
the average shear rate (energy input), as shown in
Fig. 31.8,12 the optimum design should be defined
based on the main function of the processing zone and
rheology of the materials being processed.

When evaluating the screw design, the compression
ratio is an important parameter that should be assessed.
The compression ratio is the ratio of the channel depth
(or channel volume) in the feeding zone to that in the
metering zone. This ratio is closely related to the slope of
the transition section. During HME, the compression
ratio and the close of the transition section should be
carefully matched with the polymer melting rate to
ensure an efficient process. A screw with a high com-
pression ratio is generally recommended for processing
materials with high compressibility.

FIGURE 31.7 Basic geometry of a conveying screw element.

FIGURE 31.6 Example of a complete modular screw design.6,118

TABLE 31.2 Comparison Among Common Conveying Screw
Design118

Screw design
Free
volume

Conveying
efficiency Pros Cons

1 111

Low leakage
flow Lower

conveying
capacity

High pumping
efficiency

11 11

Good balance
between free
volume and
conveying
efficiency

Higher
shear than
one-flighted
screw

111 1
High conveying
capacity

Some
back-mixing
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31.2.1.2.2 Mixing screws

Although typical helix conveying screws provide
efficient material transportation, they may not be able
to provide sufficient distributive and dispersive mix-
ing, which is particularly important for generating a
molecularly dispersed formulation. Distributive mixing
is a low-shear process; it promotes homogeneity by
diving and recombining the material without signifi-
cantly reducing particle size. In contrast, dispersive
mixing is a high-shear process; it breaks up large
particles and disperses them throughout the material.

Mixing that accompanies melting is dispersive in
nature, as the high-shear stresses open an opportunity
for the elongation and breakup of material. A diagram
of both distributive and dispersive mixing is shown
in Fig. 31.9.13 Staggered kneading blocks are widely
employed mixing element configurations. A kneading
block element generally consists of several kneading
disks. The number and width of kneading disks,
as well as the stagger angle (offset angle) between
successive disks, are the three most important

TABLE 31.3 Impact of Conveying Screw Pitch118

Screw pitch
Volumetric
displacement

Degree
fill Uses

High (1.5�2 Do)

111 1

Feeding
materials into
extruder

Medium (1�1.5 Do)

11 11

Compression
after Feeding

Melt transport

Low (,1 Do)

1 111

Pressure
generation

Melt pumping

FIGURE 31.8 Impact of Do/Di on shear rate.12

FIGURE 31.9 Comparison of distributive and dispersive
mixing.13
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characteristics for kneading blocks. The geometry of
kneading block elements is presented in Fig. 31.10.
Depending on the design, kneading blocks create vari-
ous shear intensities, and they can be used for either
distributive or dispersive mixing. Narrow kneading
disks provides good distributive mixing as more
material is forced to flow in and around blocks instead
of between the block and barrel wall. Wider kneading
disks are mainly used for dispersive mixing because
material tends to go over the top of the discs. Material
flow around and over kneading disks is illustrated in
Fig. 31.11.14

The kneading block could be configured as forward
(or right-handed), neutral, and reverse (or left-
handed) kneading elements (as shown in Fig. 31.12)
based on the stagger angle. Since the stagger angle
between disks causes an axial displacement flow, both
forward- and reverse-kneading blocks also have con-
veying capability. However, this type of conveying, as

it is related to the stagger pressure profile, is different
from the drag flow observed with conveying screw
elements. The conveying direction of the forward
kneading elements is the same as the direction of
the product flow in the extruder. It allows back-
mixing of material through the gaps formed by the
staggering angle. The conveying direction of the
reverse kneading elements is contrary to the direction
of the product flow in the extruder. Thus, the aim of
incorporating reverse element in screw configuration
is to produce back pressure and increase upstream
degree of fill. Neutral kneading blocks have no con-
veying capability. Table 31.4 summarizes a simplified
characteristic comparison among different kneading
block elements.

In addition to kneading blocks, many other special
mixing elements could be considered for improving
mixing. A few examples are illustrated in Fig. 31.13.15

Special distributive mixing elements (DMEs) utilize
interrupted screw flights to allow higher material
exchange between adjacent screw channels, thus
enhancing back-mixing. As the opening on the screw
flights causes increased leakage flow, the conveying
efficiency of the screw is reduced. However, a higher
fill factor and longer residence time are expected.
Mixing gears or toothed mixing elements (eg, Tooth
Block, ZME) offer the maximum amount of distribu-
tive mixing with minimal energy input by creating
flow splitting and reorientation. Mixing gears consist
of a series of cams, which divide the material flow and
form multiple layers by the swirling action. The inter-
facial area is thereby increased. The material layers are
then wiped between the cam tips and barrel, resulting
in enhanced distributive mixing. The mixing efficiency
of mixing gears is impacted by the number of gears
and cams per gear. The degree of homogenization
increases with increasing the number of mixing gears
and/or the number of cams per gear. Barrier screws

FIGURE 31.10 Geometry of a kneading block.118

FIGURE 31.11 Material flowing around and over a kneading
block.14
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are believed to provide gentle dispersive mixing by
passing particles through a defined barrier gap and
exposing them to a low and well-defined shear stress.
For HME, the compression and decompression of the
material lead to a complex elongation flow and, there-
fore, lead to an optimal dispersive mixing effect.
Kessler et al. demonstrated the suitability of applying
barrier screw elements for manufacturing ASD by pro-
moting mixing at relatively low temperature.16

The ratio between screw length and screw diameters
(L/D) is an important characteristic to consider, as it
impacts the material residence time and the length
assigned to each process operations. This ratio, to a
large extent, is determined by the extruder design.

The typical L/D range for intermeshing TSEs is from
20:1 to 40:1, with a potential for up to 60:1. Higher L/D
ratios offer more flexibility in terms of screw design to
meet specific process requirements; however, it should
balance with the consideration of residence time
and torque. For pharmaceutical applications, the pilot
scale screws have diameters ranging between 18 to
30 mm, whereas the screw diameter for production
scale could exceed 50 mm. In advanced extrusion
equipment, the screw dimensions can change over
the length of the barrel and extend proportional to the
length of barrel.17�20 Morott et al. (2015) demonstrated
the impact of L/D ratio along the screw design on taste-
masking of sildenafil citrate.21 A shorter screw design

FIGURE 31.12 Forward and reverse kneading blocks.

TABLE 31.4 Characteristics of Kneading Blocks118

Conveying efficiency 111 222 None 1 2 None

Distributive mixing 111 1111 1111 1 11 11

Dispersive mixing 1 11 111 1111 1111 11111

Shear input 1 11 11 111 1111 111

FIGURE 31.13 Examples of special mixing elements.119
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with one mixing zone enhanced the perseveration of the
API crystalline nature.

31.2.1.3 Dies

The main function of an extrusion die is to shape the
pressurized molten material to the desired shape and
desired dimensions by passing it though a predefined
cross-section.1,22,23 The die is attached to the end of the
extruder and provides a passage for the material exiting
from the circular extruder barrel to a more complex and
often much thinner and wider die exit. A die is generally
not required for extrusion granulation. Extrusion dies
may vary dramatically in shape and complexity to meet
the demands of the product being manufactured. For
melt extrusion, an ideal die should be able to (1) balance
melt flow to provide acceptable die pressure drop and
(2) keep melt homogeneity without causing stagnated
flow. The stagnation area could lead to thermal degrada-
tion, as the melt is being exposed to high heat for an
extended period of time. Strict geometric shaping may
not be required if the extrudate will be milled into fine
powder for further downstream processing. However,
for melt extrusion, the material could spend a significant
portion of its residence time in the die under thermal
stress, thus, the proper design of an extrusion die is
important and requires the understanding of material
characteristics, knowledge of mass and heat transfer,
and extensive experience with extrusion processing.
A die with a large open cross-section is believed to mini-
mize die pressure while maintaining appropriate melt
linear velocity and is thus recommended for general use.

Materials’ rheological properties should be carefully
evaluated when designing a melt-extrusion die, as
these properties could significantly impact product
quality. For example, die swelling (also known as
extrudate swelling or the Barus effect), as a result of
velocity relaxation of melt flow and viscoelastic relaxa-
tion of strained polymer molecules, could cause a
change in the melt flow velocity profile exiting
from the die and result in a stagnant region.23�25 Giles
described the four zones of the extruder die.1 The
parallel zone, where the melt acquires the final
characteristics and shape prior to exiting from the die,
is believed to mainly control the die swell, back pres-
sure, and flow uniformity. To compensate for material
and process variability, appropriate die adjustments,
such as mandrels, choker bars, die lips, and localized
temperature control, could be required to maintain a
robust and stable process. Depending on the final
application, slit dies (for film and sheet), strand dies
(for simple geometric shapes, such as circles, squares,
or triangles), and annular dies (for pipe and tubing)
are commonly used dies in the pharmaceutical indus-
try. Historically, extrusion die design is more an art
than a science. However, it has been improved with

recent advancements in powerful computation tools
such as finite element analysis (FEA) for modeling of
complex flow and heat transfer processes.

31.2.1.4 Auxiliary systems

A wide range of auxiliary systems, including feeders
and various downstream equipment, are generally used
with the extruder to complete the extrusion process. The
selection of feeder and downstream processing equip-
ment depends upon many factors such as desired dos-
age form, material characters, and processing speed.
Feeders with precise and controllable discharge rates are
employed to accurately meter materials into the
extruder. Preblend materials can be added via a single
hopper or, alternatively, multiple feeders can simulta-
neously add different ingredients in the correct ratios.
The feed rate can be controlled either by volume (volu-
metric feeder) or by weight (gravimetric feeder).
Volumetric feeders are designed based on some form of
displacement principle, such as a rotary feeder or rotat-
ing screw. It is an open-loop device and cannot directly
measure material throughput to compensate for dosing
variation. The dosing accuracy of volumetric feeders is
within 1�3%. In contrast, gravimetric feeders control
material feed by weight and improve the dosing
accuracy to 0.5�1% by adding a weigh system and
closed-loop control scheme. Based on the actual dis-
charging weight over time, the system makes neces-
sary feeder speed adjustments to maintain the desired
mass feed rate. Gravimetric feeding is the most pre-
ferable for pharmaceutical applications primarily due
to better dosing accuracy. However, material pro-
perties, such as density, flowability, particle size,
frication, and compressibility, play a critical role in
feeder selection. For example, a crammer feeder may
be a viable option when dealing with materials that
have a low bulk density. If necessary, liquid additives
can also be introduced to a TSE through an injection
port with a typical a gravimetric or loss-in-weight
liquid feed pump.

Downstream auxiliary equipment is utilized to
achieve the desired dosage form. There are a wide
variety of downstream systems available to extrude an
infinite array of shapes. Fig. 31.14 presents different
dosages that could be produced by an extrusion
process.26

For melt extrusion, direct shaping can be achieved
by either extruding melt direct to a mold with specific
dimension by calendaring.27 During calendaring, the
molten strand leaving the extruder is shaped to the
desired dimensions between two counterrotating cal-
endar rollers. If applicable, direct shaping could be a
cost-effective route for dosage manufacturing, mainly
due to its continuous manufacturing nature. The suit-
ability of the direct-shaping process could be highly
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formulation dependent. One example of direct shap-
ing is Egalet, a novel erosion based controlled-release
delivery system, which is manufactured via injection
molding.28,29 Roth et al. also reported directly shaping
an abuse-resistant, melt-extruded formulation into
elongated tablets.30 They believed that direct shaping
increased the tablet strength by eliminating the sharp
features that result from the extrudate grinding step.
However, DiNunzio et al. claimed that direct-shaped
dosages could suffer from a reduced erosion rate due
to the low surface area and near-zero porosity; thus, it
is rarely employed.31

As a post extrusion milling operation is often
required for extrudate to manufacture the final dosage,
tight dimensional control of extrudate is generally
not required. Pellets are one of the most commonly
used shapes and can be formed through either
calendaring or pelletization.23,32 Producing sheets of
pellets by calendaring is straightforward. During
calendaring, the melt is forced to distribute between
two roller faces. Depending on the design of the roller
surface (smooth surface vs surface with cavities), either
films or sheets of pellets can be obtained. The shape
and size of the pellets are determined by the roller sur-
face cavities. The temperature of the roll surface is
maintained by liquid circulation through internal chan-
nels. The calendaring conditions could play an

important role in determining the physical properties
and appearance of the film/sheets. When the calendar
temperature is too low, the melt is difficult to stretch;
when the calendar temperature is too high, the mate-
rial could stick to the roller. In addition, the gap
between calendaring rollers could also influence the
film shape. Pelletization is a process to form extrudate
pellets with typical size between 0.5 and 5.0 mm.
Strand pelletization and die-face pelletization are two
common pelletization methods. They distinguish
themselves in terms of material temperature where the
cutting takes place.33,34 In strand pelletization,
spaghetti-like melt strands are pulled by a pelletizer
feeder while cooled and pushed to a cutting assembly
to size to the required length. Thus, the material is
generally cut at a temperature below its softening
point, and pellets are more cylindrical-shaped. The
diameter of the final pellet is controlled by the diame-
ter of die orifice and pulling speed of the feeder roller,
with a typical size of # 3 mm for pharmaceutical
applications. Die-face pelletization forms the pellets by
direct cutting the melt at the die face and then cooled,
most likely by air. Spherical pellets can be obtained
through this process due to surface tension related
deformation. Die-face pelletization offers major advan-
tages in terms of process simplicity and spatial flexibil-
ity; therefore, if amenable, it is often preferred over the

FIGURE 31.14 Different extrudate shapes produced using a twin-screw extruder.26
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strand system. However, since the material is cut
while in its viscous state, this process could be lim-
ited in range of applicable formulations mainly due
to stickiness.35

31.2.2 Extrusion process design

Extrusion is an integrated unit operation composed
of several function zones. Process parameters play a
key role in determining the properties of the extruded
product. The complexity of the material and energy
properties in different functional zones throughout
the extruder is illustrated in Table 31.5. To clearly
understand the overall impact of different types of
parameters associated with the process on product
quality attributes, analytical descriptions of the extru-
sion unit operation have been reported in the litera-
ture as shown in Fig. 31.15.36 Based on this analysis,

the product quality is controlled directly by key system
parameters including specific energy, melt tempera-
ture, residence time, and pressure, while the common
adjustable equipment and process parameters impact
the product quality indirectly. In this section, the key
process considerations based on the
adjustable parameters (eg, feed rate, screw speed, tem-
perature profiles) will be discussed to provide an over-
view of how the process variables may affect the
properties of extrudate.

31.2.2.1 Feed rate

Feed rate is one of the most important adjustable
process parameters. During operation, the extruder
can be force-fed or starve-fed. When operated under
force-fed mode, material is positively displaced into
the extruder. When operated under starved-fed mode,
the extruder is fed at a rate below the conveying

TABLE 31.5 Material and Energy Properties Throughout Extruder

Function zone
Solid feed Solid convey Melting Mixing Melt convey Discharge

Material sate Solid Solid Solid/Melt Melt Melt Melt

Pressure (Bar) 1 1 1 .1 .. 1 .. 1

Conductive energy Out of material In and out of material Out of material Out of material Out of material Out of material

Energy conversion None None PED/FED VED VED VED

PED, plastic energy dissipation; FED, frictional energy dissipation; VED, viscous energy dissipation.

FIGURE 31.15 Analytical description of extrusion unit operation.36
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capacity of the extruder, and thus a few of the
functional zones will not be completely filled. In a
starved-fed machine, the mass flow rate at the feed
zone is equal to the mass exiting the barrel and accu-
mulation in the barrel is negligible; thus, extrusion
throughput is mainly determined by the feed rate but
not the screw speed.

TSEs are normally run starve-fed to improve mix-
ing and melting efficiency. The feed rate impacts the
extrudate quality by affecting residence time and/or
degree of fill during extrusion. Residence time repre-
sents the time that materials remain in the extruder.
A short residence time leads to inhomogeneity, while
long residence time can impact the degradation profile
of thermally labile compounds. For melt extrusion,
increasing the feed rate with an equivalent increase in
the die opening generally reduces the material resi-
dence time in an extruder, which results in lower spe-
cific energy input as well as higher melt viscosity and
extrudate density.37,38 Gao et al. (2012) proved this
claim experimentally.39 Degree of fill is defined as the
ratio of the volume occupied by the material to the
free channel volume. An approximation of the degree
of fill for conveying screw is given in Eq. (31.2).10

f 5
Q

Qd
ð31:2Þ

where f is the degree of fill, Q is feed rate, and Qd is
drag flow. It is clear that, under constant throughput,
the degree of fill is inversely proportional to screw
conveying capacity. Since reverse elements convey
material in the opposite direction of material flow in
the extruder, the degree of fill increases to approxi-
mately 100% immediately upstream of a reverse-pitch
element due to limited drag flow.40 This results in a
buildup of localized pressure and facilitates melting;
the length of this section (ie, melt section or restriction
section) is insensitive to feed rate. Thus, increasing
the feed rate does not linearly increase the total
melt length; a decrease in specific energy input to
material is then expected. However, when using a
screw configuration composed of a large portion of
forward elements, an increased feed rate could cause
choking at the small pitch screws. Under such situa-
tions, the specific energy input to the material
can increase with feed rate. Fig. 31.16 illustrates a
conceptual design space of throughput versus energy
input to the formulation.41

31.2.2.2 Screw speed

The screw speed in a starve-fed extruder is a critical
process parameter for the mixing and melting processes
in extrusion. Higher screw speeds increase shear rate,
shear stress, and specific mechanical energy (SME)

input in all the melt-filled sections. It also reduces the
length of the melt pumping section, thus leading
to lower motor torque, higher melt temperature, lower
die pressure, and higher product expansion.

Shear rate is defined as the velocity gradient
between two moving surfaces at different speeds. The
peak shear rate can be calculated according to
Eq. (31.3).14

Peak share rate5 ðπ3D3nÞ=ðh3 60Þ ð31:3Þ
where D is the screw diameter, n is the screw speed

in rpm, and h is the overflight gap. When considering
mixing of solid particles with molten carriers, shear
stress, which is related to the degree of deagglomera-
tion, can then be estimated based on shear rate and
viscosity (as in Eq. 31.4).120 Based on Eq. (31.3), higher
screw speeds lead to higher peak shear rates and better
deagglomeration/mixing.

Peak shear stress5Peak shear rate3Viscosity ð31:4Þ
In addition, shearing of the polymer melt generates

viscous energy dissipation. In this process, the mechan-
ical energy from shearing is transformed into thermal
energy. The rate of heat generation per unit volume
due to viscous heat dissipation follows Eq. (31.5),
in which m is a constant, and n is the power law
constant.20

E5m3 Shear raten11 ð31:5Þ
Heat in an extruder converted through viscous dissi-

pation can also be expressed as SME. SME describes the
mechanical energy input to the extrusion system

FIGURE 31.16 Conceptual representation of melt extrusion
design space.41
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per unit mass in the form of work from the motor.
Obtaining an accurate SME is difficult due to many
uncertainties during measurement. One of the most
straightforward calculations is presented in Eq. (31.6).38,42

SME5
Power

Throughput
5

P3 τ3N

m3Nmax
ð31:6Þ

where P is the motor power or maximum available
power in kW. N and Nmax are the actual screw speed
and the maximal screw speed for a giving system,
respectively; τ is the torque or motor load expressed
as a percentage of the rated (or maximal) power; and
m is the real throughput of the process, which equals
to the feeding rate in a starved-feeding system. The
representative τ of the process should not include the
torque level when the extruder is running empty.
Assuming the heat capacity of the extrudate is known,
the temperature rise can then be calculated using
SME. Increasing the heat generated via viscous dissi-
pation favors the crystalline-to-amorphous transition
by increasing API dissolution in the matrix polymer
and enables the production of hot-melt extruded ASD.
However, a high degree of viscous heat dissipation
may also induce degradation of drug substances and
polymers.

Screw speed has a more significant influence on
screw configurations with more restricted elements,
as those configurations generally contain a greater
portion of reverse paddles/screw elements. Although
the degree of fill in restricted and nonforward flow
sections does not change with screw speed, the degree
of fill with low-conveying-capability screw elements
and paddles may rise significantly with screw speed to
a certain threshold level.

The impact of screw speed was evaluated on
various formulations. Henrist and Remon investi-
gated the manufacturing process for starch-based
extrudates.43 Screw speed and feed rate were found
to impact physical and chemical proprieties of the
extrudates. The combination of a high screw speed
and a high feed rate lead to a large extrudate with
low mechanical strength as well as a slow dissolution
rate. However, Verhoeven et al. reported that, within
the process condition range studied, screw speed had
limited impact on the drug release of hot-melt
extruded metoprolol tartrate-ethyl cellulose mini-
matrices.44 Shibata et al. suggested that screw speed
influences the preparation of solid dispersion of indo-
methacin�crospovidone mainly by impacting the res-
idence time. However, in the study, they also claimed
that the X-ray diffraction (XRD) peak of indomethacin
decreased with decreasing screw speed, which is con-
tradictory to the theory that reducing screw rotation
speed decreases mechanical shear.45

31.2.2.3 Barrel temperature

Since heat conduction from the barrel contributes
to the melting process, barrel temperature could be
critical to control the extrusion process, optimize
throughput, and minimize degradation. An optimized
temperature profile should be designed based on the
understanding of raw material properties and the finish
product requirements. Since extrusion is an integrated
process, the selection of the temperature profile should
also take into consideration of the screw configuration
employed and other process parameters chosen.

In general, for melt extrusion, a progressive tempera-
ture profile is utilized, that is, the temperature set points
increase continually from the feeder to die. In such
temperature profiles, the feeding section is water
cooled without heating to provide uniform flow without
premature melting. The material is preheated and
compressed in the solid convey zone. As rule of thumb,
the temperature in the solid convey zone should be
set 11�17�C below the melt temperature for both semi-
crystalline and amorphous polymers. The desired melt
temperature should be reached at the melting zone and
maintained in the remaining barrels. Certain minimum
temperatures are required in the HME process to reduce
the torque needed to rotate the screw. Typically, the
temperature of the melting zone is set 15�60�C above
the melting point of semicrystalline polymers or the
glass transition temperature of amorphous
polymers.46,47 If additional dispersive and/or distribu-
tive mixing is required, the barrel temperature may need
to be decreased to remove the excessive heat generated
by shear. When devolatilization is needed, a constant
temperature during venting is desired to facilitate the
removal of volatiles. The temperature of the melt convey
and discharge zone should be set to ensure good flow-
ability into the die and acceptable melt strength.

To some extent, barrel temperature manages melt
viscosity, which greatly affects the mixing between
molten polymer and API. As the Weber number
describes in Eq. (31.7), the viscosity of molten
carriers plays an important role in the mixing of
dispersed phase (ie, molten drug substance) within a
continuous phase (ie, molten carrier).120 Increased
melt viscosity favors mixing.

We 5
γ3 d03 ηc

2σ
ð31:7Þ

in which We is Weber number, γ represents shear rate,
d0 is the diameter of the molten drug substance before
mixing, ηc is the viscosity of the molten carrier, and σ
is the interfacial tension between drug substance and
carrier.

The impact of barrel temperature on products made
by HME has been reported in several studies. Henrist
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et al. found that only the highest barrel temperature
influenced the characteristics of the starch-based extru-
dates.43 Low temperatures caused a rough surface,
while high temperatures induced foaming, with a tem-
perature of 100�C being considered as optimum. When
extruded at high temperature, Shibata et al. observed
the shift of indomethacin absorption peaks in
indomethacin-crospovidone solid dispersions, which
contributed to the molecular interaction changes.45

They also claimed that high extrusion temperature
could enhance the dissolution rate of the formulation
by inducing drug supersaturation.

The melt viscosity is highly dependent on both the
glass transition temperature (Tg) of the carrier polymer
and the processing temperature, as shown in the WLF
Eq. (31.8).121

log

 
η
ηTg

!
5

2C1ðT2TgÞ
C2 1 ðT2TgÞ

ð31:8Þ

in which η and ηc are the melt viscosity at a processing
temperature and the glass transition temperature, respec-
tively; C1 and C2 are constants; and Tg is glass transition
temperature. Based on the equation, the processing tem-
perature may have to be set relatively high to achieve
a desired melt viscosity. However, the high extrusion
temperature may cause the degradation of drug sub-
stances and/or polymers. Therefore, formulation and
process are closely related and must be considered
together when selecting a barrel temperature. Verreck
et al. explored the possibility of employing supercritical
carbon dioxide as a transient plasticizer for itraconazole-
copovidone and p-aminosalicylic acid (p-ASA)-ethyl cel-
lulose systems. The suitability of supercritical carbon
dioxide was demonstrated by successfully manufactur-
ing both materials with the minimal required extrusion
temperature decreased by 5�20�C.48,49

For extrusion granulation, the temperature profile
might not be as critical. A simple temperature profile,
such as straight temperature profile (ie, all barrels are
set at the same temperature) can be considered.
However, since the frication factor between the material
and barrel wall/liner is influenced by barrel tempera-
ture, the conveying efficiency could be negatively
impacted by the selected temperature. Usually, the hot-
ter the surface, the lower the friction factor is. Thus, this
factor should be evaluated as part of process develop-
ment to ensure the desired throughput and product
quality.

31.3 HOT-MELT EXTRUSION

Interest in HME to prepare ASD of poorly water-
soluble drugs began in the 1980s. Since the 1990s, use

of HME to manufacture ASDs for improving drug
absorption (eg, increase bioavailability and minimize
food effect) has increased significantly. This is reflected
by the drastic increase in research publications on
ASD and the corresponding process technologies
since the late 1990s, including chapters in two recently
published books.50,51 It also coincides with the increas-
ing number of BCS class 2 and 4 drugs in new drug
pipelines of the pharmaceutical companies.

Amorphous solid dispersions of poorly water-
soluble drugs typically consist of an active ingredient, a
thermoplastic polymer, a surfactant, and processing
aids such as a plasticizer and an antioxidant. Drug
loading of ASDs prepared using HME typically is
below 40%. In most cases, the carrier polymer is the
major component in the formulation. Both a thermo-
plastic polymer and a surfactant are used to maintain
supersaturation and control the precipitation of drug
in the aqueous environment. The carrier polymer also
prevents the drug from crystallizing during the storage.
Processing aids are used to improve the physical and
chemical stability of the drug and the polymer during
the extrusion process. Depending on their properties
and functionalities, individual components in the
formulations can be introduced into the extruder at dif-
ferent processing sections. Crystalline drugs and amor-
phous polymeric carriers are introduced either as a
single powder blend or separately into the extruder
hopper using loss-in-weight feeders. Liquid additives
such as liquid plasticizers and surfactants are added
through the liquid injection port. Inside the extruder,
the formulation is transformed into a homogenous
amorphous material under the intensive mixing of
rotating screws at elevated temperatures. After exiting
the die, the molten extrudate is air cooled and cut into
pellets or cooled with a chill roller and broken into
flakes. The pellets and flakes are further milled prior to
being incorporated into the final dosage forms.

31.3.1 Formation mechanisms of ASD

During HME, the formulation in the form of a pow-
der blend is transformed to a single-phase homogenous
melt under the intensive mixing of the rotating screws
and elevated temperature inside the barrel. When the
extrudate is cooled quickly to ambient temperature out-
side the extruder, the solubilized drug is locked in a
high-energy state. Even though amorphous API is
thermodynamically unstable, a rationally designed ASD
can be rendered sufficiently kinetically stability
throughout the product shelf life when protected from
moisture using an appropriate packaging configuration.
The energy needed to form the melt is predominately
from the motor and is transmitted by the gear box and
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screw elements to the formulation via viscous heat
dissipation.

The term hot melt does not necessarily imply that
the API is always melted during the extrusion process.
In fact, depending on the API properties and its inter-
action with the carrier polymer, HME can be carried
out below and above its melting point. When the melt-
ing point of an API is below the typical HME process
temperatures (, about 200�C) at which the majority of
polymers are stable, homogenous dispersion of the
API in the molten polymer matrix can be achieved
either by API dissolution or due to primarily entropy-
driven API-polymer miscibility at high temperature.
When the HME processes are conducted above the
melting point of the drug substance, homogeneous dis-
persion can be achieved by mixing the liquid drug
melt and the liquid polymer melt.52

The intensity of mixing is a function of both the
machine parameters (eg, screw geometry) and proces-
sing parameters (eg, screw rotation speed, feed rate).14

The most intense mixing occurs at the sections contain-
ing mixing screws. As a result, solubilization of crys-
talline drugs takes place primarily in those sections.
As discussed in the previous section, there are two
main types of mixing: distributive mixing and disper-
sive mixing (see Fig. 31.9). Distributive mixing
involves melt division and recombination, while dis-
persive mixing involves planar and elongational shear.
The intensity of mixing also depends on the location of
the material relative to the rotating screw and barrel.
As shown in Fig. 31.17, material is bounded between
screw flights and barrel wall, and separated into small
melt pools by screw flights and barrel wall, which pro-
vide superior mixing by forming many small mass
continuous mixers as compared to the large mass
batch mixer. For a bilobal TSE, the high-shear regions,
including overflight/tip region, lobal pool, apex, and
intermesh, ensure sufficient mixing.

31.3.2 ASD formulation consideration

As fundamental principles and R&D aspects of
amorphous API and ASD systems can be found in
chapters “Crystalline and Amorphous Solids,” “Solid-
State Characterization and Techniques,” “Oral
Formulations for Preclinical Studies: Principle, Design,
and Development Considerations,” and “Rational
Design for Amorphous Solid Dispersions,” this section
will focus the discussion on polymers and plasticizers
(surfactants) selection consideration.

31.3.2.1 Polymer selection consideration

As polymers typically account for the highest per-
centage of ASD formulations, their selection is critical.
The reason that HME can be conducted below the
melting point of a drug is that the melting point of a
drug is depressed when there is a strong interaction
between the drug and the polymer. Intermolecular
interaction between drug and polymer is also impor-
tant for the physical stability of ASDs. Interaction
parameter, a term used to describe the interaction
between a drug and a polymer, can be determined
experimentally using the melting-point depression
method. Good miscibility between drug and polymer
manifests itself as the depression of drug melting point
in the presence of a polymer. At the depressed melting

point (Tmix
M ), the Gibbs free energy of the crystalline

drug must be equal to the Gibbs free energy of the dis-
solved drug in its saturated solution in polymer melt.
Since the Gibbs free energy is a state function, in a
sense it only depends on the current state of the sys-
tem and is independent of how that state has been pre-
pared. We could use a hypothesized liquid drug

substance at Tmix
M as a reference state. The difference in

Gibbs free energy between the reference state and the

drug dissolved in polymer melt at Tmix
M can be derived

from Flory�Huggins equation. The difference in Gibbs
free energy between the reference state and the crystal-

line drug at Tmix
M can be derived using thermodynamic

parameters of pure drug substance. Therefore, the fol-
lowing equation is derived to describe the relationship
between the depressed melting point of a drug sub-
stance and the interaction parameter between a drug
and a polymer.53

1

Tmix
M

2
1

TPure
M

52
R

ΔHfusion"
Ln[drug 1

�
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1

m

�
[polymer 1χφ2

polymer

#

ð31:9Þ
Tmix
M is the depressed melting point of drug in the

presence of polymer. TPure
M is the melting point of pure

FIGURE 31.17 Cross-section view of bilobal corotating twin
screw denoting five shear regions. Courtesy of Leistriz.
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drug substance. ΔHfusion is the melting enthalpy of

pure drug substance, φ is the volume fraction, m is
the polymer-to-drug molar volume ratio, and χ is the
drug-polymer interaction parameter.

Once the solubility parameter becomes available,
the drug-polymer phase diagram can be readily con-
structed using the Flory�Huggins equation. An exam-
ple phase diagram is presented in Fig. 31.18.56

The phase boundary where ΔGmix 5 0 is defined as the
binodal curve. A drug solution in polymer is thermo-
dynamically stable outside the bimodal curve. As drug
concentration is further increased, the spinodal curve
is reached. The spinodal curve is defined as the line on
which the second derivative of Gibbs free energy of
mixing is zero. Composition between the spinodal and
bimodal curves is metastable because large fluctua-
tions are required for the system to phase separate into
drug-rich and polymer-rich phases. Within the region
surrounded by the spinodal curve, the composition is
the least stable, and even a small fluctuation leads to
phase separation (spinodal decomposition). The poly-
mer must be thermoplastic so that it could be pro-
cessed using HME. During the early stage of
formulation development, selection of the polymer is
based on its ability to maintain supersaturation and
control the precipitation of drug in aqueous medium
and to maintain physical stability of ASDs during the
storage. It is important to realize that the melt extru-
sion process conditions are dictated to a great extent
by the properties of polymers.

In most cases, there are specific interactions such
as hydrophobic and dipole interactions and entropy-
driven miscibility at high temperature between drug
and polymer. Therefore, it is challenging to theoreti-
cally calculate the interaction parameters between
drug and polymer in ASD systems. Instead, a common
practice is to measure the melting point depression
and then fit the data to derive the interaction

parameters using Eq. (31.9).54,55 As drug concentration
is further increased, the spinodal curve is reached.
Spinodal curve is defined as the line where the second
derivative of Gibbs free energy of mixing is zero.
Composition between the spinodal and bimodal curves
is metastable because large fluctuations are required
for the system to phase separate into a drug-rich and a
polymer-rich phases. Within the region surrounded by
the spinodal curve, the composition is the least stable,
and even small fluctuation leads to phase separation
(spinodal decomposition). A sample drug-polymer
phase diagram of an ASD is presented as Fig. 31.18.

The degradation temperature and viscoelastic prop-
erties of polymers are the two most critical attributes
that influence the extrusion conditions. Degradation of
the polymer can be characterized using thermogravi-
metric analysis, and it can be divided into main-chain
reaction and side-chain reaction. The main-chain reac-
tion comprises the chain scission and cross-linking,
while the side-chain reaction comprises the side-chain
elimination and cyclization. The viscoelastic properties
of the polymer must be investigated in terms of the
torque limitations of extrusion processing.57 The visco-
elastic properties of a polymer can be described in
terms of its storage modulus (G0, how elastic or solid-
like the polymer is) and its loss modulus (Gv, how
viscous or liquid-like the polymer is). The loss tangent
is the ratio of the loss modulus to the storage modulus
(Gv/G0), and a value of 1 represents the transition
point from solid-like to liquid-like properties. The sum
of the storage modulus and loss modulus is the com-
plex modulus, which represents the overall resistance
to deformation.

Pharmaceutical polymers commonly used in
melt-extruded ASDs could be categorized into three
different groups: polyvinyl-based polymers, cellulose-
based polymers, and polymethacrylate-based polymers.
These polymers are summarized in Table 31.6. Most of

FIGURE 31.18 Phase diagram of drug substance-polymer solid dispersions.56
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these materials were originally developed as binder or
coating materials in conventional manufacturing pro-
cesses. In recent years, novel excipients have been
developed specifically for the melt-extrusion process.
They typically have a wider temperature window for
extrusion and are more chemically stable during the
extrusion. For instance, BASF became the first company
to engineer a polymer for the melt-extrusion process
when Soluplus was introduced in 2009.58 Soluplus is an
amphiphilic polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymer. Dow Chemical
recently introduced Affinisol, a new grade of hypromel-
lose specifically designed for the melt-extrusion process.
While conventional hypromellose E5 has been difficult
to extrude due to high Tg and low thermoplaticity,
the new line of Affinisol was developed with a lower
melt viscosity, reduced discoloration at elevated tem-
peratures, and wider processing window.59 SE Tylose
has developed a new grade of hypromellose acetate
succinate (HPMCAS) with a lower glass transition

temperature of 100�C. By comparison, the current com-
mercial grade of hypromellose acetate succinate has a
glass transition temperature of 120�135�C and must be
processed at a temperature above 160�C.

31.3.2.2 Plasticizer and surfactant selection
considerations

The addition of a plasticizer to facilitate the melt-
extrusion process is well established in the plastics
and pharmaceutical industries. Plasticizers are able to
lower the glass transition temperature and the melt
viscosity of polymer. For example, 5�10% triethyl
citrate was required in the formulation to minimize
degradation of troglitazone when Resulin was devel-
oped. Surfactants such as sorbitan monolaurate
and vitamin E TPGS are present in ASDs of several
commercial products. These surfactants are present to
modify the precipitation and crystallization behavior
of ASDs in aqueous environment. These surfactants
have demonstrated plasticizing effects.

TABLE 31.6 Common Polymers for Amorphous Solid Dispersions Prepared Using Hot-Melt Extrusion

Polymer Tg (
�C) Grades Notes

Hypromellose 170�180 Methocel E5 Nonthermoplastic
API must plasticize
Excellent nucleation inhibition
Difficult to mill

Hypromellose acetate succinate 120�135 AQOAT-L
AQOAT-M
AQOAT-H
AquaSolve-L
AquaSolve-M
AquaSolve-H

Easily extruded without plasticizer
Process temperatures .140�C
Ionic polymer soluble above pH 5.5 depending on
grade
Excellent concentration enhancing polymer
Stable to 190�C depending on processing conditions

Modified hypromellose 117�128 Affinisol
15cp, 100cp, and
4 M

Designed for melt extrusion
Broad processing window
API plasticization not required
Excellent nucleation inhibition

Vinylpyrrolidone 168 Povidone K30 API must plasticize
Potential for H-bonding
Hygroscopic
Residual peroxides
Easily milled

Vinylpyrrolidone-vinylacetate copolymer 106 Kollidon VA 64 Easily processed by melt extrusion
No API plasticization required
Less hygroscopic than povidone
Processed around 130�180�C

Polyethylene glycol, vinyl acetate,
vinyl caprolactam graft copolymer

70 Soluplus Designed for melt-extruded dispersions
Easily process by melt extrusion
Low Tg can limit stability
Not of compendial status
Stable up to 180�C

Polymethacrylates 130 Eudragit L100-55
Eudragit L100

Not easily extruded without plasticizer
Degradation onset is 155�C
Ionic polymer soluble above pH 5.5
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The major concern with using the traditional plastici-
zers is that the ASDs’ physical stability might be
compromised during the storage because of the lower
glass transition temperature. This problem may be
addressed by using transient plasticizers.48,49 A tran-
sient plasticizer is intimately mixed with the polymer
melt inside the twin-screw extruder and subsequently
removed completely from the extruded product upon
exiting the die. Supercritical CO2, a blowing agent com-
monly used in plastics industry, is an ideal transient
plasticizer for pharmaceutical melt extrusion. A sche-
matic of a supercritical injection system coupled with a
twin-screw extruder is shown in Fig. 31.19. The chiller
and pump assist in maintaining CO2 in the supercritical
fluid. Studies conducted at Merck have demonstrated
that the supercritical CO2 can lower the processing
temperature by as much as 20�C.

31.3.3 HME process consideration

As mentioned earlier, extrusion is an integrated unit
operation. HME typically consists of several functional
zones: (1) feeding, (2) solid conveying, (3) mixing/
melting, (4) devolatilization, (5) melt conveying, and
(6) melt discharge. Individual process parameters,
including feed rate, screw speed, barrel temperature

profile, and vacuum, are adjusted independently to
meet product quality requirements. Refer to
Section 31.2.2 for the general guidance on process
design. As mentioned in prior sections, screw configu-
ration should also be properly designed to achieve
product requirements. Common screw elements that
can be used for extrusion have been discussed in
Section 31.2.1.2. A screw configuration, which is
achieved by strategically placing different screw ele-
ments at different functional zone, ensures the desired
mixing and pressure profile. The pressure gradient
along an example screw in a starve-fed TSE is shown
in Fig. 31.20. As discussed in Section 31.2.1.2, different
screws typically serve different functions. An example
screw design is presented in Fig. 31.21. In this case,
conveying screws are used to convey solid and melt.
Mixing or solubilization of drug in polymer melt is
enabled using kneading elements, and mixing screws
are used to create melt seal before devolatilization
(Fig. 31.22).

One of the most challenging aspects in developing
an HME process for manufacturing ASD is to achieve
a balance between obtaining uniform ASD formula-
tion by providing sufficient mixing while minimizing
degradation of drug and/or polymer. In process
design, proper selection of screw design and process

FIGURE 31.19 Schematic diagram of injection of supercritical CO2 during extrusion process. Courtesy of Leistriz.
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parameters including barrel temperature profile,
feed rate, and screw speed is critical, as these extru-
sion variables control the key systems parameters
(eg, shear rate, degree of fill, residence time, residence
time distribution, and melt temperature) and thus
affect product quality, as shown in Fig. 31.15. The
impact of each process parameter is discussed in
Sections 31.2.1.2 and 31.2.2. For compounds prone to
thermal and/or shear degradation, the degradation
occurs primarily at the mixing/melting zones, where
the formulation is exposed to the highest shear
and thermal stress. In these zones, the local melt

FIGURE 31.20 Pressure gradient in a starve-fed TSE process. Courtesy of Leistriz.

FIGURE 31.21 Different types of screw designs for different types of mixing operations. Courtesy of Leistriz.

FIGURE 31.22 Different screw designs used to evaluate
indomethicin-eudragit E ASD.61
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temperature is predominately controlled by the vis-
cous dissipation as the result of the shearing effect by
the rotating screw.

Screw configuration is an important parameter for
HME. Altering the screw configuration allows for the
modification of the shear stress and residence time.
Different screw elements can be optimized to suit
particular applications. A right screw design should
be able to provide sufficient mixing capacity with the
proper shear stress. Generally, one kneading zone
positioned at the two-third or at the end of the barrel
is adequate to create sufficient mixing at the molecular
level for generating ASDs. Caution should be taken
when considering modifying the kneading elements,
as varying kneading elements could significantly affect
the product quality due to a change in residence time
and shear stress. Nakamichi et al. concluded that at
least one mixing zone-containing kneading element
was needed to obtain homogeneous extrudates of
nifedipine (NP) and hydroxypropyl methylcellulose
phthalate (HPMCP).5 Gosh et al. demonstrated that the
position of the kneading block is critical for processing
of thermally labile compounds. Higher drug degrada-
tion was observed when the kneading block was close
to the feed zone. When kneading block is moved closer
to the end of the barrel, API stability improved due to
delayed melting and shorter melt residence time.60 Liu
et al. evaluated the effects of four screw configurations
on miscibility behavior of indomethacin (IND) in
Eudragit EPO. They concluded that IND could not be
dissolved into the Eudragit EPO matrix efficiently
using screw configuration A (ie, without mixing/
kneading zone). They also indicated that the first
kneading zone accelerated the dissolution of IND into
Eudragit EPO, while the subsequent second kneading
zone was superfluous.61

Material properties (Tg, Tm, miscibility/solubility
regime) should be taken into account when selecting
barrel temperature as it would affect the melting
process. The heat conducted from the barrel usually
assists the melting process at the beginning of the
process. However, it might not play a significant role
in melting materials at steady-state of the extrusion
process. In fact, when additional dispersive and/or
distributive mixing is present, the melt temperature
is often much higher than the barrel temperature.
Under such circumstance, the heated barrels actually
act as a chiller to remove the excessive heat generated
by shear. Even if conductive heating is not critical to
material melting, it still affects the melt viscosity.
Increasing the barrel temperature decreases the melt
viscosity and thus decreases shear stress (as shown in
Eq. 31.4), which might reduce thermal degradation.
When the melt temperature is higher than the barrel
temperature, increasing the barrel temperature lead

to high melt temperature and thermal stress due to
decreased barrel cooling capacity. In this situation,
degradation formation is ultimately determined by the
combined effects from both variables. If the increase in
thermal stress is greater than the reduction of shear
stress, the degradation could be accelerated with
increasing barrel temperature. Jijun et al. have shown
that maintaining barrel temperatures above 130�C is
required for producing 15% nimodipine amorphous
dispersion in copovidone.62 When the barrel tempera-
ture rises above 160�C, degradation of nimodipine was
observed with a color change of the extrudate from
gold to brown. Thus, it is important to note that the
melt temperature is consequently the most critical
determining factor in the product quality, and it
might be very different from the barrel temperature.
In some cases, the barrel temperature might have little
influence on product quality. Lyons et al. demon-
strated that barrel temperature does not affect
either the inclusion of API in the polymer matrix or in-
vitro drug release from carvedilol and polyethylene
glycol-co-polycaprolactone (PEO�PCL) matrices within
a temperature range of 95�120�C.63

For a given screw design, increasing screw speed
increases shear stress and specific energy input to the
materials while decreasing residence time. A minimum
screw speed is required to ensure sufficient specific
energy and residence time required for solubilizing the
drug in the polymer melt. The mean residence time
for HME process is typically less than 60 seconds.
However, excess shear/specific energy resulted from
higher screw speed or extended residence time
resulting from lower screw speed could negatively
affect chemical stability. Thus, when defining a screw
speed range, all of these factors should be evaluated
carefully. Crowley et al. found that when processing
PEO with chlorpheniramine, a low screw speed with
a longer residence time induced polymer degradation
due to prolonged exposure of PEO to the extrusion
temperature. Increasing screw speed led to reduced
melt viscosity and identification of the optimal proces-
sing condition. However, polymer degradation
occurred with further increase in the screw speed due
to the heat generated by the mechanical energy of the
screws.64 Gosh et al. reported similar results on proces-
sing a thermally labile API. A low screw speed
induced thermal degradation due to a longer residence
time, while a high screw speed caused degradation
due to increased mechanical energy.60 For a starve-fed
extruder, feed rate also impacts residence time and
shear stress input to the materials by affecting degree
of fill. To maintain a constant melt flow, a balance
needs to be identified between the screw speed and
the feeding rate. Under constant screw speed, higher
feed rate results in shorter residence time. Dependent
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on the selected screw configuration, specific energy
might increase or decrease with increasing feeder rate.
Therefore, HME process design should focus on the
understanding of the key system parameters (ie, the
combination effects) rather than individual process
parameters.

The stability of an ASD formulation could also
be impacted by the temperature rise resulted from
the pressure generation in the extruder front-end.
The more restrictive the front-end, the higher the melt
pressure and temperature, which may adversely affect
the product quality. The temperature rise can be
estimated by Eq. (31.10).

ΔT �Cð Þ5 ΔP ðbarÞ
2

ð31:10Þ

ΔT is the change in temperature as the result of
melt pressure buildup. ΔP is the melt pressure
(1 bar5 14.503 psi).

It should be pointed out that use of an HME process
for manufacturing ASD is not without limitations
despite its many advantages. For ASD-containing drug
substances with a high melting point (eg, .220�C), lim-
ited miscibility with the carrier polymer matrix, or both,
formation of an ASD can be more challenging, and low
drug loading is often observed when compared with
other processing technologies, such as spray-drying.
Therefore, rational design and development of ASD for-
mulation and HME process requires integrated consid-
eration of the basic properties of the individual API,
polymers, surfactants, processes and their interplays as
well as the required dose. There is no one-size-fits-all
formulation or processing technology for developing
and manufacturing ASD products.

31.4 CONTINUOUS GRANULATION
USING ATWIN-SCREW EXTRUDER

Granulation is a process in which small particles
are combined to form larger permanent particles. The
granulation process is widely used in the pharmaceu-
tical industry to improve the flow, density, uniformity,
and compressibility of the material for downstream
processing. Granulation methods can be categorized
into wet granulation, dry granulation, and melt granu-
lation. Wet granulation utilizes liquid to bind the
primary particles. High- and low-shear mixers and
fluidized bed granulators are typically used in a tradi-
tional batch process for the wet-granulation process.
Dry granulation does not require the addition of
any liquid and solely depends on mechanical stress to
bind the particles together. Roller compactors and
sluggers are typically used. Both methods are operat-
ing in a continuous mode. In the melt-granulation

process, granules are formed through the softening
or melting of binders. High-shear or fluid-bed granu-
lators are traditionally used for melt granulation in a
batch mode.

With increasing interest in continuous manufacturing,
the feasibility of continuous wet and melt granulation is
revisited by researchers from academia and industry.
The advantages of continuous granulation over conven-
tional batch granulation include: (1) reduced cost,
resources, and time related to scale-up for product
launch; (2) less material handling; (3) more streamlined
and efficient process; and (4) more robust process and
consistent product quality.

Extrusion, fluid-bed agglomeration, instant agglom-
eration, and spray drying have been used as the
techniques for continuous granulation.65 Among these
techniques, extrusion has been the most popular for
pharmaceutical applications. Gamlen and Eardey (1986)
first reported using a twin-screw extruder for a granu-
lation process in 1986.66 This technique attracted more
attention after a patent for twin-screw granulation for
application in a single-pass, continuous pharmaceutical
granulation process in 2002.122

Continuous granulation via a twin-screw extruder
can be used to replace the traditional granulator in a
bin-to-bin manufacturing setup, or it can be integrated
into a continuous manufacturing line as demonstrated
in GEA’s ConsiGma system. For a conventional tablet
manufacturing process using a wet granulation step, it
contains the following unit operations: blending of the
raw materials, granulation, drying, milling, blending
of extragranulate, and tableting. Using a twin-screw
extruder can potentially eliminate the blending of
intergranulate by feeding the ingredients using loss-
weight feeders directly to the extruder. With proper
screw design and process setup, unimodal particle size
distribution (PSD) of granules might be achieved with-
out a milling process for some formulations, which can
significantly streamline the process. The more efficient
mixing in the twin-screw extruder also requires less
binder solution for wet granulation, allowing the dry-
ing time to be reduced. For melt granulation using a
twin-screw extruder, high efficiency of mixing with
more consistent temperature control and significantly
lower residence time allows a wider range of process
temperature than a normal batch melt granulation
process.

As discussed in Section 31.2, a twin-screw extruder
consists of two intermeshed screws enclosed in a
barrel that rotate in the same direction in most of the
applications. The extruder used in HME described in
Section 31.3 is often utilized for continuous wet or
melt granulation with modified equipment and pro-
cess parameters, such as screw configuration and tem-
perature profile. A schematic drawing of the standard
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layout is shown in Fig. 31.23. Multiple loss-in-weight
feeders can be used to feed different ingredients at the
same time as needed. Liquid (solvent, water, binder
solution, or molten binder) can be fed through a liquid
injection system into the extruder. Different liquid
feeding positions can be explored depending on differ-
ent formulations, and the barrel temperature can be
controlled. In wet granulation applications, the barrel
is normally maintained at room temperature. In melt
granulation applications, the barrel can be heated to
maintain the temperature required to keep the binder
at molten state. The modular design of the screw
elements provides the flexibility to meet the product
design and processing requirements.

31.4.1 Continuous wet granulation

31.4.1.1 Granulation mechanism inside extruder

For the continuous wet granulation process using a
twin-screw extruder, as shown in Fig. 31.23, a powder
blend is fed into the beginning of the extruder.
Binders can be fed individually using a loss-in-weight
feeder, in a powder blend with other ingredients, or
as a predissolved solution or foam. There are multiple
positions for liquid injection along the extruder.
Process parameters, such as feed rate, screw speed,
liquid-to-solid ratio (L/S ratio), and screw configura-
tions, together with the formulation design determine
the granulation properties. A fundamental under-
standing of the granulation mechanism inside the
extruder helps determine the combination of different
process parameters and formulation variables, there-
fore, enabling the efficient design of a continuous
granulation process to achieve the desired product
properties.

Different from the granulation process in a high-
shear or fluid-bed granulator, wetting, nucleation,
agglomeration, and breakage may happen in sequence
along the extruder in a much shorter time within a
twin-screw extruder.67 Nucleation happens when the

binder solution reaches the powder bed during a
granulation process. The method by which the binder
solution is applied (by spraying vs dropwise addition)
can change the droplet size of the binder solution and,
therefore, determines the mechanism of granulation.
When the binder solution is fed as liquid drops into
the extruder through a liquid nozzle, the droplet size
is usually much larger than the powder particle.
The immersion mechanism dominates, transforming
the powder particles into big, wet, loose lumps.68 In
most cases, this nucleation phase takes place in the
conveying screw element region. When the agglomer-
ates reach the kneading elements, they are sheared,
compressed, deformed, and fractured. The binder solu-
tion is redistributed in this region (eg, being squeezed
to the particle surface).69 Consolidation of granules
occurs, and the granules become denser and stronger.
Some large granules might even be fractured into
smaller granules.

Granulation liquid mixing and distribution during
continuous granulation can be visualized by NIR
chemical imaging.70 The distribution of the granulation
liquid in the granule was used as an indicator to the
granulation formation. The distribution of granulation
liquid was more homogeneous at higher L/S ratio.
However, when moisture homogeneity is dramatically
increased, the PSD of granule remained bimodal. This
finding suggested that the typically observed wide and
bimodal PSD from a TSE granulation is inherent to the
process rather than caused by the insufficient mixing
of powder and liquid. Though milling can be used to
alter and control the particle size and its distribution
for tableting, more fines could be generated during
milling, increasing the segregation tendency during
subsequent material handling and transfer for down-
stream processing. Therefore, efforts have been taken
to use the modular design of the extruder to produce
granules with the desired properties. The kneading
block, conveying, mixing, and tooth-mixing elements
can be added or combined to the design as modules.
There are studies that have shown unimodal

FIGURE 31.23 Schematic drawing of a twin-screw extruder used in continuous granulation.
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distribution of granule particle size under certain con-
ditions.68,71 To help further understand the granulation
process using TSE, the effect of screw design and pro-
cess parameters is discussed in the following sections.

31.4.1.2 Effect of screw design on granulation

Three basic types of screw elements used for granula-
tion include conveying screw, kneading, and DMEs.
Detailed description of these screw elements can be
found in Section 31.2.1.2. The modular design of screw
elements provides flexibility in the process design.
However, it can make the process development chal-
lenging due to the extensive number of available combi-
nations and permutations. Thus, understanding the
basic working principles of different types of screw ele-
ments and their impact on granulation can help with
rational selection of the screw elements to aid the devel-
opment of a TSE granulation process.

31.4.1.2.1 Conveying

Granule formation in conveying element is mainly
due to particle collision. The granule formed is weak
and can be fractured into fines easily through the fric-
tion force against the barrel wall or towards the flight
of the screw. As a result, a significant amount fines
are often observed. Thompson and Sun studied the evo-
lution of agglomerates inside the extruder with only
conveying elements.4 The fraction of fines decreased
along the length of the screw and mostly over the
latter half of the screw. More fines were generated at a
low-fill level compared with a high-fill level due to
more frequent collisions between particles to facilitate
granule growth and smaller portion of particles that
are subject to the high-shear force at the barrel walls.
Granules are mostly oblong shaped.

Conveying elements are normally used in combina-
tion with a kneading element to form stronger granules.
The impact of a conveying element before and after
a kneading element on granule properties can be very
different.72 Liu et al. (2015) studied the impact of the
conveying screw element before and after the kneading
zone on granule properties using a ZSE-HP 27 mm
extruder. Three values of flight pitch (P/D5 0.67,
1 or 1.33) before and after a kneading block and two
different degrees of fill level were evaluated using a
microcrystalline cellulose/ lactose system and a system
with the addition of ibuprofen. Only the conveying
element after the kneading zone had a significant
impact on granule properties.72,73 The screw pullout
picture shown in Fig. 31.24 reveals the changes in the
granule characteristics across the different zones when
the materials were extruded with different screw
configurations at a feed rate at 15 kg/hour. The circled
region is where the particles exit from the kneading
block. Three different screw configurations are

demonstrated. The one on the top uses conveying ele-
ments with a flight pitch of 20 mm before and after the
kneading block. The one in the middle uses a convey-
ing element with a 40-mm flight pitch before the knead-
ing block and conveying elements with a 20 mm flight
pitch after the kneading block. The one at the bottom
uses conveying elements with a flight pitch of 40 mm
before and after the kneading block.

In general, collision-dominated agglomeration
occured in the upstream conveying zone. The binder
distribution varied considerably among the different
particle sizes due to the complex velocity profiles in the
conveying zone. Granule size at this conveying zone
increased with the increase of the flight pitch. Velocity
of particles conveyed forward increased with the
increase of flight pitch, which led to more particle
agglomeration. Increasing flow rate reduced the size
and shape variation of the granule. This was due to a
relatively reduced frequency of collisions in a wider
channel. Porosity and strength of the granules were not
impacted by flight pitch and flow rate. A downstream
conveying element contributed to the fragmentation
of compacted particles exiting the kneading block. After
the kneading block, the compacted particles
were extruded towards the flight of the downstream
conveying element. The impact of downstream convey-
ing element on the granule particle size was smaller
when a wider flight pitch conveying element was used
due to the larger angle between the obstructing planar
walls. Larger, more elongated, and fragile granules
were observed in the larger pitch conveying element.

31.4.1.2.2 Kneading element

Granule size and strength are mainly determined
by the kneading element. Granule agglomeration and
breakage occur simultaneously in this region. A knead-
ing block comprises a number of discs, each offset by
an angle from the next. The offset angle is the main
variable varying the drag/pressure flow capacity of

FIGURE 31.24 Screw pullouts for three screw configurations
showing the granulation progress along the screws in the region of
the kneading block (feed rate5 15 kg/h).72
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a kneading block without changing the available
volume. The disk thickness changes the volume of
material flow in the kneading block. At a lower offset
angle, drag flow dominates over pressure-driven flow.
With increasing offset angle, the pressure-driven flow
increases until only pressure-driven flow occurs at a
90� offset angle. At high screw speed (low-fill level in
the conveying zone), the offset angle does not seem to
affect the granule particle size. The PSD of the gran-
ules only changes with more large agglomerate at low
screw speed when a 90� offset angle kneading block is
used.4 This phenomenon is very different from the
HME process, in which the offset angle of a kneading
block can significantly influence the extensional flow
as a fluid is squeezed through the gaps of the offset
disks. For cohesive granule flow, granule development
appears to occur in the intermeshing region, and the
offset angle of the kneading disks plays only a minor
role in the compressive stress in that zone. The gran-
ules from the kneading block presents plate or ribbon-
like granules due to the calendaring action when the
granule is compressed through the adjacent rotating
kneading disks in the intermeshing region. For exam-
ple, a long reverse-flighted kneading block has been
reported to cause blocking during granulation.74

31.4.1.2.3 DMEs

Broad bimodal size distribution, with the presence
of lumps and ungranulated fines, are observed for
the granulation using a twin-screw extruder in many
cases. Drying uniformity of these granules is often
difficult to control. To address this issue, a DME has
been explored to alter the granule size distribution.71

A picture of a DME is shown in Fig. 31.25. The angu-
larly cut blades are perpendicular to an annulus
portion of each DME. The annulus portion is thicker
than the blade, as shown in the side view. The portion
extending out the blade is known as the spacer.
A DME can be mounted in two ways depending on
the position of the spacer (see Fig. 31.26). If the spacer
is placed facing upstream, it is called the forward config-
uration. If the spacer is placed facing downstream, it is
called the reverse configuration.

A DME allows the mixing and collision of granule
particles through cutting and recombination. Like the
kneading block section, the DME section is also a
mainly pressure-driven flow section.4 The forwarding
comb element has similar performance as the knead-
ing block, which produced coarse granules, but a
considerable amount of fines is still observed, which
is likely due to the angular cuts by the mixing element.
However, the granule particle shape generated is differ-
ent from a kneading block. Round-to-oblong shaped
granules are formed using the comb mixing element
instead of elongated plate-like granules generated using

the kneading element. The particles are packed inten-
sively in the annular region between adjacent rings.
When the packaged granules pass the intermeshing
region, they are chopped by the segmented rings of the
adjacent comb mixing element. Granule formation can
also occur in the gaps of the rings. A reverse-comb ele-
ment produces complete agglomeration, which often
leads to blockage, and is not recommended.

Sayin et al. studied four different configurations
(see Fig. 31.26) of DMEs using a 16-mm Eurolab twin-
screw extruder. Breakage and layering are the main
mechanisms of granule formation when a DME is
used. Large agglomerates from the convey section
were broken by the rotating blade of a DME followed
by layering of ungranulated fines on the newly
exposed wet surfaces. Granule particle size was
more significantly impacted by the orientation (spacer
facing upstream or downstream) of the DME than the
placement (regardless the presence of the conveying
element between DME). The reverse configuration
resulted in narrow PSD and more uniform liquid dis-
tribution compared to the forward configuration. In
the forward DME configuration, the bimodal distribu-
tion of granule particle size often persisted until the
liquid-to-solid ratio was very high, where agglomera-
tion of the fines could take place more easily. In the

FIGURE 31.25 Pictures of a DME.71

FIGURE 31.26 DME configurations.71
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reverse DME configuration, unimodal distribution of
granule particle size could be achieved at much lower
liquid-to-solid ratio. The granule property difference
observed was due to the difference in the spacer posi-
tion in the forward DME and reverse DME. In the for-
ward DME configuration, the spacer was between the
blade of DME and helix of the conveying element.
Materials were staggered between this space and car-
ried over along the internal barrel wall without being
chopped by the blade; therefore, the material flow was
homogeneous and continuous. In the reverse DME
configuration, the material flowed to the blade directly
and was chopped.

The impact of the number of DMEs on granulation
was studied by Vercruysse et al. (2015)75 When a DME
was used, the amount of fines was significantly
reduced compared to the conveying-only configuration.
An increase in the number of narrow DMEs (thinner
blade, Fig. 31.27) did not further reduce the amount of
fines; however, the additional DMEs could reduce the
amount of larger granules. The addition of a third nar-
row DME did not have any impact on the particle size.
Due to nonforwarding characteristic of the DMEs, the
use of more than one wide DME (wider blade, see
Fig. 31.27) is not recommended because it resulted in
high and unstable torque.

31.4.1.2.4 Screw mixing element

The screw mixing element, as shown in Fig. 31.28,
can cause more backflow, resulting in longer resi-
dence time compared with traditional conveying
elements.75 Screw mixing elements do not generate
high-shear regions as the kneading element due to
their higher transport capability. The granule PSD
obtained using a screw mixing element is very simi-
lar to the one from conveying elements, with a high
percentage of fines and a large portion of extremely
large agglomerates. Comparing with screw configu-
ration consisting only of conveying elements, a screw
mixing element can slightly reduce the amount of
fines. More screw mixing elements are usually
required to decrease or avoid extremely large
agglomerates.

31.4.1.2.5 Screw configuration

The screw configurations for the wet granulation
process should always start with conveying elements,
followed by kneading or DMEs. In the conveying zone,
the fill level is low, and particle densification and
mixing are typically very limited. Granules are formed
through powder layering on the liquid droplet. There
is no redistribution of the liquid in the granules; there-
fore, the uniformity of the liquid distribution is very
poor. Multimodal PSD with a high amount of fines and

a small portion of agglomerates are often obtained.
Only at high L/S ratios can more agglomeration take
place, resulting in fewer fines and more agglomerates.
When the large agglomerates formed in the conveying
zone reach the kneading zone where the fill level is sig-
nificantly increased, shearing, compressing, and defor-
mation occur, leading to densification of the material,
significant reduction in the amount of fines, and an
increase in the agglomerates. At a high L/S ratio,
unimodal PSD can be achieved; however, the granule
particle size is normally too big to be used directly for
tableting. Similar results were observed when using a
DME.71 When two kneading zones were used, the sec-
ond kneading zone broke down the big agglomerates
formed in the first kneading zone by shearing the over-
wetted mass between the tips of the kneading element
and the barrel wall. At the same time, the fines were
exposed to the newly formed wet surface of the broken
agglomerate. Therefore, when two kneading zones

FIGURE 31.27 Pictures of wide DME and narrow DME.75

FIGURE 31.28 Pictures of a screw mixing element.75

846 31. PROCESS DEVELOPMENT AND SCALE-UP: TWIN-SCREW EXTRUSION

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



were used, the portion of fines and the extreme big
granules were reduced, and the median particle size
was increased. When the number of kneading seg-
ments is increased, more large agglomerates were
formed. The liquid distribution in the kneading zone
was much better compared to the conveying zone due
to the dispersive mixing. Improved uniformity was
achieved with a longer kneading zone. In the case of
two kneading zones, a homogenous distribution can be
achieved.4 Alternatively, DMEs can be used to replace
the kneading elements or can be combined with addi-
tional kneading elements to control the granule particle
properties. The screw elements at the exit are important
as well.75 When two narrow kneading elements
(length5D/6 for each element) at a 30� angle were
used, no change was observed in granule PSD com-
pared with the use of the convey elements. When a
wide kneading element (length5D/4 for each element)
was used, further agglomeration takes place. Particles
were forced into the gap of the kneading element and
the barrel wall. Increasing the number of wide knead-
ing elements used resulted in more agglomeration.
However, when the offset angle was 60� or 90�, no dif-
ference in granule PSD was observed compared to the
conveying element, due to the larger axial opening
between the kneading disks. The use of cutter elements
(see Fig. 31.29) led to more oversized agglomerates. In
addition, it increased the pressure at the end of the
screw chamber, giving rise to high and variable torque
profiles. When a single narrow DME was used, a
reduction of particles larger than 1000 micron
was observed. An additional DME further reduced the
large agglomerate, but it introduced more fines. It was
found that the combination of one kneading block
and a DME at the end seemed to optimize the PSD.
More DMEs at the end reduced the median particle
size.

31.4.1.3 Effect of extrusion process parameters on
granulation

In addition to screw elements, feed rates (solid/
liquid ratio), screw speed, and liquid injection position
are other parameters that can be adjusted to change
the granule properties. The effects of these process
parameters on granulation also depend on formulation
compositions. Some materials or formulations are
more robust, and the resulting granule properties
do not vary significantly with the change in process
parameters. In other cases, the granule properties
can change dramatically with a change in the process
parameters. For example, lactose is not as sensitive
to shear and over-wetting during granulation when
compared to dicalcium phosphate.76,77 In this section,
the influence of process parameters on the granulation
process will be discussed in relation to material and
formulation characteristics to provide some general
guidelines for process development.

Liquid-to-solid ratio (L/S ratio) has been found
in the study of various formulations to be the most
significant factor that affects the granule properties.67,68

L/S ratio changes the friction force between the
mixture and the inner wall of the barrel. A higher L/S
ratio generates more agglomeration with less fracture
due to a higher fill level and increased torque.78 As a
result, larger and denser granules can be produced.

The screw speed has an impact on the fill level.
With a higher fill level in the barrel, higher friction
force as well as higher torque are often observed.
Increased screw speed and lower L/S ratio led to a
shorter mean residence time and narrower residence
time distribution. At high screw speeds, material flow
inside the extruder is more plug flow as indicated
by the narrow residence time distribution. Tu et al.
studied a microcrystalline cellulose/polyethylene gly-
col 6000 formulation and found larger and more uni-
form granules were achieved with addition of more
binder, a higher screw speed, and sufficient mixing.78

However, changing the filling degree by varying the
screw speed and feed rate did not significantly impact
the PSD of granules with a lactose formulation.70

In studying lactose granulation, Vercruysse found that
the liquid addition method, pump orientation, pump
type including peristaltic and piston pumps, tubing
configuration (independent vs split tubing), nozzle
diameters, liquid addition zones, and barrel-filling
degree had no impact on mixing efficiency. More
kneading zones and higher liquid feed rates were the
only two factors that affected the mixing efficiency.

Nozzle design can influence the liquid dosing
accuracy and consistency. Normally, the binder solu-
tion is injected right before the kneading block, which
is also the place where pressure can build up due to
the significantly increased fill level. The pressureFIGURE 31.29 Pictures of cutter.75
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buildup can easily cause nuzzle clogging. To overcome
this problem, a standard liquid nozzle can be modified
to improve uniformity of the liquid feed rate. As dem-
onstrated in Fig. 31.30, a tapered-tip nozzle design
reduced the dead volume and the amount of material
in front of the nozzle.125 The Teflon capillary insert
reduced the diameter nozzle and increased the liquid
injection pressure. These designs reduced the clogging
and led to a more consistent liquid feed. As discussed
previously, the droplet size can affect the granule size.
Addition of liquid to ungranulated powders in the
dripping mode typically gives the broadest size distri-
bution with un-granulated fines and a high percentage
of lumps compared with addition using the spraying
mode. Changing the nozzle diameter can change the
droplet size. However, in the study of the lactose gran-
ulation by Vercruysse, the change in the nozzle diame-
ter did not impact the moisture uniformity or the PSD
of the granule.70

Binders can also be added in the form of foam.
Thompson et al. successfully fed the foam binder using
a side stuffer when the normal liquid injection device
could not be used (see Fig. 31.31).123 In foam granula-
tion, the binder foam can rapidly spread over a large
area of the powder during wetting; therefore, a lower
amount of binder solution is needed compared to
liquid injection. The granule properties from the foam
granulation are comparable with the granules made
using liquid injection.123,124

Different granulation behaviors have also been
compared using dual-port granulation liquid injection
and single-port granulation liquid injection. Dual-port
granulation liquid injection facilitated the distribution
of the granulation liquid and resulted in a lower and
more stable torque during granulation. Changing the
proportion of injection at the first injection port and
second injection port did not have much impact on the
torque.79 Further improvement in moisture uniformity
was not achieved by adding liquid injection zones.70

Different binder concentrations in the binder solu-
tion also impact the granulation. Binder viscosity
increases with increasing concentration. Although
increased torque can be associated with higher binder
viscosity during the TSE granulation process, the use
of binder solution with higher viscosity can reduce
fraction of the fines and, thus, facilitate generation of
granules with unimodal distribution of particle size. In
addition, it can also result in increased granulation
strength and mean residence time and wider residence
time distribution.67 Furthermore, the binder is more
effective when it is added as predissolved binder
solution.70

In most cases, wet granulation via TSE is carried out
at room temperature. At a higher barrel temperature, the
powder mixture may dissolve faster in the granulation
liquid compared to room temperature and lead to differ-
ent granulation behavior. Vercruysse et al. reported
that higher barrel temperatures led to fewer fines and
stronger granules in theophylline/lactose/PVP formula-
tion. The tablets made with granules granulated at a
higher temperature had lower friability.80

Besides the process parameters and screw element
design, attention should also be paid to the extruder
geometry during process scale-up or transfer from one
type of extruder to the other. Djuric et al. (2009) com-
pared an APV Baker extruder with a Leistritz Micro
extruder. A higher densification level was achieved for
the extruder with a lower free chamber volume
(Leistritz) in the granulation zone, which resulted in
coarser granules and lower amount of fines. At the same
screw speed, a higher tip speed was obtained for the
extruder (Leistritz) with a larger screw diameter, which
led to higher mechanical stress, resulting in coarser and
stronger granules during process scale-up. Froude num-
ber, which takes into account the centrifugal force to the
gravitational force, was used to determine the dynamic
similarity of both extruders. The Leistritz extruder has a

FIGURE 31.30 Liquid injection nozzle.125

FIGURE 31.31 Different foam binder addition configurations.
Image (a) shows the foam suspended above the moving screws
when added directly to the open zone and powder buildup occur-
ring on the barrel zone walls. Image (b) shows successful incorpo-
ration of the foam from a side-stuffer (as seen from a transparent
viewing port above the screws while the foam entered out of view
from the left-hand side). The direction of conveying for lactose was
toward the top of the view in image (b).123
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higher Froude number, indicating higher centrifugal
forces during granulation. When the free chamber
volume is high, the feed rate can be increased without
significant impact on the granule particle size.76

31.4.2 Continuous melt granulation

In the melt granulation, enlargement of the particles is
achieved through the binding of solid particles with
a molten binder. The binder used in the melt-granulation
process is normally in a solid state at room temperature
for ease of handling and melts or softens at elevated
temperatures during the process. For continuous-melt
granulation using a twin-screw extruder, the binder
can either be preblended with other ingredients or
subsequently fed into the extruder in a powder form,
or it can be pre-melted and added continuously during
granulation through a liquid injection nozzle. Melt granu-
lation is more suitable for moisture-sensitive compounds
and also has the benefit of avoiding a drying unit
operation after granulation, which can increase the
manufacturing efficiency.

In traditional melt granulation, binders are limited to
a few choices with a melting point between 55�C and
85�C. There are generally two types of meltable binders:
hydrophilic and hydrophobic. The former is often used
in preparing IR dosage forms and is often limited
to polyethylene glycols and poloxamers. The latter is
mainly utilized in manufacturing ER products and may
also serve as the rate-controlling materials. Examples
include glyceryl behenate, carnauba wax, stearic acid,
and glycerol monostearate. In continuous granulation
using a twin-screw extruder, the more efficient mixing,
heat transfer, and significantly less residence time
allows a higher granulation temperature compared to a
high-shear mixer. Therefore, a much lower amount and
wider range of binders can be used, especially for pro-
ducing IR products. In addition to the binders listed
above, polymers such as polyvinylpyrrolidone (PVP),

poly lactide-co-glycolide (PLGA), polyvinyl alcohol, and
hydroxypropyl cellulose (HPC) can all be potentially
used as the binder to facilitate granulation.127,128 In cer-
tain cases, a thermally stable API with a relatively low
melting point (eg, ,120�C) can also serve as a binder
for TSE process.

In the melt granulation process, the mechanism
of granule nucleation and granule growth has been
described as either immersion and layering or distribu-
tion and coalescence, as illustrated in Fig. 31.32.81,126

When melted binder particles are smaller than powder
particles or the viscosity of the binder is low, the liquid
binder spreads over the surface of primary particles,
and the wetted solids coalesce to form larger nuclei.
When the melted binder particles are larger than
the surrounding powder particles or the viscosity of
the binder is high, the powder particles adhere to the
surface of the droplet of the liquid binder. The granule
grows as one layer of particles adheres to another layer
of particles when the binder immerses out to the
surface.134 There is a strong correspondence between
binder particle size and final granule size in the case of
immersion and layering.

Mu and Thompson (2012) studied the mechanism of
melt granulation using a twin-screw extruder.81 In the
study, two different grades of polyethylene glycol
(PEG) were used as the binder, representing a binder
with high and low viscosity. PEG was preblended
with lactose and fed into the extruder in solid form.
Inside the extruder, the heat transfer is mainly through
convection and conduction. Because thermal conduc-
tivity of PEG is low, lactose powder would first be
captured onto the softened PEG particle (as in the
immersion model) rather than liquid PEG particle
spreading around the lactose particle (as the distribu-
tion model). In a later stage, when the PEG particle is
fully melted, its distribution to the outer surface of
the particle by spreading would be more readily,
especially in the mixing zone; therefore, granules could

Distribution mechanism

Immersion mechanism

(a)

(b)

Solid Binder

Solid Binder

Distribution

Immersion

Coalescence

Melting

Heating

Melting

Heating

FIGURE 31.32 Agglomerate formation mechanisms in melt agglomeration. (a) Distribution mechanism; (b) immersion mechanism.126
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grow through both mechanisms. The data indicated
a strong correlation between PEG particle size with
the granule particle size, which led the authors
to conclude immersion mechanism was dominating.
No study has been performed to study the mechanism
when the binder is pre-melted and fed through a liq-
uid injection nozzle. In this case, it is very likely that
distribution and coalescence mechanisms will domi-
nate the granulate formation and growth.

Continuous-melt granulation has been used to
enhance the tableting properties of poorly compactible
high-dose drugs, 82 reduce dose dumping for
controlled-release drugs,83 and reduce the tablet size
for high-dose, modified-release formulation 84.
Lakshman et al. (2011) studied the tablet properties of
a tablet containing 90% metformin HCl and 10%
hydroxypropyl cellulose (HPC). Three granulation
methods, melt granulation using a twin-screw
extruder, and wet and solvent granulation using a
high-shear granulator, were used in the study, and the
results were compared. Due to the high water solubil-
ity of metformin HCl (about 1000 mg/mL), a small
amount of moisture can dissolve a significant amount
of the drug, which leads to poor powder flow, sticking,
and picking during compression. Compared to the
tablets made from wet granulation and solvent granu-
lation, the tablets made from the continuous melt gran-
ulation process have higher hardness and lower
friability when compressed under same compression
conditions. In addition, the process is less sensitive
to humidity changes in the manufacturing facility or
moisture content in the granule compared to the wet
and solvent granulation process. More detailed discus-
sion of this study is available in Section 31.6.2. Keen
et al. (2015) utilized a twin-screw extruder to make tra-
madol HCl extended-release formulation using glyc-
eryl behenate as the binder, which is resistant to
alcohol-induced dose dumping.83 Different barrel tem-
perature profiles, throughput rates, and lipid binder
sizes were explored in the study and were found to
have an impact on granule particle size. Vasanthavada
et al. used the twin-screw extruder melt granulation
to develop an imatinib mesylate modified-release
formulation with a drug load of approximately 90%.
In this study, melt granulation was compared with
wet granulation. Tablets from the melt granula-
tion process demonstrated higher tablet hardness,
better friability, and slower drug release compared to
the tablets prepared by a wet granulation process. The
process robustness was also evaluated. None of the
parameters, feed rate, process temperature, and screw
speed, were found to significantly impact the final
blend particle size and the drug release, demonstrating
a robust granulation process.

31.4.3 Scale-up/scale-down considerations

Compared to a batch granulation process, the continu-
ous granulation process has the benefit of avoiding
scale-up by simply extending the granulation time and
or operating on multiple extruders. Continuous granula-
tion using a twin-screw extruder reaches steady-state
quickly, normally after the duration of few residence
times. After reaching the steady-state, granules can be
consistently manufactured for days to meet the supply
demand required. Keleb et al. reported successful contin-
uous manufacturing of 8 hours of a hydrochlorothiazide
/lactose/PVP formulation.129 No significant differences
in granule and tablet properties were observed over the
entire granulation period.

In cases where the pilot-scale extruder cannot meet
the commercial supply demand for a high-volume
product, a scale-up to a commercial-scale extruder is
needed. Scale-up of the extrusion process is introduced
in Section 31.5. These scale-up methods are readily
applicable to continuous granulation using a
twin-screw extruder. Geometric similarity should be
maintained between the different scales of the
extruders. Most of the continuous wet/melt granula-
tion processes are still operated under starve-fed con-
ditions; therefore, a scale-up approach based on power
or heat transfer may be more suitable compared with
a volumetric scale-up method. For both continuous
wet and melt granulation, the shear energy generated
is much lower compared to a HME process due to
different screw configurations and the absence of a
flow-restricting die block. The power assumption is
normally lower than 10%. Therefore, API degradation
due to heat/shear energy is less of a concern compared
to a HME process.

Unlike a batch granulation process in which the
materials are preweighed and discharged into a batch,
the solid powder and liquid binders are continuously
fed into the extruder for granulation in a continuous
granulation system. The feeding accuracy and consis-
tency directly impact the final composition of the
product, which makes the control of the powder and
liquid feeding system critical during scale-up and
scale-down. One major objective of granulation is to
improve the API flow properties; therefore, the API in
a granulation formulation may have poor flow and
high variability in physical properties. This makes the
feeding challenging, especially when the API is
directly fed into the extruder without preblending
with other excipients. Cartwright et al. studied differ-
ent loss-in-weight (LIW) feeding systems for a poorly
flowing API.130 Three different screw designs (see
Fig. 31.33) of K-tron feeders were studied for the K-
tron rigid frame design. Fine concave screws and
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flighted auger screws could be used for free-flowing
and dense materials. However, it caused powder com-
paction within the screw and between the screw and
the feeder barrel wall for low bulk density and poor
flow material. A core and spiral screw conveyed the
poor flow material more effectively than the fine con-
cave and flighted auger screw, but the feed speed was
limited. In addition, frequent powder bridging was
observed in the powder hopper due to the scimitar
blade. Material compaction against the hopper walls
and the widest arc of the scimitar blade was also
noticed. The flexible frame loss in weight feeder (see
Fig. 31.34) has hopper walls made from polyurethane
or silica and massage paddle to agitate powder

through. It can eliminate bridging and avoid powder
compaction. Cartwright et al. used the flexible frame
loss-in-weight feeder and achieved more consistent
flow compared to the K-tron feeders.130

31.4.4 Modeling of continuous granulation

Ideally, a simulation model of the twin-screw gran-
ulator can provide insights on improving process
knowledge and performing qualitative study, thus
reducing the amount of experiments needed. For
example, DEM and CFD models can provide particle
tracking information, which can be used to construct

FIGURE 31.33 Transport screws used in K-Tron LIW feeder.130

FIGURE 31.34 Brabender flexwall feeder.131
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the residence time distribution along the spatial
domain for a continuous corotating screw granulator.

However, first principle simulations of the flow in
corotating intermeshing twin-screw extruders are highly
challenging due to the complex geometry of the rotating
screw and free surface flow in partially filled conveyed
sections. On the other hand, the calibration and valida-
tion of simulation models are crucial steps in assessing
their value in granulation process modeling. Typically,
adjustments or tuning in model parameters through cal-
ibration are necessary to improve model accuracy and
obtain reliable models. However, many of these para-
meters are difficult to measure in the field, creating
additional challenge for simulation. Most of the model-
ing approaches to date were carried out using default
parameter values or best-guessed values to describe the
rate of nucleation, growth, and breakage. Some model-
ing techniques are computationally challenging. In the
case of the discrete element method (DEM), it can be
very computationally costly to simulate a large number
of particles with small integration time steps.

A comprehensive review by Kumar et al. on applying
population balance and discrete element modeling to
high-shear wet granulation (HSWG) provides a good
foundation for modeling of a continuous granulation

process.85 Bouffard et al. and Barrasso et al. implemen-
ted a bidirectional coupling of population balance
model (PBM) and DEM using a commercially available
software.86,87 To avoid the challenges in the DEM
approach, Eitzlmayr et al. have employed the smoothed
particle hydrodynamics (SPH) method on a Newtonian,
temperature-independent flow, taking advantages of
SPH’s meshless nature and the inherent capability to
simulate free surface flows.88

To develop a microscale model such as DEM, the
incorporation of microscale material properties such as
wet granulate yield strength, Young’s modulus, and
asperity size are required. Accurately measuring these
properties are important but challenging in some
cases, especially the granule yield strength at different
wetness levels. Table 31.7 shows the interdependencies
of particle scale parameters and system parameters.85

The combination of PBM (system level) and DEM
(particle level) is the most promising approach for
modeling of the continuous granulation process. These
models at different scales should be linked using
multiscale integration framework. This approach has
been summarized by Kumar.85

So far, the model validation has been qualitative
and focuses on model fitting of the endpoint of

TABLE 31.7 Size Changing Mechanisms Occurring in HSWG85

Mechanism Particle formation Characteristics Equations

Wetting and nucleation (a) Pendular—looks like bridge, but particles
not immersed in liquid

(b) Funicular—thicker bridges but not
completely filled

(c) Capillary—particles at edge of cluster not
completely wetted by liquid

(d) Droplet—all particles completely wet

τwetting 5
2V2

0

π2ε2s r
4
dRpone

μ
γIVcosθ

@n

@t
5 B0δðl 2 l0Þ

Growth-aggregation • When dealing with systems that exhibit
aggregation, it is more convenient to use
particle volume rather than particle size,
since volume is conserved

• The success of collisions, ie, aggregation can
be a function of particle size, liquid content
and powder properties and operational
factors such as bed height, powder velocity
and shear

BaggðxÞ 5 1
2

Ð x
0 βðx 2 y; yÞnðx 2 y; tÞnðy; tÞdy

DaggðxÞ 5 nðx; tÞ ÐN0 βðx; yÞ nðy; tÞdy

Growth-layering • It is more convenient to use particle size as
the internal coordinate when describing
layering or growth

@n

@t
5

@

@x
n
dx

dt

� �
ðx; tÞ

Breakage • The complexity of breakage models extends
from binary breakage models to full particle
distributions represented by breakage and
selection functions or empirical models

@nðuÞ
@t

5

ðN
0

Kbreakðy; x 2 yÞξbreakðyÞnðy; tÞdy

2 ξbreakðxÞnðx; tÞ
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granulation outcomes, such as granulate size distribu-
tion and their physical properties. Barrasso et al. have
demonstrated the parameter estimation and validation
for a multidimensional PBM used for a twin-screw
granulation process.89 As the measurements techni-
ques for endpoint determination progress, more vig-
orous and complex models can be calibrated and
validated utilizing the available experimental data.

31.5 PROCESS SCALE-UP

To consistently produce the extrudate with a prede-
fined quality, it is essential to evaluate and understand
both the formulation and the manufacturing process
using a systematic approach. To scale-up a manufactur-
ing process, a good starting point can be an Ishikawa
(Fishbone) diagram, which provides a comprehensive
overview of all variables involved. Fig. 31.35 is an
example fishbone diagram for the HME process.24 As
discussed in the previous sections, a unique aspect of
the extrusion process is that it consists of several pro-
cessing zones. As shown in Table 31.5, HME can typi-
cally divided into the: (1) feeding zone, (2) solid
conveying zone, (3) melting zone, (4) mixing zone, (5)
melt conveying zone, and (6) the discharging/shaping
zone with an optional devolatilization/venting zone.
Thus, in successfully scaling up an extrusion process,
the requirements for individual zones and the overall
process need to be considered simultaneously.

31.5.1 Extrusion process scale-up

The ultimate goal of extrusion process scale-up is to
generate a large quantity of extrudate while maintaining
critical quality attributes. As illustrated in Fig. 31.15,
the extrudate quality is determined by scale indepen-
dent key system parameters, including specific energy,
residence time distribution, product temperature, and
potentially pressure. Therefore, those parameters should
be maintained constant during scaling. In the most
straightforward and simple scaling, the extrusion
batch size increases by increasing the extrusion time or
duplicating the same extruder used in the small scale.
Under such a scenario, the extrusion process remains
the same, and the process parameters should be
kept unchanged. However, when scaling requires an
equipment change, the scaling could become challeng-
ing as the key system parameters are not directly
adjustable and, in some cases, even difficult to measure
accurately. A number of publications proposed scale-up
theories of HME. Nakatani reported a successful extru-
sion scaling by introducing an adiabatic index aimed at
keeping the melt temperature constant.90 The suitability
of a one-dimensional computational extrusion simula-
tion was demonstrated for process scale-up and trans-
fer.91,92 In this section, a few classical scale-up strategies
will be discussed. Although these strategies provide a
starting point of the scaling process, further refinement
and optimization of extrudate parameters (free volume,
screw configuration, die geometry) and process para-
meters (screw speed, feed rate, and barrel temperature)

FIGURE 31.35 Ishikawa diagram of hot-melt extrusion process.24
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are often required to identify the proper operating
conditions.

31.5.1.1 Geometric similarity

Similar to scaling for all other unit operations, geomet-
ric similarity between extruders should be maintained
during scaling. It is recommended to adhere to the
same design of extruder and ideally remain with
the same equipment manufacturer. To achieving
geometric similarity, the following three extruder and
screw dimensional characteristics should be examined
and kept as constant is possible:

1. Length/diameter (L/D): The ratio between screw/
barrel length and screw diameters (L/D) and the
length of each processing zone are important for
accomplishing desired processing tasks such as
conveying, melting, and mixing. This ratio, to a
great extent, is determined by the extruder design.

2. Screw diameter ratio (Do/Di): The ratio between
Di and Do impacts free volume, shearing rate,
and mixing capability. Most twin-screw extruders
today are manufactured with diameter ratios
between 1.45 and 1.75.

3. Screw design: The screw plays an important role in
determining product quality, with conveying and
mixing elements configured in a specific sequence
to accomplish the desired task in each processing
zone by controlling the residence time distribution
and energy input. The sections of a screw
configuration and their relative positions can
be scaled using extruder outer diameter Do as a
scaling factor.93 For conveying sections, both pitch
and section length are calculated as a ratio to Do,
and those ratios should be maintained constant
between scales. The same method applies to scaling
of the kneading section length (see Fig. 31.36).
However, the number of disks and offset angles
should be kept constant if possible. Since an exact
scale-up of each screw element for all machine
sizes may not be available, the screw configuration
and zone position may be changed, and, as a result,
the adjustment of process parameters would likely
be necessary.

31.5.1.2 Classic scale-up strategies

The classic scale-up strategies focus on the process
limiting factors, including feed capacity (volumetric
scale-up), motor power (power scale-up), and heat
input (heat transfer scale-up).

31.5.1.2.1 Volumetric scale-up

Volumetric scale-up of the extrusion process focuses
on maintaining a constant mean residence time. The
volumetric scale-up strategy applies when free volume

limits the throughput, that is, the extruder is operating
at its volumetric limits. This occurs when the feed
zone is full as a result of low material density and/or
conveying capacity; increasing the screw speed
increases the throughput.

When two extruders are considered geometrically
similar, the degree of fill and average shear rate are
also expected to be reproduced. For an extruder with
the same screw diameter ratio, the same shear rate is
expected when operating at the same screw tip speed.
The anticipated scale-up volumetric throughput is
believed to follow a cubic law and can be estimated
according to Eq. (31.11).132

Q2 5Q13

�
D2

D1

�3

ð31:11Þ

Where Q2 is anticipated throughput of extruder with
diameter D2; Q1 is measured throughput of the extrudate
with diameter D1.

However, when the screw diameter ratio between
extruders is different, but similar screw geometries
with similar screw tip speed are used, Eq. (31.11) can
be modified as Eq. (31.12):
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Eq. (31.11) is also modified to accommodate the
situation in which the screw rotation speed, expressed
as N, is different between scales (Eq. 31.13).132
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As the residence time depicts mass flow patterns in
an extruder and plays a critical role in determining
product characteristics, it is recommended to obtain
this information, particularly in the case of scaling-up
and transferring processes to a different extruder
with differing geometries. Comparing to other key
system parameters, the residence time distribution is
fairly easy to measure using a pulse stimulus response
technique 94�96. Fig. 31.37 shows a typical set-up for
residence time distribution measurement.97 During the
measurement, a tracer is added into the feeding section
at T0, and the concentration of the tracer is measured
at the exit of extruder over the time. The concentration
of the tracer can be measured using either an offline or
online method (eg, NIR or Raman).

31.5.1.2.2 Power scale-up

Power scale-up is based on constant SME, which
means constant energy per unit mass. Maintaining
constant SME during scaling is critical, particularly for
the manufacture of ASD systems, because the energy
input is essential to achieve the desired product
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attributes when processing in the solubilization regime.
SE is the sum of SME and specific thermal energy
(STE). STE input is governed by heat conduction from
barrel to material. This section will focus on the scale-
up strategy based on SME.

One of the most straightforward SME calculations
is shown in Eq. (31.6). The premise of applying this
calculation during scaling is similar screw geometry,
same percentage of fill, and equivalent screw speed as
measured by tip velocity. The maximum throughput

can be calculated with a given SME for the small
extruder and available power for the large extruder.
When comparing this throughput to the one calculated
using the volumetric scale-up strategy, a disparity
may be observed. This could be due to the torque
density difference among extruders. Torque density
(see Eq. 31.14) describes the relationship between
power and free volume. When scaling to an extruder
with lower torque density using the power scale-up
strategy without considering torque density, the

FIGURE 31.36 Scale-up of screw design. (a) Conveying section scale-up; (b) kneading section scale-up; (c) screw element/zone location
scale-up. Modified from Ref. [93].
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calculated throughput is less than the one obtained
through the volumetric scale-up strategy. This may
result in the process operating at lower degree of fill,
higher shear rate, and longer residence time. Thus, the
torque density should be assessed prior to the applica-
tion of the power scale-up strategy.

Torque density5
Torque

Centerline Distance3
ð31:14Þ

SME is a function of torque, screw speed, and
throughput in which screw speed and throughput
are adjustable process parameters, while torque is a
response variable. Thus, this strategy can also be used
to evaluate the relationship between power (as func-
tion of torque and screw speed) and screw speed. In
general, if an increase in throughput is desired, screw
speed should be increased congruent to maintaining
constant SME.

31.5.1.2.3 Heat transfer scale-up

The heat transfer scale-up strategy can be adopted
when the extrusion process is limited by heat transfer,
and the desired melt temperature may not be
achieved. Thermal heat transfer in TSE is dependent
on the degree of fill, barrel surface area, temperature
gradient between product and barrel, and residence
time. Direct scale-up for heat transfer is based on the
heat transfer area, that is, a square law (Eq. 31.15).
Based on this strategy, the heat transfer coefficients
should be constant among scales to maintain the same
melt temperature. As with other scale-up assump-
tions, the degree of fill and screw diameter ratio must
be the same.

Q2 5Q1 3
D2

D1

� �2
ð31:15Þ

For extruders with different screw diameter ratios,
Eq. (31.15) should be modified based on the true value
of the inner barrel surface area.

A heat transfer limit is not common in pharmaceuti-
cal applications, as product temperature is mainly
dependent on the viscous dissipation generated by
converting SME rather than barrel heating or cooling.
In general, the same barrel temperature profile can be

employed initially during scaling. However, due to
the circular geometry of the extruder inner barrel
surface, we should realize that increasing the extruder
size results in the decreased thermal heat transfer per
unit mass. Thus, when scaling with this strategy, a
large extruder could be operated at lower degree of fill
as compared to the small-scale machine due to
increased melt temperature. Lower fill at a constant
screw speed also increases the average shear rate and
residence time. Scaling based on heat transfer limita-
tion is a complex process; therefore, caution should be
taken when using this strategy. Additional experi-
ments and modeling might be required to yield proper
scaling results.

31.5.1.2.4 Simulation-assisted scale-up strategies

Extrusion simulation allows for process scale-up
with high confidence and in a cost-efficient manner.
Simulation-assisted scale-up is particularly useful when
geometric similarity and the requirement for classic
scale-up strategies cannot be met. The ultimate goal of
simulation tools is to produce a glass extruder so that
the process is fully understood, and all properties are
visible. Kohlgrüber summarized the possibilities and
limitations of extrusion modeling.98 Based on the num-
ber of spatial model dimensions, modeling approaches
can be categorized into: (1) zero-dimensional models
(0-D), which focus on the balance of the complete
extruder or an individual section; (2) one-dimensional
models (1-D), which focus on the process along the
extruder axis; and (3) two- or three-dimensional models
(2-D, 3-D), which consider the cross-section and require
defined the boundary condition to better reflect the
process.98

The 3-D models, typically based on complete
numerical solutions of motion equations using FEA or
similar techniques, provide an accurate and detailed
picture of the flow field during the extrusion process.
Polyflow is a commercially available 3-D simulation
software. This model assumes a fully filled extruder
under nonisothermal conditions and can track the sim-
ulated trajectories of particles. The software output is a
3-D description of flow in an extruder, including dis-
tributions of temperature, pressure, shear rate, and
other responses. Additionally, the software can quan-
tify dispersive and distributive mixing as well as pre-
dict stagnation areas. However, since this model can
only simulate the viscous fluid-filled zone, it is not
possible to model an entire extrusion process along the
length of the screw.99

Alternatively, 1-D models are typically based on
lumped-parameter methods, in which the equations of
motion are integrated throughout the cross-section. By
trading off the resolution, 1-D models offer the desired
information within a shorter period of time with

FIGURE 31.37 Residence time distribution measurement setup.97
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simpler inputs requirement (eg, material properties
not understood at the molecular level are sufficient).
The commercially available 1-D models
are summarized in several published articles.99,100

Akro-Co-Twin Screw is one of the earliest marketed
models, while Ludovic is the most widely used in
the pharmaceutical industry.99,100 Although different
1-D models can be developed based different theories
and/or calculation methods, the common simulation
outputs include temperature, pressure, fill ratio,
viscosity, shear rate, energy consumption, and resi-
dence time distribution. The sample outputs from
Sigma and Ludovic are shown Fig. 31.38 and
Fig. 31.39.98,101 The emphasis on the change along the

screw axially for particularly difficult to measure sys-
tem parameters (ie, energy distribution, residence
time distribution, and material temperature) enables
thorough process understanding and easy process
scale-up. It was reported that computational extrusion
process simulation using Loduvi could identify high-
energy intake locations and allow optimization of
screw design to ensure scalability.102 It is also demon-
strated that the WinTXS software package can be
tuned to match simulation results with experimental
data by using proper inputs, including material prop-
erties and process information. A correlation can be
established between product quality and simulation
output, which assisted an appropriate scaling.92

FIGURE 31.38 Sample output using sigma and Lodovic program.98

FIGURE 31.39 Modeling of HME via SCC’s Ludovic.101
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31.5.2 Product and process understanding,
control strategy, and PAT

Quality by design (QbD) promotes a thorough
understanding of the product and manufacturing
process via a systematic approach. The developmental
activities as per QbD expectations as shown in Fig. 31.40
are part of the quality risk-management process.
In the context of extrusion, once the quality target
product profile (QTPP) linked directly to safety and
efficacy has been identified, the development focus
should follow a series of structured risk assessments.
A comprehensive formulation and process evaluation
based on critical quality attributes (CQAs) should be
performed at the initial risk assessment. The results
from this risk assessment help prioritize the develop-
ment activities. For instance, minimizing SME input
while maintaining sufficient mixing is the study focus
when developing an ASD with a material prone to
thermal degradation. However, when developing an
extrusion granulation process with a similar material,
understanding the impact of degree of fill and resi-
dence time distribution might take precedent over the
efforts of reducing SME input. Design space, as one
of the important elements of a QbD approach, offers
operational flexibility. The expectation for design
space is that the process understanding should be

achieved at a multivariate level. That is, the interde-
pendence between the product quality and individual
process parameters and the additive influence from
multiple parameters are clearly identified and under-
stood. As the extrudate quality is directly driven
by key system parameters, as shown in Fig. 31.15,
the deployment of those scale-independent process
responses is an ideal way to bridge the gap between
quality attributes and process independent para-
meters. Developing the design space around the key
system parameters provides manufacturing flexibility
and seamless scale-up. As the sources of variability
and their impacts are understood, a control strategy
span to raw material, in process control (IPC), and
process design must be developed to ensure CQAs
are consistently met. Multiple control strategies for
the same process are possible, as long as they can be
justified through a rigorous quality risk-management
process.

One of the other important components of QbD is
process analytical technology (PAT). PAT encompasses
online, in-line, or at-line measurement for enhanced
process understanding and improved control for prod-
uct quality. The implementation of PAT yields many
manufacturing advantages. Two specific advantages to
the extrusion process are noted here: (1) PAT enables
continuous manufacturing of quality extrudate by
monitoring and identifying deviations in real-time,103

and (2) PAT improves manufacturing efficiency by
eliminating time consuming offline analysis, and this
is particularly true for hot-melt polymer matrix formu-
lation as the extraction of drug substance from the
matrix can be complicated.

PAT tools have long been used by the plastics
and food industries for monitoring, analyzing, and
characterizing the extrusion process and product in-
line. The schematic of PAT integration into the melt
extrusion process is illustrated in Fig. 31.41.104 Raman
and near-infrared (NIR) are two widely studied
spectroscopy-based analytical techniques for in-line
or online monitoring of the melt extrusion
process.105�107 Saerens et al. reported using Raman to
monitor the API solid state change from crystalline to
amorphous. When combined with principal compo-
nent analysis (PCA) and partial least squares analysis
(PLA), they also demonstrated that Raman is able to
simultaneously quantify the API concentrations
in process samples.103 The suitability of Raman for
PAT application was also presented by Tumuluri
et al. for clotrimazole and ketoprofen formulations.107

Similar to Raman spectroscopy, NIR can provide both
quantitative and qualitative information on melt and/
or extrudate. It can be used to monitor the content
uniformity and verify the extrusion performance
in terms of residence time distribution. Islam et al.

FIGURE 31.40 Product and process development following QbD
approach.
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utilized in-line NIR spectroscopy to assess the effect
of the process critical parameters and identify the crit-
ical quality attributes (CQA).108 Saerens et al. suggest
that in-line NIR spectroscopy could be a potential
PAT tool for monitoring polymer�drug solid-state
behavior while determining API concentration.108

Additionally, other tools, including ultrasound and
UV�vis spectroscopy have also been reported in the
literature for in-line characterization of extrusion
processes.109�111

Implementing PAT for real-time quality assurance
requires a validated model to correlate the CQAs
with process analyzer measurements. Mathematical
transformation is typically needed when process ana-
lytical data is in the format of spectra or chemical
images. Validating a PAT model is an iterative process
that can last throughout the product lifecycle. The pro-
cess map of establishing a PAT model for melt extru-
sion process monitoring is shown in Fig. 31.42.104,133

Once the feasibility of a PAT analyzer measurement

for the formulation is demonstrated, developing a cali-
bration model is initiated. The model is then chal-
lenged and validated in parallel with development
and ready to be implemented for routine commercial
production once proven it is robust to all foreseen vari-
ability. A properly developed PAT model should be
able to monitor the process performance based on the
CQAs of interest and quickly identify any deviations
from predetermined acceptance criteria. If a problem is
identified, the suspect extrudate can be diverted into
waste, and the product collection will resume when
the process fault is resolved. Thus, the real-time qual-
ity assurance is achieved with PAT, that is, a deviation
or process fault can be detected immediately upon
occurring and lead to accurately isolating this product
portion without impacting the entire batch. In addi-
tion, PAT eases the demand between process monitor-
ing and manufacturing support by simplifying the
multivariate nature of the process into a single data
stream representing product quality.

FIGURE 31.41 Schematic of PAT integration into melt extrusion.104

FIGURE 31.42 Establish PAT model for process monitoring. Modified from Ref. [104].
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31.6 CASE STUDIES

Over the last decade, many new products have
been developed utilizing the TSE process to achieve
the desired drug product profile. This section pro-
vides several examples of product developmental
using TSE to enable or improve process, product qual-
ity and performance.

31.6.1 Improving oral absorption of BCS class
II drugs

Utilizing HME to manufacture ASD formulations to
improve oral absorption of insoluble drugs offers many
advantages when feasible. Various fundamental aspects
of product development are addressed in the relevant
chapters of this book. Two examples discussed in this
section illustrate the importance of understanding API,
product, and process when using HME.

Rezulin is the first commercial product containing
ASD manufactured using HME process. Troglitazone,
the active component of Rezulin, is a BCS class II
drug with low and highly variable bioavailability.
At the time of the product approval in the 1990s, Park-
Davis/Warner-Lambert had already developed an
organic solvent-based spray-drying process to prepare a
povidone-based ASD of troglitazone with enhanced bio-
availability. Forecasting a large commercial volume for
Rezulin, concerns arose about the cost, environment,
health, and safety impact associated with the antici-
pated increasing use of large quantity of organic sol-
vents during production. A concerted effort to identify
an alternative solvent-free manufacturing process led to
the HME process using a twin-screw extruder. The TSE

process initially developed using a Leistritz 18 mm
intermeshing corotating twin-screw extruder was suc-
cessfully scaled up to a Leistritz 50 mm extruder for the
commercial production. The extrusion processing time
is less than 1 minute for the batch size of 5000 kg.

Noxafil delayed-release tablets contains a melt-
extruded ASD of posaconazole, a weakly basic triazole
antifungal drug. Posaconazole exhibits pH-dependent
solubility. It dissolves in acid conditions but rapidly
precipitates in the upper small intestine. The first
generation Noxafil, a suspension of crystalline form,
exhibits highly variable bioavailability with a substan-
tial food effect. The melt-extruded formulation was
compared to the suspension at a 100 mg dose in a
crossover study in healthy volunteers examining
fed-state and fasted-state plasma profiles. The results,
presented in Fig. 31.43, show substantial oral bioavail-
ability improvements with reduced food effect.112

However, Posaconazole undergoes significant degra-
dation at temperatures above its melting point of
170�C, presenting a challenge for commercial scale
extrusion. To overcome this problem, a formulation
was designed in which the molten polymer
(HPMCAS) was used to solubilize posaconazole
below its melting point. This allows for production of
the material at reduced temperatures to improve the
stability of the drug.

31.6.2 Improving processing characteristics
through modification of API surface

Metformin is a biguanide antihyperglycemic agent
most widely prescribed for the treatment of type 2
diabetes. Its hydrochloride salt is freely soluble in water

FIGURE 31.43 Posaconazole oral bioavailability: suspension containing crystalline drug vs tablets containing amorphous solid dispersion.
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with a pKa of 12.4 and melting point of 223�226�C. Due
to its high daily dose up to a total of 2000 mg, the com-
mon strengths of metformin tablets include 500 mg,
850 mg, or 1000 mg, which indicate that (1) high drug
loading is required, especially when developed as a
fixed-dose combination or ER dosage form and (2)
formulation processing behaviors will be dominated
by the API properties. Because of high solubility
(about 300 mg/mL)113 metformin HCl dissolved in
moisture can form solid bridges upon moisture desorp-
tion.82 In worst cases, extensive formation of solid
bridges could transform free-flowing powder into
a solid block overnight. As a result, variable bulk and
tablet properties of metformin HCl made using wet
granulation have been observed, including granulation
flowability, density, compactability, and the hardness,
disintegration, and dissolution of the tablet. To overcome
these problems, Lakshman et al. (2011) investigated melt
granulation (MG) of metformin HCl with hydroxypropyl
cellulose (HPC) as the meltable binder using a 16 mm
Thermo Prism twin-screw extruder to poorly compact-
ible high-dose API. A high (90%) drug-load tablet formu-
lation containing 1025 mg of metformin was melt
granulated at a temperature above the glass transition
of HPC but below the melting point of metformin HCl
(see Table 31.8). It was found that good compressibility
can be achieved using MG process depending on process
conditions (Fig. 31.44). When compared to the aqueous
and solvent wet granulation (WG) processes, signifi-
cantly improved hardness and friability results were
obtained for tablets made with the MG process. Tablet
hardness of MG tablets was also found to be less sensi-
tive to changes in moisture content during compres-
sion and subsequent storage. The low-moisture
contents of the granules (about 0.2% w/w) is believed
to be conducive to averting moisture-induced physical
transformations in metformin HCl tablets, thus avoid-
ing change of tablet hardness with time, variable pow-
der flow behavior, and problems with dissolution
stability. In addition, the study also shows that the TSE
granulation process can decrease the need for relatively
large amounts of excipients often required for
overcoming processing challenges posed by API physi-
cochemical and mechanical properties, thus reducing
tablet sizes of high-dose drugs.

The significantly enhanced compactibility of
metformin HCl tablets can be attributed to the effec-
tive modification of the API surface properties through
highly efficient and more consistent coating of the
binder (HPC) through the melt-extrusion process. This
is indicated by the rank-order improvement in tablet
bonding among the three processes studied by the
authors.82 Based on the principle of the granulation
process, the coating efficiency by HPC is expected to be
lower with aqueous-based WG process when compared

with solvent-based WG process (ethanol/isopropanol,
95:5, v/v) because both the API and HPC are dissolved
in the granulation fluid during the mixing process,
while solubility of the API in alcohol is much lower.
Since the API is not miscible with the molten HPC, the
highest coating efficiency is achieved with the TSE pro-
cess, resulting in most effectual modification of the API
surface properties. This is consistent with the study
findings in our laboratory using a poorly compressible
API as a model drug to manufacture extended-release
hydrophobic matrix tablets. A powder blend consisting
of about 90% API and about 6% rate-controlling poly-
mer and other excipients were granulation using an
18 mm twin-screw extruder equipped with six barrels
and with the die block removed from the end barrel
(Coperion ZSK laboratory extruder). Solid materials
were fed into the extruder at a feed rate of 1 kg/hour

TABLE 31.8 Melt-Granulation Process Parameters Evaluated
for Metformin Tablets82

Process parameter Set point
Variation6 set
point or fixed

HPC level 9% 5�15%
Feed rate 30�35 g/min 6 10 g/min

Screw speed 210 rpm 6 90 rpm

Extrusion temperature 160�C 140�180�C

FIGURE 31.44 Compaction profile of metformin Hcl melt
granulations.82 The feed rate, screw speed, highest processing zone
temperature, and magnesium stearate level were, respectively:
•: 40 g/min, 120 rpm, 140�C and 0.75%; 1 : 20 g/min, 300 rpm, 180�C
and 0.75%; x: 40 g/min 120 rpm, 140�C and 1.25%; &: 40 g/min,
120 rpm, 180�C and 1.25%; �: 30 g/min, 210 rpm, 160�C and 1.00%;
3 : 20 g/min, 300 rpm, 140�C and 1.25%; }◄: 30 g/min, 210 rpm,
160�C and 1.00%; ▲: 40 g/min, 120 rpm, 180�C and 0.75%; and
Δ: 20 g/min, 300 rpm, 140�C and 0.75%.
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using a K-Tron twin-screw volumetric feeder followed
by granulation using conveying elements at a
screw speed of 120 rpm and a barrel temperature
of 150�C. Because the melting point of the API (770�C)
is significantly higher than the glass transition temper-
ature (Tg) of the polymer (41�C) and because
there is no API-polymer miscibility, the surface of the
API is modified effectively by the polymer through the
extrusion process, enabling tablet compression. Tablets
of the same formulation were also prepared with a
solvent-based high-shear WG process using polymer
solution in ethanol as the granulation fluid followed by
drying, sieving, and compression. Because the API is
insoluble in ethanol, the granulation-drying process also
facilitated similarly effective coating of the API surface.
As a result, tablets made using both processes exhibited
similar compactability and dissolution. Vasanthavada
et al. (2011) also studied the high-dose ER formulations
of imatinib mesylate with a drug load of 89% by melt
granulation using a 16 mm Thermo Prism twin-screw
extruder (ie, a 1074-mg tablet containing 956 mg API).84

The process temperature of 185�C is below the melting
point of the API (212�C) but above the Tg values of poly-
mers, which included HPC, ethyl cellulose (EC), and
hydroxypropyl methylcellulose (HPMC). A factorial
design of experiment (DOE) designed to investigate the
effects of process variables, such as feed rate, process
temperature, and screw speed, over a wide range dem-
onstrated robust performance with respect to granula-
tion and tablet characteristics as well as drug release.
Acceptable compressibility and tablet hardness can be
obtained using as little as 5% polymer for melt granula-
tion. In addition, tablets produced using the MG process
exhibited higher hardness and lower friability when
compared with those made with the WG process, consis-
tent with the findings from MG study of metformin
tablets previously discussed. Evaluation of the tablets
using confocal Raman microscopy revealed that the API
remained as unmelted crystals, and polymers were
finely distributed (coated) on the surface and in between
API particles, confirming the importance of effective
coating of the polymer in improving API processibility
by modifying its surface properties.

31.6.3 Continuous granulation for
manufacturing extended-release tablets using
a twin-screw extruder

Clarithromycin is a macrolide antibiotic used to treat
many different types of bacterial infections. It is a weak
base with pKa5 8.7 and pH-dependent solubility. Biaxin
XL is the extended-release hydrophilic matrix tablets of
clarithromycin. It was a high-volume product manufac-
tured using wet granulation in a high-shear granulator

followed by fluid-bed drying, milling, compression, and
film coating. In Zu et al.,114 Biaxin XL tablet is used as a
model drug product to investigate the feasibility of con-
tinuous wet granulation using a twin-screw extruder.

Granulation was performed by feeding the preblended
formulation of the commercial tablets115 consisting of
50% API, 20% HPMC, and other excipients into an
18 mm corotating twin-screw extruder (Coperion
ZSK laboratory extruder) equipped with six barrels
without a die. Granulation fluid (water) was added
through liquid injection into a designated barrel.
Process variables studied over a wide range include
liquid feed rate, screw configuration and speed,
liquid-to-solid ratio, and position of liquid injection
using an experimental design provided in Table 31.9.

TABLE 31.9 Study Design of Granulation Process Parameters
for Clarithromycin Extended-Release Tablets Using TSE

Run

Screw

configuration

Liquid feed

rate (kg/h)

Screw
speed

(rpm)

Injection

position

L/S

ratio

1 #1 0.090 120 3�1 0.090

2 #1 0.132 120 3�1 0.132

3 #1 0.282 120 3�1 0.282

4 #1 0.432 120 3�1 0.432

5 #1 0.582 120 3�1 0.582

6 #1 0.282 200 3�1 0.282

7 #1 0.282 300 3�1 0.282

8 #1 0.282 120 4�1 0.282

9 #1 0.282 120 4�2 0.282

10 #2 0.282 120 3�1 0.282

11 #2 0.282 200 3�1 0.282

12 #2 0.282 300 3�1 0.282

13 #2 0.090 300 3�1 0.090

14 #3 0.282 120 3�1 0.282

15 #3 0.282 200 3�1 0.282

16 #3 0.282 300 3�1 0.282

17 #4 0.282 120 3�1 0.282

18 #4 0.282 200 3�1 0.282

19 #4 0.282 300 3�1 0.282

20 #5 0.090 120 3�1 0.090

21 #5 0.132 120 3�1 0.132

22 #5 0.282 120 3�1 0.282

23 #5 0.282 120 3�2 0.282

24 #5 0.282 120 4�1 0.282

25 #5 0.282 300 3�1 0.282
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The influence of these process parameters on charac-
teristics of the resulting granules (particle size,
strength, and density), milled granules (PSD, strength,
and density) and tablets (solid fraction, hardness, and
dissolution) was evaluated. Among the process para-
meters investigated, liquid-to-solid ratio, screw speed,
and screw configuration showed the most significant
effect on the granule properties (Fig. 31.45). For exam-
ple, increasing the percentage of liquid or the liquid-
to-solid ratio results in larger and wetter granules
and higher granule strength. Granules are smaller
when a less aggressive kneading zone is used. The
granule size decreases with an increase of screw
speed. However, these large differences in granula-
tion properties can be mostly equalized by controlling
the milling process of the dried granulation (eg, using
a 840 μm band and Fitzmill with impact forward,
3000 rpm). The only factor that affects the milled
granule particle size is the liquid-to-solid ratio. Other
process parameters including screw configuration do
not have a significant impact on the milled granule
properties. Tablet hardness, porosity, and dissolution
are also comparable within a wide range of percent-
age of liquid of 9�28.2% when compared with the
tablets manufactured using high-shear granulation.
Increased porosity and faster dissolution were
observed for tablets made with .43% liquid, using
commercial tablets as a reference, though tablet
strength remains essentially unchanged. When com-
pared to the high-shear granulation process, TSE not
only renders significantly more homogeneous admix-
ture of the formulation composition, as indicated by
the nearly uniform potency values across different
granulation sieve cuts, but it also requires a consider-
ably reduced amount of liquid to achieve effective
granulation. For example, approximately 35% of liq-
uid is typically added using the high-shear

granulator, while liquid levels as low as 9% have
been shown to be sufficient to produce tablets with
the same quality when using the TSE process. As a
result, a drastically reduced drying cycle is expected
due to a lower moisture content and homogeneity of
the resulting wet granules.

To evaluate the applicability of the study findings to
other products, Depakote ER tablet was investigated as a
second-model drug product using a similar but reduced
study design by focusing on the effects of liquid-to-solid
ratio while keeping the other process parameters constant.
Depakote ER is also an extended-release tablet based on a
hydrophilic matrix system that provides approximately
20 hours of in-vivo absorption116. It was also a high-
volume product manufactured using wet granulation in a
high-shear granulator followed by fluid-bed drying, mill-
ing, compression, and film coating. The active ingredient,
divalproex sodium, is a stable and permeable compound
with an acidic pKa of 4.8. It is freely soluble in the intesti-
nal pH where most of the dose is released. In contrast to
Biaxin XL, Depakote ER tablets contain high loading of
high-solubility API and high level of high-viscosity-grade
HPMC. Nevertheless, the study results were found to
be similar to those of Biaxin XL. For instance, similar dis-
solution was observed with tablets manufactured using
percentage of liquid ranging from 9% to 23% using the
high-shear granulated product (about 14% liquid) as a ref-
erence. However, accelerated dissolution was observed
with tablets made from considerably overgranulated and
much larger granulation, which was milled using a
1000-μm band and Fitzmill with impact forward,
3000 rpm (see Fig. 31.46). It should be noted that an
increase in the dissolution rate does not take place
until approximately 40�50% of drug release. Hence, the
change can be most likely be attributed to the gradual loss
of matrix integrity during dissolution, because large parti-
cle size combined with low porosity of the granules made

FIGURE 31.45 Influence of screw configuration and percentage liquid on granulation characteristics of clarithromycin ER tablets.
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with high-percentage liquid can alter water penetration
and gel structure of the matrix. It is found that the impact
is more pronounced with the ER formulation of dival-
proex sodium containing high-viscosity-grade HPMC
when compared with clarithromycin ER formulation that
contains low-viscosity-grade polymer, since the former
usually results in larger particle size and higher density.
In principle, this type of dissolution problem can be
resolved by controlling PSD through modifying the mill-
ing condition.

31.6.4 Extended-release opioid tablets with
abuse-deterrent properties

The abuse of prescription opioid drug products has
been a growing problem in the United States. One of
the successful formulation strategies to deter this abuse is

to prepare a dosage form with high physical strength to
prevent crush and extraction. Both Opana ER extended-
release oxymorphone hydrochloride tablets and Nucynta
ER extended-release tapentadol hydrochloride tablets are
manufactured using INTACT, a proprietary technology
developed at Grünenthal GmbH. Poly(ethylene oxide) is
used as the drug-release retardant and matrix former.
The manufacturing process consists of blending, extru-
sion, cooling, cutting, forming, and coating. During the
melt extrusion, the poly(ethylene oxide) based matrix for-
mulation is melted and pressurized. As a result,
the melt-extruded matrix possesses strong physical
strength in comparison to the tablets prepared using a
conventional tableting process. The resulting PEO matrix
tablet exhibits a breaking strength of greater than 500 N.
As shown in Fig. 31.47, the melt-extruded formulation
could not be crushed by a mortar and pestle.117

FIGURE 31.46 Influence of percentage liquid on (a) particle size distribution and (b) dissolution of divalproex sodium ER tablets.
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31.7 SUMMARY

The rapid adoption, implementation, and expanded
applications of the extrusion technology in the pharma-
ceutical industry resemble what occurred in the food
and plastics industry five decades ago. In the early
1960s, the food and plastics industries began to aban-
don batch mixers and embrace extrusion technology
in order to more efficiently produce products of more
consistent quality and at a lower cost. The batch mixer
is a large-volume discontinuous mixer. In comparison,
a twin-screw extruder is a small-volume continuous
mixer. Valuable knowledge, technical know-how, and
manufacturing experience gained in these industries
have allowed expeditious adoption and implementa-
tion of this established processing technology to enable
formulation development of challenging drug mole-
cules and efficient pharmaceutical manufacturing.

TSE is being adopted by the pharmaceutical industry
at very rapid pace. Pharmaceutical companies are not
only actively utilizing the TSE process for manufactur-
ing novel drug-delivery systems but are also replacing
less efficient and less robust batch processes with TSE
extrusion. At the same time, twin-screw extruder sup-
pliers have downsized and redesigned equipment for
production in the GMP environments. Additional efforts
have also been made to design TSE systems for testing

early development materials available only in limited
quantities. Excipient companies are engineering novel
materials suitable for extrusion process. At the same
time, regulatory agencies are encouraging the pharma-
ceutical industry to adapt flexible, robust, and efficient
continuous manufacturing process in order to build
product quality into process design.
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oxymorphone hydrochloride tablets without tamper resistance, and (c) crush-resistant oxymorphone hydrochloride extended-release tablets
prepared using melt extrusion. Effect on TSE extended-release tablets by (d) professional pill crusher, (e) tablet hardness tester, (f) hammer
apparatus.
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32.1 INTRODUCTION

Roller compaction is the preferred method for dry
granulation in the pharmaceutical industry. It is a contin-
uous manufacturing technique introduced in the second
half of the 19th century in the coal industry to compact
powdered coal into briquettes.1 The technology was
later adopted by metallurgists for roll pressing of metal
powders before finally being introduced into the food,
agricultural, and pharmaceutical industries.2 The phar-
maceutical industry has traditionally been very good at
adopting technologies from other industries and learning
from the prior knowledge. However, the behavior of
metals and organic materials differ dramatically, so sig-
nificant efforts have been made, and are still ongoing, to
adapt the process for pharmaceutical applications.

Good powder flow is particularly important when
manufacturing tablets, the most common solid oral dos-
age form, because rapid and accurate filling of the tab-
let die is essential to achieve consistent tablet weights,
and thus, consistent drug dose. When active pharma-
ceutical ingredients (API) possess desirable flow charac-
teristics and demonstrate minimal tendencies toward
segregation, direct compression processes, which
involve the compaction of ungranulated powders into
tablets, are feasible. However, API powders typically
possess poor flow characteristics, which present han-
dling challenges during the manufacturing process and
are a potential source for segregation in powder blends.
Pharmaceutical manufacturing processes utilize roller

compaction operations to mitigate these challenges
caused by poorly behaving API by improving flow and
content uniformity of powder blends. The roller com-
paction technique densifies powder blends to produce
granules with particle sizes larger than that of the input
material, and thus improved flow characteristics com-
pared with ungranulated material. In addition, the
granulation process reduces the potential for API segre-
gation, which can result in poor API content uniformity.
Fig. 32.1 demonstrates where the roller compaction
operation would fit into a typical manufacturing pro-
cess for tablet dosage forms. Since tablets are the most
common oral solid dosage form, the remainder of the
chapter assumes tablets as the final dosage form, unless
otherwise noted.

Compared with direct compression processes, roller
compaction operations are better suited to handle pow-
ders with the following attributes: (1) small particle sizes
and/or challenging morphologies (eg, high aspect ratio
particles), (2) low bulk density, (3) poor flow properties,
and (4) high risk for API segregation. Consequently,
roller compaction workflows are more capable of accom-
modating variability in API properties compared with
direct compression processes. Roller compaction is a dry
process; therefore it is more suitable for moisture- and
heat-sensitive material, which is an advantage over wet
granulation. Furthermore, roller compaction is a contin-
uous process, enabling a single instrument configuration
able to accommodate a greater range of batch sizes
compared with wet granulation.
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Benefits of the roller compaction process include

• Improved flow—larger granules typically flow better
than fine powders, resulting in improved powder
transfer, flow in hopper, and die-filling during
tabletting

• Increased bulk density—faster bulk transfer; reduced
dust generation; smaller bins can be used during
post-granulation blending; reduced in-die fill
volume during tabletting, facilitating manufacture
of large tablets

• Improved blend uniformity—contents of blend
“trapped” into granules, facilitating uniform
distribution of materials throughout the entire blend
and reducing potential for materials to segregate;
this is particularly pertinent to API distribution and
subsequent dose uniformity

• Continuous process—enables manufacture of larger
batch sizes by simply increasing operating times,
which allows a single roller compaction unit to
support a wide range of batch sizes (eg, a typical
pilot scale roller compactor can manufacture batch
sizes of 1�200 kg)

• Improved dust control—consolidation and
densification of powder into granules reduces the
amount of fines and discrete API particles, reducing
dust generation during tablet manufacture and
exposure risk to operators

• Improved tablet disintegration and dispersal—granules
readily absorb water, enabling faster disintegration
compared with tablets made by direct compression;
immediate release tablets: disintegrate to granules,

which disperse and disintegrate themselves;
capsules: granules improve dispersion and mitigate
plug formation

This chapter will provide an overview of roller
compaction and discuss key elements of the operation,
including equipment design, simulation, and charac-
terization tools that facilitate efficient execution of
roller compaction operations, trouble-shooting meth-
ods, scale-up considerations, as well as review current
modeling techniques that simulate the roller compac-
tion process and improve mechanistic understanding
of the process. Case studies will be used throughout
the chapter to highlight discussions in the text.

32.1.1 Overview of roller compaction
materials and operation

The overarching goal of the roller compaction pro-
cess is to transform poorly flowing, fine powders into
granules of a desired particle size range and distribu-
tion with appropriate flow and compactability.
Optimal particle size distribution also facilitates good
granule flow, which is important for efficient transfer
of material into hoppers and powder feed systems to
ensure accurate and reproducible metering of doses (ie,
capsule or sachet filling, and filling of tablet dies on a
high-speed rotary press). Achieving optimal particle
size distribution is important with respect to tablet
weight uniformity, especially for low-weight tablets
that may be susceptible to significant weight variation
if granules are too large. Granule compactability is
essential for the manufacture of tablets, which must be
of sufficient hardness and tensile strength to prevent
damage during film coating, packaging and shipping.

A basic overview of the roller compaction process is
depicted in Fig. 32.2. Briefly, loose powder is fed into
the roller compactor from a feed system, which typically
sits atop the instrument. The feed system is often com-
prised of an agitator within the hopper and one or more
feed screws that convey the powder from the hopper to
the rolls, and also facilitates particle and air removal
from the powder bed. An integrated vacuum deaeration
system, consisting of a sintered metal filter or mesh
screen, may be incorporated into the feed system to bet-
ter remove air from the powder bed (deaeration). This
deaeration helps to reduce the friability of the com-
pacted ribbon edges and leads to denser ribbons.3,4 The
powder is passed from the feed system between the two
counter-rotating rolls of the roller compactor. The rolls
apply a compressive force to the powder, compressing
the material to form a densified compact, typically in
the form of a ribbon (sheet). These compacts then typi-
cally undergo a size reduction process (milling) to pro-
duce free-flowing granules that are amenable for

FIGURE 32.1 Schematic showing where roller compaction fits
into the manufacture process for tablet dosage forms.
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downstream processing, such as capsules or tablets.5

Ultimately, the success of a roller compaction process is
assessed on the properties of the milled granules and
the final dosage form, such as tablets.6,7

It should be noted, however, that designs differ
between manufacturers and models, which will be
addressed in more detail later in the chapter. In Fig. 32.2,
the feed screw is oriented horizontally with vertically
aligned rolls; however, alternate configurations include
a horizontal or angled roll orientation, depending on the
manufacturer and instrument model. Furthermore, a
number of different roll surfaces are commercially avail-
able, including smooth, knurled, ribbed, and serrated. For
larger scale roller compactors that include an integrated
mill system, the milling apparatus is located immediately
after the rolls, and may include a flake crusher followed
by a one- or two-stage mill, which is typically a screen
and an impeller operating in a rotary or oscillating
motion. Smaller lab-scale instruments do not usually
include mills, and thus the ribbons must be milled using
a separate unit.

In today’s quality by design (QbD) paradigm, it is
important to establish a robust design space of process
parameters and material properties. QbD strategies
facilitate a more comprehensive understanding of how
material and process attributes impact product quality
and performance, as well as providing insight into
potential interactions between the two.8

32.1.1.1 Material considerations

A typical roller compaction formulation consists of
API, filler (eg, microcrystalline cellulose (MCC) and/or
lactose), disintegrant (eg, croscarmellose sodium, cros-
povidone), lubricant (eg, magnesium stearate, stearic
acid), and often times a glidant (eg, silicon dioxide) to

reduce potential friction with the rolls and facilitate flow
of powder. Formulations possessing drug loadings
,60% wt are generally found to be amenable for roller
compaction. Higher drug loading formulations generally
have a higher tendency for material adhesion to the rolls,
which adversely impacts ribbon quality and material
throughput, thus presenting challenges to maintaining a
consistent flow of powder to the rolls. One way to
mitigate material-related challenges typically associated
with API powder properties is through the appropriate
selection of excipients. Specific grades of excipients, such
as lactose and MCC, are available that possess optimized
physical properties in terms of flow and compactability,
and thus can be used to improve the overall powder
properties of an active blend. A proposed list of desir-
able properties for blends intended for roller compaction
is detailed in Table 32.1.9

32.1.1.2 Key operating parameters and
product attributes

A list of key operating parameters and product attri-
butes for the roller compaction process are given in
Table 32.2.

The key parameters typically monitored during roller
compaction operations are roll gap, feed screw speed,
and roll pressure because they most impact ribbon/
granulation quality. In most pilot-scale and larger roller
compactors, a floating roll is utilized to minimize fluc-
tuations in ribbon solid fraction caused by variations in
powder flow, and may include a closed feedback loop
to modify the feed screw speed in response to inconsis-
tencies in powder flow. Therefore, roll gap and feed
screw speed often fluctuate continuously throughout the
roller compaction operation due to variations in powder
flow and a feedback loop controlling feed screw speed,
although the average of these values should remain con-
sistent once the operation has reached steady state. For
example, when roll pressure and roll-gap targets are
defined, then feed screw speed is varied in response to
changes in roll gap (due to variation in powder flow) to
ensure that sufficient powder is delivered to the rolls to
maintain the target gap. Roller compactors with two
fixed rolls, as opposed to a floating roll design, tend to
show greater variability in granule properties as a result
of powder flow variation. Additional process para-
meters, such as roll speed and mill screen size may also
impact ribbon/granule properties, but are generally con-
sidered to be “fixed” parameters for a given run because
they do not fluctuate during the roller compaction oper-
ation. Roll speed selection is often based on throughput
considerations. Changes in roll speed may change rib-
bon tensile strength for a given roll pressure, because
the dwell time (ie, the duration that pressure is applied
to the powder by the rolls) is impacted. Mill screen size
will influence granule particle size, flow, and

FIGURE 32.2 Schematic illustrating a typical roller compaction
process. Source: Courtesy from Alexanderwerk AG.
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compactability, and a change of mill screen size may
necessitate changes to other process parameters. Thus,
appropriate selection of these “fixed” parameters should
be conducted early in the development process.

Key product attributes typically monitored during the
roller compaction operation focus on ribbon properties
because they provide a good indication of the resultant
granule properties. Generally, from batch to batch, rib-
bons possessing similar solid fraction, tensile strength,
and thickness will yield granules of comparable particle
size distribution, flow, and compactability properties.

32.1.1.2.1 Ribbon solid fraction

Ribbon solid fraction is commonly used as an
in-process target because it provides a strong indication

of granule properties. Solid fraction, which describes
the extent of compaction of a material, is defined
as the ratio of a material’s envelope density to its true
density (ρ/ρtrue). Porosity is the inverse of solid fraction;
therefore a solid fraction of 1 indicates that the compact
has zero porosity. Solid fraction is proportional to
the force applied to the powder, and is independent
of ribbon thickness. There is a positive correlation
between solid fraction and tensile strength, with rib-
bons of greater solid fraction having a greater tensile
strength. If the solid fraction (or tensile strength) of
ribbon is too low, then the ribbon will break up to fine
powder rather than granules when milled, resulting
in a poorly flowing product. Ribbons of adequate
solid fraction typically produce larger, better-flowing
granules; however, overly compacted granules exhibit
poor compactability during tablet manufacture.
Therefore, the correct balance between fines content
generated during roller compaction is necessary to
achieve granules with both proper flow and compact-
ability characteristics (Fig. 32.3). The optimal ribbon
solid fraction range will be product specific to a
certain extent, but the ideal solid fraction for ribbon is
generally in the range of 60�80%. Fig. 32.4 illustrates
typical solid fractions ranges for ribbons, with respect
to that for loose powders and tablets.

Granule compactability is not a major concern
when manufacturing granules for filling into capsules
or sachets, therefore it may be more desirable to
produce granule of a higher solid fraction, in the
range 75�85%, to achieve improved granule flow.

TABLE 32.2 Key Product and Operating Parameters Typically
Associated With Roller Compaction

Key operating

parameters Ribbon attributes Granule attributes

Roll pressure Solid fraction/
porosity

Particle size
distribution

Feed pressure
(ie, feed screw
speed)

Tensile strength Compactability

Roll speed Thickness Flow

Roll gap

TABLE 32.1 Properties of an Ideal Roller Compaction Material

Property Value Target value

Compactability At 0.7 solid fraction .1 MPa

Loss of compactabilitya At ,0.9 solid fraction .1.7 MPa

Bulk density At .0.14 solid fraction .0.2 g/mLb

Wall friction Angle of wall friction ,20 degreesc

Flow assessment Flow function coefficient .4c

Carr’s Index ,35%

Solid-state properties Melting point .90�C

Glass transition (Tg) .90�C

Loss of crystallinity during compaction None

Particle size for content uniformity Blend potency Meets Rohr’s criteria10

Stability with excipients Acceptable stability .2 years at room temp11

Material adhesion Not yet determined Not yet determined

aLoss of compactability defined as the compactability remaining in granules.
bUSP , 616. Method I—Measurement in a graduated cylinder.
cShear cell method, measured over the range 1 to 5 KPa.
Adapted from Leane et al. A proposal for a drug product Manufacturing Classification System (MCS) for oral solid dosage forms. Pharm Dev Technol 2015;20(1):12�21.
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In this instance, the target ribbon solid fraction range
should also be assessed in relation to dissolution
performance.

32.1.1.2.2 Ribbon tensile strength

Ribbon tensile strength is derived from the breaking
force and thickness of the ribbon, and has a positive
correlation with solid fraction. Greater ribbon tensile
strengths can be achieved by increasing roll pressure
and, to a lesser extent, slowing the roll speed (ie,
increase the dwell time). Ribbon tensile strength may
be characterized using a three-point bend test (details
discussed in Section 32.2) to measure the ribbon break-
ing force, which can then be translated into a tensile
strength. Low tensile-strength ribbons more readily
reduce to fine powder during milling, which may have
a negative effect on subsequent blend flow and negates
the advantages borne from granulation. However,
over-compressed ribbons typically produce tablets of
lower tensile strength, which is attributed to reduced
inherent compaction potential after granulation.12

Recommended tensile strengths for roller compaction
ribbons are .1 MPa at 0.7 solid fraction9 to ensure that
robust granules are produced. Ribbon of higher tensile
strength may be preferred if the granule will not be
subsequently recompacted, as in the case of granules
intended for capsules.

32.1.1.2.3 Roll gap and ribbon thickness

Roll gap at the point of maximum compaction
essentially dictates ribbon thickness (although material
relaxation after the ribbon is released from the rolls
will cause a slight increase in ribbon thickness com-
pared with roll gap values). Fluctuations in powder
flow may affect in-process variation of roll gap and
ribbon thickness due to changes in the mass of powder
passing between the rolls. Roller compactors that uti-
lize a floating roll will respond to changes in powder
flow by dynamically altering roll gap to maintain a
constant solid fraction. Changes in roll gap should not
impact ribbon tensile strength if powder density is uni-
form throughout the sample, because tensile strength
should increase proportionally with increasing ribbon
thickness. However, there is evidence to suggest that
density is not uniform through the thickness of the rib-
bon, especially for thicker ribbons, with material being
more compacted at the upper and lower surfaces and
less compacted in the center. Thus, thicker ribbons
may present a higher tensile strength, but result in
a higher proportion of fines.13�17 Therefore, ribbon
thickness may influence granule particle size distribu-
tion, flow, and compactability, especially when using a
larger roll gap.

32.1.1.3 Operating principles

Plastically deforming materials undergo a finite
amount of compaction and deformation, and there is a
limit to the degree of fracturing a brittle material will
incur under typical pressures applied during roller
compaction and tablet manufacture.18 To relate the lim-
its of a material’s compaction and deformation to mea-
surable tablet properties, the effect of recompression
(subjecting a material to multiple compression steps, ie,
roller compaction followed by tablet manufacture) on
the compactability of a material has been well docu-
mented. Recompression generally causes a reduction in
tablet strength, and this reduction is more significant
when the initial compaction is carried out at a higher
pressure,19�25 as demonstrated in Fig. 32.5. This loss in
tablet strength is often referred to as a “loss of compact-
ability” or “reduction in strength” and has been attrib-
uted to: (1) work hardening of granules and (2) granule
size enlargement.24,25 The concept of “work hardening”
was proposed as an empirical method to describe the
magnitude of the reduction in compactability; it can be
defined as the irreversible plastic deformation of parti-
cles that introduces defects that “harden particles.”23

For the latter cause, larger particles (formed from the
first compaction step) are hypothesized to reduce com-
pact strengths because they possess lower surface
areas, thus reducing packing efficiency and availability
for bonding.24

FIGURE 32.4 Typical solid fractions of pharmaceutical materi-
als.26 Source: r2004 with permission from Elsevier.

FIGURE 32.3 Getting the balance right—ribbon solid fraction
impacts granule particle size distribution, flow, and compactability.
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Farber et al. presented a relationship correlating
roller compaction conditions and tablet strength, in
which compaction is assumed to be cumulative
throughout the lifetime of a material.19 This theory,
coined as the “unified compaction curve model,” pos-
tulates that compact strength (ribbon and tablet) is
generated irreversibly, as if strength is primarily con-
trolled by plastic deformation of primary particles.
Therefore, the tensile strength of compacts manufac-
tured from granules is dependent on the inherent com-
pactability remaining after granulation. As such, if a
relatively large amount of particle bonding and tensile
strength is generated during roller compaction, then
there is less potential for gaining tensile strength dur-
ing tablet compaction, resulting in weaker tablets.
When the total compaction history is accounted for,
the compaction behavior of uncompacted blends and
roller-compacted granules ultimately adheres to a sin-
gle master compaction curve, or unified compaction
curve. The concept of the unified compaction curve is

illustrated in Fig. 32.6. Application of the unified com-
paction curve model to an MCC/lactose system is
demonstrated in Fig. 32.7. It should be noted that the
model is generally more applicable to systems contain-
ing a significant proportion of plastically deforming
material, such as MCC and starch.

32.1.1.4 Roller compaction equipment design

There are many different roller compactor designs in
the market today, and examples of the various designs
are given next (Fig. 32.8). The main differences between
the roller compactor designs are the roll orientations,
feed screw systems, roll surfaces, and mill types.14,27,28

The rolls may be configured in parallel, perpendicular,
or at 45 degree to the horizontal, in addition to related
differences in the feed system orientation. Feed systems
may vary by the feed screw orientation and number of
feed screws (Fig. 32.9). Possible orientations for feed sys-
tems, based on current commercially available units

0 20 40 60 80 100 120

Compression pressure (MNm–2)

Te
ns

ile
 s

tr
en

gt
h 

(M
N

m
–2

)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1st. compression

1st. at 23 MNm–2        )
(Recompressed

1st. at 70 MNm–2        )
(Recompressed

100 150 200 250 300 350 400

Compaction pressure (MPa)

Te
ns

ile
 s

tr
en

gt
h 

(M
P

a)

15

17

19

21

23

25

0.028 m2/g

0.042 m2/g

0.051 m2/g

75–90 μm

Virgin powder

150–180 μm

(a) (b)

FIGURE 32.5 Effect of recompression on the tensile strength on (a) Starch 150023 and (b) MCC Avicel PH-102.24 Source: (a) r1983 with
permission from Taylor and Francis and (b) r2006 by John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.

1. Roller
compaction

2. Tableting
DC T

Roller
compaction

Compaction pressure P

DC

P′

Tablet
tensile

strength
T

Compaction pressure P

FIGURE 32.6 Proposed relationship between direct compression (DC) and roller compaction (RC) curves.19 Source: r2008 with permission
from Elsevier.

874 32. DEVELOPMENT, SCALE-UP, AND OPTIMIZATION OF PROCESS PARAMETERS: ROLLER COMPACTION THEORY AND PRACTICE

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



include: (1) vertical gravity or vertical feed screw
(Freund-Vector (Marion, IA), (2) horizontal feed screws
(Alexanderwerk (Remscheid, Germany)), (3) a horizon-
tal conveying screw followed by a vertical tamping
screw (Fitzpatrick (Elmhurst, IL)), and (4) horizontal
feed screw followed by an angled tamping screw
(Gerteis (Jona, Switzerland)). The specific arrangement
can influence compaction behavior within the roller
compactor, such as feed pressures. Roller compactors
with a horizontal feed screw and vertically stacked rolls

typically come equipped with either a single or double
feed screw to convey the powder to the rolls. The use of
single- or double-feed screws is dependent upon
equipment scale and roll width. For example, the pilot
plant scale Alexanderwerk WP120 roller compactor
uses a single-feed screw, due to the narrow roll width
of 40 mm, versus the use of a double-feed screw on
the production scale WP200, which uses 75 mm wide
rolls. Consistent delivery of powder to the entire roll
width is key; so for larger roll widths, the use of a sin-
gle feed screw is not common because the periodicity
of a single-feed screw can be observed in the width-
wise density distribution of the roller compacted rib-
bon.29 The use of a double-feed screw can help reduce
this widthwise density variability by moving the max-
imum density achieved for each feed screw closer to
the edge of the roll.30

Deaeration of incoming uncompacted feed powder
is a common component of the feed screw system.
The powder being fed to the rolls has an apparent
density equivalent to the powder’s bulk density.
Therefore, air is entrapped within the powder mass
being conveyed to the rolls. Entrapped air increases
the propensity of roller compacted ribbons to lami-
nate once the compressive force from the rolls is
removed. Removal of entrapped air within the feed
powder improves the powder’s compactability. The
air can be removed via gravity, a tamping screw, or a
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FIGURE 32.7 Unified compaction curve for a 1:1 MCC:Lactose
blend (solid line). Direct compression (DC) compaction and roller
compaction (RC) experimental data points denoted for indicated con-
ditions.19 Source: r2008 with permission from Elsevier.

FIGURE 32.8 Commercially available roller com-
pactors. Source: Courtesy: Freund-Vector Corporation,
The Fitzpatrick Company, Gerteis Maschinen 1 Process
engineering AG, Alexanderwerk AG.
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vacuum depending on the design of the roller
compactor. Vacuum deaeration is most effective way
and is accomplished through the use of sintered metal
filters and a vacuum pump. The filter is typically
incorporated into the walls of the feed screw system
and allows the powder to flow across the inner sur-
face of the filter. The vacuum pump is then connected
to the outer surface and pulls air out of the powder.
This increases the density of the powder and prepares
the material for compaction at the rolls.

A variety of roll surfaces are available for the various
roller compactors; the surfaces can vary from polished
smooth (flat) rolls to textured rolls with knurling, as
shown in Fig. 32.10.31 Materials with a tendency to stick
to surfaces may benefit from testing with different
types of roll surfaces. In addition to assessing the
impact of roll surface, these cases may require further
exploration of lubrication levels and types of lubricant
(ie, magnesium stearate vs stearic acid, sodium stearyl
fumarate), as well as benefit from the use of external
lubrication units to mitigate sticking challenges.32

Some rolls are interlocking punch-and-die while
others are pocketed to create briquettes.33 The different
roll surfaces are used to alter the amount of friction
between the powder particles and roll to facilitate the
powder being pulled through the rolls to create a rib-
bon. A punch-and-die roll arrangement consists of one
roll that fits inside the other, which removes the need
for side seals to contain the powder during roller com-
paction. This arrangement is commonly associated
with the use of Gerteis roller compactors, but the con-
cept can be adapted to other equipment designs as this
roll configuration yields significantly different ribbon
density distributions compared with more traditional
roll configurations, producing ribbon in which the
density is highest at the edges of the ribbon and lowest
in the center. In more traditional roll configurations

that utilize a static side seal, frictional drag effects
between the powder and side seal minimize powder
accumulation at the edges of the roller compacted
ribbon, yielding lower density edges with a higher
density center. Although the density distribution
within the ribbon may be different, the same average
ribbon density can be achieved for both arrangements
by adjusting compression force applied by the rolls. It
is important to note, however, that the resultant milled
particle size distribution is a function of the density of
the ribbon coming off the rolls; thus, there may be a
shift in the amount of fines and coarse particles
depending on the proportion of low- and high-density
regions within the ribbon.

The manner in which ribbons are milled is impor-
tant because ribbons are not the final dosage form.34

The mill design is the final differentiation among roller
compactor equipment manufacturers. Some manufac-
turers use an integrated mill with the roller compactor,
which consists of a single (Gerteis (Jona, Switzerland))
or double (Alexanderwerk (Remscheid, Germany)) set
of screens with rotating impellers. The other option is
an external mill (Fitzpatrick (Elmhurst, IL)) if the roller
compactor does not have an integrated mill. The choice
of mill screen size, rotor speed, and rotor-to-screen
clearance will impact the final granule particle size dis-
tribution. Optimization of the milling operation to
ensure proper granule flow and particle size distribu-
tion for blend uniformity should be performed as part
of process development.

Roller compactor equipment design can have signif-
icant impacts on the ribbon products. For example,
roller compactor design elements, such as roll design
and feed system, have been shown to cause roller com-
pacted ribbons to exhibit a three-dimensional density
distribution. The density distribution of roller com-
pacted ribbons has been characterized in previous

FIGURE 32.9 Feed system orientations.12 Source:
r2012 by John Wiley & Sons, Inc. Reprinted by permission
of John Wiley & Sons, Inc.
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studies both experimentally and computationally for
metals and organic materials.14,30,35�37 These studies
have shown that ribbons coming off of a roller com-
pactor generally exhibit a parabolic widthwise density
distribution, where the edges possessed a lower den-
sity than the center of the ribbon for rolls equipped
with fixed side walls.30,35 The lower density edges of
the roller compacted ribbons were attributed to fric-
tional effects between the powder and fixed side
walls.35 The lengthwise density variation was shown
to manifest itself as a sinusoidal wave of higher den-
sity running throughout the ribbon’s length.14,37

Therefore, ribbons with the same average density do
not necessarily perform the same in downstream pro-
cesses. In support of these studies, McCann38 used
near infrared (NIR) spectroscopy to map the density
distribution of ribbons and found that the ribbon edge
closer to the machine body had a slightly higher den-
sity than the outer ribbon edge, in addition to the
observation that the maximum ribbon density was off-
set from the center line. Finite element computational
modeling was used to show how the cantilevered
design of the roller compactor used in the study con-
tributed to the anisometric ribbon density. The upper
roll drive shaft was found to have deflected from par-
allel, which can cause the outer edge of the roll to
deviate at a small angle away from being parallel with
the bottom roll. In the computational model, a 1 degree
deviation from parallel was simulated. This small devi-
ation from parallel showed that the applied pressure
was anisotropic with the inner ribbon edge, experienc-
ing higher pressure than the outer edge, as shown by
the skewed orientation in Fig. 32.11.

32.2 IN-PROCESS ANALYTICAL
CHARACTERIZATION TOOLS

Several tools, listed in Table 32.3, have been used
to improve process understanding of the roller compac-
tion operation, as well as to facilitate accurate

characterization of product qualities. In the table, bench-
top roller compactors are mentioned because they have
the potential to serve as a material-sparing option during
the design and optimization of roller compaction opera-
tions. Commercially available bench-top roller compactors
include the TFC-LAB micro-roll compactor (Freund-
Vector), Fitzpatrick IR 220 Chilsonator (Fitzpatrick), BT120
(Alexanderwerk), and the Miniroll roller compactor (Riva
(Hampshire, UK)). Input requirements for these bench-
top units can be as low as 5 g of material. However, due
to the absence of peer-reviewed literature at this time
regarding the contribution of these units to the general
mechanistic or scale-up knowledge for roller compaction,
the bench-top units will not be discussed in this chapter.

FIGURE 32.10 Roll design options.12 Source: Copyright r 2012
by John Wiley & Sons, Inc. Reprinted by permission of John Wiley &
Sons, Inc.

FIGURE 32.11 Finite element modeling explains observed aniso-
tropic density distribution in ribbons.38

TABLE 32.3 List of Tools and Tests Used to Characterize the
Roller Compaction Operation

Tool/test Application

PROCESS DEVELOPMENT/UNDERSTANDING

Instrumented roll Modeling

Mechanistic understanding

Compaction simulator Roller compaction simulation

Bench-top roller
compactors

Roller compaction simulation

Small-scale roller compaction production

CHARACTERIZATION

Envelope density
analyzer

Ribbon density

Three-point bending
flexural test

Ribbon strength

Arc punch Ribbon density

Laser profilometer Ribbon density

Process analytical
technology tools

Ribbon density, tensile strength, moisture
content, API content, granule size
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32.2.1 Instrumented roll

The current pharmaceutical industry standard roller
compactors include operator interfaces that allow for
online monitoring of operating conditions, including roll
pressure. However, the roll pressure readings do not
accurately reflect the actual compaction pressures experi-
enced by the powder because they include equipment
effects. To address this gap, the instrumented roll has
been developed as a means to monitor the compaction
pressure of powders in-situ during the roller compaction
process.35,39�43 This technology has been adapted from
the metallurgy field, where measurements of normal
forces, or pressures, on materials compacted during a
rolling process have been reported as early as 1933.44�46

Fig. 32.12 shows a roller compactor roll that has been
instrumented with three sensors, positioned along the
full width of the roll. Pressure sensors embedded on the
surface of the roll of a roller compactor are used to mea-
sure the pressure exerted by the rolls onto powder dur-
ing the roller compaction process. Thus, for this
particular instrumented roll, pressure readings may be
recorded along the width of the roll for every rotation,
enabling measurements at the roll center and the sides,
where edge effects have been reported. It should be
noted that instrumented roll data reported in literature
are not collected in a uniform manner because the

instrumented roll is not a standardized tool and is often
specially assembled in-house. Variability in instrumented
roll specifications exists in terms of sensor placement,
type (eg, strain gauge load cells35,41�43,47 or piezoelectric
transducers17,39,40,48�50), and number of sensors.

The ability of the instrumented roll to monitor normal
and shear stresses in-situ has provided scientists with an
in-depth look into the roller compaction operation,
enabling a greater mechanistic understanding of the pro-
cess and facilitating the development of predictive mod-
els through the establishment of empirical relationships
and compaction theories. The basic function of this tool is
to map the evolution of roll pressure and stress profiles
during the roller compaction process, from which greater
knowledge evolves through the quantification and priori-
tization of relationships between operating conditions
and product quality.35,50 Data collected from instrumen-
ted rolls are in the form of pressure and stress profiles, as
shown in Fig. 32.13. From these plots, maximum compac-
tion pressures (Pmax) and shear stresses are extracted to
provide insight into relationships between operating con-
ditions and experimental parameters, including formula-
tion, process, and equipment considerations, to
compaction quality.17,35,43,49,51

32.2.1.1 Mechanistic understanding

One of the key drivers behind the use of instrumen-
ted roll technology was to increase the mechanistic
understanding of the roller compaction operation by
providing information on the actual pressure that
imparts powder compression, allowing for deconvolu-
tion of ribbon quality from equipment and material
influences. Instrumented roll data have substantiated
strong correlations between ribbon solid fraction (γR)
and Pmax and have demonstrated the independence of
this relationship from equipment factors (ie, roller com-
pactor type/scale), processing conditions, or material
selection.19,26,52�54 In Reynolds et al.,52 Pmax- γR profiles
for an active blend, where drug load exceeded 30%,
lie virtually along the same curve despite varying

FIGURE 32.12 Roller compactor roll that has been instrumented
with three pressure (strain gauge load cell) sensors.42 Source: r2012,
with permission from Elsevier.
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FIGURE 32.13 Typical data collected by instrumented roll: (a) Pressure profile as a function of rotational angle, α, for quartz (b) Shear
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operating parameters, operating scale, and even slight
changes to the formulation (Fig. 32.14). Hydraulic roll
pressure, screw speed, and roll speed were varied
between 20 and 60 bar, 35 and 75 rpm, and 5 and
10 rpm, respectively, in this study. Intragranular lubri-
cant levels were also adjusted between 0.25% and
0.75%, by weight.52 However, regardless of the wide
range of input conditions examined in this work, the
resultant Pmax ultimately dictated γR.

Given the importance of Pmax to product quality,
numerous studies have been conducted to elicit trends
regarding the impact of different operating parameters,
such as roll gap, roll speed, and feeding conditions (ie,
feed screw speed) on compaction pressure (Fig. 32.15).
This information is highly valuable because it enables a

more thorough understanding of the design space for
the roller compaction operation and imparts process
robustness, providing confidence in product quality in
the event that operating conditions drift during manu-
facture. It is important to note that that these trends are
unique to each system and therefore must be re-
established for each material/equipment combination.
Guigon et al. used the instrumented roll to determine
that a constant Pmax was achieved during the roller com-
paction of hydragilitte (SH100), lactose, and sodium
chloride powders through the maintenance of a constant
roll gap (Fig. 32.15a).14 Constant roll gap was achieved
by controlling feed screw and roll speeds, although
feed-screw speeds played a more dominant role in
impacting roll gap, and thus Pmax. Yu et al. demon-
strated that Pmax was relatively independent of roll
speed when roller compacting MCC, but was highly
dependent for a dibasic calcium phosphate dihydrate
(DCPD) system (Fig. 32.15b).50 Yusof et al. reported a
sizeable dependency of Pmax on feed rate when roller
compacting maize powder (Fig. 32.15c).55 However, roll
gap and roll speed were found to have a larger influence
on Pmax than feed screw rate. Ingelbrecht et al. also
found that feed screw rate had minimal effect on Pmax

relative to roll speed and hydraulic roll pressure for a
maize starch system.39 However, maintenance of a con-
stant roll/feed screw speed ratio enabled optimal oper-
ating conditions. After reviewing numerous studies, it is
apparent that there is no clear “dominant input factor”
that governs the roller compaction operation, as the
impact of different input factors on product quality is
highly dependent upon the material and equipment
being used.

One input factor that is consistently assessed in roller
compaction studies is the impact of feeding conditions,
such as feed rates and feed design, on compaction force
(or pressure). This topic of feeding conditions remains of
particular interest because of its significant manifestation
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on ribbon density. Simon et al. reported heterogeneity in
stress patterns along the width of a roller compactor roll
and matched its period with that of the single screw
feeder in the roller compactor unit. In this work, sodium
chloride (NaCl) was roller compacted and the stress
experienced by the powder was measured directly using
an instrumented roll and the density profiles across the
resultant ribbons were quantified using a light transmis-
sion technique. The stress exerted on the compact dem-
onstrated a periodical heterogeneity in stress distribution,
with patterns matching that of the single feed screw.17

This phenomenon was also captured for alumina and lac-
tose17 and was reported by Cunningham when studying
stress patterns of roller-compacted MCC.35 Roller com-
paction operations that utilize a piston-feeding device,
where a uniform pressure delivers powder to the rolls as
opposed to the periodical pressure from a rotating screw,
did not display periodical stress patterns in the ribbon.
Alternatively, Lecompte et al.15 did not observe periodi-
cal stress patterns in roller compacted material even
when using a single-screw feed design. In Lecompte
et al.’s experimental set-up,15 the feed screw was posi-
tioned further away from the rolls than the unit
described in Simon et al.17 This extra distance between
the feed screw and the rolls dampened the screw’s ability
to impart stress heterogeneously to the ribbon, providing
further indication that heterogeneous stress distributions
are tied to feeding conditions (ie, screw geometry and
position). Along this same principle, stress variations on
the powder were shown to be minimized by using a
dual-feed screw design in combination with vacuum
deaeration.56 Additional findings from Lecompte et al.’s
study found that operating parameters that maximize the

amount of powder fed to the rolls (ie, high feed screw
speeds, low roll speeds, and narrow gap settings) also
serve to promote uniform stress distribution across the
roll width.

Interest in understanding heterogeneities in ribbon
densities extends beyond a general academic pursuit.
Stress heterogeneities in the ribbon can lead to large var-
iations in ribbon densities, which can then impact gran-
ule quality in terms of wide particle size distributions
and potentially high fines content if the ribbon densities
in some regions are especially low. As alluded to previ-
ously, multiple studies have reported the existence of
pressure gradients across the ribbon width, regardless
of feeder type.16,17,42,57 In Fig. 32.16a, 3D images depict
the stress distribution across the width of a ribbon man-
ufactured under varying hydraulic roll pressures. At
select operating conditions, where the hydraulic roll
pressure was low, there were significant variations in
the stress at the center of the ribbon versus the edges of
the ribbon, in line with that observed in Fig. 32.16b. As
the hydraulic roll pressure was increased, the stress dis-
tribution over the width of the ribbon became more
homogenous.15 These stress variations were correlated
with density variations across the ribbon width. Ribbon
density, as a function of width, was mapped using three
different characterization techniques: micro-indentation,
X-ray micro-computed tomography, and segmentation.
The results from all three techniques were in alignment
with instrumented roll data, showing that maximum
compaction stress tends to occur near the center of the
ribbon.16 The reason for this density pattern is attributed
to frictional resistance on the sides of the rolls, which
reduces powder flow to the edges. These stress/density
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variations can be minimized by implementing side seals
to minimize leakage and imposing a vacuum to facilitate
deaeration of the powder.12,42,56,57 Miguelez-Moran et al.
used an instrumented roll to demonstrate that density
variations across the ribbon were minimized when roller
compactors were run at lower roll speeds, smaller gaps,
and when using powders that slipped along the seal
surfaces more readily. Lubrication of sealing plates
and/or sufficient lubrication of feed powders mini-
mized ribbon density variations, especially those con-
sisting of lower edge densities and higher densities at
the ribbon centers, through the reduction of frictional
effects between the powder and the sealing plates.48

As indicated by Miguelez-Moran et al.,16 formula-
tion choices can also have significant effects on roller
compaction operations. Instrumented roll technology
has also been used to explore the impact of formulation
considerations, such as filler, binder, and lubricant
selections, on roller compaction performance, and more
specifically, on ribbon and granule quality. The major-
ity of these studies have focused on the behavior of a
specific excipient, or class of excipients, to provide
insight into guiding the selection of appropriate materi-
als for roller compaction. In a few cases, a model active
ingredient has been added to investigate the impact of
the active on excipient behavior. Several studies have
examined the role of roller compacting a more
plastically deforming material, such as MCC, versus a
more brittle, fragmenting material, such as lactose or
DCPD. Yu et al. found that a lower Pmax was required
for DCPD to achieve the same solid fraction as MCC
when roller compacted under the same conditions.50

Inghelbrecht et al. conducted extensive studies to
understand how roller compaction operating para-
meters needed to be adjusted to achieve similar quality

granules when roller compacting different lactose
grades (α-lactose monohydrate 200M, α-lactose mono-
hydrate 90M, anhydrous β-lactose, and spray-dried
α-lactose)58 and different MCC grades (Avicels PH-101,
PH-105, PH-302, RC-581, CE-15).59 The authors con-
cluded that more brittle materials (ie, lactose) required
lower feed screw speeds than plastic-deforming materi-
als (ie, MCC) in order to achieve similar quality gran-
ules, in terms of friability and granule size. In the MCC
study,59 ibuprofen was added to the blends, up to 75%
by weight, and found to disrupt the binding capacity of
MCC. For ibuprofen loadings between 25% and 50%,
higher compaction pressures (ie, Pmax) were needed to
achieve the same granule quality as pure MCC.
However, at 75% ibuprofen content, the brittle nature
of the ibuprofen dominated the material’s behavior and
the target granule quality was attained using lower
Pmax conditions, in line with the earlier observations
regarding roller compaction of more brittle excipients
(lactose) compared with more plastic excipients (MCC).
Interestingly, the extent of the impact of ibuprofen con-
tent on granule quality varied for the different MCC
grades, which was attributed to differences in particle
size and density. The impact of different binder selec-
tions, including different grades of copovidones, cros-
povidones, and celluloses,60 as well as lubrication
levels,35,48,61 on granule quality have also been
reported. As seen in Fig. 32.17, Yu et al. found that the
addition of magnesium stearate (MgSt) as a lubricant
influenced MCC and DCPD very differently, where
increasing levels of MgSt reduced shear stress for
DCPD, but MgSt had no effect on MCC. Boundary
lubricants, such as MgSt, possess low coefficients of
friction, typically B0.1,62 and thus provide a weak
interfacial layer for materials. Organic materials, such

FIGURE 32.17 Impact of lubrication on pressure for MCC and DCPD.61 Source: r2013 with permission from Elsevier.
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as MCC, can be difficult to boundary lubricate because
they already possess low interfacial shear strengths,
similar to that of boundary lubricants. However, the
coefficients of friction for nonorganic materials, such as
DCPD, are typically higher than that of organic materi-
als (B0.5 for DCPD), making them amenable to the
effects of a boundary lubricant. Wu et al. studied the
impact of moisture content of the feed powder on rib-
bon quality.63 Results showed that MCC powders con-
taining more than 10% water content were more
susceptible to nonhomogenous stress distributions in
the ribbon. As the moisture content in MCC powders
was increased, the powder became more cohesive
and flowability of the moist powders decreased.
Consequently, feeding conditions in the roller compac-
tor unit were impacted by nonuniform flow of powders
into the compaction zone and exacerbated by increased
frictional effects between the powder and side cheek
plates. These conditions resulted in Pmax and density
distribution profiles across the ribbon where the values
at the center of the ribbon were significantly higher
than values at the edges, with higher moisture contents
of the feed powder leading to more pronounced differ-
ences between center and edge values. Interestingly,
ribbons made with powders with high moisture con-
tent also possessed different hydration states across the
ribbon. In all of these cases, the authors found that opti-
mized roller compaction parameters varied signifi-
cantly depending on the feed’s material properties.
Differences in roller compaction behavior were
observed when materials possessed different particle
sizes, shapes, morphologies, moisture content, and
plastic/elastic properties. Overarching conclusions
could not be extracted from these studies because
many of the identified trends related primarily to exci-
pients, and thus their application to realistic drug
formulations has not been fully established.

To summarize, none of the empirical correlations dis-
cussed in this section could have been made without
the use of an instrumented roll because marketed com-
mercial roller compactors do not have the capability to
monitor the actual compaction pressure experienced by
the powders. The ability to separate equipment-induced
pressure effects from the actual pressure that is directed
toward powder compaction is vital for gaining in-depth
understanding of the roller compaction process. While
ribbon densities are typically monitored to track the
adequacy of different roller compaction settings, litera-
ture has clearly shown that ribbon densities are influ-
enced by numerous parameters, ranging from material
characteristics to process parameters and equipment
considerations, and thus, knowledge of actual pressure
profiles has been essential to improving the mechanistic
understanding of roller compaction behavior. While the
instrumented roll has been useful in gaining additional

insight into the roller compaction process, it has also
revealed the significant complexities of this operation.

32.2.1.2 Modeling contributions using
instrumented roll

Instrumented roll technology has been a useful
tool to support the development of roller compaction
models. Schonert et al. used the instrumented roll to
substantiate the existence of slip and nonslip com-
paction regions, a key aspect that serves as the founda-
tion for the majority of roller compaction models.43

Instrumented roll data has been used to collect input
for finite element (FEM)-based models to describe feed
stresses induced by the feeder, roll surface pressures,
and roll shear stresses at different locations across
the roll width.35,64,65 A more detailed discussion on the
use of instrumented rolls for modelling purposes is
presented in Section 32.3.

32.2.2 Uniaxial compaction to simulate
roller compaction

Uniaxial compaction, using both a compaction sim-
ulator and a rotary tablet press, has been used to simu-
late ribbon manufacture on a roller compactor.26,49,66,67

Current approaches to feasibility and development,
as well as scale-up, of roller compaction operations
require significant amounts of material for experi-
mentation. Technical transfer of roller compaction pro-
cesses from one machine to another, in addition to
scale-up challenges, depends on equipment parameters
that are prone to bias through equipment type and
instrumentation. For example, the accurate transla-
tion of maximum compression force exerted by the
rolls on the powder requires knowledge regarding
powder behavior (eg, flow and compressibility) and
knowledge of equipment properties (eg, roll configura-
tion, how force is applied to the rolls, and energy
losses due to equipment design). Successful transfer of
roller compaction processes typically cannot be confi-
dently assessed until the ribbons have been manu-
factured and characterized.

A material-sparing approach to the roller compac-
tion process, in which compression events during roller
compaction are simulated using uniaxial compaction,
has been used to increase the development efficiency
of roller compacted products (Fig. 32.18). Limited
amounts of material may be used for uniaxial compac-
tion compared with roller compaction (B103 reduc-
tion), and characterization of the simulated compacts
enables more rapid screening during development.26

Key process parameters of maximum compaction
pressure, roll gap, and material mass can be accurately
simulated and controlled; however, it should be
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noted that the simulation approach does not account
for variables associated with feed mechanisms and the
shear behavior experienced by the powder between
the rolls. Ribbon solid fraction is typically used as the
primary indicator of product quality for comparison
between the simulation using uniaxial compaction and
the actual roller compaction process. Uniaxial compac-
tion for roller compaction simulation has been con-
ducted using rectangular-shaped, flat-face tooling in an
attempt to mimic the roll surface and to facilitate tensile
strength measurements using the three-point bend test
(Fig. 32.19), although good correlations between simu-
lated and actual roller compaction processes have been
achieved using round flat-faced tablet tooling. In sum-
mary, this simulation approach may be used
to efficiently determine target ribbon qualities and,
if appropriate correlations are developed between com-
paction pressures and roll pressures, optimal roller
compaction operating parameters.

Hein et al.21 used uniaxial compaction to analyze the
suitability of materials for roller compaction. Crystalline
α-lactose monohydrate, anhydrous β-lactose, spray-

dried lactose, and MCC compacts were assessed to
determine which of the diluents would be most
suitable for roller compaction. The materials were com-
pacted using an eccentric tablet press equipped with
round, flat-faced tooling, milled to form granules using
a rotary granulator, and then recompacted on the eccen-
tric press to form tablets. Characterization of resultant
tablets (ie, elastic recovery, tensile strength) was
compared with previously published studies in which
those same materials were roller compacted. The mea-
sured properties for these tablets prepared using the
simulated roller compaction process compared well
with the results found in the literature for tablets manu-
factured by an actual roller compaction process. Of the
materials assessed in this study, anhydrous lactose was
found to be the most suitable material for roller com-
paction, which was in agreement with previous
reports.27,58,59

Few studies have reported direct comparisons
between actual roller compaction experiments and
those simulated by uniaxial compaction.26,48,66,67

Gereg et al.66 correlated data generated for lactose

FIGURE 32.18 Simulating a roller compactor using uniaxial compaction.26 Source: r2004 with permission from Elsevier.

FIGURE 32.19 Rectangular tooling used for roller compaction simulation: (a) smooth surface, (b) knurled surface, (c) photographs of sim-
ulated and actual ribbons. Source: Photographs from unpublished data.
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monohydrate on a manual hydraulic press (Carver
press model C, Carver Inc.) to a production-scale
roller compactor (Fitzpatrick, model IR-520), using a
roll pressure equivalent to the compaction pressure
used on the Carver press, and found that granules
(assessed for particle size, flow, and density) and final
tablets (characterized by friability, density, and hard-
ness) manufactured by both methods possessed
exceptionally similar characteristics. However, ribbon
qualities were not assessed in the study. Miguelez-
Moran et al.48 reported that similar pressure-density
relationships were obtained for MCC regardless of
the method of compaction, uniaxial or roller compac-
tion, and even roll speed, as long as the tablet and the
ribbon possessed the same thickness (Fig. 32.20). By
keeping the thickness of the compacts constant, the
degree of deformation and wall friction effects were
similar.

Zinchuk et al.26 used a custom-built compaction
simulator and rectangular-shaped tooling to simulate
roller compaction. Unlike experiments using manual
hydraulic presses or rotary presses, the compaction
simulator was programmed to more closely emulate
the roller compaction profile, enabling movement of
both top and bottom punches and the ability to pro-
gram the exact profile of a particular roller compactor
machine. In addition, both smooth and serrated punch
surfaces were also assessed because the surfaces of
rolls are often patterned to facilitate powder uptake in
the feed zone. Actual and simulated ribbons of MCC
exhibited similar compression behavior (compactabil-
ity) and mechanical properties (tensile strength),
regardless of roll surface pattern, as long as the rib-
bons were compacted to the same solid fraction
(Fig. 32.21). Minor discrepancies that were observed

between simulated and actual ribbons were insignifi-
cant compared with the variability in the measurement
of the actual ribbon attributes, given the nonhomo-
geneity of densities and strengths across the ribbon
width.17 The extent of these discrepancies between
actual and simulated ribbons may depend on material
properties. Larger standard deviations were observed
for ribbons manufactured at higher compaction pres-
sures and were attributed to differences in micro-crack
formation in the compacts at such high pressure condi-
tions. By focusing efforts on maintaining consistent rib-
bon solid fraction, rather than equipment-dependent
factors like compaction pressure, ribbon quality was
deconvoluted from instrument type and parameters,
and should facilitate consistent process scale-up or
transfer between instruments. It was assumed that
simulated and actual ribbons possessing equivalent
material properties would result in equivalent
granulations.

Hilden et al. went one step further and developed a
correlation between compaction stresses achieved dur-
ing uniaxial compaction to that during roller compac-
tion. Based on phenomenological observations, a
relationship between peak ribbon stress, σEquiv, and
applied roll force, F, was developed:

σEquiv 5 9:1
F

Rw
ð32:1Þ

where R and w are roll radius and width, respectively.
This relationship was applied to six different case
studies, examining formulations ranging from placebos
to active formulations, up to 37% drug load, and
multiple roller compactor units (Fitzpatrick IR 22
and IR520, Gerteis Mini-Pactor 250/25). In all cases,
the solid fractions of compacts manufactured by
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uniaxial compaction were comparable to those of
actual roller-compacted ribbons when subjected to an
equivalent compaction stress. In one example, an
active formulation (31% drug load) was roller com-
pacted under multiple conditions to yield ribbons of
varying solid fraction. Fig. 32.22 shows how the com-
paction profiles of different batches of tablets, pre-
pared using the granules of varying solid fractions, lie
essentially along the same curve. In addition, the com-
paction profiles of the roller-compacted ribbons, which
did not undergo a tabletting operation, also collapsed
upon this same curve. Not only does this data further
support the concept of using uniaxial compaction to
simulate roller compaction, but it also provides further

evidence supporting the concept of a unified compac-
tion curve (described in the introduction section). The
value of the relationship between applied roll force
and equivalent compaction stress is its ability to pro-
vide information regarding intensive material proper-
ties and not be convoluted by extensive process or
tablet properties.

32.2.3 Density characterization tools

Envelope density is the density used to determine
the solid fraction of roller compaction ribbons.
Envelope density is defined as the mass of an object
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divided by its volume, where the volume includes that
of its pores and small cavities. Due to the irregular
shape of roller compaction ribbons, determining the
envelope densities of the ribbons requires specialized
tools, a few of which are listed next.

32.2.3.1 Envelope density analyzer

Envelope density analyzers utilize a displacement
technique in which the volume of a solid object, such
as roller compaction ribbon, is determined by the dis-
placement of a solid medium. A brief description of the
technique is as follows: a sample holder is filled with a
dry, solid medium and a plunger compresses the pow-
der until a specified compression force is achieved.
This preliminary compaction, containing only the dis-
placement medium, establishes an initial baseline for
the volume in the sample holder. Next, the test run is
conducted. In the test run, the object is placed in the
sample holder containing the medium and the compac-
tion process is repeated. The difference in the distance
traveled by the plunger between the preliminary and
test run is used to calculate the displacement volume,
which can be attributed to the volume of the object.
This process, illustrated in Fig. 32.23,68 is able to accu-
rately capture geometries of patterned ribbons.

The solid medium should be composed of small,
rigid spheres that possess a narrow size distribution,
good flow properties, and achieve close packing
around the object under analysis. The particles of the
medium should be sufficiently small such that they
conform closely to the object’s surface during consoli-
dation, yet do not invade any pore space. The most
commonly used commercial envelope density analyzer
is the Micromeritics’s GeoPyc Model 1360, in conjunc-
tion with DryFlo as the medium.

32.2.3.2 Arc punch

An arc punch is utilized in the same manner as a
cookie cutter. The punch is pressed upon a ribbon in
order to cut out a sample of a known geometry. The
mass and thickness of the ribbon sample is measured,
thus enabling the calculation of the sample volume.

This method does not account for patterned surfaces of
ribbons.

32.2.3.3 Laser profilometer

A laser profilometer with dual laser distance sensors
(custom designed by Custom Lab Software Systems)
was used to determine the density of roller compaction
ribbons. The profilometer scans ribbon samples with
low intensity laser beams that integrate the sample
thickness across the ribbon surface and then quantitate
the apparent volume. The use of the laser profilometer
method to determine ribbon density was compared
with more traditional methods of volume displacement
(ie, GeoPyc) and manual measurements using calipers.
Fig. 32.24 shows how ribbon density measurements by
the laser profilometer compared well with measure-
ments by volume displacement. Advantages of using
the laser profilometer over the volume displacement
method are more rapid turn-around times and better
capability to handle friable ribbons. Both of these meth-
ods are significantly more accurate than measurement
by calipers.

32.2.4 Ribbon strength characterization

32.2.4.1 Three-point bending flexural test

Tensile strength of roller compaction ribbons may
be assessed using a three-point bending flexural test.
This technique has been widely used to test mechani-
cal properties of ceramics, polymeric, and metallic
materials, and more recently for pharmaceutical pow-
ders.26,70,71 A rectangular sample is stressed by apply-
ing a force to the center of the sample until the sample
fails (Fig. 32.25). The tensile strength, σT, of the com-
pact is determined using the following relationship:

σT 5
3

2

FS

Wt2
ð32:2Þ

where F is the load applied to the fracture, W is the
sample width, S is the distance between supports
holding up the sample, and t is the sample thickness.
This relationship assumes that linear elastic behavior

Baseline: solid medium only Measurement: solid medium + sample

Plunger
Dry solid
medium

A A B
h

FIGURE 32.23 Envelope density analyzer operation: volume determination by the displacement of a solid medium. Source: Adapted from
Webb PA. Volume and density definitions and determination methods. Micromeritics Instrument Corporation; 2001 (Micromeritics Incorporation).
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occurs72 and that stress varies linearly across compact
thickness, from maximum tensile stress at the lower face
of the compact through zero to equivalent compressive
stress on the upper surface of the compact. Tensile
strength values were found to be independent of load-
ing rate.73 To facilitate the direct comparison between
samples, compacts tested should optimally possess the
same dimensions. Three-point bend tests may be per-
formed using a dynamic mechanical analyzer, universal
testing machines, such as an Instron testing system
(Instron, High Wycombe, UK), or a texture analyzer.

32.2.5 Process analytical technology tools

Process analytical technology (PAT) tools enable
nondestructive, online monitoring of critical process
variables, thus facilitating the ability to make real-time
adjustments to process operations in order to consis-
tently manufacture products with the desired qualities.
PAT tools pave the way for real-time release of pro-
ducts, eliminating the need for extensive offline labora-
tory testing, and promote the adoption of continuous
manufacturing systems. Critical quality attributes
(CQAs) for roller compaction include ribbon (density,
moisture content, tensile strength) and granule (den-
sity, moisture content, tensile strength, particle size)
characteristics and content uniformity.74 Ideally, the
objective of implementing PAT tools into the roller
compaction operation is to be able to develop and uti-
lize statistical, predictive cause�effect relationship
models to implement system controls and feedback
loops to automate operations. Fig. 32.26 provides a
schematic of how PAT may be used to monitor a roller
compaction system.75 The data collected from PAT
tools, in conjunction with multivariate analysis
approaches, can be used to elucidate relationships
between input parameters and CQAs.

The first form of online monitoring applied to roller
compaction was acoustic emission, where the signal
produced during powder compression was recorded
with a microphone and transformed into a frequency
spectrum. Changes to the acoustic emission bands cor-
related to different compression forces and were
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FIGURE 32.24 Solid fraction of ribbons determined using three measurement techniques: Manual, caliper measurement; LP, laser profil-
ometer; VD, volume displacement (GeoPyc). Impact of roll surface pattern and compaction force on ribbon solid fraction is shown. Source:
Adapted from Iyer RM, et al. A novel approach to determine solid fraction using a laser-based direct volume measurement device. Pharm Dev Technol
2013;19(5):577�82.69

FIGURE 32.25 Three-point bending flexural approach to mea-
sure tensile strength of rectangular compacts, where W, L, and t are
sample width, length, and thickness, respectively. S is the span
between sample supports, F is the applied load; 1 is the loading
point, 2 and 3 are the bottom sample supports.26 Source: r2004 with
permission from Elsevier.
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especially apparent when capping occurred. More
recently, Akseli et al.76 demonstrated the use of acous-
tic wave forms in the ultrasonic spectrum, along with
X-ray micro-computed tomography to quantify density
variations in ribbons. Heterogeneities in ribbon densi-
ties were correlated to tablet mechanical properties to
provide insight into how lubrication levels and proces-
sing conditions at the roller compaction step impacted
subsequent tablet properties.

NIR probes have also been successfully used to
monitor ribbon properties, including density,77�84

moisture content,78�80 tensile strength,78,79,83 Young’s
modulus,78,79 API concentration,79,83 and granule prop-
erties, including particle size.77,82,84 NIR data, in con-
junction with data analysis methods, have been used to
develop models to predict these ribbon and granule
properties. Gupta et al.77 proposed a model to predict
ribbon tensile strength based on the slope of the best-fit
line through the NIR spectra. Predictive models have
also been developed in conjunction with partial least
squares (PLS) regression to predict ribbon density,
moisture content, tensile strength, and Young’s modu-
lus.78,79 Soh et al.84 presented a predictive model for
granule and ribbon properties that considered not
only NIR spectral data, but also raw material proper-
ties, operating parameters, and roll gap. Acevedo
et al.81 developed a system to monitor ribbon density
in real-time, using not only spectral baseline shifts,
but both principal component analysis (PCA) for qual-
itative analysis and PLS for quantitative analysis.
PCA was found to be a more suitable method for
monitoring ribbon density because it was a less time-
consuming method than PLS. It should be noted that,
for the development of NIR-based models, it is impor-
tant to conduct calibration experiments and sub-
sequent product analysis under similar conditions.

Gupta et al. reported large discrepancies between
predicted and experimental data when the models
were developed using calibration data sets with
samples that were stored for 24 hours prior to analy-
sis, whereas experimental data was measured directly
from the press.78 In addition, the selection of optimal
probe size and measuring distance (between the probe
and the sample) has the potential to yield higher
accuracy results.83

More recently, microwave resonance tools80,85 have
demonstrated feasibility in monitoring moisture content
and envelope density of roller compaction ribbons.
Microwave resonance is an attractive option because it
does not require sophisticated chemometric software and
needs fewer calibration standards than NIR, thus facili-
tating transfer between measurements of different for-
mulations.85 These two techniques possess different
penetration, being a few millimeters for NIR and several
centimeters for microwave; thus microwave signals can
penetrate the full thickness of the ribbon. Furthermore,
microwave resonance is quite sensitive to water.74

Consequently, microwave resonance sensors were found
to produce more accurate results, compared with NIR
(with approximately half of the root mean square error),
for both density and moisture determination.80 However,
whereas microwave resonance does not provide chemical
information, NIR does.74

Near-infrared chemical imaging (NIR-CI), an emerg-
ing technique for pharmaceutical applications that is
capable of simultaneously collecting large amounts of
spectral and spatial information, has recently been
applied to develop predictive models for ribbon den-
sity, API content, and granule particle size, and can
map the density distribution across all ribbon dimen-
sions.75,86 Using this technique, an NIR spectrum is
recorded in each pixel of a sample image, resulting in a

FIGURE 32.26 Overview of process monitoring of roll
compaction and tabletting: the implementation of NIR-CI to
gain information related to the physical or chemical proper-
ties of intermediate or final product.75 Source: r2015 with
permission from Elsevier.
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hyperspectral data cube that can be used to visualize
the distribution of physical or chemical properties
within the sample matrix. Souihi et al. used NIR-CI to
effectively determine ribbon density and its distribu-
tion across both the width and length of the ribbon, as
well as determining the spatial distribution of the com-
paction pressures on the surface of the ribbon. Results
from this study revealed that low roll forces during the
roller compaction operation contributed to heteroge-
neous API distributions in the ribbon. Khorasani et al.75

used NIR-CI along with PCA to map ribbon density
distributions and develop a predictive model for gran-
ule particle size distribution. In addition, PLS regres-
sion was used to predict API distribution and content
within the ribbons. The technology has demonstrated
strong potential as a quality control measure for roller
compaction operations.

32.3 ROLLER COMPACTION MODELS

Several models have been developed to describe the
roller compaction process,65 such as Johanson’s rolling
theory for granular solids,51 the slab method,4,35,87,88 and
modeling by finite element method (FEM)41,64,89 and dis-
crete element method (DEM).90,91 The development of
these models has not been trivial because numerous
complex behaviors must be taken into account35:

• Nonlinear behaviors related to the contact or
frictional conditions at the roll surface

• Adequate quantification of the constitutive behavior
of a deforming powder that undergoes significant
evolution of its mechanical properties as a function
of density

• Lack of experimental inputs that adequately
represent relevant process conditions (eg, frictional
coefficient of roll/powder under stress states
encountered during roller compaction)

• Experimental difficulties and/or high cost of
evaluating the actual process and boundary
conditions (ie, feed stress, friction, initial conditions,
and density of the powder in the feed region)

• Numerous interrelated parameters associated with
equipment design, material properties, and process
settings that complicate model verification because
many of these parameters can have similar effects
on the overall behavior (ie, roll force or density of
compact)

• Behavior variability across multiple aspects
(ie, rolling direction, across roll width, and even
across ribbon thickness) requires two- and three-
dimensional effects to be captured, which
complicates solution techniques

These process models, in conjunction with experi-
mental studies, have provided important insight into
the roller compaction process, enabling a rational scien-
tific framework to probe the underlying mechanisms
that drive the operation. This enhanced knowledge has
improved our understanding of the relative importance
of multiple input factors, including material, equip-
ment, and process considerations, and their impact on
product quality. As such, these models play an impor-
tant role in shaping QbD strategies for the efficient
development of roller compacted products and have
been used to help establish critical process parameters
(CPPs), control strategies, and facilitate scale-up opera-
tions. Through the incorporation of models in the QbD
approach, a physics-based understanding of the opera-
tion is used to predict CPPs, which facilitates a deeper
understanding of the compaction profiles experienced
by the powder during the roller compaction process
that can be used to inform on technical transfer and
scale-up activities. For instance, model outputs can be
used to identify input parameters necessary to match
compaction profiles across the ribbon for different
roller compaction units. It should be emphasized, how-
ever, that the roller compaction models presented here
have been tested only under limited conditions and
require additional testing for universal applicability. A
summary of process models that have been developed
for roller compaction are listed in Table 32.4. To date,
roller compaction models have focused primarily on
establishing a relationship between input variables
(material properties, process conditions) and ribbon
properties (solid fraction, ribbon strength). It is com-
monly assumed that similar ribbon properties lead to
comparable granule properties (compactability, flow),
which are of interest in downstream operations.

32.3.1 Johanson’s rolling theory for
granular solids

Johanson’s theory is a one-dimensional, continuum-
level approach to model the roller compaction process
that has been widely used since the 1960s because it has
yielded relatively good correlation with experimental
data. This theory assumes that powders are isotropic,
frictional, cohesive, compressible, and behave in accor-
dance with the effective yield functions proposed by
Jenike and Shield.51,106 As such, the plane strain condi-
tion between the rolls can be represented as in
Fig. 32.27.51 Johanson’s theory centers upon the exis-
tence of three regions of material behavior: a slip, nip,
and release region. A detailed description of each of
these compaction regions is given in the legend to
Fig. 32.28. Briefly, in the slip region, the powder experi-
ences “slipping” at the roll surface and the roll moves
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faster than the powder. At this stage, the material does
not undergo significant compaction and the particles
rearrange as the rolls “slip” past the material, adhering
the Jenike�Shield yield criterion. In the nip region,
the material becomes increasingly trapped between the
rolls, moving at the same speed as the roll, and under-
goes significant compaction. As such, the powder no
longer follows the Jenike�Shield yield criterion and
behaves according to a powder bulk density-
hydrostatic pressure relationship. The nip angle, α, is
defined as the point at which the material transitions
from the slip (a slip boundary condition) to the nip (no-
slip boundary condition) region. By convention, an
angle of 0 degree corresponds to the point at which the
roll gap is at its minimum. A schematic of the roller
compaction process is illustrated in Fig. 32.28.

The pressure gradient (@σ/@x) in the slip region is
described by the following equation:

1

σ
@σ
@x

� �
slip

5
4
π
2
2 θ2 υ

h i
tanðδÞ

D

2
11

S

D
2 cos θ

� �
ðcotðA2μÞ2 cotðA1μÞÞ

ð32:3Þ
where δ is the feed material’s effective internal angle
of friction, D is the roll diameter, S is the roll gap, ϕw

is the angle of friction between the roll face and the
feed material, μ is the coefficient of friction between
the powder and roll surface, and A is defined as:
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by:
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where K is the compressibility constant of the feed
material.

A summary of the input parameters required by
Johanson’s theory, as well as output obtained, is listed
in Table 32.5.

TABLE 32.4 Summary of Process Models for Roller Compaction

Model/reference Model type Notes

Johanson51 1D physical Designation of slip and nip regions to model
powder behavior analytically

Reynolds et al.52; Rowe et al.53; Esnault et al.92;
Nesarikar et al.42,57

1D physical Modified Johanson’s theory, which was modified to
incorporate elements of feed conditions and parameters;
Esnault et al. includes air entrapment influences

Katashinskii93; Katashinskii and Shtern94,95;
Lee and Schwartz96; Musikuin97

1D physical Slab method based on constitutive model

Shima and Yamada87,98 1D physical Slab method based on energy continuum and using
upper bound theorem

Dec and Komarek99,100 1D physical Slab method using the “plastic” Poisson’s ratio

Dec et al.65; Cunningham35; Cunningham et al.64;
Michrafy et al.41; Muliadi et al.89; Garner et al.101

2D physical FEM using modified Drucker�Prager/cap (DP/C)
model

Cunningham35; Cunningham et al.64; Michrafy et al.102;
Muliadi et al.103

3D physical FEM using modified DP/C model

Odagi et al.91 2D physical DEM; model did not yield satisfactory results

Inghelbrecht et al.39; Turkoglu et al.104 Artificial intelligence Neural net

Mansa et al.105 Artificial intelligence Combined neural net and fuzzy logic software package
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FIGURE 32.27 Jenike�Shield yield criterion for the slip region.40

Source: r2005, with permission from Elsevier.
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At the nip angle, the pressure gradients in the slip and
nip regions were proposed to be equal, which allows for
the determination of the nip angle by equating Eqs. (32.3)
and (32.4). Once the nip angle has been established, the
pressure, or stress, profiles of the rolls can be determined

if the initial condition is known (P0). Following a simple
power law relationship, the resultant ribbon density (γ)
can be related to pressure (σ) as follows:

σ1

σ2
5

γ1
γ2

� �K

ð32:5Þ

As such, output from Johanson’s model enables an
estimation for ribbon density for a specific material/
processing condition combination. Alternatively, once
the model is established, it can be used to reverse-
calculate necessary input parameters to achieve target
ribbon densities.

Criticisms of Johanson’s theory concern the little
attention given to feeding conditions, which are known
to impact compaction properties, not accounting for
throughput rates (ie, feed screw speed, roll speed), as
well as key assumptions regarding the model’s stress cal-
culations.107 However, its simplicity and ability to be
solved analytically provides a good basis for modeling
efforts, and reasonable agreement between predicted and
experimentally measured roll pressures have been dem-
onstrated in studies with MCC (Avicel PH102)40 and
maize powder55 under limited conditions. In both stud-
ies, the predicted results were found to be sensitive to

TABLE 32.5 Input Parameters Required by Johanson’s Roller
Compaction Model and Output Generated

Input parameter

Experimental
measurement

technique Output

MATERIAL PROPERTIES

Effective angle of
internal friction (δ)

Shear test Normal stress
distribution

Wall friction
angle (ϕw)

Shear test Roll force

Compressibility
factor of material (K)

Uniaxial compaction Roll torque

Roll diameter (D)
and width (W)

Equipment specification Nip angle

Feed pressure (P0) Roll instrumented with
pressure sensors

Ribbon density at
θ5 0 degree

FIGURE 32.28 Schematic of the roller compaction system, where P0 is the feed pressure, θ0 is the angle at which P0 is applied, α is the nip
angle, and S is the roll gap.
Slip Region—Powder enters into the area between the rolls by the forward velocity generated by the feeding mechanism (screw feeder pictured
in Fig. 32.2). The slip region begins at the point where the rolls begin to impact powder behavior, the boundary of which is defined by the
entry angle (θentry) and the feed pressure (P0). In this region, the roll surface moves faster than the powder; therefore the powder “slips” on
the surface of the roll and compaction forces are very weak. Particle rearrangement in this region is prevalent, facilitating deaeration of the
powder. The transition point from the slip region to the subsequent nip region is influenced by a number of factors, including the coefficient
of friction between the powder and roll surface, the internal friction coefficient of the powder, design of the roll surface (eg, smooth or
knurled), and roll diameter. Powders with low bulk density benefit from longer residence times in the slip region, which can be achieved by
lower feed rates and roll speeds, because it enables more time for deaeration and powder densification.
Nip Region—(compaction region) Powder moves at the same speed as the roll surface and is drawn into the roll gap. The boundary between the
slip and nip regions is defined as the nip angle (α). Compaction of the powder occurs in the nip region, with the maximum pressure applied just
before the point that the roll gap (S) is smallest. Increased residence time in the nip region, due to a large nip angle or a slow roll speed, allows
for prolonged application of pressure to the powder. High residence times in the nip region tend to lead to greater particle deformation, breakage,
and bond formation, thus producing a compact of greater tensile strength.
Release Region—(extrusion region) Following the nip region, the powder, now in the form of a ribbon, separates from the rolls and transitions
into the release region. Elastic recovery and expansion occurs. Source: Adapted from Rowe JM, et al. Mechanistic insights into the scale-up of the
roller compaction process: a practical and dimensionless approach. J Pharm Sci, 2013;102(10):3586�95.

89132.3 ROLLER COMPACTION MODELS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



model input parameters, especially those relating to the
feed powder, specifically friction coefficients (δ and ϕw)
and feed pressure (P0).

Difficulties in determining accurate values for the
friction coefficients and feed pressure have limited the
practical application of Johanson’s theory. The shear
test is a common experimental method used to deter-
mine the friction coefficients required by Johanson’s
model. However, the accuracy of using such tests has
been disputed because the actual frictional behavior of
powders (and thus the coefficients) changes signifi-
cantly over the course of powder densification. Rowe
et al. determined the friction coefficient values using a
shear tester (Freeman Technology FT4) with varying
operating conditions, using consolidation pressures
between 9 and 75 kPa. Relatively little change (,20%,
65 degree) in δ and ϕw values was observed over this
range of consolidation pressures.53 The sensitivity of a
modified Johanson-based model was tested over these
ranges of δ and ϕw values and was found to have only
a minor impact on predicted outputs, which is in agree-
ment with the more exhaustive study conducted by
Reynolds et al.52 using a ring shear tester that examined
ϕw changes over a 20 degreeo span and δ changes over
a 50 degree span with minimal impact to modeling
results. The primary hurdle, however, to the ubiquitous
application of Johanson’s theory is most likely due to
the difficulty in determining P0 without sophisticated
pressure sensor-instrumented rolls (which will be

further discussed in this section). P0 encompasses sev-
eral important factors, including the extent of material
densification in the feeding zone, prior to the slip region,
and how efficiently the material passes through the rolls
(eg, material jamming prior to the rolls, side leakage).
Thus, the value of P0 significantly impacts modeling
results, and has essentially served as a calibration factor
that requires adjustment for each feed material-
equipment combination. To date, the use of instrumen-
ted rolls is the only way to experimentally determine P0.

The instrumented roll has also been an especially
useful tool to address controversies over the proper
determination of nip angle. Some have estimated nip
angle by determining the angular position at which
compaction pressures just begin to increase, but before
Pmax is achieved. Bindhumadhaven et al. estimated nip
angle values directly from instrumented roll data
through the determination of the intersection of two
tangents drawn through the pressure profile, as illus-
trated in Fig. 32.29a.40 Feed pressure values were esti-
mated from instrumented roll data. Others have
preferred to estimate nip angle using Johanson’s model
(described in further detail in the next section). For
example, instrumented roll data has been used to fit
Johanson’s stress gradient equations (Eq. (32.3) and
(32.4)) to solve for nip angle.50 Friction angle and com-
pressibility factor parameters (δ, ϕw, K) were deter-
mined by multivariate fitting, thus eliminating the
uncertainty surrounding the accuracy of offline
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FIGURE 32.29 (a) Nip angle determination from instru-
mented roll data,40 (b) variation of nip angle with roll speed
for MCC (Avicel PH 102) and DCPD.50 Source: r2005,
r2012, with permission from Elsevier.
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techniques typically used to measure these parameters.
Fig. 32.29b compares nip angle determination by multi-
ple approaches.40,50,51 Predicted nip angle values for
plastic-behaving MCC were comparable for all
approaches, although Johanson’s model clearly did not
account for roll speed. However, in the case of DCPD,
for which nip angle was more sensitive to roll speed,
Johanson’s model significantly overestimated nip
angle. The discrepancies between Johanson’s model
and the other two models, especially at high roll
speeds, were attributed to inaccuracies in the proper
determination of feed pressure values, especially as the
feed pressures for poorly flowing materials are often
impacted by roll speed and subsequent air entrapment
influences. In addition, Johanson’s model assumes
sufficiently dense packing of powders in the slip zone
that facilitates flow of feed powder to the rolls, which
is not necessarily representative behavior for poorly
flowing materials and may lead to inaccurate estima-
tions of frictional behavior. Bindhumadhaven et al.40

and Yu et al.’s50 approaches to nip angle determination
again produced comparable results, even for DCPD.
Advantages to Yu et al.’s50 approach is its applicability
to low roll speed/small Pmax regimes, for which
Bindhumadhaven et al.’s40 method is limited, and the
elimination of direct measurements of friction angle and
compressibility factor parameters, which are intrinsi-
cally difficult to measure under appropriate conditions.

Nesarikar et al.42 has also used instrumented roll
data to fit Johanson’s roll force equations51 to estimate
nip angles directly from experimental pressure profile
data, circumventing the need for input feed pressure
values. One of the key features of this model was that
wall friction angle values, ϕw, were also estimated
indirectly from instrumented roll data, enabling a
more accurate representation of frictional behavior
between the powder and rolls. Johanson’s model, used
in conjunction with optimal normal stress profiles for a
placebo calibration data set, was found to successfully
predict ribbon densities of several active formulations.
In addition, by matching the normal stress profiles
across two scales of operation, the model was shown
to adequately predict scale-up parameters from a pilot
(roll diameter: 120 mm, roll width 40 mm) to a
commercial-scale (roll diameter: 200 mm, roll width
75 mm) roller compactor. In a separate study,
Nesarikar et al.57 further leveraged instrumented roll
data to develop a statistical model, built upon normal
stress data collected using instrumented roll technol-
ogy, that predicted ribbon densities for roller compac-
tion processes. By correlating normal stress data of
new materials to that of a previously measured calibra-
tion set (based on placebo data), an expression for rib-
bon density as a function of Pmax and roll gap was
developed. Even though the model was built using

placebo data, predicted ribbon densities for placebo
and active formulations (up to 17% drug load) com-
pared well with experimentally measured density
values. The model was found to be sensitive to varying
formulation (lubrication, active drug loadings) and
process (roll speed, screw speed, vacuum level, and
associated deaeration) conditions. When using statisti-
cal models, caution should be taken if using the model
outside of the conditions from which the model was
built. In this study by Nesarikar et al., %RSD of the
prediction increased with increasing drug load.

32.3.2 Modified approaches to
Johanson’s theory

In 2010, Reynolds et al. presented a modified
approach to Johanson’s theory that incorporated addi-
tional processing parameters to account for material
behavior, such as potential precompression of the pow-
der in the feed and slip region, and material throughput
during roller compaction.52 The preconsolidation rela-
tive density, γ0, may be obtained using the following
relationship, generated from a material’s compaction
profile:

logðγRÞ5
1

K
logðσÞ1 logðγ0Þ ð32:6Þ

where γR is the relative density of the ribbon, K is the
compressibility factor, and σ is the pressure. This pre-
consolidation factor provides additional information
regarding a material’s compressibility, specifically
under low amounts of compaction pressure.

An additional modification to Johanson’s theory
includes the incorporation of the feed screw speed, Ns,
as many roller compactor designs utilize a screw con-
veyor to transport the material from the feed hopper to
the rolls. Typically, a roller compaction operation main-
tains either a constant roll gap (gap-control) or a con-
stant feed screw speed (screw-control), depending on
the formulation. Johanson’s original theory only
accounts for roll gap. In order to incorporate Ns into
Johanson’s theory, a mass balance was set up around the
nip region, equating the material being fed into the rolls
to that exiting the rolls as a ribbon, assuming a steady-
state condition with negligible side-seal leakage. A
depiction of the mass balance around the nip region is
illustrated in Fig. 32.30. The mass flow rate of material
entering the rolls is assumed to be proportional to Ns

and the material exiting the rolls is a function of the roll
speed (NR) and the solid fraction of the ribbons, γR.
Based on the mass balance around the nip region, S may
be related to Ns and NR using the following expression:

S

D
5

cs
πρtrueγRD2W

NS

NR
ð32:7Þ
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where cs is the screw speed constant, ρtrue is the true
density of the powder, and W is the roll width. The
factor cs is determined using a set of calibration roller
compaction experiments and is used to infer how effi-
ciently the feed screw transfers material into the rolls.
This expression for S/D, presented in terms of NS/NR,
may then be substituted into the equations of
Johanson’s theory (Eqs. (32.3)�(32.4)) to yield the
following expression for the ribbon solid fraction, γR

γR 5 γ0ð2RfÞ1=K
(
WD

ðθ5α

θ50

3

"
cSNS

πρtrueγRD2WNR

	
11

cSNS

πρtrueγRD2WNR
2cosθ



cosθ

#K
cosθ@θ

)21=K

ð32:8Þ
where Rf is the roll separating force originally defined
by Johanson.51 The incorporation of γ0 into the calcula-
tion of γR was achieved by correlating the final ribbon
density to the material’s preconsolidated state through
the power-law relationship presented by Johanson’s
theory in Eq. (32.5).

Pmax5
γR
γ0

� �K

ð32:9Þ

Reynolds et al.52 demonstrated good agreement
between predicted and experimentally measured rib-
bon densities across two different scales of roller com-
pactor (25- and 40-mm roll widths), while adjusting
common operating factors such as NS, NR, S, and
hydraulic roll pressure. A key advantage of the
approach by Reynolds et al.52 is the limited amount of
material required to build the model, about 1�2 kg,
which is used to determine the cs value. A summary of
the input parameters required by Reynolds et al.,
which are in addition to those required by Johanson’s
theory (except for P0), is listed in Table 32.6. The mate-
rial assessed in this work was an active blend with a

drug load greater than 30% wt with primary excipients
being MCC and DCPD.

Rowe et al.53 elaborated upon the work reported by
Reynolds et al.52 to develop a roller compaction model
more accessible to formulators and to present a dimen-
sionless approach to modeling the roller compaction
process. As mentioned previously, one of the primary
deterrents to the universal application of Johanson’s
model is the difficulty in accurately determining P0

values without the use of specialized equipment.51

Reynolds et al.52 did not discuss the determination of
P0 because roll force values (Rf) were obtained using an
experimentally determined calibration factor to relate
hydraulic roll pressure to Rf. This calibration factor is
not always known, drifts over the lifetime of the equip-
ment, and does not translate between roller compactor
units. Rowe et al.53 proposed an iterative algorithm to
determine P0, for which a series of equations are solved
to determine the P0 value that satisfies both Johanson’s
theory51 and Reynolds’s modifications,52 thus eliminat-
ing the need to experimentally determine P0 values.
Like the Reynolds’s method,52 the proposed method
requires only standard, routinely measured parameters
as inputs and minimal amounts of material (B1�2 kg)
to establish critical relationships between material input
and process parameters. Good correlations between

FIGURE 32.30 Schematic of the compaction zone of a roller compactor, where a mass balance is applied to the nip region of the roller
compaction process.53 Source: r2013 by John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.

TABLE 32.6 Input Parameters Required by Reynolds et al. That
Are Additional to Those Required by Johanson’s Theory, Which
Are Listed in Table 32.552

Input parameter Measurement technique

Preconsolidation
relative density (γ0)

Uniaxial compaction
(same from K determination)

True density (ρtrue) Helium pycnometry

Screw speed constant (cs) 4�5 roller compaction batches,
varying Ns/NR, and envelope
density analyzer to measure
ribbon densities
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predicted and experimental results were demonstrated
for placebo and active blends (up to 22% wt drug load).

In addition to facilitating the mainstream use of
Johanson’s model, a dimensionless relationship between
key process parameters and final compact properties
was elucidated to improve the mechanistic understand-
ing of the roller compaction process. This dimensionless
parameter, referred to as the modified-Bingham number
(Bm

�), relates yield-to-viscous stresses during roller com-
paction and delineates how operating conditions impact
ribbon properties. Yield and shear stresses essentially
drive the roller compaction process. Too large of a yield
stress can adversely impact the efficiency of material
flow through the rolls and will produce a very hard, brit-
tle ribbon that may not recompress well into tablets. Too
large of a viscous stress indicates that the material is
flowing well through the rolls, but experiencing too little
powder densification, producing very soft ribbons that
result in poor granules. Bm

� was derived from the funda-
mental definition of shear stress, and is described as

B�m 5
cs

γ0ρtrueπD2W

ðSArollÞ0:5
S

Ns

NR
ð32:10Þ

where, cs is the screw speed constant, SAroll is the sur-
face area of the roll, Ns is feed screw speed, γ0 is the
preconsolidation factor, ρtrue is the true density of the
powder, D is the roll diameter, W is the roll width, S
is the roll gap, and NR is the roll speed. A linear rela-
tionship between γR and Bm

� was observed for all of
the materials studied, demonstrating the significant
correlation between the dimensionless parameter
relating yield and viscous stresses to the roller com-
pactor product (Fig. 32.31). The study showed that a
constant ratio of yield-to-viscous stresses, as indicated

by a constant Bm
�, enabled the manufacture of pro-

ducts with consistent attributes, even at two scales of
operation. Bm

� was shown to provide guidance
toward determining the design space for formulation
development, as well as to facilitate scale-up
development.

As mentioned in previous sections, permeating air
in the powder bed is known to have a negative impact
on the roller compaction process, as the feed powder
can be destabilized by the flow of escaping air. Esnault
et al.92 proposed a model to capture these effects,
using Johanson’s theory to capture solid stress and
deformation and Darcy’s law for fluid transport. The
Kozeny�Carman law was used to describe permeabil-
ity as a function of porosity and particle size. For this
model, the effect of air pressure on the solid was con-
sidered to be negligible between rolls and airflow
through the gap was ignored. The model predictions
were not validated experimentally.

32.3.2.1 Johanson’s model comparisons with
experimental data (instrumented roll)

A few studies have attempted to quantify Johanson’s
model predictions against experimental data, which has
been enabled by the use of instrumented roll technology.
Yusof et al. demonstrated reasonable agreement between
measured roll force and roll torque values (using instru-
mented roll data) and those predicted by Johanson’s
model for the roller compaction of maize flour as long as
roll gap was less than 0.15 mm. Discrepancies between
experimental and predicted results for larger roll gaps
were attributed to the high sensitivity of Johanson’s
model to input parameters, especially regarding accurate
characterization of frictional behavior. Bindhumadhaven

FIGURE 32.31 Solid fractions (experimental data5points, model5 line) of ribbons prepared by roller compaction, as a function of a mod-
ified Bingham number, Bm

�: (a) ribbons manufactured using an Alexanderwerk WP120 roller compactor, (b) comparison of placebo ribbons
prepared on an Alexanderwerk WP120 and WP200.53 Source: r2013 by John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.
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et al.40 found that while the Johanson model predicted
Pmax value well for low roll speeds, discrepancies sur-
faced when roller compaction was conducted at higher
roll speeds (Fig. 32.32a). The inconsistencies between
experimental and predicted values at higher roll speeds
were attributed to the inability of the model to capture
the decreasing nip pressures and greater entrainment of
air at higher roll speeds. Studies have also shown weak-
nesses in Johanson’s model when material behaviors
were not ideal. In Yu et al.,50 Johanson’s theory was
shown to overestimate nip angles for DCPD and DCPC-
MCC mixtures with ,50% MCC due to poor flowability
of the feed powders (Fig. 32.32b). To mitigate these gaps
in Johanson’s theory, instrumented roll data may be
used to fit input parameters to Johanson’s equations,
thus using experimental roller compaction runs to
empirically determine the appropriate values for input
parameters (ie, P0 and friction coefficients). Once the
appropriate input values have been defined, Johanson’s
model can be used to describe future roller compaction
behavior of the material. Excellent correlation between
experimental and predicted results has been achieved by
this method.42,57 In fact, by fitting roller compaction data
to Johanson’s equation using experimentally determined
P0 values, the pressure profiles of the roller compaction

process are elucidated and have been shown to facilitate
scale-up activities.42,57

32.3.3 Slab analysis

One of the most fundamental approaches used to
model the roller compaction process is the slab
method. The slab method considers equilibrium force
and mass balance equations on one-dimensional ele-
ments, or “slabs,” that represent deforming powder,
providing information about two principal stresses
during compaction, as opposed to Johanson’s model
which only provides the mean stress. In addition, it
allows users to incorporate complex powder qualities
to the model, such as cohesion and global friction
between particles, making it an attractive modeling
option compared with Johanson’s approach.

In the slab method, the compaction zone is seg-
mented into differentially small slices, or slabs, and a
one-dimensional analysis of the stresses acting on each
of these slabs is used to simulate a single element pass-
ing through the rolls of a roller compactor (Fig. 32.33).
The shape of the slab is bounded by the roll surfaces
and, due to the small width (dx) of the slab relative to
its height (dh), the boundaries may be represented by
straight lines tangent to the roll’s contours. Inertial
forces acting on the material are considered to be neg-
ligible and thus, only the normal and shear stresses
acting on the four sides of the trapezoidal slab are
assessed. Shear stresses in the system originate from
the frictional forces existing between the material and
roll surface and the dissection of these stresses into
their direct and tangential components enable the cal-
culation of the forces acting on the slab. Equilibration
of the forces acting on the roll (along the x direction)
can be described by the following equation, which is
referred to as the von Karman equation of rolling, and
is independent of material properties108:

@ðσxhÞ
@θ

1RðP sin θ6 τ cos θÞ5 0 ð32:11Þ

where R is the roll radius, h is the thickness, or height,
of the slab, and “1” is applied when θ. θneutral and
“2” is applied when θ, θneutral. The neutral angle lies
between the nip angle and 0 degree, which is the point
at which the direction of the frictional force on the roll
reverses direction. For instance, when θ. θneutral, fric-
tional forces direct powder toward the gap. When
θ. θneutral, the frictional forces direct powder away
from the gap.

The mass conservation and momentum relationships
are linked to one another using empirically determined
stress-strain constitutive relationships, resulting in a
system of equations that describes the normal roll
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FIGURE 32.32 (a) Peak pressure values as a function of roll
speed for different roll gaps. Curves indicate simulated results, as
determined from Johanson’s theory.40 (b) Comparison of measured
and predicted nip angles for MCC-DCPD mixtures, as a function of
MCC content.50 Source: r2005, r2012, with permission from Elsevier.
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stress distributions and ribbon densities throughout the
different positions in the roller compaction process.
The primary assumptions applied in slab analysis are
listed in Table 32.7.35 Slab analysis has been commonly
used in the metals industry to study rolling and extru-
sion for decades, making it an obvious avenue to pur-
sue for roller compaction due to the similar nature of
the processes.88,108 In slab analysis, a plane stress and
the existence of a slip region is assumed. However, the
point at which different models diverge is the selection
of the yield criterion, which defines the transition of
elastic to plastic deformation in the material. It is also
important to emphasize that models based on slab
analysis require the nip angle as input, which may be
experimentally determined or estimated using
Johanson’s model, and the powder density at the nip

angle. Similar to Johanson’s model, slab model results
enable the prediction of ribbon densities for a set of
input conditions (ie, material and process conditions),
as well as provide a means to reverse-calculate neces-
sary input conditions to achieve a target output (ie, rib-
bon density).

Katashinskii93 proposed a yield strength, which was
met by the difference of the principle stresses. Lee and
Schwartz96 introduced the Coulombian criterion and
assumed that the yield stress and the cohesion in the
Coulombian criterion were dependent on the state of
material compaction, and thus, a function of the rolling
angle. The slip region of the strip element was proposed
to impart tangential forces to both rollers, which were set
to be equal to the coefficient of the external friction multi-
plied by the normal force acting on the strip, enabling
completion of the force balance. Katashinskii and
Shtern94,95 modified Katashinskii’s93 original approach to
develop an equilibrium equation based on roll friction,
normal stress acting in the rolling direction, and the roll
pressure to describe the stress�strain behavior of a slab
element experiencing shear deformation and densifica-
tion. The continuity equation was used to account for
powder compressibility. Roll friction was based on
Coulomb’s law and allowed to vary with rolling angle
and assumed to be zero at the neutral angle; although it
should be noted that there is no physical justification for
such an assumption.65 Input parameters such as initial
feed stress acting in the rolling direction, rolling angle,
neutral angle, coefficient of friction, initial relative den-
sity of the powder, gap and roll diameter are required
from the user. Musikuin97 developed a model for roller
compaction that mirrored an approach commonly used
for cold rolling of continuous metals, in which particle
deformation was assumed to occur only in the nip

FIGURE 32.33 Force balance on a slab element during roller compaction and free-body diagram of slab. The stresses acting on the slab
are described such that the roll pressure, P, and roll shear stress τ, act at the roll surface, which is defined by the angular increment, dθ, and
the slab surface in contact with the roll, dS. Source: Adapted from Cunninghham JC. Experimental studies and modeling of the roller compaction of
pharmaceutical powders. In: Materials engineering. Philadelphia, PA: Drexel University; 2005. p. 267. and Balicki M. Numerical methods for predicting
roll press powder compaction parameters. Albi: Ecole Des mines D’Albi-Carmaux; 2003.109

TABLE 32.7 Assumptions for Slab Method Models for Roller
Compaction

Slab method assumptions

One-dimensional variation in field quantities (eg, stress and strain
constant through slab thickness)

Deformation is considered plane strain (ie, strain in the roll width
direction is zero)

Homogeneous deformation state exists in the slab element

Constant friction coefficient following Coulomb’s friction law

Constant circular arc of contact

Negligible elastic deformation

Constitutive model is porous plasticity

Body forces can be ignored (eg, gravity)

Inertial effects are ignored
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region. It was assumed that material “slips” at all angu-
lar positions except the neutral angle, θ0, and once it
entered the nip region, the particulate material behaved
as a porous solid. The roll shear stress was defined by
the limiting (slipping) condition and adhered to
Coulomb’s law. Musikuin then employed a simple, con-
stitutive model for the material based on the difference
between maximum and minimum stresses, which was
the primary modification to similar models used for con-
tinuous metals. The principal stress was assumed to be
zero at the bite angle and at the centerline of the rolls.
Input parameters supplied to the model include the
tapped density, which was the assumed material density
at the bite angle, and the material density at the center-
line of the rolls (ie, ribbon density). The shape of the roll
pressure profile resulted in a combination of monotonic
concave curves that met at sharp points at the neutral
position. In order for the model to match maximum roll
pressure data reported in literature, additional manipula-
tions to model parameters were necessary. Thus, the pri-
mary limitations to Musikuin’s model were the neglect
of tangential stresses, assumptions that slippage only
occurred at the roll surface, leading to a pressure profile
shape that did not match that of experimentally mea-
sured profiles, and its reliance on manipulation of multi-
ple model parameters to match experimental data. Dec
et al.65,99,100 introduced a slab model for roller compac-
tion that utilized a yield criterion for metal powders that
was originally proposed by Kuhn and Downey,4 which
is based on the relationship between Poisson’s ratio and
density. The nip angle value and the position of the neu-
tral plane were determined from experimental data. The
density profile for each compaction step was determined
from compression test data for a corresponding mean
stress. The predictive capabilities of this model were
severely limited due to its heavy reliance on experimen-
tally measured values as model inputs and the forced
matching with the output density. More recently,
Schonert et al.43 applied the slab method to roller com-
paction by utilizing a normal-to-shear stress relation (ie,
transmission coefficient) in a powder as a substitute for a
yield criterion by representing the relative amount of
pressure transmitted from σx to σy.

Shima and Yamada pursued an alternate route that
incorporated principles applied in the mechanics of
powder compaction and utilized an energy-based con-
tinuum model, in which the upper bound theorem
was used to analyze the roller compaction of metal
powders. The upper bound theorem is based on deter-
mining a probable velocity field for the material that
minimizes energy dissipation attributed to both pow-
der densification and friction at the roll/powder inter-
face. The authors used a yield criterion that was
originally introduced by Shima and Oyane,87,98 in
which a constant friction law dictated that frictional

shear stress was constant and independent of normal
stress. Initial assumptions for the values of gripping
angle and velocity field were needed for the model
input and then these values were refined through an
iterative process, in which the rate of energy dissipa-
tion was minimized and the continuity equation was
satisfied. The resultant density and strain rate distribu-
tions for the slab could then be calculated and used to
determine stress distributions. Primary findings from
this model were: (1) powder/roll frictional conditions
had minimal impact on density distributions and,
(2) gripping angle values significantly affected density
distributions. Within this work, the authors presented
seven case studies and identified rather significant dis-
crepancies in several of the cases, with the specific
causes for these discrepancies not discussed.

Numerous approaches have been used to apply slab
analysis to the roller compaction operation with vary-
ing degrees of success, while demonstrating advan-
tages and disadvantages of each approach. However, a
primary drawback for all of the models built upon slab
analysis is their dependence on experimental inputs,
including the positions of the nip and neutral angles,
as well as initial feed stresses, and thus limiting their
predictive capabilities. As mentioned previously, these
values are difficult to obtain experimentally, requiring
specialized instrumented equipment. Such obstacles
produce an additional limitation to the widespread use
of the slab method.

32.3.3.1 Slab model comparisons with
experimental data (instrumented roll)

Patel et al.49 predicted MCC pressure distributions in
a roller compaction process using a slab model, where
nip angle was estimated using Johanson’s theory. The
model, which used input parameters generated from
uniaxial compaction data, underestimated compaction
pressure values by a factor of 1.5�2.5, although the pre-
dicted trends matched experimental data (Fig. 32.34).
The discrepancy between the predicted and experimen-
tal results was attributed to (1) using an instrumented
roll with a single load cell in the center of the roll, which
did not account for pressure variation across the roll
width, and it has been shown that roller compaction of
MCC tends to produce nonhomogeneous pressure
distribution profiles where pressures at the center of
the ribbon are higher than those at the edges.35,41,64,102

Therefore experimental pressure readings taken from
the center of the roll would be expected to be higher
than that predicted by a model that assumes uniform
distribution of stresses across the ribbon width; (2)
Nonuniform flow of powder in the nip region and
through the rolls, yielding shear forces that do not occur
during uniaxial compression; (3) The neutral angle, and
maximum pressure, was assumed to be coincident with
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the minimum roll gap in Johanson’s model, however,
maximum pressure is known to occur before the center-
line between the rolls (i.e., the minimum roll gap).35

Overall, Patel et al.49 found uniaxial compaction to pro-
vide a suitable first-order representation for roller com-
paction operations, although the authors warn that the
model cannot accurately simulate nonhomogenous rib-
bon properties and shear effects that are present during
real-life operation.

32.3.4 Finite element method

FEM is a numerical technique used to approximate
the solutions of complex equations through the subdi-
vision of a whole problem domain into simpler parts,
or finite elements. Solutions are achieved by minimiz-
ing associated error functions for the collection of ele-
ments. To better visualize the concept of FEM, one can
see how the connection of many tiny lines can be used
to approximate a circle. FEM incorporates methods for
connecting many simple element equations over many
small sub-domains, the finite elements, to approximate
a more complex equation over a larger domain.110 FEM
is an ideal resource for problems with complicated
geometries, loadings, and complex material properties
and has been found to be well-suited for systems of
dense solids, where the material behaves in an elastic
or elasto-plastic manner.111 With respect to the roller
compaction process, the deforming powder region is
divided into a number of continuously distributed ele-
ments, or meshes. The mechanisms driving motion and
deformation (ie, strain) of each of the elements are com-
puted numerically according to a user-defined stress-
strain constitutive relationship. The use of FEM to
model tablet compaction had been reported in several
studies, and thus many of the concepts that were
applied in these previous works were translated to

modeling of the roller compaction process.18,112�114

Typical assumptions of FEM-based models for roller
compaction are listed in Table 32.8.

FEM-based roller compaction models two-
dimensional (2D)35,41,64,65,89,101 and three-dimensional
(3D)64,102,103) have enabled further insight into the stress
and displacement fields that are typically generated dur-
ing the unit operation, compared with Johanson’s- and
slab-based models, because they can account for
through-the-thickness variation, more accurate represen-
tation of material behavior (typically using the
Drucker�Prager/cap (DP/C) model18,64,112�114), fric-
tional considerations, and feeder system effects. While
friction for the roll/material is typically assumed to fol-
low Coulomb’s friction law with a constant friction coef-
ficient, specific frictional considerations (ie, slip versus
stick) can be directly evaluated in order to satisfy both
equilibrium and compatibility and are not restricted by
an upper bound argument. In addition, the effect of the
feed system can be studied by varying the feed stress
(constant41,64,65,89 and oscillatory35,64) applied to the mesh
in the rolling direction at the in-flow boundary. Early
simulation attempts observed severe mesh distortions
when implicit Lagrangian simulations were utilized.35

Thus, the Arbitrary Lagrangian-Eulerian (ALE) method
has since been used for its adaptive meshing capabilities.
As an example, a schematic of a mesh designed for roller
compaction analysis is shown in Fig. 32.35.64 The mass
and densities of the roll and material mesh were opti-
mized to minimize both the inertial effects for the quasi-
static deformation problem and computational time.

FEM simulations have been found to accurately
reflect trends that had been previously observed experi-
mentally, and thus confirm well-known empirical corre-
lations. Typical simulation outputs include roll pressure,
roll torque, roll shear stress, nip and neutral angles, and
densification values. As expected, maximum roll pres-
sures and exit densities were found to be significantly
impacted by both feed stress and frictional coefficient
values. Roll force, roll torque, and consequently, exit
densities, all increased with increasing feed stress and
frictional coefficients. However, in addition to verifying

FIGURE 32.34 Ratio of the maximum measured pressure to pre-
dicted pressures, as a function of roll speed at roll gaps of & 0.9 mm
and ’ 1.6 mm.49 Source: r2010, with permission from Elsevier.

TABLE 32.8 Assumptions for FEM-Based Models for Roller
Compaction

FEM roller compaction model assumptions

Effect of interstitial air is ignored

Roll deformation due to roll pressure is ignored

Coulomb friction is the dominant frictional interaction at the
powder/roll interface

Gravity and inertia are ignored

Screw feeder effect is approximated by stress at the entry angle
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known empirical correlations, FEM models have eluci-
dated higher level principles regarding roller compac-
tion mechanisms. For instance, the existence of slip and
nip regions in the compaction zone was verified, as
delineated by a marked increase in roll pressure and
shear for rolling angles near the minimum roll separa-
tion. In addition, maximum pressures were predicted to
occur 0.5�1.1 degree before the centerline between the
rolls (0 degree),64,65 in line with experimental observa-
tions.35 FEM simulations also highlighted the probability
of nonuniform velocity fields across the ribbon width, a
result that the 1D-Johanson model cannot capture.64,102

These nonuniform velocity fields were correlated back
to nonconstant feed conditions, as well as potential fric-
tional effects. To further probe this finding, the applica-
tion of oscillating feed stress conditions (a common
occurrence in screw feeders) has been shown to produce
periodic variations in roll pressures and exit densities,64

in line with experimental observations.14,41 Simulations
have also indicated that powders possessing larger fric-
tion coefficients, for a given feed stress, yield higher
maximum roll pressures and maximum relative densi-
ties. Such findings can be physically explained because
powders possessing higher friction coefficients grip the
powder sooner in the roller compaction operation and
thus undergo densification sooner, although there
appears to be a limit to the impact of the friction coeffi-
cient on roll pressure, above which its effect becomes
limited.64

To better understand the role of frictional effects on
roller compacted products, Cunningham et al.64

employed a 3D model to account for the presence of
side seals on roller compaction units. In roller compac-
tion operations, side seals are used to minimize leaking
of powder to the roll edges in an attempt to reduce the
amount of ungranulated material (ie, fines) in the final
granulation. The side seals were found to induce fric-
tional effects that resulted in lower roll pressure and
densities near the edges, compared with the ribbon cen-
ter. Material selection that increased side seal friction
resulted in higher density variations throughout the
transverse direction of the compact, in agreement with
experimental observations. The model was also used to
assess the impact of variable in-flow of material (another
common experimental observation for screw feeders)
along the roll width on roll pressure. Simulation results
showed that both the side seal friction and nonuniform
feeding to the rolls contribute to nonuniformity in roll
pressure and density across the roll width and provided
rationale behind experimental observations.

While qualitative comparisons have been made
between FEM simulation results and experimental obser-
vations, few studies have quantitatively assessed the
accuracy of FEM predictions. Cunningham35 reported
good correlations between predicted and experimentally
determined nip angles for an MCC system. However,
predicted ribbon densities, as a function of roll pressure,
were found to overestimate experimental values by
15�20%. These discrepancies were attributed primarily
to post-gap expansion of the MCC, which was not accu-
rately captured by the simulation. Determination of typi-
cal expansion values for MCC and accounting for the
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FIGURE 32.35 Schematic of finite element mesh for roller compaction with notation of axis of symmetry, Eulerian in-flow and out-flow,
Lagrangian roll and feeder boundaries, and rigid bodies for the roll and feeder.64 Source: r2010, with permission from Elsevier.
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excessive expansion accordingly brought the predicted
values much closer to the experimental values. Muliadi
et al. went on to quantitatively compare the results of a
3D FEM simulation with experimental data.103 Roller
compaction experiments were performed using an air-
powered piston feeder, as opposed to a more traditional
screw feeder, in an attempt to apply a uniform feed stress
to the powder. MCC was also used as the representative
compound for this study. Similar modeling conditions
and parameters to those used by Cunningham et al.64

and Michrafy et al.102 were applied (ie, ALE scheme,
modified DP/C model for the material stress-strain con-
stitutive behavior, and Coulomb friction to approximate
powder/roll interactions). In this case, however, the inlet
stress location was determined by monitoring the point
at which the feed piston stroke reached its maximum.
The roll gap corresponding to the maximum piston
stroke was established using a laser distance sensor.
Thus, no parameter-fitting was used in this method, mak-
ing this FEM-based model truly predictive. By meticu-
lously ensuring that the input parameters to the
simulation were as accurate as possible, excellent correla-
tions between the simulation and experimental results
were achieved. Fig. 32.36 demonstrates the accuracy of
predicted ribbon densities, as a function of ribbon posi-
tion, to experimentally measured values for multiple-
feed stress conditions. These results are also in alignment
with predicted trends reported by the previously dis-
cussed 3D FEM models, demonstrating that ribbon den-
sity is highest in the middle of the ribbon and lower at
the edges.64,102 However, it should be noted that the sen-
sitivity of the FEM results to the friction coefficient was
highlighted as one of the primary weaknesses of FEM
models. FEM simulations rely heavily on the user’s
experimental input. Therefore, appropriate parameters
for feeding conditions and friction models (because pro-
cessing energy is transmitted throughout the roll-

material contact) and powder properties are imperative if
these simulations are to be truly predictive.101 An addi-
tional drawback to the proliferation of these FEM-based
models is the requirement of expensive computer
resources and expertise. However, once expertise in this
technique is established, FEM-based analysis has demon-
strated a promising ability to provide mechanistic insight
into rolling compaction, and as a result, enable improve-
ments in process and equipment optimization that may
outweigh the costs of initial investment.

32.3.4.1 Comparison of FEM to Johanson’s theory

Given the widespread use of Johanson’s theory to
model the roller compaction process, Muliadi et al.89

quantitatively compared the results obtained from
Johanson’s theory with those simulated by a 2D FEM
approach. MCC was selected as the model compound.
Predicted nip angle, maximum normal stress, and maxi-
mum relative density values were compared for the
two models. The predicted impact of select input
values, such as roll powder friction coefficient and inlet
normal stress (feed stress), on the model output is
shown in Fig. 32.37. Nip angle predictions by both
approaches followed similar trends and were within
B25% of each other. However, the relative densities
and maximum normal stresses predicted by Johanson’s
model were consistently higher than those predicted by
FEM. Interestingly, Johanson’s theory predicted relative
density values greater than 1 for all of the conditions
assessed in this study. These physically unattainable
values were attributed to the fact that Johanson’s the-
ory, as a 1D model, was unable to capture the 2D veloc-
ity gradient experienced by the powder as it moved
through the rolls. This 2D velocity field is also believed
to enable some portions of the material to remain in a
condition of “slip” even in the nip region. The inability

FIGURE 32.36 Comparison of FEM-predicted and experimentally measured ribbon density distributions for a feed stress of 132 kPa. Left
and right plots correspond to a hydraulic roll force of 5.5 and 9.2 kN, respectively. A ribbon position of zero is farthest away from the compac-
tor roll shaft support and a ribbon position of 4 cm is closest.103 Source: r2013, with permission from Elsevier.
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of Johanson’s theory to capture the 2D velocity gradient
led to an overprediction of mass flow rate of material
into the nip region. Such a phenomenon would be exag-
gerated for highly compactable materials, such as MCC.
In terms of maximum normal stress, Johanson’s theory
predicted stresses larger than those by FEM. However,

agreement between the two approaches improved for
powders that were more compressible, possessed smal-
ler effective friction angles, larger roll powder friction
coefficients, and lower feed stresses.

DEM modeling of the roller compaction process will
not be discussed in this chapter because the few

FIGURE 32.37 FEM-predicted (a) nip angle, (b) maximum relative density, and (c) maximum normal stress values as a function of roll-
powder friction coefficient. FEM-predicted (d) nip angle, (e) maximum relative density, and (f) maximum normal stress values as a function
of inlet normal stress. Additional parameters were σinlet, roll gap, roll diameter, and inlet height were 15 kPa, 2, 120, and 15 mm, respec-
tively.89 Source: r2012, with permission from Elsevier.
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attempts that have been reported have not been as suc-
cessful as FEM models.111 Odagi et al.91 modeled the
roller compaction operation using DEM, but reported
pressures in the nip region to be several orders of mag-
nitude smaller than experimentally obtained values. In
general, it appears that a continuum approach, as
opposed to a discrete approach, may be better suited
to roller compaction conditions, especially where large
pressures are generated, such as in the nip region.

32.3.5 Neural networks and other artificial
intelligence approaches

Pharmaceutical applications of neural networks, a
form of artificial intelligence, have included direct
compression of tablets and fluid bed granulation, in
addition to roller compaction. These artificial intelli-
gence approaches center on establishing cause and
effect relationships within data sets and then using
those relationships in “reverse” order to determine the
process conditions necessary to achieve user-specified
outputs. Such techniques are useful when gaps exist in
experimental measurements of important process para-
meters or when complexities in both physical process
geometry and mechanical behavior of powders impede
process modeling efforts. However, it should be noted
that these results are not founded upon physical or
mechanistic principles of the system, but empirical cor-
relations gleaned from the provided data sets. For this
reason, the largest disadvantage of these models is
their limited predictive capabilities to the training set
conditions. Predictions for conditions outside of the
training sets must be approached with caution.

For roller compaction systems, neural net models
have been used to predict how process parameters39

and formulation selection104 can impact downstream
operations. For instance, roller-compacted ribbons pos-
sessing higher densities tend to yield stronger, harder
granules, with lower granule friability. While strong
granules are desirable for their attractive flow proper-
ties, excessively strong granules may not readily disin-
tegrate and may not compact well, adversely affecting
dissolution and tablet strength, respectively.
Optimization of formulation and process input vari-
ables, with respect to granule friability, tablet strength,
and disintegration, is not trivial because these target
values move in opposite directions of each other. Such
complicated relationships would be difficult to balance
using a mechanistic model, thus making these scenar-
ios ideal for a neural network. Inghelbrecht et al.39

used a neural net model to accurately predict granule
friability and particle size of maize starch based on
user-specified processing conditions (feed screw speed,
roll pressure, and roll speed). Turkoglu et al.104 utilized

a neural network to guide formulation decisions for an
acetaminophen tablet, for which binder grade and con-
centration, extra-granular material consideration, and
number of roller compaction passes were optimized to
yield granules of acceptable friability and tablets pos-
sessing adequate strength and disintegration proper-
ties. More recently, Mansa et al.105 demonstrated the
ability of a commercial software package that utilized
neural network, genetic algorithms, and fuzzy logic to
successfully predict ribbon densities from user-
specified process conditions (roll speed, roll gap, and
hydraulic roll pressure) and formulation considerations
(material type, particle size distribution, powder densi-
ties, compressibility, tensile strength, friction angles,
and flow function). The true value of the model, how-
ever, was demonstrated not in its ability to predict pro-
cess outputs from user-specified inputs, but the ability
of the model to outline the necessary inputs (process
and formulation conditions) to achieved target outputs
(ribbon density). Model-predicted conditions were suc-
cessfully verified experimentally.

32.4 APPROACHES TO DEVELOPING A
ROLLER COMPACTION PROCESS

A suggested approach to developing a robust roller
compaction process, in accordance with QbD princi-
ples, is summarized in Fig. 32.38 and described in fur-
ther detail below. The establishment of appropriate
critical material attributes, CPPs, and quality attributes
for both the ribbons and granules early on in the pro-
cess enables an efficient and robust assessment of the
operation and lends the process well to future technical
transfer and scale-up activities.

32.4.1 Material assessment: appropriateness
for roller compaction

When selecting roller compaction as the granulation
approach for a project, consideration should first
be given to the appropriateness of the formulation
for manufacture using roller compaction. As previously
described, blends with drug loadings ,60% are amena-
ble for roller compaction. Material characterization of
the feed powder should be assessed in to provide
insight into potential manufacturing challenges (Refer
to Table 32.1). For instance, blends with low bulk den-
sity or poor flow properties may not efficiently pass
through the rolls. Insufficient compactability may indi-
cate a potential for poor tablet compactability of resul-
tant granules. The propensity for a material to adhere
to surfaces (ie, roll surface) is another important trait
to consider. Material adhesion challenges, typically
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associated with APIs rather than excipients, are diffi-
cult to assess because a robust characterization method
has not been established. When material is observed to
adhere to surfaces during early development work,
proper excipient selection is often the first-line strategy
to mitigate adhesion challenges, which typically
includes modification of lubricant selection or level;
however, in cases where acceptable mitigation is not
achieved, changes to API form, particle size or particle
morphology may be considered. If powder adhesion
still cannot be properly rectified, alternative granula-
tion techniques, such as wet granulation methods, are
suggested.

32.4.1.1 Roll selection

As mentioned in the previous section, roll surface
design is known to impact powder flow through the
roller compactor. Patterned roll surfaces (ie, knurled,
serrated) assist in “grabbing” powder and facilitating
powder flow between the rolls. Roll surface design
may also be a critical factor with powders that have a
high tendency to stick or adhere to surfaces. The finish
of the roll surface can affect roller compaction proper-
ties, such as the nip and entry angles during compac-
tion, and thus the cumulative pressure applied to the
powder. Therefore, it is advantageous to select the rolls
at an early stage to provide consistency throughout the
development process. Different roll designs and combi-
nations (ie, smooth upper and lower rolls vs smooth
upper/knurled lower roll) should be evaluated. When
conducting preliminary experiments, typical roll gaps
(2.0�3.0 mm) and 3�4 different roll pressure values

should be evaluated. Feed screw performance can be a
good indicator of powder flow performance; for exam-
ple, if powder is not effectively drawn through the rolls
and a back pressure is being created, then the load (ie,
torque) on the feed screw may increase, and if using a
closed feedback loop between the roll gap and the feed
system (ie, gap control), then the feed screw speed will
be significantly increased as the instrument attempts to
feed more material between the rolls to open the roll
gap.

32.4.1.2 Optimizing roller compaction parameters:
targeting a ribbon solid fraction

The next objective is to identify the target range for
ribbon solid fraction, which will relate to key roller
compaction process parameters and the remaining
compactability of the granule, which is important for
subsequent tablet manufacture. It is recommended to
produce ribbon or compacts at three or four different
solid fraction values within the range 0.6 and 0.8 (refer
to Fig. 32.6). The lower end of the range should be
defined by the lowest solid fraction ribbon that can be
milled to produce desirable granules, without a signifi-
cant increase in fines content. Historically, a target rib-
bon thickness is selected (within the range 2.0�3.0 mm
is typically acceptable) and the feed rate and roll pres-
sure are manipulated to achieve acceptable solid frac-
tions (0.6�0.8) while maintaining the target ribbon
thickness. Sample analysis should include solid fraction
and tensile strength measurements. Subsequently, the
ribbons are milled to produce granules, which should

Assess materials for roller
compaction

appropriateness

Select rolls

Target solid fraction

Establish optimal
operating parameters:

Roller
compaction

runs

Uniaxial
compaction

DOE
Ribbon, granule
characterization

Ribbon
characterization

FIGURE 32.38 Flow diagram describing suggested approach to roller compaction process development.
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be assessed for compactability to determine suitability
for tablet manufacture. Additional granule characteri-
zation includes particle size and powder flow analysis.
Generally, ribbons of lower solid fraction result in
granules comprising smaller particles that retain good
compactability but may display poor powder flow;
whereas higher solid fraction ribbons result in larger
particles with relatively less compactability that are
likely to possess desirable flow properties. Ribbons of
suitable solid fraction produce granules that result in
sufficiently strong tablets that can be manufactured on
a high-speed tablet press while maintaining good tablet
weight control. Ideally, a tablet of 0.85 solid fraction
should have a tensile strength of greater than
1.7 MPa115 and surpass tablet friability standards as
defined by USP ,1216.; and tablet weight should
generally be maintained within 95�105% of the target
weight throughout the manufacturing run.

More recently, small-scale compaction techniques
have been used to predict target ribbon solid fractions
before conducting any work on a roller compactor.
When material or development time is scarce, the use of
a uniaxial compaction method to simulate roller com-
paction (technique described in detail in Section 32.2) is
a useful tool for producing compacts over a range
of solid fractions. Simulated roller compaction ribbons
may be prepared on a compaction simulator; these
compacts may then be tested using characterization
methods identical to those used for actual roller
compaction ribbons. The simulated compacts may also
be milled to yield granules, to emulate those prepared
by roller compaction. The use of this small-scale
simulation method provides .70% reduction in mate-
rial resources compared with traditional development
approaches.

32.4.1.3 Optimizing roller compaction parameters:
establishing the design space

Once the target solid fraction has been identified,
the acceptable solid fraction range should now be
determined. The necessary operating parameters
required to achieve the target solid fraction may be
estimated using one of the roller compaction models
described in the previous section. In lieu of modeling
results, a design of experiment (DOE) should be con-
ducted based upon knowledge from previous pro-
ducts. If modeling results are available, the DOE
should be designed around the predicted edges of
failure.

Key product attributes for the roller compaction rib-
bon are solid fraction, thickness, and tensile strength
(see Section 32.1 for more detail). However, it should
be noted that ribbon tensile strength is not commonly
monitored during the commercial manufacturing

process: ribbon solid fraction and thickness, which
relate to tensile strength, are more easily measured
attributes and thus more amenable to commercial
manufacturing. Granule properties (eg, particle size
distribution, flow) may also be measured offline to pro-
vide an indication of the roller compaction process.
Key process parameters that impact ribbon and granule
quality are roll pressure, feed pressure, and roll gap.
Feed pressure is primarily dictated by feed screw speed
and is typically controlled via an internal feedback
loop rather than being adjusted by the operator. As
such, the DOE is often built around targeted roll pres-
sure and roll gap values and the feed pressure is
allowed to float. A two-factor, three-level DOE (23)
investigating roll pressure and roll gap is generally
considered to be sufficient, especially as a first-pass
assessment of the operation. During this DOE, through-
put requirements (at commercial manufacturing levels)
should be considered when selecting roll speed values.
The parameters from the initial study, which was used
to identify a suitable target solid fraction, may be used
as the center points, plus upper and lower range
values. Upper and lower roll pressure range limits
might be based on those from the initial study, or an
arbitrary range can be used, such as 610 bar from cen-
ter. The operating range for roll gap should be at
least 60.2 mm from target; thus a minimum operating
range would span 0.4 mm. Ribbon samples should be
analyzed to determine solid fraction and, if capabilities
allow, tensile strength.

32.4.1.4 Output characterization

Ribbon quality is considered to be an indicator of
granule quality. However, it is ultimately granule qual-
ity that is most critical for downstream operations.
Thus, ribbon samples should be milled to produce
granules and subsequently assessed for compactability
and flow. Particle size distribution data is also valuable,
and can typically be related to granule flow perfor-
mance. When milling ribbons, especially throughout a
DOE investigation, it is recommended to use a single
mill screen aperture size to avoid confounding effects
from changes to process parameters. Recommended
screen mesh sizes are in the range of 0.8�1.2 mm to
break up loose aggregates without reducing the gran-
ules back to fines. It is also recommended to test the
impact of different screen sizes on granule quality to
demonstrate process robustness once the working
ranges for roll pressure and gap have been determined.
Process robustness against milling conditions has late-
stage development and scale-up implications because
many commercial roller compactors are integrated
with a mill system, and thus milling conditions may
not be exactly translated.
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32.5 ILLUSTRATIVE EXAMPLE
DETAILING THE TYPICAL DRUG

PRODUCT DEVELOPMENT PROCESS FOR
A ROLLER COMPACTED PRODUCT

Formulation A, comprising 35% active drug
(Tables 32.9), required the development of a dry gran-
ulation method using an Alexanderwerk WP120 roller
compactor. Selection of target processing parameters
for the manufacture is detailed below. While not
detailed in this example, similar studies may be exe-
cuted to understand the impact of API and excipient
material attributes, in addition to process parameters,
on product performance.8

32.5.1 Selection of rolls

32.5.1.1 Experimental set-up

Smooth/Smooth and Smooth/Knurled upper/lower
roll configurations were evaluated to assess the impact
on roller compaction performance. The operating con-
ditions for roller compaction manufacture are detailed
in Table 32.10.

32.5.1.2 Outcome

When manufacturing using two smooth rolls and
gap-controlled operations, feed screw speeds and load
readings reached 100% capacity; whereas the smooth/

knurled roll configuration resulted in acceptable and
stable feed screw loads of approximately 60% capacity,
while maintaining a consistent roll gap. Therefore, the
smooth/knurled roll configuration was selected because
it better facilitated good powder flow through the roller
compactor compared with the smooth/smooth roll
configuration.

32.5.2 Selection of operating parameters

32.5.2.1 Experimental set-up

• Small (B1�2 kg) batches were manufactured on the
roller compactor to manufacture ribbons at varying
solid fractions (0.65, 0.70, 0.75, and 0.80) with a
target ribbon thickness of 2.2 mm. Subsequent
ribbons were milled using the in-line mills of the
Alexanderwerk roller compactor. Ribbon
manufacture could also be executed using a
compaction simulator, in the event that material is
limited.

• Granules were compacted into tablets using a
compaction simulator

• Two-factor, three-level DOE was conducted to
optimize acceptable roll pressure and roll gap
ranges (Table 32.11).

32.5.2.2 Outcome

• Roller-compacted ribbons of 0.65 solid fraction were
weak, possessing tensile strengths of 0.7 MPa, and
resultant granules of the 0.65 solid fraction ribbons
possessed a higher fines content compared with the
other lots. Ribbons of 0.70 solid fraction possessed
tensile strength of 1.8 MPa, exceeding the
recommended target of .1.0 MPa at 0.7 solid
fraction (Figs. 32.39 and 32.40).

• Tablets manufactured from 0.80 solid fraction
ribbons were weaker than those manufactured from
the other three lots of granules (Fig. 32.41). Granules
from 0.65, 0.70, and 0.75 solid fraction ribbons
displayed satisfactory compactability; however, the
higher solid fraction granules displayed better mass
flow in the tablet press hopper, which is attributed

TABLE 32.9 Composition of Formulation A

Formulation composition

Role Wt %

Intra-granular

Active drug API 35.0

Lactose monohydrate Filler 30.0

Microcrystalline cellulose Filler 30.0

Silicon dioxide Glidant 1.0

Croscarmellose sodium Disintegrant 2.0

Magnesium stearate Lubricant 0.5

Extra-granular Wt %

Croscarmellose sodium Disintegrant 1.0

Magnesium stearate Lubricant 0.5

TABLE 32.10 Roller Compactor Operating Conditions

Property Target values

Hydraulic roll pressure (bar) 35, 70

Roll gap (mm) 2.2

Operating method Gap-control

TABLE 32.11 Experimental Plan for Two-Factor, Three-Level
DOE to Investigate Roll Pressure and Roll Gap Range

Run

Hydraulic roll

pressure level

Roll gap

level

Hydraulic roll

pressure (bar)

Roll gap

(mm)

1 High Low 74 2.0

2 Low High 54 2.4

3 Center Center 64 2.2

4 Low Low 54 2.0

5 High High 74 2.4
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to differences in particle size distribution. During
this evaluation, a hydraulic roll pressure of 64 bar
was used to produce ribbon of approximately 0.75
solid fraction, therefore this roll pressure was set as
the target for further work.

• A DOE was executed, in which a hydraulic roll
pressure of 64 bar and roll gap of 2.2 mm were
selected as center points and expected to yield
ribbons of B0.75 solid fraction based on data
generated in the previous stage of work. The
operating space was investigated by testing above
and below the center points for roll pressure and
roll gap, investigating high/high, low/low,
high/low, and low/high combinations.

• Experimental results are listed in Table 32.12.
Highlights from the results include:
• Ribbons manufactured using center-point

parameters averaged 0.74 solid fraction,
comparable with the target of 0.75 solid fraction.
The combination of low roll pressure/high roll
gap resulted in the lowest solid fraction of 0.71
and the combination of high roll pressure/low
roll gap resulted in the highest solid fraction of
0.77.

• Based on granule flow characterization, ribbons
of higher solid fraction produced better-flowing
granules.

• Higher solid-fraction ribbons produced less
compactable granules, which resulted in tablets
of lower hardness compared with those from
ribbons of lower solid fraction.

• All tablets exhibited less than 1% weight loss
after 100 revolutions in the friabulator, which is
acceptable.

• All tablets achieved the dissolution target of Q80
release within 30 minutes.

Final conclusions: Small-scale batches enabled the
establishment of:

• Target quality attribute for the ribbon: solid fraction
of 0.75; and

• Target process parameters were set to the following:
target hydraulic roll pressure was set at 64 bar with
an operating range of 54�74 bar; and the target roll
gap was 2.2 mm with an operating range of
2.0�2.4 mm.

32.6 SCALE-UP CONSIDERATIONS OF
ROLLER COMPACTION

Pharmaceutical scale-up is commonly thought of as
the process by which batch size is increased. This can
be accomplished by enlarging the physical dimensions
from lab- to pilot- to plant-scale or by increasing the
output from a certain piece of equipment.116 Roller
compaction is a unit operation that readily lends6,7

itself to scale-up by either method. Through the use of
continuous processing, larger amounts of powders can
be compacted using the same piece of equipment used

FIGURE 32.39 Assessment of ribbon tensile strength over the
range of 0.65�0.80 solid fraction. Analysis performed using a three-
point bending flexural test.

FIGURE 32.40 Cumulative particle size distribution for granules
from ribbon of 0.65, 0.70, 0.75, and 0.80 solid fraction. Analysis per-
formed using a Sympatec GmbH QicPic Particle Size Analyzer.

FIGURE 32.41 Compaction profiles generated using granules
from ribbons of 0.65, 0.70, 0.75, and 0.80 solid fraction. Tablets manu-
factured using a Medel’Pharm Stylcam 100R press replicator with
9.00 mm round, biconcave tooling.
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for smaller scale batches by running for a longer period
of time. The two main advantages of continuous pro-
cesses are that ease of scale-up for larger batches and a
24-hour automatic production line is possible.117 For
example, a roller compaction process could be scaled-
up from a 40 kg batch to a 400 kg batch by simply
increasing the batch run time from 1 to 10 hours.

Ideally, when scaling up by enlarging the physical
dimensions of the roller compactor from one produc-
tion scale to another, the equipment should be similar
geometrically, dynamically, and kinematically.117 The
geometric condition is fulfilled when the ratio of physi-
cal dimensions between the small-scale and the scaled-
up version are constant. Dynamic similarity is seen
when the ratio of forces exerted between matching
points in the two roller compactors are equal. Finally,
kinematic similarity is met when the ratio of velocities
between matching points in both systems are equal.117

In reality, the scale-up process is more complicated
because the equipment ratios between different scales
may not match exactly. During scale-up consideration,
regulatory guidance on manufacturing changes/simi-
larity must be taken into account. Scale-up to larger
roller compactor equipment is typically considered a
“level 1 equipment change,” according to the Food and
Drug Administration’s (FDA) Scale-Up and Post
Approval Changes guidance document for immediate-
release solid oral dosage forms (SUPAC-IR)118�120

because roller compactors operate on the same operat-
ing principles and have the same design. Batch size
increases must also be considered, since a level 1
change occurs when the production batch is up to
10-times larger than the pilot batch size. A level 2 batch
size change occurs when the scaled-up batch size is
greater than 10-fold for equipment operating on the
same operating principles and design.119,120

Apart from the regulatory requirements, it is impor-
tant to understand the effects of scale-up on the com-
pacted ribbon and subsequently, the final dosage form.
As discussed in previous sections of this chapter, the

material attributes of interest from a roller compaction
process are typically ribbon solid fraction, ribbon ten-
sile strength, granule particle size distribution, and
granule bulk density. During scale-up, it is generally
accepted that if ribbon thickness and ribbon solid frac-
tion are translated across scales, then granule attri-
butes, and thus performance, will also be comparable.
Ribbon and granule attributes are generally evaluated
offline for confirmation of scale-up success. Ribbon
density can be determined offline using an arc punch
or GeoPyc or online using a PAT application, such as
NIR spectroscopy as discussed in previous sections.
Granule properties, such as particle size distribution,
can be measured offline using a sieve method, light
scattering technique (static or dynamic light scattering),
or image analysis technique (QICPIC, Morphologi G3).
Online particle size options include focused beam
reflectance measurements or optical systems.121,122

Scale-up focuses on the process parameters of roll pres-
sure, roll gap, and roll speed because these parameters
can have an effect on ribbon and granule attributes.
The mill speed should also be considered as this can
influence the milled particle size distribution. Once the
development design space has been mapped to the
commercial scale design space, the need to continue to
measure these product attributes will be dependent
upon the process control strategy.

The large-scale design space may be established by a
few different methods, as listed in Table 32.13. The first
option is to use historical experience to identify process
parameters that are likely to produce ribbons and gran-
ules of acceptable quality. The issue with this approach
is that it requires large amounts of material to perform a
full DOE to translate the small-scale design space to the
large scale. The rapid pace of pharmaceutical develop-
ment and the rising costs of new active ingredients
make this approach unattractive for most product scale-
ups. The second approach is to use a surrogate formula-
tion, typically a placebo formulation, to execute an
experimental design to map the design space of the

TABLE 32.12 Results of Two-Factor, Three-Level DOE Investigating Roll Pressure and Roll Gap Range; Solid Fraction Was Measured
Using a Micromeritics GeoPyc 1360 Pycnometer; Granule Flow Was Measured Using an Erweka Powder Flow Tester; Tablet Friability Was
Assessed at 100 Revolutions Using Apparatus Compliant With USP ,1216.; and Dissolution Testing Was Performed Using USP Type 2
Apparatus at 50 rpm.

Run

Roll pressure/gap

(center/low/high)

Ribbon solid

fraction

Granule

flow (g/s)

Tablet hardness

(SCU)

Tablet friability

(% weight loss)

Tablet

dissolution

1 H/L 0.77 4.5 17 ,1 Q80 @ 30 min

2 L/H 0.71 3.2 22 ,1 Q80 @ 30 min

3 C/C 0.74 3.8 20 ,1 Q80 @ 30 min

4 L/L 0.73 3.6 21 ,1 Q80 @ 30 min

5 H/H 0.76 4.2 18 ,1 Q80 @ 30 min
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small- and large-scale roller compactors. The use of a
common placebo formulation is an acceptable practice
because the information gathered can be extrapolated
to an active containing formulation. This approach
saves the cost of running large-scale batches with
active ingredient and, when paired with historical
knowledge from previous successful scale-ups, can be
used to define the large-scale design space. When con-
sidering the placebo formulation it is important to
remember that the closer the placebo is to the real pro-
duct’s formulation the more accurate the scaled-up
parameters will be for the commercial process. It is
recommended to spot check the design space at center
point and the extremes to ensure ribbon and granule
properties align with product properties produced by
the small-scale design space.

The third approach utilizes modeling techniques
outlined in the previous section of this chapter. In this
approach, a material characterization measurements
are required up front to supply the inputs for the
model and a limited number of experimental runs on
small-scale equipment are required to validate the
model. One of the key model inputs, which should be
understood on both scales, is the relationship between
hydraulic pressure and applied roll force. This rela-
tionship can be measured by the use of an instrumen-
ted roll or force cradle. Once the limitations/
assumptions of the model are understood, it can be
modified to generate a design space for the large scale.
It is recommended to spot check the design space pre-
dicted by the model at center point and the extremes
to ensure ribbon and granule properties align with
product properties produced by the small-scale design
space. This approach requires more up-front work, but
requires less material and resources to be successful.
In addition, the model can then be confidently applied
to subsequent product scale-up activities.

32.7 ILLUSTRATIVE EXAMPLE
DETAILING A POSSIBLE APPROACH TO
SCALING-UP A ROLLER COMPACTION

PROCESS

A combination of scale-up approaches was used to
determine appropriate roller compaction conditions
when scaling up from a roller compactor fitted with
120-mm-diameter rolls to a roller compactor fitted with
200-mm-diameter rolls.

32.7.1 Experimental design

1. Selection of material to be used for scale-up study
a. To minimize API costs, a surrogate roller

compaction placebo formulation was used to
mimic a formulation with 4% wt drug load.

b. Composition of the placebo was 1/1 MCC/
lactose (anhydrous) and contained relevant
amounts of disintegrant, glidant, and lubricant

2. Selection of target ribbon solid fraction
a. A target ribbon solid fraction of 65�77% was

selected, based on results obtained from a small-
scale roller compaction simulation (manufacture
of compacts using a uniaxial compaction
simulator).

b. The selected ribbon solid fraction range is in line
with previously documented experience; thus,
resultant granules were expected to possess
sufficient compactablility for tabletting.

3. Selection of design space
a. 12-run DOE devised to characterize the design

space for both roller compactors (Table 32.14).
The experiments were designed such that three
separate analyses could be performed:
i. Two-factorial design (runs 1�8) used to

establish the impact of roll gap and roll

TABLE 32.13 Scale-Up Approaches

Historical experience Surrogate mapping Modeling

How it works Trial and error approach,
using historically known
conditions as a starting
point

• Execute DOE at commercial scale using
surrogate material, often placebo

• Apply DOE results to active blend

• Execute experiments to collect model input
• Limited roller compaction runs at

small-scale
• Material characterization

• Using modeling results to predict roller
compaction design space

• Spot-check predictions at large-scale to verify
modeling predictions

Considerations Requires large amounts of
material, as an entire DOE
executed commercial scale

Results most accurate for low drug load
formulations and when placebo blend is
highly similar to active blend

• Requires extra effort initially, compared with
previous scale-up methods, but overall uses
significantly less material, resource

• Ensure modeling assumptions are well
understood

90932.7 ILLUSTRATIVE EXAMPLE DETAILING A POSSIBLE APPROACH TO SCALING-UP A ROLLER COMPACTION PROCESS

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



pressure, which is typically found to be main
factors to effecting ribbon density or tensile
strength.

ii. Runs 1, 8, 9, and 10 to assess the impact of
roll speed on ribbon density and granule
properties.

iii. Runs 1, 8, 11, and 12 to assess the impact of
mill speed on granule properties.

iv. Runs 1 and 8 at center point for all
parameters to assess the reproducibility of
the impact of process parameters on ribbon
and granule properties.

b. Roll speed range determined by commercial
throughput considerations

c. Milling parameters selected based upon
historical experience

d. Ribbon density and granule particle size
distribution were selected as the material
attributes of interest.

32.7.2 Results

The DOE was executed using the surrogate placebo
blend on both the pilot scale (120-mm rolls) and com-
mercial scale (200-mm rolls) roller compactor.

• Ribbon density data showed that the commercial
roller compactor required higher hydraulic pressure
set points to generate a ribbon with a comparable
density with that of the pilot-scale unit. This was
expected since the rolls of the commercial unit were
wider, and thus, a higher force was required to
maintain the same compressive force per cm of roll

width. The design space for ribbon density is given
in Fig. 32.42.
• Particle size distributions for the two roller

compactors were equivalent, as seen in Fig. 32.43.
The data from all 12 conditions were averaged
together and plotted along with the minimum
and maximum observed results. As shown, the
distributions completely overlap. In addition,
both roller compactors exhibited the same
relationships for changes in roll speed and mill
speed. Statistical analysis of the results showed
that neither roller compactor exhibited a
relationship for roll speed on ribbon density or
had a significant relationship for particle size
with regards to changes in mill speed.

• Granule bulk and tapped density values were
similar for all DOE conditions.

Overall, this scale-up approach was shown to be suc-
cessful for providing suitable process parameters to

TABLE 32.14 Design of Experiments for Roller Compaction
Runs

Run
Roll speed
(mm)

Hydraulic roll
pressure (bar)

Roll gap
(mm)

Mill speed
(rpm)

1 Center Center Center Center

2 Center Low Low Center

3 Center Low High Center

4 Center High Low Center

5 Center High High Center

6 Center Center Low Center

7 Center Center High Center

8 Center Center Center Center

9 Low Center Center Center

10 High Center Center Center

11 Center Center Center Low

12 Center Center Center High

Hydraulic roll pressure (bar)

Ribbon density (g/cm3) design space

0.92

0.95

1.13

1.17

1.22

1.21

1.14

0.99

1.03

1.08

1.10

1.16

1.19

1.09
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FIGURE 32.42 Ribbon density design space map.
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FIGURE 32.43 Granule particle size distribution. Dashed lines
indicate minimum and maximum observed results and solid line is
average.
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TABLE 32.15 Common Roller Compaction Challenges and Mitigation Approaches

Problem Possible cause Remedies

Sticking to compaction rolls Insufficient lubricant level Add lubricant; typically 0.2�0.5%; external
lubrication a possibility

Excessive moisture Reduce moisture content; Dehumidify environment

Poor scraper adjustment Decrease clearance between rolls and scrapers;
Replace worn scrapers

Excessive force Decrease roll force

Melting of product Cool rolls to decrease temperature; use water, nitrogen

Improper roll configuration Use smooth or grooved rolls

Soft compact/friable
granulation

Improper formulation Increase compressible binder; Decrease lubricant level

Compaction force too low Increase compaction force

Compaction (dwell) time too short Decrease roll speed

Excess blend time for powder and
lubricant

Decrease blend time

Raw material variation Monitor key raw material specifications

Excessive fines Air entrapment Use deaeration system

Leakage of powder Tighten seals (top/side); replace worn seals

Poor powder compressibility Increase compressible binder; screen/sieve product
to desired particle size

Improper granulation/mill screen Use coarser screen for milling compacts

Improper granulation/mill speed Decrease mill speed

Low compaction force Increase roll force

Low bulk/tap density Compaction force too low Increase roll force

Particle size too large Use finer screen/plate to mill the compacts

Challenging material May need to pass material through roller
compactor several times

Poor flow characteristics High fines content See remedies for “excessive fines”

Particle size too small Use coarser screen/plate to mill the compacts

Poor granule dissolution Compaction force too high Decrease roll force

Improper formulation Add a disintegrant (ie, starch, MCC)

Drug release profile—too slow Poor formulation-slow release Increase %hydrophilic polymer; use polymer with lower
MW; Decrease %lubricant

Drug release profile—too fast Poor formulation-fast release Increase hydrophilic polymer (ie, HPMC); use polymer
with higher MW

Low throughput/production rate Feed rate too slow Increase screw/roll speed ratio

Improper screw design Use alternate screw (double flight)

Air entrapment Use a deaeration system

Poor product stability/discoloration Heat generation during compaction or
milling

Decrease compaction force; use water-cooled rolls;
use nitrogen cooling

Improper ribbon
thickness

Poor scalability of the screw/roll speed
ratio

Increase screw/roll speed ratio to increase thickness;
decrease screw/roll speed ratio to decrease thickness

Improper roll gap setting Adjust roll gap to desired thickness

(Continued)
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scale-up or scale-down a process. The data generated
could be used to justify process parameters for an active
formulation by taking into account how the active for-
mulation’s mechanical and physical properties differ
from the placebo. In addition, this approach can be uti-
lized to confer equivalence between equipment of the
same scale. This type of assessment would be important
when commercial production occurs on multiple roller
compactors to ensure recipe set points are properly
defined to ensure equivalent ribbon and granule
properties.

32.8 TROUBLE-SHOOTING

A compilation of common roller compaction chal-
lenges and potential mitigation strategies are given in
Table 32.15.

32.9 CONCLUSIONS

The roller compaction process is an effective and effi-
cient means of enhancing powder behavior, in terms of
flow and compactability, for downstream pharmaceutical
processes. Over the past couple decades, roller compac-
tion has become the predominant granulation method
due to its many advantageous characteristics (eg, it does
not require heat, solvents) and its popularity continues to
increase, especially as the industry moves toward contin-
uous production processes. This chapter has highlighted
the benefits of roller compaction processes over alternate
processing techniques, essential aspects of equipment,
formulation, and process design, and critical considera-
tions for scale-up, as well as reviewed both traditional
and novel characterization tools, techniques, and models
to facilitate efficient process development methods.
Another important trend featured in this chapter was the
growing use of small-scale tools and methods to simulate
the roller compaction process, many of which can be con-
ducted at bench-scale to enable efficient execution of

roller compaction development processes, even at early
stages of drug product development.
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33.1 INTRODUCTION

Compressing pharmaceutical tablets is one of the
most efficient processes for producing a single dose
of medication. Tablets are accepted and trusted by
professionals and consumers alike; they are easily
administered and simple to dose.

Compressing powders into a solid form dates back
thousands of years. It wasn’t until the early 1800s that
tablet compression was automated in the sense that the
hand crank was replaced by a leather belt and a steam-
driven power bar. Early single-station tablet presses
produced an average of 100 tablets per minute (TPM),
while maintaining uniformity requirements for tablet
hardness, thickness, and weight. Soon after, single-
station presses were fading and making room for new
technology: the rotary tablet press. Introduced in
the mid-1800s, the rotary tablet press boasted speeds
capable of compressing 640 TPM compared with high-
speed presses today, capable of compressing up to
24,000 TPM. Although tablet presses have evolved
through the years, the same principles apply (Fig. 33.1).

33.2 OPERATION PRINCIPLES OF
COMPRESSION BY ROTARY PRESS

Modern rotary press usually include the following
components:

Name of component Function(s)

Hopper Containing powder

Feeder Distribute power into die cavity

(Continued)

(Continued)
Name of component Function(s)

Gravity, forced,
centrifugal/die feed

Provide additional mixing

Turret Position and progress the punch and
die

Punch, lower and higher Accept powder from feeder

Contain powder until compression
occurs

Densify and compress the powder

Eject the compressed tablet

Feed cam Lower the lower punch to allow
powder to come in

Compression cam, upper/
lower

Force upper and lower punch to
compress

Ejection cam Lift the lower punch and push tablet
above the turret

Ejection plate Remove tablet off turret

Hydraulic Provide hydraulic pressure

Instrumentation Monitor force, speed, distance, etc.

Air handling Provide exhaust

33.3 TOOL DESIGN

Good granulation is important for compressing
quality tablets. If the granulation is poor, so will the
long-term results. A proper tablet granulation will
have good flow, compressibility, and release proper-
ties. Tablet compression tooling is equally responsible
for the success of a tableting program. Tooling must
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be engineered to withstand the stresses associated
with tablet compression, provide satisfactory service
life, and maintain physical tablet uniformity. Proper
tablet design is also critical. Pharmaceutical marketing
departments feverishly attempt to design unique
tablets, anticipating the design will quickly become
branded and trusted in the eye of the consumer.
A proper tool design is essential for placing that
innovative design into the consumer’s view.

The basic knowledge of tablet compression tooling
and tablet design can save literally millions of dollars,
prevent product loss, and reduce unnecessary equip-
ment downtime. Understanding the basic physics of
tablet compression will greatly enhance the ability to
compress quality tablets more efficiently and provide
better knowledge to troubleshoot and identify potential
pitfalls before they happen (and they do!).

Communication is important with any tableting
campaign. Marketing, research and design (R&D),
engineering, production, and the tooling supplier must
be in accordance and communicate new product-
design and production requirements. The ideas and
responsibilities of these departments may vary, but
they share the common goal of manufacturing a
quality tablet efficiently and productively.

33.3.1 Terminology

To communicate properly and understand the
following material, it is important to have a basic
understanding of the terminology used in this industry.
Although these terms are most common and accepted,
some terms may vary slightly between countries.
This article deals with the terminology and general
information related to the most common tablet shapes
and rotary press tooling, the “TSM,” “B,” “D,” and
“Euronorm” 19- and 21-mm configurations (Tables 33.1
and 33.2 and Fig. 33.2).

33.3.2 Common tooling standards

There are two internationally recognized standards
for tablet compression tooling, the “TSM” and the “EU”
standards. Both “TSM” and “EU” standards identify
the physical tool configuration for “B” and “D” type
tablet compression tools, their critical dimensions, and
associated tolerances assuring tablet quality and an
efficient tablet press operation.

The “TSM” tooling standard is recognized in the
Americas and is considered exclusive in the United States.
“TSM” stands for the Tablet Specification Manual
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FIGURE 33.1 Rotary tablet press cycle.
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TABLE 33.1 Common Tooling Terminology

Term Definition

Tooling set A complete set of punches and dies to accommodate all stations in a tablet press

Tooling station The upper punch, lower punch, and die, which accommodate one station in a tablet press

Head The largest diameter of a common punch that contacts the machines cams and accepts the pressure from the pressure rollers

Head flat The flat portion of the head, which makes contact with the pressure rollers and determines the maximum dwell time for
compression

Top head angle Angle from the outside head diameter to the top head radius; it allows for sufficient head thickness and smoother camming

Top head radius The radius on the top of the head, which blends the top head angle to the head flat. Some head configurations may
consist of only the head radius without the head angle. This radius makes the initial contact with the pressure roll and
allows a smoother transition into the compression cycle

Head back angle Sometimes referred to as the inside head angle; located underneath the top head angle or the top head radius, which
contacts the machine camming for vertical movement of the punch within the punch guides

Neck Located below the head and provides clearance as the punch cycles through the machine cams

Barrel or shank The vertical bearing surface of a punch, which makes contact with the punch guides in the machine turret for vertical guidance

Barrel chamfer Chamfers at the ends of the punch barrel, eliminate outside corners

Barrel-to-stem
radius

The radius that blends the punch barrel to the stem

Stem The area from the barrel to the edge of the punch tip

Tip length The straight portion of the punch stem

Tip straight The section of the tip that extends from the tip relief to the end of the punch tip; it maintains the punch tip size tolerance

Land The area between the edge of the punch cup and the outside diameter of the punch tip; this adds strength to the tip to
reduce punch-tip fracturing

Tip face or cup The portion of the punch tip that determines the contour of the tablet face; it includes the tablet embossing

Cup depth The depth of the cup from the highest point of the tip edge to the lowest point of the cavity

Tip relief The portion of the punch stem, which is undercut or made smaller than the punch tip straight; most common for lower
punches to aid in reducing friction from the punch tip and die wall as the punch travels through the compression cycle;
the area where the punch tip and relief meet must be sharp to scrape product from the die wall as the lower punch
travels down for the fill cycle

Key A projection normally made of mild steel, which protrudes above the surface of the punch barrel. It maintains alignment
of the upper punch for reentry into the die; mandatory on upper punches with multiple tips and all tablet shapes other
than round; commonly used with embossed round tablet shapes when rotation of the punch causes a condition known as
double impression

Key position The radial and height position of a key on the punch barrel; not found in all presses

Punch overall
length

The total length of a punch, other than flat-face tablet configurations, that is normally a reference dimension, which
consists of a combination of the working length and the cup depth dimensions

Working length The dimension from the head flat to the lowest measurable point of the tip face, responsible for the consistency of the
tablet’s overall thickness

Anneal A heat-treating process used on fragile punch tips to decrease the hardness of the punch cups reducing punch-tip fracturing

Bakelite tip relief An undercut groove between the lower punch tip straight and the relief; it assures a sharp corner to assist in scraping
product adhering to the die wall; normally a purchased option for lower punches

Major axis The largest dimension of a shaped tablet

Minor axis The smallest dimension of a shaped tablet

End radius The radius on either end of a capsule or oval-shaped tablet

Side radius The radius on either side of an oval- or modified-shaped tablet

Band The center section of a tablet between the cup profiles: it is governed by a direct relationship of the die cavity profile

Compound cup A cup profile which consist of two or more radii

Embossed The raised identification on a tablet or a punch face; an embossed punch tip results in a debossed tablet

Debossed The depressed identification on a tablet or a punch face; a debossed punch tip results in an embossed tablet



and is published, revised, and distributed by the
American Pharmacist Association in Washington, DC.
The “TSM” standards, once known as the “IPT”
standards, were originally developed in 1968 by a
committee consisting of major US pharmaceutical com-
panies. Their motivation was an attempt to maintain
standardization for “B” and “D” tablet compression
tooling, which provides interchangeability between tab-
let presses. The “TSM” provides engineered drawings
that are a valuable reference for troubleshooting and
tool inspection. Today, the “TSM” committee consists of
professionals from the tablet press, tooling, and tablet
manufacturing industries. The “TSM” also includes use-
ful information such as standard cup configurations for
round tablets and a reference to common bisects
for breaking tablets into multiple uniform dosages.

The “EU” tooling standard is internationally recog-
nized and is more widely used than its counterpart,
the “TSM” standard. “EU,” which is the acronym for
“Eurostandard” and “Euronorm,” is considered the
European standard for interchangeable “B” and “D”
type compression tools. The “EU” standards were
created by Trevor Higgins in an attempt to establish a
tooling “norm” that provides tool interchangeability
with the most common “B” and “D” type European
tablet presses. The “EU” standard is printed and
distributed by I Holland Ltd, Nottingham, UK.

33.3.3 EU, TSM, B, and D type punches

The “TSM” and “EU” standards manuals provide
mechanical drawings and technical information for

“B” and “D” type tools, which constitutes a majority
of the tool configurations used today. The “B” type
configuration has a nominal punch barrel diameter of
0.750v/19 mm. The “B” type has two different die
sizes. The larger “B” dies have a diameter of 1.1875v
(30.16 mm) and the smaller “BB” dies have a 0.945v
(24 mm) diameter. The “D” type has a larger nominal
barrel diameter of 1v (25.4 mm) and a die diameter of
1.500v (38.10 mm.). The “B” and “D” tool designation
identifies the physical tooling size and was coined by
engineer Frank J. Stokes in the late 1800s.

Stokes resided in Philadelphia, PA when he
developed the first commercially available rotary tablet
in the United States—the Stokes B1 Rotary. The B1
rotary press was extremely successful and most in
demand by pharmaceutical companies nationwide.
Mr Stokes, realizing the need for compressing larger
and heavier tablets, developed the Stokes D3 rotary
tablet press. The D3 tablet press uses slightly larger
punches and dies, increasing the overall capacity to
compress larger and heavier tablets.

During the second industrial revolution, Stokes
expanded manufacturing capabilities and operated a
facility in England for international distribution.
Stokes soon became the world’s leading tablet press
manufacture and sold tablet presses and tooling in
nearly every industrialized country. The designation
“B” and “D” quickly became the international stan-
dard for identifying a tablet press capacity and a tool
configuration, as it remains today.

At the brink of World War II, Stokes left England and
focused all manufacturing activities in Pennsylvania.
Stokes left behind trained engineers and qualified
manufacturing personnel who soon realized the poten-
tial of the tablet press market and began manufacturing
tablet presses and tooling under the name “Manesty.”
As a marketing strategy, Manesty reengineered the
punches and tablet press cams to enhance tooling life
and provide better performance. The Manesty punch is
similar to the original Stokes design, but is exclusive
to Manesty presses and not interchangeable with the
more popular Stokes tablet presses. Manesty called
their tablet presses the “Manesty B3B” and the larger
“Manesty D3a”

Manesty soon became a major supplier in the
compression equipment industry and successfully
competed against Stokes in the global market. In the
mid 1980s, the tablet press industry exploded and
press manufactures were competing with tablet press
output and innovation. Accommodating newer and
high-speed tablet presses, the original Manesty tooling
standard was refined to provide better interchangeabil-
ity with the most common “B” and “D” tablet presses,
identified by the “Eurostandard,” often referred to as
the “EU” standard and the “EU” norm.

TABLE 33.2 Tablet Terminology

Term Definition

Major axis The largest dimension of a shaped tablet

Minor axis The smallest dimension of a shaped tablet

End radius The radius on either end of a capsule or oval-shaped
tablet

Side radius The radius on either side of an oval- or modified-
shaped tablet

Band The center section of tablet between the cup profiles: it
is governed by a direct relationship of the die cavity
profile

Compound
cup

A cup profile which consist of two or more radii

Embossed The raised identification on a tablet or a punch face:
an embossed punch tip results in a debossed tablet

Debossed The depressed identification on a tablet or a punch
face: a debossed punch tip results in an embossed
tablet
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Top head radius
Outside head angle

Head O.D.

Inside head angle
Neck-to-head radius

Barrel-to-neck radius

Woodruff
key

Barrel-to-tip
chamfer

Land
Face

Die groove

Bore 

Tip face

Relief

Barrel-to-tip
radius

Barrel-to-neck
chamfer (optional)

Head flat

Neck

Head

Lower
punch

Upper
punch

Die

Barrel
Working
length

Overall
length

Tip
length

Tip straight O.D.

Chamfer I.D.

Cup depth

Secondary
key slot

(optional)

O.L.

Overall
tablet

thickness

Radius
(cup radius normal)

Belly
band

Cup depth
Cup radius

Tablet face

Diameter

Land
Cup depth

Diameter Diameter

Major cup radius

Minor cup radius
Diameter @ int.

Flat dia.

Bevel bld. radius

Bevel
angle

Convex cup Compound cup
Shaped tablets

Flat face bevel edge

Capsule Oval

LandLength

Width Cup
radius

Cup
radius (major)

Cup depth

Length

Width

Side radius Cup depth

Cup radius
(minor)

Land

End
radius

(a)

(b)

FIGURE 33.2 Punch and die terminology.
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B-upper punch D-upper punch

0.7480
∅ 19.00 ∅ 25.35

∅ 30.16 ∅ 38.10∅ 24.00

∅ 19.00 ∅ 25.27

0.9450

0.8750
22.23

5.2500
133.35 0.9980

5.2500
133.35

1.1875

0.8750
22.23 23.81

0.9375

1.5000

0.7480

5.2500

0.9950

5.2500
133.35 133.35

B-lower punch D-lower punch

B-TSM upper punch Euro-upper punch

0.7480
∅ 19.00 ∅ 19.00

∅ 30.16 ∅ 24.00 ∅ 30.16∅ 24.00

∅ 19.00 ∅ 19.00

0.9450

0.8750
22.23

5.2500
133.35

0.7480

5.2600
133.60

1.1875

0.8750
22.23 22.23 22.23

0.8750 0.8750

0.9450 1.1875

0.7480

5.2500

0.7480

5.2600
133.35 133.60

B-TSM lower punch Euro B-lower punch

Upper punch

Die

Lower punch

Stokes 328–45 STA. Kilian 20/28

(c) (e)

(d)

FIGURE 33.2 (Continued)
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There are various models of tablet presses that
do not conform to the standard “B” and “D” tool
configurations and are engineered to be exclusive to a
particular make and model of tablet press. Some of
the more common configurations were designed in the
early 1900s and are still used on tablet presses today.
These unique tablet presses are generally larger and
engineered to compress larger tablets more effectively.
Kilian Gmbh, a division of IMA in Milan, Italy, is
a major European manufacturer of tablet presses
using the most common unique tool configuration. The
Kilian-style upper punch does not use the common
punch head configuration to guide the punches
through the press cams; instead, the upper punch is
guided by a machined cam angle located on the
side of the upper barrel. The Kilian design provides a
larger head flat, therefore, increasing the compression
dwell time over the more popular “B” and “D” type
tools.

33.3.4 Recent innovations

New technology continues to introduce innovative
tool configurations in the effort to provide better
efficiency of tablet press speed, product yield, cleaning,
and safety.

In 1997, Ima introduced a line of unique tablet
presses called the Ima Comprima. The Ima Comprima
models use an innovative approach with tool design
and granulation delivery. Unlike traditional tablet
presses using a gravity-feed frame or force-feeding
mechanism to fill the die with granulation, the Ima
Comprima feeds the granulation through the die table,
taking advantage of the centrifugal force created by
the rotating turret for a rapid and uniform die fill.
Unlike traditional presses, the Ima Comprima ejects
the compressed tablet through the bottom of the die
and uses gravity to eject the tablet from the press.
Traditional tablet presses eject the tablet at the top of
the die, requiring a mechanical stop or a take-off bar to
physically contact and knock the tablet from the lower
punch face. The Ima Comprima press is engineered to
improve product yield, while providing a dust free
environment for a more clean operation and a safer
environment for the operator (Fig. 33.3).

The most recent innovation with tablet press
and tooling technology is developed by Fette GmbH,
located in Schwarzenbek, Germany. The new technol-
ogy was introduced in 2005 and is favored by
high-volume tablet manufactures. The technology
does not use traditional compression dies, instead
Fette developed die segments. Die segments provide
an advantage over traditional dies by combining the
tablet press turret die table and dies into three or five

integral segments. Die segments are much easier and
quicker to install than individual dies and die locks,
reducing tablet press set-up time dramatically. More
space is available around the turret circumference to
increase the number of punches because the concept
does not require the use of dies, which results in more
tablets compressed per revolution than traditional
presses of the same size.

Tablet press technology has recently brought
attention to the steel used for punches and dies with
“wash in place” tablet presses. “Wash in place” tablet
presses are becoming more common and are available

Fette 2090 die segments

(a)

(b)

FIGURE 33.3 (a) IMA press and tools. (b) Fette 2090 die
segments.
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from most major tablet press suppliers. To reduce the
possibilities of tool discoloration and corrosion, it is
important that the tools are immediately removed
and dried if the tools cannot be confirmed dry in the
tablet press turret.

33.3.5 Cup depth, overall length, and working
length

These are the most critical dimensions in any
tooling program that relate directly to final tablet
thickness, weight, and hardness. The overall length
(O.L.), is a reference dimension and, therefore, does
not have a specified tolerance. A reference dimension
is defined by the Machinery Handbook (2) as

A dimension, usually without a tolerance and used for
information purpose only. It is considered auxiliary informa-
tion and does not govern production or inspection operations.
A reference dimension is the repeat of a dimension or is
derived from other values shown on the drawing or on
related drawings.

The two dimensions comprising the punch overall
lengths are the working length and the cup depth,
with the exception of flat-face tip configuration,
which does not have a cup and is used to compress
a wafer-type tablet. The two dimensions are the
working length dimension, with a tolerance of plus or
minus 0.001v, and the cup depth, with a tolerance
plus or minus 0.003v. Combining the two tolerances
that affect the O.L. of a punch, the calculated
tolerance would be plus or minus 0.004v. The major
concern with these dimensions is to maintain consis-
tency within a set of punches in order to maintain
tablet weight, hardness, and thickness. The more
critical of the two dimensions is the working length
(W.L.). The W.L. needs to be inspected as a single
dimension and preferably for consistency within the
given working-length tolerance, and not for a number
formulated from the cup depth subtracted from the
overall length. A set of punches should be separated
into uppers and lowers and inspected for variances
as such. For example, all of the upper punches
are checked for length consistency, and then all of
the lower punches are checked as a separate unit.
As long as both upper and lower punches fall within
the desired tolerance range, tablet thickness, hardness,
and weight will be consistent.

Although the cup depth is not responsible for
tablet thickness, it should be confirmed within the
given tolerance to maintain tablet overall consistency,
and it too should be inspected as single dimension
(Fig. 33.4).

33.3.6 Tooling options

During the 1980s, the tablet compression industry
was introduced to higher speed and more automated
tablet presses that assured interchangeability with
the “TSM” standard tool configurations. Although the
standard tool configuration may be compatible, in
some cases, it was not optimal and required minor
modification to achieve expected performance. In
addition, the standard tool configuration may not be
desirable for compressing certain products. All pro-
ducts are different and have unique characteristics, and
therefore, may require slight tooling modifications.
Tablet manufactures need to be informed of available
options to achieve the best possible performance from
the tablet press and tooling. The next section provides
a description of tooling options that can be a benefit
on both high-speed and standard presses.

33.3.6.1 Common tooling options

33.3.6.1.1 Domed heads

The domed head configuration is adaptable to both
the upper and lower punch, and maintains the identical
top head radius and head flat as the “Eurostandard.”
It is an option only for the “TSM” head configuration
and is compatible with the American “TSM” cams, and

FIGURE 33.4 Overall and working lengths.
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should be considered for all high-speed tablet presses.
As the speed of the tablet press continues to increase,
tablet manufactures are coming to realize the advantage
of the domed-style head with the larger top radius.
The domed head style has several advantages over the
standard “TSM” head profile. The larger 5/8v radius on
the domed head reduces the enormous stress that is
more common with the smaller 5/16v radius on a
standard head when the punch makes initial contact
with the pressure roller. This stress can cause a
condition called head pitting, which is identified by
voids on the head flat. The impact of the pressure roller
and head radius at high speeds and heavy forces can
cause a work-hardening effect, contributing to the
pitting of the head flat. This form of pitting is detrimen-
tal to the life of the punches and pressure rollers.
The domed head configuration provides a smoother
transition into the compression cycle of the tablet press,
reducing stress and premature wear of the pressure
rollers (Fig. 33.5).

33.3.6.1.2 Punch head flats

The punch head flat is located at the opposite end
of the punch tip. It is usually the flat on top of the
largest diameter of the punch. The head flat provides
dwell in the cycle of compression. Dwell as related to
tablet compression can be defined as “time spent in
the same position.” “Time spent in the same position”

refers to the time the punch is held vertically in-
between the pressure rollers; this time is generally
measured in milliseconds.

Dwell time is dictated by the rotational speed
and pitch diameter of the turret and the size or
diameter of the punch head flat. The punch head flat is
an “important” dimension, but is not considered a
critical dimension of the punch. As with all important
dimensions of the punch, it is essential to maintain
a dimensional consistency within the entire set. In
general, the majority of powders or granulate formu-
lated for compression will produce quality tablets
that meet all requirements, even if the punch head
flat diameter is spread and using the entire tolerance
range. A discrepancy related to physical tablet specifi-
cations, which may be correlated with the inconsistency
of the head flat, is typically uncommon. If maintaining
tablet consistency becomes challenging, knowing and
understanding the importance of the head flat becomes
essential.

For products requiring longer dwell time, the
punch option commonly referred to as the “extended
head flat” is an attractive alternative to the standard
head flat (Fig. 33.6a). The extended head flat option
maximizes the flat area by reducing punch head
top radii, thus resulting in a larger flat diameter.
The extended head flat will increase the dwell time,
or the time under full compression between the
pressure rollers. The extended dwell time can aid
in reducing tablet defects, such as low hardness,
laminating, and even capping. The extended head
flat option can also help to reach the maximum press
speed, yielding optimal production for powders
difficult to compress.

However, the extended head flat option does
increase the physical head flat diameter to a dimension
critically close to the punch neck diameter. If the maxi-
mum compression force or dwell initiates at a point on
the top of the punch head, which is outside the neck
diameter below, it can create dangerous stresses in in

Pressure
roll

Pressure
roll

Domed head Angled head

FIGURE 33.5 Note: Differences between TSM and TSM domed.

FIGURE 33.6 Dwell time.
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the steel that are prone to fracture the punch head or
even the punch neck, which may result in extensive
machine damage (Fig. 33.6b).

Some tablet press manufactures provide an option
to substantially increase the punch head flat dimension
by using special cams and neckless style punches. This
configuration is sometimes referred as the Neckless
441 design and is an option only for “D” type punches
(Fig. 33.6c).

The procedure of reworking the punch head is com-
mon and is performed to reduce the rolling fatigue or
pitting generally caused from excessive pressure,
improper lubricants, and insufficient lubrication, con-
tamination from airborne powders and improperly
wearing and/or aligned machine parts. The procedure
of reworking the head should only be performed by a
trained technician in order to maintain the proper
dimensions.

Introducing a new and unused spare punch into a
well-worn set of punches should be done with caution
because the new punch head flat may be inconsistent
with the worn punch. It is advisable to check the
critical working length and compare it with the worn
punch to assure compatibility before adding it to the
set.

33.3.6.1.3 Rotating heads

The rotating punch head is a two-part punch config-
uration, the head is separate from the punch barrel
and tip, allowing the head to be removed and replaced
as the head wears. When compressing round tablets,
the punches will rotate as they are pulled around the
cam track through the various stages of the tablet com-
pression. As the punches rotate, the wear and stresses
on the back angle of the head are distributed around
the entire back angle-bearing surface. When compres-
sing tablet shapes other than round, the punches do
not rotate, causing the wear to be concentrated at a
single point, which results in premature head wear.
The wear is distributed along the entire surface of the
back angle because the rotating head configuration
allows the head to rotate when compressing nonround
tablet shapes. This helps to decrease head wear and
prolong the life of the punches (Fig. 33.7a).

33.3.6.1.4 Mirror-finished heads

Some high-speed tablet presses use heavy metal
cams, such as bronze and bronze alloys. This material
is good for eliminating premature head wear and
prolonging tool life, but it has a negative effect because
it contaminates the lubrication and turns it a black,
dark-green color. The typical finish of a punch head is
done with fine emery or fine abrasive pads. This finish
leaves fine radial lines on the contact surfaces of the
heads and has a filing effect on the softer cams,

causing discoloration of the lubrication and premature
cam wear. Polishing the punch heads with a soft
cotton wheel and fine polishing compound to a mirror
finish helps keep the lubrication cleaner and prolongs
cam life.

33.3.6.1.5 Bakelite relief and double-deep relief

It is important to maintain a sharp edge around the
lower punch tip relief. A sharp edge assists with the
pull-down cycle of the lower punch after tablet
ejection. If residual product is adhered to the die wall,
the sharp lower punch tip relief will help scrape the
die clean as well as cutting through the product
to reduce the possibility of product wedged and
re-compressed between the punch tip and die wall.
Product wedged between the punch tip and die
wall may cause excessive heat and thermal expansion
of the punch tip. This could result in punch binding
and/or seizure, premature head wear, tablet

Double
deep relief

Must
be sharp

Must
be sharp

Bakelite
relief

Normal
relief

Normal tip straight Shorter tip straight

(a)

(b)

(c)

Rotating head

Tool body

FIGURE 33.7 (a) Rotating head. (b) Punch tip reliefs. (c) Punch
tip straights.
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discoloration, or burning and dark specs contaminat-
ing the tablet. A bakelite relief assures a sharp edge to
assist with removing product adhered to the die wall,
allowing the punch tip to move freely in the die. A
“double deep relief” increases the depth of the lower
punch relief and provides the same results as the bake-
lite relief; both designs assure a sharp edge at the
punch tip. The bakelite relief is an added-cost option
for punches, whereas the double-deep relief is gener-
ally a no charge option (Fig. 33.7b).

33.3.6.1.6 Short lower punch tip straight

The lower punch tip creates a tremendous amount
of friction because it travels the full length of the die
through the various stages of tablet compression.
When compressing sticky products or products with a
low melting point, the friction created by the lower
punch tip can cause lower punch binding. Reducing
the bearing surface of the lower punch tip will reduce
friction, allowing the punch to travel easier in the die
and reduce operating temperatures.

33.3.6.1.7 Punch-barrel chamfers

Punch-barrel chamfers are required on punches
used with presses fitted with rubber or plastic guide
seals. The barrel chamfer has an advantage over the
common break edge for these press models. The
absence of a chamfer on the tip end of the punch can
create difficulties while installing punches. Forcing the
punch past the seal can damage to the seals, resulting
in seepage of lubrication from the upper-punch guides,
inherently causing product contamination. Damaged
lower guide seals can allow product seepage into the
lower-punch guides as well as mixing with the lubrica-
tion, causing tight punches and possibly press seizure.
A barrel chamfer on the head end of the punch can
reduce wear of the punch guides caused by the
punches being cocked from the torque of rotation as
the punch travels vertically in the guides (Fig. 33.8).

33.3.6.1.8 Key types and positions

Punch barrel keys are mandatory for upper punches
when compressing nonround tablets. The upper punch

key maintains alignment of the tip for reentry into the
die for compression. Keys are not generally required
for lower punches because the lowers do not leave the
die during the compression cycle, so maintaining
alignment is not required. Keys may also be required
when compressing round tablets with embossing to
eliminate the punch from spinning after compression,
causing damage to the embossed tablet and reducing
the likelihood of a “double impression” on the tablet
face. The punches may also require keys when the
orientation of embossing for the top and bottom of the
tablet is required to be constant.

Keys fitted to the upper punches are available in
two configurations: (1) the standard Woodruff key,
sometimes referred to as the pressed-in key and
(2) the feather or flat key, often referred as the
European key.

The Woodruff key, often referred to as the half-
moon key because of its shape, is available in two
styles, standard and the Hi-Pro. The Hi-Pro key has a
tab on each side of the exposed top section and rests
on the barrel. The taps keep the key secure by elimi-
nating the rocking action common to the standard
Woodruff. To obtain maximum security for high-speed
presses, the Woodruff key is fastened into the barrel
using screws. The Woodruff key can swell the barrel at
the position of the key slot as is pressed into position,
causing excessive drag and sometimes galling of the
upper punch and punch guide.

The feather key is a longer, flat key, and comes in a
variety of lengths, depending on the tablet press.
Unlike the pressed in Woodruff key, the feather key
fits into a milled slot and is secured into position using
machine screws.

The height and radial position of a key is critical to
obtain maximum press performance. Unfortunately,
no standard has been established due to the particular
requirements of the many styles of tablet presses. If
the key is placed too low or is too long, it can inter-
fere with the upper punch guide seal and cause dam-
age and/or seepage of lubrication, resulting in
product contamination. If the key is too high, it can
travel out of the key slot at the top of the punch
guide, resulting in severe damage to the punches and
press (Fig. 33.9).

33.3.7 Tool configuration for small and micro
tablets

It is common to experience difficulties maintaining
tablet hardness, thickness, and weight while compres-
sing small and micro tablets. Compression force is sen-
sitive and will generally require minimum forces. In
some cases, the tablet is compressed by the weight of

Barrel to tip
chamfer

Neck to barrel
chamfer

FIGURE 33.8 Punch and barrel chamfers.
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the punch. Excessive tonnage can distort the punch tip
and alter the critical working length, making tablet
consistency virtually impossible. Tip breakage is also
frequent and can damage additional punches and the
tablet press, most commonly the feed frame. A special
tool configuration is recommended for compressing
tablets smaller than 0.125v (3 mm). This configuration
modifies the punches and dies and is used in conjunc-
tion with a shallow fill cam that is fitted on the press
to minimize lower punch travel in the die. The punch
modification involves shortening the punch tips and
eliminating the lower punch relief. Shortening the tip
straights to their minimum length will strengthen the
tip, considerably increasing the maximum compression
force. The lower punch tip relief is removed to
reduce the clearance between the tip stem and the die
bore, providing additional support to the tip stem,
thus decreasing distortion. Reducing the tip length
increases the barrel length; therefore the bottom of the
die is undercut to accept the longer barrel for tablet
ejection (Fig. 33.10).

33.3.8 Tapered dies

A tapered die has numerous advantages. A die
can be tapered on one side or on both sides, with the
advantage of turning the die over and doubling
its life. The biggest advantage of a tapered die is to
exhaust trapped air in the product as the upper
punch enters the die at the beginning of the compres-
sion cycle. This is especially helpful for deep-cup

punches, fluffy granulation, and high-speed presses.
A tapered die provides the ability to compress a
harder tablet with the same amount of pressure
required with a straight die. It is helpful in reducing
capping and laminating. Taper will allow the tablet
to expand at a slower rate because it is being ejected
from the die, reducing stress that can cause lamina-
tion and capping. Taper decreases the ejection force,
prolonging the life of the lower punch heads and
ejection cam, thus reducing friction and allowing the
press to operate at a lower temperature. Tapered dies
help align the upper-punch tip upon entering the die,
eliminating premature tip wear—this is especially
helpful for presses with worn upper-punch guides.
A standard taper on a “BB” or “D” die is 0.003v by
3/16v deep. Die taper can be tailored to meet special
requirements. Although there are numerous advan-
tages with using taper, there are also disadvantages.
The upper punch can wedge in-between the punch
tip and die wall as it’s pressed into the die because
the taper is conical with the largest area at the top.
Excess product can migrate between the punch
tip and die bore due to the additional punch tip to
die bore clearance as a result of the taper. If the
upper punch is wedged and sticks in the die, it will
be evident by spotty tablets and/or premature
wear at the back angle of the upper punch
(Fig. 33.11).

Woodruff key

Hi-pro Woodruff key

Screwed-in-hi-pro Woodruff key

Fixed parallel key

FIGURE 33.9 Key types.

Upper punch

Undercut die

Lower punch
w/strengthed tip

0.6000
lower
tip length

FIGURE 33.10 Tool configuration and micro tablets.
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33.4 TABLET DESIGNS

Proper punch face contour is essential for tooling
life and tablet quality. The compression force should
be determined during the R&D phase of a new prod-
uct. If heavy compaction forces are required, a shal-
low- or standard-cup configuration should be
considered to assure satisfactory tooling life and tablet
quality. If the compaction force is to remain light to
standard, a variety of configurations may be consid-
ered. Compression force has a lateral force that can
expand the sides of the punch cup outward toward
the die wall.

Excessive pressure can permanently distort and
cause premature failure of the punch tip. For a high
compaction force the cup may be strengthened by:

1. Increasing the land area on the punch tip to provide
additional strength

2. Reducing the hardness of the punch tip, allowing
the tip to flex without breaking

3. Increasing the cup radius or decreasing the cup
depth to eliminate the damaging effect of flexing
and abrasion to the inside of the cup

The flat-face bevel edge (FFBE) tablet configuration
is subjected to the same lateral force. These edges can
be strengthened by steps 1 and 2 and by increasing the
radius between the flat and the bevel, which is nor-
mally 0.010�0.015v. The flat-face radius-edge (FFRE)
configuration provides a stronger punch tip than the
FFBE and can eliminate edge chipping by reducing
sharp corners on the tablet face. Another common cup
configuration is the compound cup. The compound
cup has two radii, which makes the tablet roll better
during the coating process, eliminating tablet-edge ero-
sion. The compound cup design generally has more
cup volume and is the optimum tablet design for hea-
vy tablets because it generally reduces the tablet band,
giving the tablet a thinner appearance. However, the
compound cup is one of the weakest tablet designs

due to the stresses created at the intersection of the
two cup radii and the steep cup, which causes exces-
sive abrasion during compression, shortening the tool
life (Fig. 33.12).

Elaborate three-dimensional cup configurations are
becoming more common in the candy and vitamin
industry. It is critical that compaction forces are deter-
mined during the R&D phase and results provided to
the tooling manufacture because of the high- and low-
cup designs.

The concavity standards for round punch tips are
published in the TSM. These standards (Table 33.3)
include cup depths for shallow, standard, deep,
extra deep, modified ball, FFBE, and FFRE. For radius
cup designs, the “TSM” identifies the cup by the cup
depth, whereas the European tableting industry
identifies the cup by the cup radius (Fig. 33.13).

33.4.1 Tablet shapes

There are as many tablet shapes as there are appli-
cations, which are endless. Tablets are used in automo-
bile airbags, batteries, soaps, fertilizers, desiccants, and
buttons, just to name a few. Historically, round tablets
were the most common, uncomplicated, and easy to
set-up and maintain. Special-shape tablets are tablet
shapes other than round, and include shapes such as
capsule, oval, square, triangle, etc. Exotic shape tablets
are more unique than round or special shapes. Exotic-
shaped tablets include animal and heart-shaped tablets
and other unique tablet shapes that require an internal
radii or angle (Fig. 33.14).

A unique tablet shape will provide better tablet
identification, which helps maintain consumer interest
and loyalty.

The most common special shapes in the pharmaceu-
tical industry are the capsule, modified capsule, and
oval shapes. These shapes typically accommodate
more volume and are more unique than standard
rounds. A film-coated tablet is better to use with a
modified capsule, rather than a capsule shape, to elim-
inate twinning during the coating process. A modified

0.0030
0.08

0.1870
4.75

Bore ∅ �

Taper depth

Taper [0.0030] � [0.1870] � 2
0.076 � 4.750

FIGURE 33.11 Tapered die.
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FIGURE 33.12 Compound cup.
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TABLE 33.3 Examples of Tooling Standards

Tablet

diameter

Inches [mm]

Shallow cup

depth

Standard cup

depth

Deep cup

depth

Extra-deep cup

death

Modified ball cup

depth

FFBE/FFRE cup

depth

1/8 [3.175] 0.005 [0.127] 0.017 [0.432] 0.024 [0.610] 0.030 [0.762] 0.040 [1.016] 0.007 [0.178]

5/32 [3.970] 0.007 [0.178] 0.021 [0.533] 0.030 [0.762] 0.036 [0.914] 0.049 [1.245] 0.008 [0.203]

3/16 [4.763] 0.008 [0.203] 0.026 [0.635] 0.036 [0.914] 0.042 [1.067] 0.059 [1.499] 0.009 [0.229]

7/32 [5.555] 0.009 [0.229] 0.029 [0.737] 0.042 [1.067] 0.048 [1.219] 0.069 [1.753] 0.010 [0.254]

1/4 [6.350] 0.010 [0.254] 0.031 [0.787] 0.045 [1.143] 0.050 [1.270] 0.079 [2.007] 0.011 [0.279]

9/32 [7.142] 0.012 [0.305] 0.033 [0.838] 0.046 [1.161] 0.054 [1.372] 0.089 [2.261] 0.012 [0.305]

5/16 [7.938] 0.013 [0.330] 0.034 [0.584] 0.047 [1.194] 0.060 [1.524] 0.099 [2.515] 0.013 [0.330]

11/32 [8.730] 0.014 [0.356] 0.035 [0.889] 0.049 [1.245] 0.066 [1.676] 0.109 [2.769] 0.014 [0.356]

3/8 [9.525] 0.016 [0.406] 0.036 [0.914] 0.050 [1.270] 0.072 [1.829] 0.119 [3.023] 0.015 [0.381]

13/32 [10.318] 0.017 [0.432] 0.038 [0.965] 0.052 [1.321] 0.078 [1.981] 0.128 [3.251] 0.016 [0.406]

7/16 [11.113] 0.018 [0.457] 0.040 [1.016] 0.054 [1.372] 0.084 [2.134] 0.133 [3.378] 0.016 [0.406]

15/32 [11.905] 0.020 [0.508] 0.041 [1.041] 0.056 [1.422] 0.090 [2.286] 0.148 [3.759] 0.016 [0.406]

1/2 [12.700] 0.021 [0.533] 0.043 [1.092] 0.056 [1.499] 0.095 [2.413] 0.158 [4.013] 0.016 [0.406]

17/32 [13.493] 0.022 [0.559] 0.045 [1.143] 0.061 [1.549] 0.101 [2.565] 0.168 [4.267] 0.016 [0.406]

9/16 [14.288] 0.024 [0.610] 0.046 [1.168] 0.063 [1.600] 0.107 [2.718] 0.178 [4.521] 0.016 [0.406]

19/32 [15.080] 0.025 [0.625] 0.048 [1.219] 0.066 [1.676] 0.113 [2.870] 0.188 [4.775] 0.016 [0.406]

5/8 [15.875] 0.026 [0.660] 0.050 [1.270] 0.065 [1.727] 0.119 [3.023] 0.198 [5.029] 0.016 [0.406]

11/16 [17.483] 0.029 [0.737] 0.054 [1.372] 0.073 [1.854] 0.131 [3.327] 0.217 [5.512] 0.020 [0.508]

3/4 [19.050] 0.031 [0.787] 0.058 [1.473] 0.078 [1.981] 0.143 [3.632] 0.237 [6.020] 0.020 [0.508]

13/16 [20.638] 0.034 [0.864] 0.061 [1.549] 0.083 [2.108] 0.155 [3.937] 0.257 [6.528] 0.020 [0.508]

7/8 [22.225] 0.037 [0.940] 0.065 [1.651] 0.089 [2.260] 0.167 [4.242] 0.277 [7.036] 0.020 [0.508]

15/16 [23.813] 0.039 [0.991] 0.069 [1.753] 0.094 [2.388] 0.179 [4.547] 0.296 [7.518] 0.020 [0.508]

1 [25.400] 0.042 [1.067] 0.073 [1.854] 0.099 [2.515] 0.191 [4.851] 0.316 [8.026] 0.025 [0.635]

“TSM” method “Euro” method

Cup
radius

Cup
depth

FIGURE 33.13 For radius cup designs, the TSM identifies the
cup by the cup depth, whereas the European tableting industry iden-
tifies the cup by the cup radius.

Round

Special shape

Exotic shape

FIGURE 33.14 Basic tablet shapes.
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capsule shape can be designed to have the appearance
of a capsule shape with the advantage of a radius on
the major axis, reducing the contact surface area dur-
ing the coating process (Fig. 33.15).

33.4.2 Tablet face configurations

Tablet shapes are virtually infinite, as are tablet face
configurations. The tablet face configuration is com-
monly referred to as the “cup” of the punch. The cup
is the area at the tip end of the punch that is responsi-
ble for the configuration of the top and bottom of a
tablet. The “TSM” provides cup depth standards for
the six most common cup configurations for round
tablets.

The “TSM” defines the cup depth of single radius
tablet configurations by the depth of the concavity and
differs from the “EU” configurations, which use the
cup radius value. The cup radius is more difficult to
check and to set internal limits for reworking.

A single radius cup is the strongest cup configura-
tion and is the most common configuration for round
tablets. Adding another radius to the cup changes the
cup configuration to a compound or a dual-radius cup.
The compound cup has the advantage of having more
volume than the single radius cup. Increased volume
to the cup will reduce the size of the “belly band,”
making the tablet appear thinner and easier to swal-
low. The configuration of compound cup is better for
film coating. The rounded edges tend to roll better in
the coating pan, reducing the possibilities of edge ero-
sion. There are several disadvantages to using the

compound cup design. The intersection of the two cup
radii becomes a high-stress point, which is prone to
failure under extreme loading, and therefore has a
much lower maximum compression force rating than
the single radius shallow and standard cup. Extreme
loading is not uncommon with the compound cup con-
figuration. The compound cup has more volume;
therefore as the upper punch cup enters the die, it fills
the die with air, and then must be extracted before
compression. For this reason, the compound cup
commonly requires slower press speeds or higher com-
pression force than a single radius shallow or standard
cup. The compound cup sidewall is steep and receives
high abrasion as the tablet is compressed, wearing the
tip and weakening the cup. The tip land is critical to the
punch tip strength and should be checked often for
wear. If the land wears thin, it will cause a condition
known as “J hook,” which is a common cause of
capping and laminating. The land is easily refurbished
using 400-grit sharpening stones and a large cotton buff
wheel. The compound cup design has a smaller
window or available space for engraving and printing
than the single radius shallow and standard cup.

Three-dimensional cup configurations are common
with vitamins and candies. The three-dimensional cup
configuration provides raised features on the tablet
surface, providing the opportunity to sculpt features
and character details.

33.4.3 Undesirable shapes

A tablet shape too close to round may cause a con-
dition known as punch-to-die binding or self-locking.
These shapes must be avoided in order to provide
maximum tablet output and satisfactory tool life (Figs.
33.16 and 33.17).

The corner radius of a special shape, such as a
square and triangle, is critical for maintaining the
strength and integrity of the die. A corner radius less
than 0.032v can cause excessive stress and failure as
the die is locked into position with the die lock and
subjected to the shock of tablet compression.

33.4.4 Tablet identification

There are two basic methods for identifying a
tablet—printing and engraving, with the latter
being the most common. There are two styles of
engraving—embossed and debossed. With debossing,
the identification is raised on the cup face and
engraved into the tablet, while embossed identifica-
tion is cut into the cup face and raised on the
tablet (Fig. 33.18). These two styles can be used in
conjunction with each other.

Capsule

Slight radius

Modified capsule

FIGURE 33.15 Capsule and modified capsule shapes.
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To ensure product identification, many companies
engrave their corporate logos on their product line. As
tablet size decreases, the legibility of the identification
tends to diminish, eventually reaching the point at
which it is no longer legible. For this reason, tablet
manufacturers should consider the entire range of
tablet sizes when considering the format of a logo for
better legibility. As a tablet decreases in size, the logo
and drug code are subject to picking (product sticking
in or around the identification). Formulation data and
product history, if available, should be provided to the
tooling manufacturer so that they may engineer an
engraving style and format to help minimize picking
and sticking because some products are more prone to
picking than others.

A company that engraves or embosses most or
all of their tablets should consider maintaining a char-
acter font. The font should be designed to eliminate
sharp corners whenever possible and opening the
closed-in areas of a character as much as possible
(Fig. 33.19).

For sticky products, the engraving style can be
designed to pre-pick the islands of a character, for
example, filling in the centers of the “B,” “R,” “0,” “8,”
etc. The pre-pick character can be difficult to film coat
and is prone to fill in and bridging, and therefore the
characters can be partially pre-picked for film coated
tablets. A partial pre-pick is generally preferred and
only removes a percentage of the island instead of
removing the island completely. A ramped engraving
style, also referred to as a tapered peninsula, provides
the same advantage as a pre-picked style and, when
used at the outside corners, opens areas of a character.
It provides a lower depth of these areas and then
tapers the tablet surface (Fig. 33.20).

The radius at the top of an engraving cut at the
tablet surface can be a main contributor to picking and
tablet erosion. A general guide for the value of the
radius is approximately one-third of the engraving cut
depth. For example, if the engraving cut depth is .012v,
then the radius at the top of the engraving should
be 0.003v/0.004v.

Good radius

A

B

Too sharp

Detail B

Detail A

FIGURE 33.16 TSM versus euro method to identify cup radius.
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FIGURE 33.17 Good designs versus poor designs.

FIGURE 33.18 Raised embossing in panels. FIGURE 33.19 Poor font choice versus good font choice.
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The angle of a standard engraving cut for a
noncoated tablet is 30 degree. If sticking occurs, it is
recommended to increase the angle to 35�40 degree,
which is the angle recommended for film-coated
tablets. The wider engraving angle may diminish
legibility of the engraving cut by allowing more light
into the bottom of the cut, but has a better draft angle
that provides improved product release (Fig. 33.21).

Incorrectly placing an engraving cut too close to the
tablet edge or to the secondary radius for compound
cups can result in punch-tip fracturing. Although tool-
ing manufacturers generally maintain certain guide-
lines for the layout and configuration of the engraving,
they must consider the amount of engraving in rela-
tion to the tablet size, tablet configuration, and product
characteristics before releasing the final tablet design
for approval.

33.4.5 Bisects

Bisects, commonly known as a score or break line,
are available in a variety of styles.

The purpose of a bisect is to break the tablet into a
predetermined dosage, most commonly two equal
parts. Breaking a tablet into prescribed dosages should
give the consumer a certain degree of confidence that

they are receiving the proper dosage. Bisects should be
placed on the upper punch whenever possible. Placing
the bisect on the lower punch can create problems
when the take-off bar removes the tablet from the lower
punch. The depth of the bisect is generally deeper than
the engraving cut, therefore making it difficult to slide
the tablet across the punch face at the ejection cycle.

The standard “TSM” bisect has two different config-
urations for concave tablets: protruding and cut flush.
The protruding bisect style follows the curvature of
the cup and extends past the tip edge of the punch.
This style helps break the tablet into equal parts
because the extended bisect is pressed into the tablet
band. The problem with this style is that the protrud-
ing bisect may run into the tip edge of the lower punch

Island
reduction

Ramp of 
peninsula

Pre-picked islands

Taper at peninsula

FIGURE 33.20 Partial pre-pick and tapered peninsula.
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FIGURE 33.21 Engraving cut angles.
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if they become too close during tablet press set-up or if
the tablet press continues to cycle after the hopper has
been emptied. Hitting the bisect into the lower punch
edge will leave deep impressions while smashing and
swelling the protrusion of the bisect on the upper
punch. Standard cut-flush bisect has become more
popular for this reason (Fig. 33.22).

A cut-through bisect, also known as a European-
style bisect, can only be used on radius cup designs. It
has an advantage over the standard bisect by allowing
the consumer to easily break the tablet into equal
dosages. The cut-through bisect is wider at the center
of the tablet than the standard bisect, which reduces
the available engraving space on the tablet face. The
height of the cut-through bisect is generally the same
as the cup depth.

33.4.6 Steel types

Choosing a steel type is generally left up to the
tooling manufacturer, unless a specific type has been
requested. The criteria for selecting a steel type includes
the quantity of tablets to be produced, the abrasiveness

or corrosiveness of the granulation, the pressure
required for compression, and the cup configuration.

There are two basic categories of steel common
in the tablet-tooling industry that are standard and
premium. Although the categories may imply that one
is superior in quality to the other, this is not the case.
Standard steel is the most commonly used grade,
whereas the premium grades are used generally for
abrasive products and special applications. The cost is
generally higher for premium steels due to the quantity
of material purchased by the tool manufacturer and the
steel composition. Premium steels tend to be harder
and more difficult to machine. Premium steels are hard-
er, so they can also be more brittle and prone to fractur-
ing under excessive pressure. Commonly used standard
steel grades are: S-5, S-7, S-1, and 408, and premium
steel grades D-2, D-3, 440-C stainless steel, and 0�1.
Table 33.4 shows the maximum compression.

Top view End view Side view

Pressure
sensitive bisect

(G type)

Cut
through bisect

(D type)

Decreasing
bisect (C type)

Standard bisect
(E type)

Standard
protruding bisect

(A type)

Short bisect
(B type)

Partial bisect
(H type)

FIGURE 33.22 Bisect types.

TABLE 33.4 Maximum Compression

Punch

tip

diameter

Max compression force by cup depth (kilonewtons)

Shallow

concave

Standard

concave

Deep

concave

Extra-

deep

concave

Modified

ball FFBE FFRE

1/8 12.5 4.4 2.7 1.8 1.0 3.7 4.9

5/32 18.0 7.0 4.2 3.1 1.6 5.3 7.6

3/16 27.0 9.6 6.1 4.7 2.2 7.2 11.0

7/32 37.0 14.0 8.3 6.7 3.0 9.3 14.9

1/4 49.0 20.0 12.5 10.5 3.9 11.5 19.5

9/32 60.0 27.0 18.5 14.5 5.0 14.0 25.0

5/16 75.0 37.0 26.0 18.0 6.1 16.5 30.0

11/32 92.0 48.0 34.0 22.02 7.4 19.0 37.0

3/8 107.0 61.0 44.0 26.0 8.8 22.0 44.0

13/32 127.2 73.0 55.0 30.0 10.5 25.0 51.0

7/16 149.0 87.0 67.0 35.0 13.5 29.0 60.0

15/32 168.0 104.0 79.0 40.0 14.0 33.0 68.0

1/2 192.0 120.0 92.0 47.0 16.0 38.0 78.0

17/32 219.0 137.0 107.0 53.0 18.0 43.0 88.0

9/16 242.0 159.0 123.0 59.0 20.0 48.0 99.0

19/32 271.0 179.0 139.0 66.0 22.02 53.0 110.0

5/8 302.0 200.0 157.0 73.0 24.0 59.0 122.0

11/16 363.0 246.0 195.0 88.0 30.0 63.0 147.0

3/4 436.0 296.0 238.0 104.0 36.0 75.0 175.0

13/16 509.0 356.0 284.0 122.0 42.0 89.0 206.0

7/8 587.0 417.0 331.0 142.0 48.0 103.0 238.0

15/16 679.0 482.0 286.0 163.0 56.0 118.0 274.0

1 770.0 552.0 445.0 185.0 63.0 119.0 311.0
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33.4.7 Inserted dies

Dies are normally manufactured from D-3 premium
steel. D-3 steel is superior for wear, but due to its
high carbon and high chromium content, does not
provide toughness. Dies are not subjected to the
same stresses or shock as the punches and, therefore,
can be manufactured from harder and better-wearing
steels.

The most common die for compressing abrasive
granulation is the carbide-lined die. The carbide-lined
die has a carbide insert that is inserted into a steel
sleeve, which provides a cushion to reduce the possi-
bility of chipping and fracturing the carbide insert.
Carbide dies are more expensive than steel dies and
are easily justified with the extended die life because
die life is easily increased by 10 times in most cases.
Carbide die is more brittle and subject to fracturing
under excessively heavy compression forces because it
is much harder.

If the carbide insert is too thin at its narrowest point
due to the tablet size, the carbide insert can fracture
due to die-lock pressure and stresses of tablet com-
pression. This is also true for the steel sleeve. The tool-
ing manufacturer should be consulted to determine if
a tablet size is acceptable for a carbide liner.

Ceramic-lined dies are becoming more widely used
as tougher grades become available. The most common
ceramic grade used for compression dies is currently
partially stabilized zirconia (PSZ). Dies lined with PSZ
have the same general wear characteristics and require
the same precautions as carbide-lined dies, but have
an advantage in reducing the friction coefficient dur-
ing the fill and ejection cycles.

When inserting carbide or ceramic dies into the die
pocket, a die-driving rod fitted with a nylon tip should
be used to prevent carbide fracturing. Die-lock pres-
sure should also be reduced by 10%.

33.4.8 Multitip tooling

Normally, one punch compresses one tablet, with the
exception occurring when using multitip tooling.
Multitip tools are more common in Europe and have
only recently been accepted in the United States. The
multitip tool configuration is engineered to compress
more than one tablet at a time with the total number of
tablets per punch dictated by the punch size and tablet
size.

There is a tremendous advantage for using multi-
tip tooling when considering production, operating
efficiency, and overall capacity. Increasing produc-
tion by the multiple of punch tips can be achieved,
but typically should not be expected. Using the for-
mula, tablets currently produced3number of punch

tips3 0.95number of tablets expected, will provide
a more accurate estimate of the TPM rate.

Multitip punches are available in two configura-
tions: a solid punch or an assembly with multiple
parts. The solid punch design is easier to clean
because it does not have multiple parts, unfortu-
nately, however, if only one tip is damaged the entire
punch is unusable and discarded. The multiple part
punch design separates the punch tips from the
punch body, The punch tips are fixed in place using
a cap and/or set screws. If a punch tip is damaged,
it can be simply removed and replaced, putting
the punch back into service. To properly clean the
multiple part design, the tool is required to be disas-
sembled, cleaned, and dried thoroughly before
reassembly. This procedure can require substantial
labor.

Tablet compression and ejection force most likely
will increase, as will the operating temperature.
To reduce the potential of product sticking in the
punch face, it is suggested to monitor the tablet
press and tooling operating temperature. If the
compression and/or ejection force becomes too great,
the punches may show premature wear on the head
flats and back angles and excessive wear on the
tablet-press cams.

It is recommended to use the rotating head option
for the lower punch. The rotating head will reduce
punch in die friction by allowing the punch head to
spin freely as it takes the pressure away from
the punch tips in the die. The lower punch will be
able to move more easily through the cycles of tablet
compression (Fig. 33.23).

33.4.9 Punch-tip pressure guide

Punch-tip pressure is calculated by tablet press man-
ufactures and is dictated by the tablet configuration

Multitip with
solid tips

Multitip with
replaceable  tips

FIGURE 33.23 Multitip tools with replaceable tips and solid tips.
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and steel type. With the assistance of computer-aided
designing and finite element analysis (FEA) software,
tooling manufactures have become more accurate with
the maximum tonnage for round and shaped tablet
designs.

Table 33.4 provides the cup configurations with the
corresponding maximum tonnage force for round punch
tips. This guide has been calculated from the computer-
generated procedure “Finite Element Analysis” and is
the most accurate guide available.

Calculating the maximum compression force for
shaped tablets (ie, capsule oval etc.) can be difficult
and confusing. It is recommended to contact the tool-
ing supplier and request these values. The maximum
tonnage for round and shaped tablets should be
provided on the engineered tablet drawing provided
by the tooling supplier, along with the cup volume
and surface area. It is important that these values have
a strong presence with R&D and are used when
formulating a new product. The tonnage requirement
should be acceptable before the product reaches
the production phase. If tool failure is experienced
at the R&D phase, the tablet can be redesigned to
accept the required tonnage.

33.5 CARE OF PUNCHES AND DIES

Great care must be taken when cleaning, transporting,
and storing punches and dies because they are precision
instruments and can damage easily. Upon receiving
punches, they should be cleaned and dried thoroughly
prior to use. If standard operating procedures require
incoming inspection, then the tools should be inspected
immediately and any concerns or discrepancies should
be reported to the supplier before the tools are used
and/or put into storage for future use. Following inspec-
tion, the tooling should be lightly oiled, packed in a
protective container, and stored in a dry place.

When tooling is required to be shipped, they should
not be shipped in storage containers. Most storage
containers are not designed to support the weight
of the tooling through the handling practices of
commercial freight companies. Tooling should be
returned in their original individual plastic or card-
board shipping containers and packed tightly to
avoid movement. Punch tips are extremely fragile and
should be protected at all times from hitting each other
or other hard surfaces. A dent or nick on a punch tip
can keep the punch from fitting properly into the die.
To avoid damage to the die during tablet press set-up,
a proper driving rod should be used when inserting
the die in the die table. A mild steel rod with the same
diameter as the punch guide fitted with a nylon tip

is recommended. To prevent damage to the die, die
table, and die lock, the die lock pressures indicated by
the tablet press manufacturer’s operating manual
should be observed. Excessive die-lock pressure can
distort the die bore and cause punch tightness, fracture
the die, and even crack the die table, which would cost
thousands of dollars to repair.

33.6 TOOLING INSPECTION

Tooling inspection programs are becoming more
common and are performed as a precautionary
measure to reassure critical dimensions and embossing
details. Confirming critical dimensions will also
confirm clearances between the punch and mating
parts of the tablet press. Most tooling suppliers will
provide a detailed inspection report or a certificate of
conformance to assure tablet manufacturers that a
specific set of tooling is within the specified tolerance
and is capable of producing consistent and quality
tablets. The inspection area should be a atmospheric-
controlled environment, well-lit for visual inspection,
and equipped with calibrated measuring equipment
instruments and gauges.

The tooling inspection program should be divided
into two sections: incoming inspection and in-process
inspection.

The incoming inspection program is for new tools
and confirms adherence of critical dimensions. Tools
that are supplied with a detailed inspection report
should be verified by checking a small percentage
of tooling to qualify the supplier’s inspection report.
A confirmation of the checked dimensions should be
recorded and maintained for future reference.

The in-process inspection procedures are recom-
mended for determining wear subjected on critical
dimensions responsible for tablet quality and press
operation. The most important dimension affecting
tablet hardness, weight, and thickness consistency is
the working length of the punches. It is not critical to
inspect the working length for a calculated dimension,
but to instead inspect for consistency within the set.
During the inspection process, it is good practice to
determine if the punches and dies are in need of pol-
ishing and/or light reworking.

The outer dimensions of the punch tip are also
critical for inspection and examination. Unfortunately,
the worn punch tip is difficult or nearly impossible to
inspect using traditional measuring instruments, such
as a micrometer or an indicator. The punch tip wears
at the edge of the cup and can only be measured accu-
rately using an optical comparator. Dies should be
visually checked for wear rings in the compression

936 33. DEVELOPMENT, OPTIMIZATION, AND SCALE-UP OF PROCESS PARAMETERS: TABLET COMPRESSION

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



zone, and replaced if worn. The severity of a die-wear
ring can be checked with an expanding indicator. The
expanding indicator will not provide the actual die
size, only the depth of the wear ring. The expanding
indicator is also capable of measuring the amount and
depth of the die taper.

The results of the working length inspection should
be documented in addition to noting tool wear and
polishing or reworking, if performed. When tooling
wear exceeds the new tool specification, it is not
generally considered unusable or out of new punch
specification.

33.7 TOOLING REWORKING

If considerable reconditioning of the punches
and dies is necessary, the tools should be returned to the
manufacturer for evaluation. Extensive reworking of the
tooling should be performed only by skilled personnel to
assure conformance to strict tolerances, providing tablet
consistency and proper press operation.

Polishing the cup is the most common procedure
of punch maintenance performed by the tablet
manufacturer and can be easily performed with proper
training. Improper or excessive polishing can reduce the
cup depth and diminish the height of the embossing,
thus reducing legibility and the ability to film coat. There
are three common procedures of polishing the cup: (1)
large soft cotton wheel fitted to a bench grinder motor;
(2) a dremel tool using nylon brushes and polishing
paste; and (3) drag finishing, a process that drags the
punch through a fine media of walnut shells or plastic
pellets infused with polishing compound. The most
effective methods is using the large cotton wheel.
Polishing the cup with a large soft cotton wheel is the
only method that polishes the cup and restores the
critical land at the same time. Restoring the land can
increase tool life, strengthen the punch tip, and reduce
the likelihood of capping and laminating. Polishing the
punch cups with nylon brushes or using a drag finisher
is the simplest method of polishing, but will not restore
the tip edge or refurbish the tip land, which removes the
hooked edge commonly referred to as a “J hook” that is
common in capping and laminating. It is not advised to
polish or restore the punch head flat because this can
alter the critical working length, resulting in inconstant
tablet hardness, thickness, and/or weight.

33.8 PRESS WEAR

Tablet press wear can sometimes be the reason for
tooling failure and is often overlooked. As the

tolerances of punches and dies are constantly moni-
tored, so should the critical tolerances of a tablet press.
For example, if tablet overall thickness is inconsistent,
the working length of the punches should be checked
first; in most cases this dimension is the easiest to
check. If the working length of the punches is accept-
able, the tools are usually put back into service to
frequently experience a reoccurrence of the initial prob-
lem. If the pressure roller is out of round, out of con-
centricity, or worn with severe pitting or flat spots, the
result will be inconsistent tablet thickness, which
would be expected with improper punch working
lengths.

Fig. 33.24 shows the correct way to check the turret
guide for wear. A new turret may have approximately
0.003v tip deflection. A turret guide considered worn
has a tip deflection of 0.012�0.014v and should be
sleeved or replaced.

Problems in tableting often have a domino effect.
It is important to identify and remedy a problem
before it affects other areas of the press, the tooling,
and the tablet quality.

33.9 PURCHASING TABLET
COMPRESSION TOOLING

Considering all the available tooling options and steel
types, it can be confusing and complicated to purchase
tablet tooling. Before making the final purchase, it is
advisable to request a tool and tablet drawing for

Tip deflection

FIGURE 33.24 Deflection of punches indicates excessive wear in
turret guides.
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approval. Most tooling manufactures can submit a sam-
ple tablet made of copper or a special grade of plastic for
further approval. The following list is a guideline for
information that is needed by the tooling manufacture
to properly custom-manufacture tooling that meets
the requirements of the product and tablet press:

• The size, shape, and cup depth of the tablet to be
compressed (a sample tablet or sample tools would
be sufficient if this information is not available)

• Drawing number of the tablet if a drawing exists,
if not, request a drawing for future reference

• Hob number, if the order is a replacement
• Press type, model number, and number of stations

required
• Steel type if other than standard
• Historical data referencing tablet problems such

as capping, sticking, picking, high ejection forces, etc.
• If the tablet is a core and will be coated
• Special options such as tapered dies, domed heads,

key type, etc.
• Special shipping instructions

33.10 CONSIDERATION OF TOOLING

Choosing the proper tooling options is critical for a
smooth operation. It is recommended to utilize all
available industry resources, such as tablet press and
tooling manufacturers, for assistance with these
choices. It is likely that they have resolved similar dif-
ficulties for other customers and have the expertise to
recommend the correct options. Recording and main-
taining tableting problems are important and should
be communicated to the tooling manufacture. Without
the knowledge of common tableting problems, the
tooling manufacturer can only continue to supply
standard tooling.

33.11 APPLICATION OF QUALITY BY
DESIGN AND TOOLS (CASE STUDY)

33.11.1 Objective

To develop the compression process parameters and
control space for a bi-layer tablet by applying right-
first-time (RFT)/six sigma approach.

33.11.2 Methods

The overall approach following the RFT/six sigma is
shown in Fig. 33.25. The applied RFT/six sigma tools
include failure mode and effects analysis (FMEA), pro-
cess mapping, critical quality attribute (CQA), critical

process parameters (CPPs), cause-and-effect analysis,
design of experiment (DOE), control plan, etc.

A bi-layer tablet is used for this development. The key
ingredient of the formulation includes a water-soluble
active pharmaceutical ingredient (API), compressible
sugars, flavors, flow-aid, lubricant, and other ingredients.
The manufacturing process includes blending, milling
and compression using an instrumented rotary press.

FMEA is used to identify CPPs. The CPP’s include
compression force at first station (precompression), com-
pression force at second station (main compression),
and turret speed. The CQAs include potency, content
uniformity, and lamination.

Two DOEs are used to understand the knowledge
space and identify control space and operation
parameters.

33.11.3 DOE design

Study I

Goal: Establish the preliminary compression
parameters
Design: Three factors at two levels (33 2)

Factor 1: Main compression
Factor 2: Precompression
Factor 3: Speed

Study II

Goal: Identified optimal process parameters
Design: Two factors at three levels (23 3)

Factor 1: Main Compression
Factor 2: Speed

(Sampling plan: Physician quality reporting initiative-
driven)

33.11.4 Results

Lamination is shown in Figs. 33.26 and 33.27.
Based on these results, the operation ranges for

compression are optimized as: (1) precompression
0.15�0.3 Kp, (2) main compression 6�7 Kp, and (3) turret
speed at 18�20 rpm.

33.11.5 Conclusions

Optimization of compressing of a bi-layer tablet
could be difficult due to: (1) the confounding

FMEA DOE 1 DOE 2
Control
space

CPP

CQA

FIGURE 33.25 The overall approach following the RFT/six
sigma.
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interaction of powder-filling of two layers that may
have different flowability, (2) competition of compres-
sion force between two layers, and (3) separation/lam-
ination of two layers.

However, by applying the RFT/six sigma approach
and utilization of these process characteristic tools,
the optimal process parameters and control space can
be effectively identified.
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FIGURE 33.26 Impact on RSD of
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FIGURE 33.27 Impact on lamina-
tion by turret speed and main com-
pression force.
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33.11.6 Application of britest tool in
troubleshooting

33.12 SCALE-UP OF COMPRESSION

In this chapter we will examine press speed as a
major factor in tableting, and review measures and
functions of tableting speed, such as dwell time,
contact time, consolidation time, and decompression
(relaxation) time.

The importance of dwell time in compaction has
been a subject of discussion for the past 30 years, and
yet there is still confusion about how to measure
or even define it. Moreover, other important time
segments of the compaction event have been mostly
neglected because they depend on press geometry and
are difficult to quantify.

We have taken a comprehensive approach to
calculations of such time events, and found press
efficiency factors as by-product. In order to evaluate
press or tableting efficiency, we need to consider such
important factors as feed time, ejection time, and total
tableting time.

33.12.1 Compaction and compression

Tablets are made of powder compressed in a die by
punches. On a rotary tablet press, the die table along
with many punches rotates and pushes each set of
upper and lower punch between compression rollers

(Fig. 33.28). This causes the punches to move inside
the die and compress the powder.

Two processes take place when the tablet is made:
compaction and compression. During tableting, both
processes occur simultaneously (Fig. 33.29).

1

Modified Britest Tools for Bi -Layer Tablets

Risk & Impact

Index=Probability x Degree of Impact
Key 

Input/Process

1 API

Final 
Blend

Product

2 Sugar

3 MCC

4 Flavor/Color

5 Lubricant/Flow Aid

G
ranulation

2= 2 x1

64= 8 x8

16= 2 x8

2= 1 x2

9= 1 x9

7 Precompression

8 Main -compression

9 RH/Temperature

Bi -
Layer 
Tablet

18= 2x9

10= 1x10

8= 1x8

Critical Factors

1 API

3 MCC

4 Flavor/Color

5 Lubricant/Glider

2 Sugar√√

7 Precompression

8 Main -compression

9 RH/Temperature

xx

xx

xx

xx

xx

xx

xx

6 Calibration Load Cell C
om

pression

70= 10x7 6 Load Cell√√

FIGURE 33.28 Punch and die set.
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By definition, compaction is the increase in mechani-
cal strength of powder under force due to consolidation
of particles. Thus, compaction is related to particle
consolidation and bonding, which has a direct effect on
the tablet hardness and friability.

Compression, on the other hand, is defined as
a reduction in bulk volume of the powder under
force due to displacement of air between particles.
Compression results in a reduction of void space
between solid particles, which means a decrease in
porosity of a tablet. It is a known fact that porosity,
along with the pore size and distribution, affects total
surface area, disintegration, and dissolution time.

Several variables are useful in describing the com-
paction process. Tablet hardness, or breaking force, of
a cylindrical tablet can be converted into tensile
strength σ5 2 � F/(π � d � h), where F is the crushing
force, d is tablet diameter, and h is tablet thickness
(tensile strength is better than hardness because it is
normalized with respect to tooling size and shape).
A quantity known as “solid fraction”, or relative den-
sity, is defined as SF5w/(ρ � v), where w is tablet
weight, ρ is true density, and v is tablet volume.

Three types of graphs are required to adequately
represent and characterize compaction: tabletability
(tensile strength vs applied compaction pressure),
compressibility (solid fraction vs applied pressure),
and compactibility (tensile strength vs solid frac-
tion). If the graphs coincide for any two lots, then
formulations are essentially identical with respect to
the compaction process. This information can be
extremely useful in scale-up.

There are three major mechanisms of particle
consolidation: elastic, plastic, and brittle fracture
(Table 33.5). Any deformation of elastic materials
under stress is temporary; it disappears when the
pressure is removed (rubber may provide a typical
example). Plastic materials, such as avicel, are

deformed permanently even at small pressures. For
some materials (such as emcompress), powder parti-
cles undergo fragmentation under applied pressure.
Such deformation is called “brittle fracture.”

No material deforms by a single mechanism. There
is always a combination of either elastic and plastic
or brittle and plastic behavior and usually one of the
mechanisms predominates. The so-called “viscoelas-
tic” materials deform elastically at low pressures, but
as the pressure increases, at some point (yield point)
the deformation becomes irreversible. Likewise,
there are materials, such as lactose, which initially
show some fragmentation, but then may exhibit
plastic flow under increased pressure. Plastic flow is
time-dependent and decreases as pressure goes
up (due to decrease in porosity). Thus, plastic and
viscoelastic materials exhibit what is called “strain
rate sensitivity,” which means they are sensitive to
speed of tableting.

As powder particles consolidate, they go through
several stages of consolidation (shown in Fig. 33.30
for plastically deforming material). The main events
are: reduction in the volume of air between solid
particles, particle rearrangement, particle deforma-
tion, plastic flow into the interparticulate voids,
and formation of interpariculate bonds due to plastic
deformation.

FIGURE 33.29 Compression and compaction
as two simultaneous processes in tableting.

TABLE 33.5 Particle Consolidation Mechanisms

Material Reversible Time dependent

Elastic (rubber) Yes No

Plastic (avicel) No Yes

Brittle (emcompress) No No

Viscoelastic (starch) Partly Yes

Brittle-plastic (lactose) Partly Yes
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33.12.2 Tableting failure

Most scale-up problems in tableting are speed-
related because the product is moved from a relatively
slow R&D press to high-speed production machines.
Such problems are: capping, lamination, cracks, pick-
ing, and chipping. Other general problems relate to
flowability of powders (feeding issues), underlubrica-
tion (may cause sticking), and temperature sensitivity
(some powders, such as ibuprofen formulations may
even melt in the die during long batches as the in-die
temperature increases).

Capping is a stratification phenomenon that
results in a horizontal dislocation of a tablet layer
(Fig. 33.31).

Capping tendency increases with compression force
and tableting speed,1�4 with precompression force,5

and with punch penetration depth and tablet thick-
ness.6 Capping occurs due to increase of elastic
energy under high-speed compaction compared with
a lesser increase of plastic energy. It may also be a
result of the expansion of air trapped in pores of the
tablet, although this assumption has been disputed
in the literature. Press speed is a major factor
contributing to capping due to slow process of stress
relaxation.

Lamination (Fig. 33.32) occurs when the tablet splits
apart in single or multiple layers. Lamination is often

blamed on overcompressing—too much compression
force flattens out the granules, and they no longer lock
together. Lamination can also occur when groups of
fine and light particles do not lock together.

Tendency of tablets to laminate increases with
speed, compression force, and precompression force.5,7

It is a fact that the consolidation part of the compac-
tion cycle (during the “rise time” of the force-time
profile) is 6�15 times more important than the decom-
pression part as a factor contributing to capping and
lamination.8,9

Elastic recovery during decompression can cause
stress cracking due to elastic recovery during ejection
(Fig. 33.33). This is clearly a strain rate (speed) related
phenomenon.

Lower
punch

Lower
punch

Lower
punch

Upper
punch

Upper
punch

Upper
punch

Lower
punch

Lower
punch

Upper
 punch 

FIGURE 33.30 Consolidation stages with plastic flow.

FIGURE 33.31 Tablet capping.
FIGURE 33.32 Lamination.

FIGURE 33.33 Crack on the upper side of tablets due to stress
relaxation.
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Chipping may be caused by inadequate (brittle)
formulation, take-off misalignment, sticking, while
picking/sticking to punch faces is formulation-
dependent (Fig. 33.34).

33.12.3 Main factors of tableting

The major factors of a tableting process are force
and speed of compaction.

The compression force is the dominant factor of the
tableting process. As the compression force increases,
tensile strength (hardness) of tablets increases, and
then may level into plateau or even decrease, as
evidenced by numerous studies. Increased force may
cause lamination and capping. Friability, disintegration
times, and dissolution profile are also affected.

As the punch speed increases, so does the porosity
of tablets10 and their propensity toward capping and
lamination. The tensile strength of compacts tends to
decrease with faster speeds, especially for plastic and
viscoelastic materials, such as starch, lactose, avicel,
ibuprofen, or paracetamol; more information can be
found in numerous studies.2,11�20

Speed also affects the compact temperature in the
die, and its mechanical integrity. With increase in
porosity, one should expect a drop in disintegration
and dissolution times, but the interplay of the force-
speed relationship may confound the effect. Although
the energy absorbed by the tablet may not change, the
power expended in the compaction process may differ
greatly with speed, and this, in turn, may have an
effect on tablet properties.

The third important factor is force profile, which is
directly related to the diameter of compression roll.
Larger rolls will provide larger contact times, and with
all other factors being equal, this may translate into an
increase in tablet hardness (Fig. 33.35 and Table 33.6).

Numerous other factors may affect the scale-up pro-
cess. Among them is the quality of the measurements,
variation in tooling, powder properties, and tablet
weight.

Stress cracking

Chipping
Picking

FIGURE 33.34 Picking, chipping, and stress cracking.
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FIGURE 33.35 Traces of upper compression (UC), upper punch displacement (UPD), and lower punch displacement (LPD) for Manesty
Betapress and Fette 2090. Material: Avicel.

TABLE 33.6 Larger Hardness for Larger Roll Diameter at
Approximately the Same Dwell Time (Linear Speed)

MATERIAL: AVICEL PH101

Press: Betapress Fette 2090

Stations 16 36

Wheel (mm) 177.8 300

Speed (RPM) 113 58.2

Dwell time (ms) 9.3 10.2

Hardness (kP) 24.4 36.2
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33.12.4 Compaction event

A typical compaction event is represented in
Fig. 33.36 in terms of pressure (force divided by punch
tip area) versus time. The event can be broken into
three parts: consolidation, dwell, and relaxation times.
We can see that compression reaches its peak well
before the punches are vertically aligned with the
center of the compression roll (middle of dwell time).
The time between the peak of compression and the
middle of dwell time is called peak offset time.21,22

This phenomenon is due to plastic flow in the material
being compressed and this flow relieves the pressure,
causing the force decrease. Thus, the shape of
compression-time form depends on the plasticity
of powder.

33.12.5 Tableting time definitions

Let us informally define all discernable time events
of the compaction cycle that can be calculated on the
basis of geometrical parameters.

• Feeding time, Tf: time when the die is fed with
powder

• Contact time, Tc: Time when both punches are
moving, having their tips in contact with the

material that is being compacted, and their heads
are in contact with the pressure rolls.
Tc5Ts1Td1Tr

• Consolidation (solidification) time, Ts: The portion
of contact time, Tc, when punches are changing
their vertical position in reference to the rolls,
decreasing the distance between the punch tips

• Dwell time, Td: The portion of Contact Time Tc

when punches are not changing their vertical
position in reference to the rolls.

• Decompression (relaxation) time, Tr: The portion of
contact time, Tc, when punches are changing their
vertical position in reference to the rolls, increasing
the distance between the punch tips before losing
contact with the rolls.

• Compression time, Tp: The portion of contact time,
Tc, before the decompression period begins,
Tp5Ts1Td

• Ejection time, Te: Time when the tablet is being
ejected from the die

• Total time, Tt: time required to produce one tablet
on a press (including time between tablets)

Note that all times are defined by punch position
relative to the compression roll.

Thus, all calculations can be done on the basis of
press geometry, without any reference to product

FIGURE 33.36 A compaction event. Legend: UC, upper compression; UPD, upper punch displacement; LPD, lower punch displacement.
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properties or punch displacement measurements.
Once the optimal processing parameters have been
established on a research press, the scale-up can be
optimized with the help of relatively simple calcula-
tions by matching the most important time events.

33.12.6 Dwell time and contact time

As we already know from the stated definition, con-
tact time is the time when the punch head is in contact
with the compression roll, while dwell time is when
the flat portion of punch head is in touch with the
compression roll (Fig. 33.37).

Dwell time is defined as a portion of the contact time
when punches are not changing their vertical position
with respect to the rolls, that is, when a flat portion of
the punch head is in contact with the rolls. Note that
dwell time (unlike contact time) as defined does not
depend on the roll diameter.

The notion of dwell time is largely misused or mis-
understood. In fact, it should be used as a yardstick, a
measure of linear (ie, tangential or angular) velocity
and therefore will depend on the punch head geometry.
The speed comparisons based on the dwell time assume
that the punch has a flat head. The velocity then is the
length of that flat portion divided by the dwell time.
For the same linear velocity, the smaller the punch head
flat, the smaller the dwell time. Surprisingly, dwell time
for dome-shaped punch heads is practically zero by
definition, regardless of press linear velocity or RPM.
That is why, compared with dwell time, linear velocity
is a better measure of press speed.

Any attempt to calculate dwell time from
compression-time traces (eg, as a duration of 90% of

the peak) is doomed to failure because such a curve
depends on the material properties of the powder
being compressed. Plastic flow and elastic recovery
distort the “ideal” shape of the force-time profile.

A “classic” simple formula of dwell time does not
take into account trajectory curvature:

DTðmsÞ5 ðL �NS � 3; 600; 000Þ =ðπ � PCD � TPHÞ

Where L5Length of a flat portion of the punch
head (mm)

NS5Number of stations
π5 3.14159265
PCD5Pitch circle diameter of the turret (mm)
TPH5press speed in terms of tablets per hour

Dwell time is historically used as a sort of “yard-
stick” to measure compaction speed (Fig. 33.38).

As you can see, Manesty Betapress is ideally posi-
tioned within the range of production speeds for the
fast-speed presses. That is likely why this press is often
used for R&D work. On the other hand, small presses,
such as Korsch PH106 or Piccola, do not even come
close to benchmark production speeds of 6�15 ms in
terms of dwell time.

In fact, dwell time as defined depends on tooling
geometry (it is zero for a punch with round head, for
example). A linear (tangential) speed of the turret is a
better way to represent press speed independently
from punch head geometry (Fig. 33.39).

In what follows, we will present the comprehen-
sive set of formulas that represent all tableting
events that can be derived from press and tooling
geometry.

33.12.7 Tableting geometry

Press speed is a major factor in tableting, and yet
the commonly used measures of press speed (such as
RPM, tablets per hour, dwell time, linear speed, etc.)
do not take into account significant differences in press
and tooling geometry, press deformation, tablet thick-
ness, or depth of fill.

Let us introduce a tableting notation that will enable
us to generate formulas for exact calculation of the
compaction time events (Table 33.7).

In order to visualize some of the variables with
respect to press geometry, let us look at Fig. 33.40.

Based on the previous considerations, the following
formulas can be derived (Table 33.8).

The previous algorithms and formulas are based on
extensive list of published papers and on our own
investigations into the geometry and dynamics of
tableting.

FIGURE 33.37 Geometry of contact time and dwell time.
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FIGURE 33.38 Dwell time ranges for rotary tablet presses.

FIGURE 33.39 Linear speed ranges for rotary tablet presses.
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Consolidation time, Ts, calculation is based on geo-
metrical parameters such as roll diameter, pitch circle
diameter, punch geometry, depth of fill, and in-die
tablet thickness. Calculation of Ts takes into account a
correction for press deformation if the rate of deforma-
tion is known. Other calculation formulas are based on
the analysis of Rippie and Danielson23 and represent
an extension of the work by Muñoz-Ruiz et al.24

Calculation of vertical punch displacement, Zs, during
consolidation time is based on depth of fill, Hf, and in-
die thickness, Hi. A new, more accurate expression for
dwell time, Td, calculation takes into account the rota-
tional motion of the punches. A proper formula to cal-
culate decompression (relaxation) time, Tr, is used for
estimation of all periods of the compaction events and
the entire contact time Tc.

TABLE 33.7 Notation Used in Formal Calculations of
Compaction Time Events

A Angular displacement of punch axis from vertical plane
through roll axis (rad.)

Ae
� Angle of slope of ejection ramp (deg.)

Af
� Central angle of turret occupied with feed frame (deg.)

d Rate of total press deformation (mm/kN)

Ee Ejection efficiency factor; Ee5Te/Tt

Ef Feeding efficiency factor; Ef5Tf/Tt

Es Consolidation efficiency factor; Es5Ts/Tt

F Compression force (kN)

Hf Depth of fill (mm)

Hi In-die tablet thickness (mm)

Ht Out-of-die tablet thickness (mm)

Lf Length of feed frame on pitch circle (mm)

Ns Number of stations

R1 Radius of compression roll (mm)

R2 Radius of punch head curvature (mm)

R3 Radius of punch head flat (mm)

R4 Radius of turret pitch circle (mm)

r Frequency of turret rotations (1/min)

T1 Time of turret rotation by angle A1 (ms)

T2 time of turret rotation by angle A2 (ms)

Tc Contact time (ms); Tc5Ts1Td1Tr

Td Dwell time (ms)

Te Tablet ejection time (ms)

Tf Die-feeding time (ms)

Tr Decompression, or relaxation, time (ms)

Ts Consolidation time (ms)

Tt Time to produce one tablet on a press (ms)

Va Angular velocity of press turret (rad/s)

Vh Linear horizontal speed of compaction

Vv Average vertical speed of compaction during consolidation time
(compaction rate combined for both punches) (mm/s)

Xs Horizontal travel of punch during consolidation time (mm)
(in direction perpendicular to vertical plane through roll axis)

X1 Horizontal distance of punch axis from vertical plane through
roll axis (mm)

Z Vertical displacement of upper punch from axis of pressure roll
(mm)

Zr Vertical travel of punch during relaxation time (mm); Zr5
[Ht2Hi)/2

Zs vertical travel of punch during consolidation time (mm)

Zu Upper punch penetration (mm)

Zmax � R1 � R2

Zs
Zr

R1

R2

Roll

R3

R3

R4

Z

Xs

X1

Punch path
(Pitch circle)

A2

A1

FIGURE 33.40 Graphic representation of variables used in calcu-
lation of compaction time events.
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33.12.8 Tableting scale-up

In order to adequately replicate any process on a
different scale, one has to make sure that the processes
are similar on both scales. There are three similarity
principles in the general theory of modeling: matching
geometric, kinematic, and dynamic ratios of character-
istic variables. Geometric considerations in simulating
compression on a rotary press would require matching
die and punch set and compression rolls.

Unlike many other pharmaceutical unit operations,
scale-up of tableting process from R&D to production
does not involve increase of volume: the die size does
not increase. Moreover, it is easy to match the com-
pression force. The most critical factor of tableting
scale-up is the rate of compaction (ie, punch speed).

A new class of single-station tablet presses, gener-
ally called “compaction simulators,” was introduced in
1980s. They were designed to simulate punch move-
ment on a rotary press at high speed to enable making
one tablet at a time for formulation development. The
classic hydraulic simulator uses a theoretical equation
for punch movement, as developed by Rippie and
Danielson.23 Another type of machine, called Presster,

is using the principles of similarity to replicate the
actual process of making tablets on a rotary press
(Fig. 33.41). Yet another product, called Parcus, intro-
duced recently as a material sparing device, can also
be used to make single tablets at high production
speeds with the goal of eliminating scale-up problems.
Useful information on practical use of compaction
simulators and their applicability to scale-up can be
found in numerous publications (see, eg, Refs. 25�30).

Scale-up of tableting process involves shorter die
feeding times (can affect tablet weight), smaller consol-
idation times (may lower compactibility), and faster
ejection (can create cracks or lamination).

At the same production rate, duration of tableting
events depends on roll diameter, pitch circle diameter,
number of stations, punch geometry, length of feed
frame, and the angle of ejection ramp. On the other
hand, the speed of various tableting events becomes a
limiting factor in press productivity.

However, matching consolidation time Ts, or a sum
of Ts and Td, will, most probably, ensure the same
tablet quality, or, at least, bring the process to a close
proximity of the target.

TABLE 33.8 Formulas for Tableting times, Velocities, and Press Efficiencies
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To properly scale-up a formulation based on consol-
idation time, one should:

1. Evaluate the minimum consolidation time, Ts

(or Ts1Td), at which tablets of a satisfactory quality
can be produced (ie, the maximum compaction
speed) during formulation development. If
possible, use a compaction simulator, Presster or a
high-speed rotary press equipped with Parcus to
establish optimal Ts, or Ts1Td to match those in
production.

2. Calculate at what speed (RPM) different production
presses can offer the established minimum satisfactory
consolidation time, and what tablet output can be
expected from different presses at that speed.

Now that we know how to calculate time events,
we can apply this information to practical problems
of scale-up. In the following example, we will try
to scale-up “a perfect formulation” by matching
consolidation time, Ts, and dwell time, Td.

Let us say that we have a wet granulation of a low
dose of brittle API, mixed with Avicel PH102 and 0.5%

Magnesium Stearate. On all presses we will use TSM B
3/8v round flat tooling, with 10-mm depth of fill and
300-mg target tablet weight, out-of-die target thickness
of 5 mm, corresponding with 10 kN of compression
force. Let us further assume that tablets were made in
R&D on a 16-station Manesty Betapress at 50 RPM.
Our objective is to move this product to production,
where we have a choice of 36-station Korsch PH336,
36-station Kikusui Pegasus 1036, or 37-station Fette
P3000 tablet presses.

Calculation of Ts and Td yields the following results
(Table 33.9):

Both the Korsch and Kikusui press can match
the Ts1Td5 57.6 ms, but Fette cannot, even at the
slowest speed of 30 RPM. If, however, we increase
the Betapress speed to 60 RPM, we are able to
match Ts1Td5 48.1 for all presses under consider-
ation (Table 33.10). Given the choice, Fette P3000
is preferred because of its high consolidation efficiency
factor (Es5 1.36).

Another example involves scale-up of a formulation
from 10-station Riva Piccola tabletop R&D press to 14-

FIGURE 33.41 Presster—rotary tablet press replicator. Source: Photo courtesy of MCC—Metropolitan Computing Corporation, East Hanover, NJ.
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station Riva Compacta, 36-station Kikusui Libra 2, or
61-station Fette PT3090. Let us assume all formulation,
tooling, and processing parameters are the same as in
the previous example.

For 50 RPM, Riva Piccola achieves Ts1Td5 78.1 ms
(Table 33.11). It is too slow for the other three presses to
match. Piccola has to be run at least 56 RPM
(Table 33.12) to be matched with the other presses at
slow speeds (eg, Fette has to be run at a mere 15.6 RPM).

If the production manager and the marketing con-
siderations demand that the product be run on the
Fette press (because of its high efficiency and produc-
tion rate), then we can do the analysis backward to see
if the research press can match Ts1Td of Fette at, say,
a mid-range speed of 60 RPM. Table 33.13 shows that
while Kikusui Libra can match that target speed, Riva
presses cannot.
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TABLE 33.9 Consolidation Time Ts and Dwell Time Td for
Production Tablet Presses Matching Betapress Run at 50 RPM (Es

is the Consolidation Efficiency Factor as Defined Previously)

Tablet press Stations RPM TPH

Ts

(ms)

Td

(ms)

Ts1Td

(ms) Es

Manesty
Betapress

16 50.0 48,000 42.1 15.5 57.6 0.56

Korsch PH336 36 33.4 72,169 44.6 13.0 57.6 0.89

Kikusui
Pegasus 1036

36 34.8 75,230 42.6 15.0 57.6 0.89

Fette P3000 37 30.0 133,200 36.7 11.7 48.4 1.36

TABLE 33.10 Matching Ts1Td for Manesty Betapress, Korsch
PH336, Kikusui Pegasus 1036, and Fette 3090

Tablet press Stations RPM TPH

Ts

(ms)

Td

(ms)

Ts1Td

(ms) Es

Manesty
Betapress

16 60.0 57,600 35.1 13.0 48.1 0.56

Korsch PH336 36 40.1 86,603 37.2 10.8 48.0 0.89

Kikusui
Pegasus 1036

36 41.8 90,277 35.5 12.5 48.0 0.89

Fette P3000 37 30.2 134,112 36.4 11.6 48.0 1.36

TABLE 33.11 Ts and Td for Riva Piccola Run at 50 RPM

Tablet
press Stations RPM TPH

Ts

(ms)
Td

(ms)
Ts1Td

(ms) Es

Riva
Piccola

10 50.0 30,000 54.1 24.0 78.1 0.80

TABLE 33.12 Matching Ts1Td5 69.6 ms for Riva Compacta,
Riva Piccola, Kikusui Libra 2, and Fette PT3090 Rotary Tablet
Presses

Tablet
press Stations RPM TPH

Ts

(ms)
Td

(ms)
Ts1Td

(ms) Es

Riva
Compacta

18 40.0 43,200 50.0 19.6 69.6 0.60

Riva
Piccola

10 56.0 33,612 48.3 21.4 69.7 0.80

Kikusui
Libra 2

36 23.9 51,664 51.3 18.3 69.6 0.74

Fette
PT3090

61 15.6 114,000 52.7 17.0 69.7 1.67

TABLE 33.13 Comparison of Ts1Td for Fette PT3090 at 60
RPM, Kikusui Libra 2 at 92.2 RPM and Riva Presses at Maximum
Speed

Tablet

press Stations RPM TPH

Ts

(ms)

Td

(ms)

Ts1Td

(ms) Es

Fette
PT3090

61 60.0 439,400 13.7 4.4 18.1 1.67

Kikusui
Libra 2

36 92.2 199,120 13.3 4.8 18.1 0.74

Riva
Compacta

18 100.0 108,000 20.0 7.9 27.9 0.60

Riva
Piccola

10 100.0 60,000 27.0 12.0 39.0 0.80
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34.1 INTRODUCTION

In today’s pharmaceutical industry, film coating is
generally referred to as a process by which a thin,
continuous, solid polymer layer is applied to the
surface of a dosage form (typically tablets, capsules,
and multiparticulates). The purpose of film coating
includes esthetic enhancement, increased shelf life,
taste masking, moderating the release profile of active
pharmaceutical ingredient (API), trade-marking, and
protection of intellectual property.

The thickness of the film is generally less than
100 μm. The composition of the film may include a
mixture of excipients (polymers, plasticizers, colorants)
as well as an API.

34.1.1 The basis of film coating

Film coatings can be applied by different methods,
such as spraying a liquid, dipping into a liquid, precip-
itating from supercritical fluids, or depositing a powder
using an electrostatic technique1.

Spraying a liquid is the most widely used process for
film coating and typically includes three basic steps:

1. Spraying an atomized liquid on the target surface
that is in continuous movement

2. Maintaining a controlled balance between spray
application and evaporation rates by applying
heated process air onto the target surface

3. Continuing the process until the desired amount of
coating is applied2

34.1.2 Evolution of pharmaceutical-coating
technology development

Application of coatings to medicinal products can
be traced back to the middle ages. However, a uniform
and consistent film-coating process that meets the
minimum requirements imposed by today’s regulatory
requirements has only been available for the past few
decades.

The earliest process, sugar coating, is performed in
a solid wall, smooth bowl-shaped container, employs
an external heat source, and is a multistage process
that can take several days to complete. Film coating
emerged as an alternative to the sugar-coating process
to reduce process time.

The evolution in design of coating process equip-
ment has progressed from an open system to one
that is completely enclosed and self-contained. Liquid
delivery and air-handling systems have also improved
as demand for precision and accuracy became more of
a regulatory requirement.

The efficiency of heat exchange in film-coating
processes has been dramatically improved with the
introduction of side-vented (perforated) coating pans
that allow the process air to pass completely through
the tablet bed, while use of various types of sensors
facilitates the monitoring of key process parameters
(KPP).

By the end of the 20th century, film coating had
evolved to such a degree that it was unrecognizable
from processes carried out just 50 years earlier.

Other key developments involve the implementation
of process analytical technology, whereby the continual
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assessment of critical process parameters (CPP) that
impact critical product quality attributes allows the
process to be controlled within a well-defined design
space, often obviating the need for routine finished
product testing.

Finally, continued process improvements have led
to the introduction of innovative coating processes,
most notably those involving continuous processing.

34.1.3 Coating equipment introduction

Based on a variety of pan designs, coating pans can
typically be classified as solid-wall pans (Fig. 34.1), and
fully- or partially-perforated pans (Figs. 34.2 and 34.3).

Based on the type of process, the coating pan
can be classified as batch process-coating pan,
continuous-coating pan, or off-press continuous coat-
ing pan (Fig. 34.4). While early continuous coating
pans were designed to coat large batches of tablets
(500�2000 kg/hour) where the desire is for large
volume throughput at low manufacturing costs,
recent designs have focused on slower throughput
rates (approximately 50 kg/hour) to match up with
the output of a typical production speed tablet press.

34.2 FILM-COATING FORMULATIONS

34.2.1 Overview of types of film-coating
formulations

Film-coating systems are usually defined by the
way the coating materials are formulated into a liquid
coating system, and typically take the form of:

• Polymers applied as organic-solvent-based solutions
(typically reserved for modified-release applications
today)3

• Polymers applied as aqueous solutions (most
commonly used for immediate-release film
coatings)

• Polymers applied as aqueous dispersions (mainly
used for modified-release applications)

• Various materials applied as hot melts (typically
used for modified-release and taste-masking
applications)

The transition to aqueous processes has been
driven by a genuine desire to avoid the hazards asso-
ciated with using both flammable and potentially
toxic solvents, and the added costs of dealing with
environmental issues.

Water is not, however, a panacea, and use of
aqueous-coating formulations is often associated with
challenges that need to be addressed, such as:

• The possibility that processing times will be
increased; this issue can, however, be minimized by
using high solids aqueous-coating systems4,5.

• The potentially negative impact on drug stability if
water is not effectively removed during processing;
however, modern processing techniques coupled
with use of higher-solids-coating systems now
effectively eliminates this issue.

• The increased likelihood that the harsher process
conditions used may affect drug dissolution
characteristics; this problem is now minimized
by the use of specialized coating formulations
that allow processing temperatures to be
minimized.

Aqueous-coating formulations can take two forms,
namely, aqueous solutions of polymers, which are
typically reserved for immediate-release coating appli-
cations, and aqueous dispersions (latexes) of polymers,
which are frequently used in modified-release coating
applications.

When it comes to forming coatings from polymer
solutions, the process involves the conversion of
a viscous liquid into a visco-elastic solid through a
process of continual solvent evaporation, through
several stages: (1) Rapid evaporation of solvent

FIGURE 34.1 A solid coating pan fitted with immersion sword
air-flow enhancement.
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from finely-atomized droplets of solution, which
are deposited onto the surface of the substrate
to begin the process of build-up of coating material;
(2) Continued solvent evaporation (now at a slower
rate) from the coating that is forming on the
substrate surface; (3) Immobilization of polymer
molecules (at the so-called “solidification point”),
such that continued solvent loss now leads to
the development of shrinkage stresses within the
coating; and (4) Continuation of solvent loss (usually
throughout the life of the product) at extremely slow
rates.

In contrast, the formation of coatings from aqueous
polymer dispersions (Fig. 34.5), while still involving a
process of evaporation, is radically different.

Polymer dispersions must undergo a process of
“coalescence,” where the dispersed polymer particles

FIGURE 34.3 Schematic of a partially-perforated coating pan. Source: Courtesy of Vector6.

FIGURE 34.4 Example of a continuous coating pan. Source:
Courtesy of O’Hara Inc.

FIGURE 34.2 Schematic of a fully-perforated coating pan. Source: Courtesy of Vector.
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must flow together. For this process to occur, pressure
develops within the film structure, while the particles
of polymer soften under the influence of process
heat; as a result, the polymer particles tend to flow
together. Pressure development results from evapo-
ration of water; as the porosity of the membrane
is reduced during the evaporative process, a capillary
network is formed within the structure of the coating,
resulting in the development of capillary forces that
squeeze the particles together. The ability of the
polymer particles to soften sufficiently is dependent
on these factors:

• Heat provided by the coating process
• The glass transition temperature of the coating

system (dictated by the properties of the polymer,
and the properties and concentration of the
plasticizer, where needed), which determines the
minimum film-forming temperature (MFFT) of the
system. The product temperature within the coating
pan must exceed the MFFT for film coalescence to
occur.

While it is common for many coating formulations
to contain a plasticizer (see later discussion), polymer
dispersions may require the presence of a plasticizer to
facilitate film formation. Generally, it is necessary
to use plasticizers with polymer dispersions either
when the polymer on which the dispersion is based
has a high glass transition temperature (such as ethyl
cellulose), so that the MFFT of the system exceeds the
product temperatures experienced in the process, or if
the flexibility of the resultant film coating needs to
be improved.

Unnecessary, or excessive, use of plasticizers should
always be avoided, otherwise excessive tackiness will
be experienced.

Common ingredients used in many film-coating for-
mulations are: (1) polymer, (2) plasticizer, (3) colorants,
and (4) solvent/vehicle.

When designing coating formulations, there are sev-
eral important issues to consider. These generally
involve the need to optimize:

• The visual characteristics of the final product
• The functional characteristics of the coating
• The “processibility” of the coating system (eg, issues

relating to preparation and application of the
coating liquid, as well as those associated with
processing time and costs)

Film coatings are applied to pharmaceutical solid
oral dosage forms for a number of purposes, often
leading to coatings being categorized on the basis of
their intent with regard to influencing drug release,
namely immediate-release coatings, which although
often used for esthetic purposes, may also be used
to improve product stability, facilitate product identi-
fication, and achieve an improvement in product
organoleptic characteristics (such as taste and odor).
Modified-release coatings, which can be subdivided
into two sub-categories, namely delayed-release
(enteric) coatings, and extended-release (sustained- or
controlled-release) coatings.

34.2.2 Overview of types of materials used
in film-coating formulations

34.2.2.1 Polymers

Polymers are the essential building block of coating
formulations, providing the main characteristics for the
final coating formulation7,8, and are usually character-
ized in terms of:

• Chemistry, which will mainly influence:
• Solubility of coating system,
• Rheology of coating liquid,
• Mechanical properties of coating, and
• Permeability characteristics of coating.

• Molecular weight (or molecular weight
distribution), which is likely to influence:
• Mechanical properties of coating and
• Rheology of coating liquid.

Unlike that of inorganic materials, the molecular
weight of a polymer is much more difficult to define
because a sample of polymer will consist of a broad
distribution of molecular weights.

In order to characterize the molecular weight of a
polymer, we usually measure this molecular weight
distribution (using techniques such as “gel permeation
chromatography”), and then express the molecular
weight in terms of one of two statistically defined
averages (as shown in Fig. 34.6), namely, weight
average molecular weight, Mw, and number average
molecular weight, Mn.

Further evaporation of
water; polymer viscous flow

Evaporation of water

Closely packed latex
particles with water

filling voids

Polymer dispersion
deposited on surface

of substrate

Latex particles coalesced
into a coherent film

FIGURE 34.5 Schematic of film formation from aqueous polymer
dispersions.
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A derived parameter that is often useful is the
polydispersity function, which is defined as:

Polydispersity5Mw=Mn

The influence of molecular weight on the mechanical
properties of polymers is shown in Fig. 34.7, where
generally as molecular weight increases, tensile strength
and elastic modulus also increase, and adhesion
decreases.

Polymer molecular weight can, as stated previously,
affect coating solution viscosity. In absolute terms, the
relationship between polymer molecular weight and
solution viscosity is governed by the Mark�Houwink
equation:

½μ�5 k Mα

Where [μ] is the intrinsic viscosity of the polymer, M is
its molecular weight, and k and α are constants
relating to the solvent system used and the solution
temperature.

For more pragmatic reasons, we often prefer to use
the term nominal viscosity, where:

Molecular weight5 kðnominal viscosityÞn

Nominal viscosity is usually measured, in water at
25�C, using a solution containing 2% w/w polymer.

Not only does polymer molecular weight influence
solution viscosity, but so does polymer concentration,
as illustrated in Fig. 34.8. As stated previously, nominal
viscosity is measured for dilute solutions of polymer.
No particular batch of polymer will conform exactly to
the nominal viscosity value for that grade. Thus, the
manufacturers (and usually the compendia as well) will
set a specification range. As seen in Fig. 34.8, at the 2%
solids concentration (usually used for setting the nomi-
nal viscosity specification), the batch-wise variation
in solution viscosity is usually quite small (often
only 6 2 cP, or m Pa s). However, as we increase the
solids content of the solution, not only does the viscos-
ity increase exponentially, but the difference in solution
viscosity from batch-to-batch can increase dramatically,
so that the batch-wise variation in coating solution
viscosity (depending on the solids contents of our
coating solutions) may be as much as 100�200 cP.

34.2.2.2 Plasticizers

Plasticizers are another common ingredient added
to coating formulations. They are typically used to
reduce the glass transition temperature, Tg (see Fig. 34.9),
and increase coating flexibility.

Most polymers that we use in film coating are
essentially amorphous materials, and as such, exhibit
a reasonably well-defined glass transition temperature
(a fundamental characteristic of polymers that has a
profound effect on polymer properties that can also
influence film formation, especially when using
aqueous polymer dispersions). This transition does not
represent a change in state (as we see with melting
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FIGURE 34.6 Typical molecular weight profile for a polymer.
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point), but rather is indicative of a point where there is
a dramatic increase in molecular mobility. At this point,
the polymer changes from a tough, rigid, inflexible,
and brittle material into one that is softer and more
pliable. These latter properties are of great value in
film coating, and thus it is beneficial to match the glass
transition temperature of the final coating system to the
coating conditions that will be used.

For most coating systems, it is desirable that the glass
transition temperature of that system be optimized
for the coating process conditions used. For aqueous
polymer dispersions (or latexes), it is critical that
such optimization is achieved, otherwise appropriate
coalescence of the coating will not occur.

A list of common plasticizers used in coating formula-
tions is shown in Table 34.1, and their comment effects on
film mechanical properties are shown in Fig. 34.10.

When it comes to selecting a suitable plasticizer
for a coating formulation, some key issues to consider

are: efficiency, which defines how much plasticizer
must be added to produce the desired effect; compati-
bility, which indicates how effectively the plasticizer
interacts with the polymer, and the level up to which
that interaction occurs; and permanence, which relates
to both plasticizer-polymer compatibility and plasti-
cizer volatility (see Fig. 34.11 for an example of poor
plasticizer permanence).

The common general effects of plasticizers used in
film-coating formulations are shown in Table 34.2.

34.2.2.3 Colorants

See Table 34.3 for common types of colorant used in
film-coating formulations.

Colorants are generally used in film-coating formula-
tions to improve product appearance, aid in product
identification, and potentially improve product stability.

While it is possible to use either water-soluble color-
ants (dyes) or water-insoluble colorants (pigments),
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TABLE 34.1 Examples of Common Plasticizers Used in Film
Coating Formulations

Class Examples

Polyhydric Alcohols Propylene glycol.
Glycerol.
Polyethylene glycols.

Acetate Esters Glyceryl triacetate (Triacetin).
Triethyl citrate.
Acetyl triethyl citrate.

Phthalate Esters Diethyl phthalate

Glycerides Acetylated monoglycerides.

Oils Castor oil.
Mineral oil.

1. No plasticizer

2. Medium level
of plasticizer 

3. High level
of plasticizer
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FIGURE 34.10 Effects of plasticizers on the mechanical properties
of film coatings.
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as shown in Table 34.3, the use of pigments has several
advantages because they:

• Replace some of the polymer, thus allowing the
solids content of film-coating liquid to be increased
while still maintaining a sprayable viscosity;

• Act as a solid inclusion in the final dried coating,
often improving the moisture barrier properties of
the coating;

• Exhibit better light stability than water-soluble
colorants;

• Are less prone to color migration as the coatings
dry; and

• Exhibit light excluding behavior, thus improving the
stability of photo-labile drug substances

In order to exert these properties effectively, it is
desirable that the colored film coating is able to
completely mask the substrate. The ability to achieve
this goal is usually expressed as the hiding power

(or contrast ratio) of the coating. The consequences of
poor hiding power include the fact that higher coating
levels will have to be employed to achieve uniform
appearance from tablet to tablet, and from batch to
batch, and if the tablets are intagliated (ie, have a
logo), higher levels of coating can cause increased risk
of logo bridging.

The contrast ratios of film coatings colored with
selected pigments are shown in Table 34.4.

Generally, the main factors that can influence the
hiding power of a particular film coating are:

• The quantity of light reflected at the polymer�
pigment interface (which, in turn, is influenced by the
refractive index of the colorant, see Fig. 34.12)

• The wave length of light absorbed by the colorant
• The amount of light absorbed
• The concentration of the colorant in the coating

(see Fig. 34.13)
• The thickness of the coating (see Fig. 34.13)
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FIGURE 34.12 Hiding power and influence of pigment refractive
index.

TABLE 34.4 Contrast Ratio Values for Coatings Colored With
Selected Pigments

Pigment Contrast ratio

None 33.3

Titanium dioxide 91.6

Red iron oxide 99.5

Yellow iron oxide 98.4

Indigo carmine lake 99.5

Tartrazine lake 66.7

TABLE 34.3 Common Types of Colorant Used in Film-Coating
Formulations

Type Examples

Water-soluble dyes • FD&C Yellow #5
• FD&C Blue #2

FD&C lakes • FD&C Yellow #5 Lake
• FD&C Blue #2 Lake

D&C lakes • D&C Yellow #10 Lake
• D&C red #30 Lake

Inorganic pigments • Titanium dioxide
• Iron oxides

“Natural” colorants • Riboflavin
• Beta-carotene
• Carmine lake

TABLE 34.2 Summary of Common Effects of Plasticizers

Property

Effect of increased plasticizer

concentration

Tensile strength Reduced

Elastic modulus Reduced

Film adhesion Variable, but increased under optimal-use
conditions

Viscosity of coating
liquid

Usually increased, with effect being
greater as plasticizer molecular weight is
increased

Film permeability Variable, depending on physicochemical
properties of plasticizer

Glass transition
temperature (Tg) of film

Reduced, with magnitude of effect being
influenced by compatibility with polymer
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The ability of film coatings to improve product
stability is generally related to:

• The influence of pigments on coating permeability
(generally, as pigment concentration is increased, up
to a critical level called the critical pigment volume
concentration, film permeability to environmental
gases such as water vapor and/or oxygen are
reduced); decreased permeability can lead to
improved product stability

• The ability of the coating to exclude light, an important
issue when coating products containing photolabile
APIs (such as Nifedipine, as shown in Fig. 34.14)

In summary, the general effects of pigments on the
properties of film coatings are shown in Table 34.5.

34.2.2.4 Other additives

While polymers, plasticizers, and colorants consti-
tute the major ingredients in film-coating formulations,
other materials that might be used for a variety of
reasons include:

• Antiadhesive agents, especially when the polymer is
somewhat tacky;

• Flavoring agents (typically in nutraceutical
applications);

• Surfactants (to facilitate the wetting of insoluble
materials dispersed in the coating formulation);

• Pore-forming agents (especially in extended-release
film-coating formulations).

34.2.2.5 Solvents/vehicles

Currently, most coating formulations that are
applied to solid oral dosage forms are liquids. Thus,
the key additive that is used to render the coating for-
mulation a liquid is a solvent (the term vehicle is used
to describe the situation where an aqueous polymer
formulation is preferred).

A list of common solvents used in coating formula-
tions is given in Table 34.6.
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FIGURE 34.14 Photostabilization of nifedipine using pigmented
film coatings.

TABLE 34.5 General Effects of Pigments in Film Coatings

Property

Effect of increased pigment

concentration in film

Tensile strength Reduced (but effect may be minimized by
effective pigment dispersion in film)

Elastic modulus Increased

Film adhesion Generally, little effect

Viscosity of
coating liquid

Increased, but usually not substantially

Film permeability Reduced, unless critical pigment volume
concentration (CPVC) is exceeded

Hiding power Increased, but effect is dependent on refractive
index and light absorption characteristics, of
pigment

TABLE 34.6 Examples of Common Solvents Used in
Film-Coating Formulations

Class Examples

Water �
Alcohols • Methanol

• Ethanol
• Isopropanol

Esters • Ethyl acetate
• Ethyl lactate

Ketones • Acetone

Chlorinated hydrocarbons • Methylene chloride
• 1:1:1 Trichloroethane
• Chloroform
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Quite clearly, in modern film-coating practices, water
is often the preferred solvent9. Nonetheless, water is a
compromise solvent for these reasons:

• Water has higher latent heat of vaporization (see
Table 34.7), thus requiring more energy input to the
coating process to assure that effective drying takes
place (thus often precluding the use of conventional
coating equipment).

• Aqueous coating systems have higher surface
tensions than their organic-solvent-based
counterparts (see Table 34.8), thus impacting
wetting and adhesion (see Table 34.9) on
many types of pharmaceutical tablets
(eg, vitamins).

• Aqueous coating systems are more viscous than
organic solvent-based systems (see Table 34.10),
thus having some impact on pumping and
atomization efficiency.

In some cases, use of organic solvents has continued,
especially when:

• The coating process will not accommodate the use
of water (ie, drying is poor);

• The adhesion achieved with aqueous systems is
unacceptable;

• Certain critical ingredients (eg, polymer) are neither
water-soluble nor available as a latex system; and

• Exposure to an aqueous process would cause
stability problems for the product being coated.

34.2.3 Film-coating formulations used for
immediate-release applications

34.2.3.1 Characteristics of polymers used

• Generally water soluble;
• Able to form strong, flexible films;
• Adhere strongly to tablet surfaces;
• Form elegant films;
• Facilitate ease of processing (pumping, spraying,

atomization, and lack of tackiness); and
• Permit rapid drug release from dosage form.

A typical dissolution profile for a product coated
with an immediate-release film coating is shown in
Fig. 34.15.

34.2.3.2 Examples of types of polymers used

Common polymers used in immediate-release coat-
ing formulations are listed in Table 34.11.

34.2.3.2.1 Cellulosic polymers

Cellulosic polymers, especially hydroxypropyl-
methylcellulose (HPMC), have long been the mainstay
of film-coating formulations, with a popularity that
stems from their common usage from the early days of
film coating when organic solvents were always used;
global regulatory acceptance; ready availability from a
number of vendors; and ability to form coatings gener-
ally having acceptable properties (such as good film
strength and aqueous solubility).

TABLE 34.7 Latent Heats of Vaporization of Common Solvents

Solvent Latent heat of vaporization (kJ/kg)

Methylene chloride 556.7

Methanol 1967.1

Water 2260.4

TABLE 34.8 Surface Tension Values of Common Solvents

Solvent Surface tension (mN/m) at 20�C

Acetone 23.7

Chloroform 27.1

Ethyl alcohol 22.8

Methyl alcohol 22.6

Water 72.8

TABLE 34.9 Adhesion Values of HPC Coatings Deposited From
Various Solvents

Solvent system Adhesion value (kPa)

Methylene chloride:methanol (9:1) 29.8

Ethanol:water (95:5) 23.9

Acetone:water (9:1) 20.2

Chloroform 14.4

Water 7.1

TABLE 34.10 Influence of Solvents on the Viscosity of HPMC-
Based Coating Solutions

Solvent
Polymer concentration
(% w/w)

Solution viscosity
(m Pa s) (cP)

60:40 methylene
chloride�methanol

5.0 40

80:20 ethanol�water 5.0 70

Water 10.0 450
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34.2.3.2.2 Vinyl pyrrolidone polymers

The most common vinyl polymer used in the phar-
maceutical industry today is poly (vinyl pyrrolidone).
While this polymer has been primarily used as a wet
binder in granulation processes, it has certain utility in
film coatings (due to its potentially high film-adhesion
characteristics), although uses are somewhat limited
because it generally forms extremely tacky films
(both during application of the coating and on final
coated product), and produces coatings that tend to be
somewhat brittle.

In contrast, poly (vinyl pyrrolidone)-poly (vinyl
acetate) copolymer potentially has greater utility because
it is less tacky than the homopolymer, produces films
that exhibit good adhesion characteristics, and generates
coating solutions with low viscosities.

34.2.3.2.3 Vinyl alcohol polymers

Poly (vinyl alcohol) has gained popularity recently
because of its good film properties, and the relatively
low viscosity of its coating solutions. Typical character-
istics of coatings made with this polymer include the
fact that coating solutions that can be somewhat tacky,
while subsequent dry films tend to exhibit good adhe-
sion properties (to tablet surfaces) and excellent barrier
properties (to environmental gases such as oxygen and
water vapor); however, applied coatings may, under
certain circumstances, slightly retard tablet dissolution
behavior.

To obviate some of the problems of the homopoly-
mer (especially tackiness), poly (vinyl alcohol)-poly
(ethylene glycol) is a copolymer designed with certain
improvements in mind.

34.2.3.2.4 Acrylic polymers

The acrylic polymers that are typically used in film-
coating applications are:

• Generally not water soluble, per se (the polymer
tends to dissolve readily at low pH);

• Traditionally used to create film coatings with
improved taste-masking capabilities because the pH
in the mouth is usually alkaline (ie, above that
where the coating will dissolve in water); and

• Usually applied as solutions in organic solvents,
although special polymer grades that allow aqueous
polymer suspensions to be prepared are now
available.

34.2.3.3 Formulation strategies used

Immediate-release film coatings have traditionally
utilized relatively simple formulation strategies, typi-
cally combining a single polymer in combination with
other ingredients, such as plasticizers and colorants.
The introduction of aqueous coatings created a major
challenge for formulators, especially with regard to
managing the viscosity of the coating formulation and
achieving acceptable adhesion of the coating to the
surface of the tablets being coated.

Such challenges have typically been met, over the
course of time, by utilizing polymer mixtures, such as
blends of:

• Different molecular weight grades of the same
polymer (such as a mixture of HPMC 6 cP and
HPMC 3 cP),

• Similar polymers (such as HPMC1HPC), and
• Cellulosic polymers with other carbohydrate

materials (such as HPMC with maltodextrin,
polydextrose, or lactose).

The properties of some typical polymer blends are
shown in Table 34.12.
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FIGURE 34.15 Typical drug release profile for products coated
with immediate-release coatings.

TABLE 34.11 Examples of Common Polymers Used in
Immediate-Release Coating Formulations

Polymer class Examples

Cellulosic • Hydroxypropylmethylcellulose
• Hydroxypropylcellulose
• Hydroxyethylcellulose

Vinyl • Poly (vinyl pyrrolidone)
• Poly (vinyl alcohol)
• Poly (vinyl pyrrolidone)�poly (vinyl

acetate) copolymers
• Poly (vinyl alcohol)�poly (ethylene

glycol) copolymers

Glycols • Poly (ethylene glycol)

Acrylics • Amino alkyl methacrylate copolymers

Other carbohydrates • Maltodextrin
• Polydextrose
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34.2.4 Film coatings used for modified-release
applications

As described previously, film coatings used for
modified-release applications can be subdivided
into two main categories, namely delayed-release
(or enteric) coatings, and extended-release coatings.

34.2.4.1 Delayed-release (enteric) coatings

Enteric coatings are primarily used for the purpose of:

• Maintaining the stability of APIs that are
unstable when exposed to the acidic conditions of
the gastric milieu. Such API’s include erythromycin,
pancreatin, and the class of proton pump inhibitors,
such as omeprazole.

• Minimizing the side effects (eg, nausea, and gastric
irritation and bleeding) that can occur with APIs
such aspirin and certain nonsteroidal inflammatory
compounds.

• Creating opportunities for “night-time dosing”
strategies, where the intent is to allow the dosage
form to be consumed at bed-time, and permit
effective blood levels of the API to be attained just
prior to waking.

• Facilitating colonic drug delivery.

The functionality of enteric coatings is, for the most
part, mediated by a change in pH of the environment
to which the enteric-coated product is exposed. Enteric
polymers remain unionized (and thus, insoluble) at
low pH values, and begin to dissolve at a pH value of
approximately 5.0�5.5. In addition, the functionality
of enteric coatings can be greatly affected by many
other factors, such as:

• The nature of the API contained in the dosage form;
this is especially true when that API is ionic in
nature.

• The quantity of coating applied; insufficient coating
can result in ineffective gastric resistance, while too
much applied coating can seriously delay drug
release when the dosage form passes into the small
intestine.

• The presence of imperfections in the coating
(eg, cracks, “pick marks,” etc.) that can also lead
to reduced gastric resistance.

• The chemistry of the polymer used (especially
dissolution pH and dissolution rate at a given pH).

• The influence of the in-vitro test conditions used
(such as pH and ionic strength of the test medium;
as well as the agitation rate used in the test).

Enteric film-coating polymers are essentially poly-
acids (see Fig. 34.16), and typically only dissolve
in water above pH5 5.0�6.0; these polymers are
selected for their ability not only to form robust coat-
ings that adhere strongly to tablet surfaces, but also
to permit rapid drug release from dosage form once
it passes from the stomach into the small intestine
(see Fig. 34.17).

A list of commonly used enteric-coating polymers
is given in Table 34.13, and these form the basis
of enteric coating formulations used in either
organic-solvent-based or aqueous-coating formula-
tions. A breakdown of coating systems specially
designed for aqueous-coating applications is shown
in Table 34.14.

TABLE 34.12 Film Properties of Various Polymer Blends

Polymer

Tensile

strength,
σ (MPa)

Elastic

modulus,
E (GPa)

σ/E value
(3 1022)

Film

adhesion
(kPa)

HPMC blend 31.74 2.25 1.41 250.5

HPMC/HPC
blend

17.68 0.99 1.79 253.5

HPMC/lactose
blend

13.53 2.34 0.58 500.6

Dissolution rate of coating is affected by:
• pKa of polymer
• pH of medium
• Ionic strength of medium

COOH

COOH

COOH

COOH

COOH

COOH

FIGURE 34.16 Structure of enteric-coating polymers.
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FIGURE 34.17 Typical drug release profile from products coated
with enteric coatings.
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While enteric-coated products have conventionally
taken the form of tablets, recently a preference has been
shown for coating multiparticulates because of their
more consistent gastrointestinal transit characteristics.
Enteric-coated capsules (especially one-piece softgels,
containing garlic or fish oils used in nutraceutical
applications) have also become quite commonplace.

34.2.4.2 Extended-release coatings

Extended-release coatings are typically completely
insoluble in water, and permit the release of the API

by means of diffusion through an intact coating mem-
brane. Polymer selection, and the general formulation
strategies employed in this category will very much
depend on a number of factors, including a desire
to create a specific type of drug-release characteristic,
minimize the risk of dose-dumping, utilize processing
methodologies that already exist within the company,
and prepare a unique dosage form that enables
the manufacturer to take a proprietary position with
respect to dosage-form presentation.

In order to meet these requirements, critical objectives
include the need to:

• Achieve the target drug-release characteristics in a
reproducible manner;

• Ensure that drug-release characteristics are
insensitive to expected variations in raw materials
and coating-process conditions;

• Confirm that the coating formulations
(and associated coating processes) are essentially
uncomplicated, and facilitate scale-up from the
laboratory into production; and

• Ensure that the final product is stable and does not
exhibit time-dependent changes in drug-release
characteristics.

When it comes to designing extended-release pro-
ducts, these may take a number of forms, namely
tablets, prepared as film-coated tablets, film-coated
mini-tablets, or compacted, film-coated particulates, as
well as capsules, prepared as encapsulated, film-
coated particulates, or film-coated capsules.

Coated multiparticulates often form the basis for
extended-release products when an applied coating is
the main mediator of drug release because of the
desire to minimize dose dumping, and facilitate more
consistent gastro-intestinal transit times. Such coated
multiparticulates (see Fig. 34.18) can take the form of
drug-loaded pellets (nonpareils), granules (irregularly
shaped granules or granules that have been sphero-
nized), drug crystals, and finally drug/ion-exchange-
resin complexes.

In terms of designing extended-release coating
formulations, the types of polymers used are often
selected for their ability to exhibit similar robustness
characteristics as those described for enteric coatings,
but also for their permeability characteristics that
allow the drug to be released at a controlled rate
that is consistent with the biological requirements
for that API (see Fig. 34.19).

A list of common polymers used for extended-
release coating applications is shown in Table 34.15,
while examples of aqueous-coating systems are shown
in Table 34.16.

TABLE 34.13 Examples of Common Polymers Used in Enteric
Coating Formulations

Polymer Comments

Cellulose acetate phthalate Hydrolysis potential—higha

Cellulose acetate trimellitate Hydrolysis potential—mediuma

Polyvinyl acetate phthalate Hydrolysis potential—lowa

Hydroxypropylmethylcellulose
phthalate

Hydrolysis potential—mediuma

Hydroxypropylmethylcellulose
acetate succinate

Hydrolysis potential—lowa

Poly (MA-EA) 1:1 �
Poly (MA-MMA) 1:1 Relatively high dissolution pH

Poly (MA-MMA) 1:2 Relatively high dissolution pH

aWhen exposed to conditions of elevated temperature and humidity.
MA, Methacrylic acid; EA, Ethyl acrylate; MMA, Methyl methacrylate.

TABLE 34.14 Examples of Aqueous Enteric Coating Systems

Product Form Polymer

Eudragit L30Da Latex dispersion Poly (MA-EA)

Eudragit L100-55a Spray-dried latex Poly (MA-EA)

HP-F Micronized dry powder HPMCP

Sureteric Formulated, dry powder system PVAP

Acryl-Eze Formulated, dry powder system Poly (MA-EA)

Aquarius Control
ENA

Formulated, dry powder system Poly (MA-EA)

Aquateric Spray-dried pseudo latex CAP

Aquacoat ECD Pseudo latex dispersion CAP

Aquasolve Micronized, dry powder HPMCAS

CAP Dry powder CAP

CAT Dry powder CAT

aCompetitive acrylic products now available from BASF, Eastman, & Sanyo.
MA, Methacrylic acid; EA, Ethyl acrylate.
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The performance of extended-release coating formu-
lations is often defined by:

• The nature of polymer used, especially in terms of its
chemistry (which can greatly influence coating
permeability) and molecular weight (which has a
significant effect on coating robustness).

1. Spheronized granules 2. Drug-loaded “nonpareils” 3. Drug crystals

4. Regular granules 5. Drug/ion-exchange
resin complexes

6. “Mini”  tablets

FIGURE 34.18 Examples of multiparticulates.
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FIGURE 34.19 Typical drug release profile from products coated
with extended-release coatings.

TABLE 34.15 Examples of Common Materials Used in
Extended-Release Coating Formulations

Coating material Membrane characteristics

Fats and waxes (beeswax;
carnauba wax; cetyl alcohol;
cetostearyl alcohol)
Shellac
Zein
Ethylcellulose
Cellulose esters (eg, acetate)
Acrylic ester copolymers

• Permeable and erodible
• Permeable and soluble (at high pH)
• Permeable and soluble (at high pH)
• Permeable and water-insoluble
• Semi-permeable and water-

insoluble
• Permeable and water-insoluble

TABLE 34.16 Examples of Aqueous Extended-Release Coating
Systems

Product
Polymer
used Comments

Surelease Ethylcellulose Plasticized aqueous polymer dispersion,
addition of lake colorants should be
avoided

Aquacoat Ethylcellulose Pseudo latex dispersion, plasticizer must
be added to facilitate film formation

Eudragit
NE 30Da

Acrylic
copolymer

Latex dispersion; no plasticizer needed
unless it is necessary to improve film
flexibility

Eudragit
RL 30Da

Acrylic
copolymer

Aqueous polymer dispersion; no
plasticizer needed unless it is necessary
to improve film flexibility

Eudragit
RS 30Da

Acrylic
copolymer

Aqueous polymer dispersion; no
plasticizer needed unless it is necessary
to improve film flexibility

aAlso available as Kollicoat Systems.
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• Presence of additives, such as:
• Plasticizers (which can greatly influence coating

robustness, as well as the extent of film formation
when using aqueous polymer dispersions);

• Anti-adhesive agents (which are often used
to reduce agglomeration in the case of
multiparticulates, as well as reduce
imperfections in the coating caused by
picking and sticking);

• Colorants which, although used for identification
purposes, can influence film permeability; and

• Water-soluble pore-forming agents, which are
typically added to the formulation as a deliberate
strategy to modify the permeability characteristics
of the applied coating.

• Coating thickness which is, in turn, influenced by
the:
• Surface area to be covered,
• Quantity of coating applied,
• Uniformity of distribution of coating, and
• Coating process efficiency.

While extended-release coating formulations have
typically been designed as polymer solutions in organic
solvents, there has been significant interest over the
past 20 years in using aqueous-coating systems.
Irrespective of the formulation approach used, it is
critical that the formulation of the coating enables the
appropriate drug-release characteristics to be achieved
in a consistent manner, the membrane obtained should
be structurally sound, the coating systems are readily
adaptable to existing coating-process technology, and
the coating formulation and processes are sufficiently
optimized to prevent the occurrence of time-dependent
changes in drug-release characteristics.

Meeting these objectives can be more challenging
when using aqueous polymer dispersions because it is
necessary to ensure that coalescence of the coating
during film formation proceeds to an endpoint where
membrane porosity is eliminated, this completeness of
coalescence is either achieved during the coating
process, or by means of a short curing step performed at
the conclusion of that process, and further gradual
coalescence, over an extended period of time, is avoided.

Thus the coating formulation used must be suitably
optimized in terms of its ability to achieve completeness
of film coalescence in the particular coating process to be
employed. This usually means that the MFFT (which is
closely related to the glass-transition temperature of the
polymer employed, either in its natural state, or as
modified by the presence of a plasticizer) is matched to
the typical temperature conditions used in the process.
In addition, the coating process conditions employed
must also be optimized to ensure that they enable
the correct temperature conditions to be achieved
(to facilitate film coalescence).

34.3 DESIGN AND DEVELOPMENT
OF FILM-COATING PROCESSES

34.3.1 General introduction to coating
processes and equipment

34.3.1.1 Overview

A film coating is usually applied onto tablets until
they reach a targeted weight range, often expressed as
a percentage weight gain. A typical weight gain for an
esthetic coating is 2�4%, whereas, for clear coatings,
the weight gain may be as little as 0.5�1.0%. For
controlled-release applications, the quantity of the coat-
ing required is directly related to its thickness.
A thickness of 30�50 μm (this translates to 4�6 mg
polymer/cm2 of tablet surface) is usually sufficient to
provide a satisfactory enteric coating. It will require a
greater weight gain to achieve a controlled release film
of a suitable thickness because a batch of smaller
tablets contains a greater total tablet surface area.

The reasons for selecting a specific film-coating
process are essentially the same, regardless of whether
the process is performed in a perforated coating pan
or a fluid-bed coating process. In general, the major
criterion for deciding between either a coating pan or a
fluid-bed process is often related to the size and shape
of the product to be coated. A rule of thumb is that if
the product is approximately 6 mm or less in diameter,
then the preferred equipment for applying the coating
is the fluid-bed coater, mainly because when attempt-
ing to coat small particles in a perforated coating pan
(where process air is drawn down through the tablet
bed under a negative pressure) the pressure drop
across the product bed can drastically reduce the pro-
cess air volume, a factor which will reduce the evapo-
rative capacity of the pan. This, coupled with the close
contact of the product in the spray zone (increasing
the risk of agglomeration), makes the coating of small
particles in the coating pan less desirable. When
attempting to coat larger size products (such as tablets)
in a fluid-bed process, often the capacity of the fan is
insufficient to fluidize such a product, and even when
successful fluidization is achieved, product attrition
may be excessive.

34.3.2 Batch coating systems

Batch coating of solid oral dosage forms requires a
process where the equipment involved not only acts as
a container, but also provides constant motion and
facilitates the evaporation of the coating solvent. In a
pan-coating process, the container will typically be
cylindrical and will rotate on a horizontal axis. The
coating formulation will be sprayed onto the surface of
the constantly moving product in a finely atomized
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state, typically achieved using a spray gun. Droplets
from the spray gun are composed of a solution (or sus-
pension), which is a mixture of a liquid carrier and
solids. The principle of this type of coating is to apply
the solution in such a manner that a droplet from the
spray gun will land on the product and spread. The
temperature of the product will then rapidly evaporate
the liquid from the suspension, leaving only the dried
solids. The coating solution/suspension viscosity must
be such that any evaporation that occurs between
emergence of droplets from the spray nozzles until the
time they impact the surface of the product being
coated, these droplets will retain sufficient fluidity to
enable them to spread into a uniform coating before
solvent evaporation is essentially completed. This will
leave a dry coating, consisting of the solids that were
in the solution, on the surface of the product.

In order to produce a uniform coating, each tablet
must have an equal probability of passing through the
spray zone throughout the course of the coating
process. In order to facilitate such uniform distribution
of the coating, coating pans typically have some type of
mixing baffle that not only facilitates the tumbling
action of the product being coated, but ensures that
product is moved back and across the coating pan.
Finally, in order to promote efficient drying within
the process, the coating pan must not only facilitate the
application of process air across the surface of the tab-
let bed, but also ensure that this process air can pass
through the tablet bed to complete the drying process.

Coating pans described in this section are typically
considered to be closed systems, where the environ-
ment outside of the coating pan is completely
separated from that within the coating pan, so that
material is contained within the process and drying
efficiency is maximized.

Overall, the challenge in film coating is to ensure that
the coating is uniformly applied across the surface of
the product to be coated, and that process thermody-
namics (which defines the balance between the rate at
which the coating liquid is applied and the rate at which
the coating solvent is removed) are controlled in such a
manner that prevents both tablets from being over-
wetted, such that they stick together, and that overall
process efficiency (the relationship between the amount
of coating material delivered into the process and that
which actually ends up on the tablets) is maximized.

34.3.3 Continuous-coating systems

A continuous-coating system differs from a batch
system in that tablets are continually fed into the
process, pass through the spray zone in a short period
of time (typically 15�20 minutes), and then are

continually emptied from the process in the former. In
a batch process, the tablets reside inside the coating
pan for the duration of the coating process (potentially
1�4 hours depending on batch size), and only emerge
once the entire process is completed. Despite these
differences, the coating principles, as well as process
thermodynamics, are essentially similar. A typical
batch coating process is shown in Fig. 34.20, while a
continuous process is exemplified in Fig. 34.21.

34.3.4 System components

The peripheral equipment for a coating system
for either the batch system or the continuous-coating
system will be very similar. Figs. 34.20 and 34.21
show equipment components typically used with both
batch- and continuous-coating systems.

34.3.4.1 Overview

Process air is drawn in through an air handler
where it will be heated, dehumidified (or humidified,
depending upon requirements), and filtered before
going to the coating pan. The process air enters the
coating pan and is exhausted via a plenum located
below the tablet bed, to a dust collector and a blower.
Finally, the exhaust air is discharged into the environ-
ment (when organic solvent-based coating systems are
used, the exhaust air will pass through a solvent recov-
ery unit or an incinerator before being discharged).
Some organic solvent systems may use a closed-loop
system where solvent is condensed from the air stream
before being fed back into the inlet process air stream.
A closed-loop system has the advantage of using pro-
cess air, which is conditioned to suit the operating
parameters required for the process, thus requiring
less energy input for the operation.

Exhaust
blower

Compu
automated

control
system

Hi-coater

Air handler

Solution
pump

Solution
tank

FIGURE 34.20 Example of a coating system for batch processing.
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34.3.4.2 Pan units

34.3.4.2.1 Comparison of batch-type coating pans

The coating pan can be either fully or partially
perforated around the cylindrical surface of the
drum, which allows process air to be drawn through
the tablet bed, ensuring more effective drying. An
example of a partially perforated coating drum is
shown in Figs. 34.22 and 34.23, and displays an
integrated exhaust plenum on the outside of the
drum. A fully perforated coating pan is shown in
Figs. 34.24 and 34.25.

As the coating drum rotates, the product being
coated (eg, tablets) tumbles in the drum, always
remaining near the bottom of the pan (as indicated in
Figs. 34.23 and 34.25). Partially perforated coating pans
are constructed with exhaust plenums welded to the
outside of the pan. Process air enters the coating pan
through a mouth ring at the front opening of the pan,
or through the back of the pan, and is drawn out
through the exhaust plenums built onto the exterior of
the cylindrical portion of the drum, see Fig. 34.23. The
perforations in the coating pan are located over these
plenums. This arrangement forces all of the process
air to pass through the tablet bed. There is greater

Supply air handler

Air in

Change/conveyor hopper

Dust collector

Exhaust fan

Solution
pump

Solution tank

Exhaust air dust

Product handling
options

Rotating drum

Control panel

Main unit

Inlet air ducts

Powder application

FIGURE 34.21 Example of a coating system for continuous process.

FIGURE 34.22 Exhaust plenum on the exterior of a partially
perforated coating drum.
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pressure drop in the path of the process air (compared
with the fully perforated pan) because of the plenum
system and the tablets. The path of the process air
through the fully perforated pan is shown in
Fig. 34.25.

Coating can be performed with any of these pans if
the auxiliary equipment (blowers, heater, filters, etc.) is
configured and specified properly for the physical
layout. Some coating-pan equipment includes auto
discharge. The mixing baffles can be configured in
these pans such that when the pan is rotated in a
reverse direction, the product will be discharged out of
the door. Some coating pans have a trap door on the

product drum so that the product can be discharged
into product trays placed under the units. Several of
the manufacturers will also supply product-loading
totes, fitted with chutes, that will allow the product to
be loaded from above the coating pan instead of
through the drum opening.

Coating pan capacities for laboratory size units
range from 0.5 to 110 L. Capacities for production-size
coating pans range from 90 to 1300 L. The laboratory
size units are used to perform feasibility studies and
for the purposes of product and process development.
An example of laboratory-size units is shown in
Fig. 34.26. In general, each manufacturer makes sizes
of coating pans that are comparable, although the
trend now is to provide lab-scale coating equipment
with multiple pan-size inserts.

Each manufacturer will provide specifications for
general operation of their coating pans. Typically, they
will recommend and/or furnish the peripheral equip-
ment required to complete a system.

34.3.4.2.2 Comparison of continuous-coating
equipment

An example of a continuous-coating unit is shown
in Fig. 34.27. The product is moved through a drum
(that represents a stretched version of a batch-coating
pan) at a rate that allows the tablets to be completely
coated as they pass through the coating pan. Mixing
baffles may be present to help move product from one
end of the coating unit to the other end. The applica-
tion of coating material within a continuous coating
pan is essentially the same as that in a batch side-
vented coating pan. Continuous coating pans are avail-
able from Thomas Engineering, O’Hara Technologies,
Driam, Bohle, and GEA.

FIGURE 34.23 Air-flow diagram and chamber design of a partially perforated pan.

FIGURE 34.24 Exterior of the fully perforated coating drum.
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34.3.4.3 Process air equipment

All coating-pan equipment, including continuous-
coating process equipment, requires conditioned-
process air to enable solvents (aqueous or organic) to
evaporate quickly. The process air generally should be
dehumidified, cleaned, and heated. An air handler is
used to perform these functions. A typical air handler
is made up of different functional sections as shown in
Fig. 34.28.

The first section will generally be composed of two
filters: a bird screen followed by a prefilter. The prefil-
ter is typically rated for 30% efficiency. The next sec-
tion of the air handler is a preheat unit, followed by a

dehumidification unit. The preheat section is placed
before the dehumidification unit to protect any chilled
water coil (or refrigeration coil) from freezing. Three
methods of dehumidification are used: chilled water,
refrigeration, or a desiccant dryer. The desiccant dryer
is generally used to obtain the lower dew points. If
humidification is required (ie, during winter when the
air is very dry), this is accomplished by injecting steam
into the process air stream. A heating coil is required
to heat the process air.

The air handler shown in Fig. 34.28 is a face and
bypass unit, which allows heated and room-temperature

FIGURE 34.25 Air-flow diagram and chamber design of a fully perforated pan.

FIGURE 34.26 An example of a laboratory-size coating pan.
FIGURE 34.27 Example of a continuous-coating pan.
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air streams to be blended to achieve the required set-
point temperature, as well as to allow temperature
changes to be made quickly and facilitate better
control of temperature. A conventional (nonbypass
type) air handler will require some time to cool down
because the heater coils remain in the process air
stream after the heat has been stopped. In addition,
as heat (either electric or steam) is provided, there
tends to be a greater risk of oscillations in temperature
occurring.

The finished product is normally cooled before
being removed from the coating pan after spray appli-
cation of the coating is completed. The face and bypass
unit can achieve a shorter production time because a
heating coil does not have to cool down before cooling
the product. The air handler comprises a fan (blower),
which must be rated for the proper quantity of process
air to facilitate heat transfer to the product. The final
stage of an air handler should be a high-efficiency par-
ticulate air (HEPA) filter to provide clean air with
99.97% efficiency.

The schematic shown in Fig. 34.28 illustrates the
typical components of an air-handling system.
The duct work between the HEPA filter and the coat-
ing pan should be stainless steel to preserve the integ-
rity of the clean, process air. The quantity of process
air is generally recommended by the equipment manu-
facturer for the size of the equipment. It is desirable to
use the maximum amount of process air possible
to achieve the maximum heat transfer and drying
efficiency. However, caution must be exercised when
increasing the air flow within the system because pres-
sure drop increases exponentially and turbulence can
be generated that will affect the spray patterns inside
the coating pan. The inlet blower should be capable
of providing sufficient air pressure at the desired
quantity of air to bring the pressure in the coating
pan to atmospheric pressure or slightly negative (up
to �100 mm of water column), when the exhaust

blower is operating and product is loaded in the pan.
The exhaust blower must provide a vacuum pressure
at the required air flow that will overcome the losses
created by the different components between the
coating pan and the exhaust blower.

The outlet process air duct should be connected to a
dust collector to collect solids that did not adhere to
the product or dust that is generated when product is
loaded into the coating pan. The duct work before and
after the dust collector, and the dust collector itself,
must be able to withstand the amount of vacuum that
will be created by the exhaust blower. The dust collec-
tor also must be designed with an explosion vent that
will relieve the pressure in case of a dust explosion.
When film coating is performed using an organic sol-
vent, the entire system must be designed either to con-
tain an explosion, or allow the explosion to be safely
vented. Typically, the equipment manufacturer will
recommend a system that will satisfy the requirements
for a specific type of solvent.

As mentioned previously, the partially perforated
coating pan generally creates greater pressure drop,
thus requiring a high-pressure blower; whereas a fully
perforated coating pan produces a lower pressure
drop, but requires a larger quantity of process air.
Finally, the exhaust blower should be capable of gener-
ating the recommended air flow for heat transfer and
producing a vacuum of 25�100 mm of water column
inside the coating pan. In areas where the noise of the
blower cannot be tolerated, especially on the systems
that require a high pressure blower, a silencer should
be used after the exhaust blower. Most manufacturers
of coating pans will provide the above peripheral
equipment as part of a turnkey system. Some systems
will have a bypass section that allows the process air to
bypass the coating pan, typically being used where the
coating pan door must be opened for several minutes,
thus allowing cool air to enter the coating pan. If the
temperature probe, which is used for the control loop,

Rain hood and
bird screen

Inlet air

Louvered inlet damper
30% prefilter

85% prefilter
Chilled water dehumidification coil

Chilled water
cooling coil

optional
Inlet blower

Face and bypass
Final heating coils

Clean steam
humidifier
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Final hepa filterACWD

Desiccant
dehumidifier
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FIGURE 34.28 Example of an air-handling system.
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is in the exhaust duct work, the control loop will call
for a higher temperature. When the coating pan door
is closed, the inlet process air temperature will be con-
siderably higher, which in turn can cause the product
temperature to exceed the set limits. The bypass allows
the process air temperature to remain constant. The
bypass also must have a pressure drop to prevent
the air flow from increasing, thus causing a temperature
change during bypass conditions. Utilizing the bypass
will then allow the temperature control loop to hold the
process air at a constant temperature during the time
the airflow is not passing through the coating pan.

34.3.4.4 Spray systems

The design and operation of the spray-application
system is a critical element of the coating process. In
general, two types of spray systems are used, an open-
loop system or a recirculation-loop arrangement. An
open-loop arrangement is typically used with both
hydraulic spray guns (atomization is generated
through a high liquid-line pressure) and pneumatic
spray guns (atomization is generated by a compressed
air stream that impinges on the liquid stream as it
emerges from the nozzle), while a recirculation loop is
typically used only with pneumatic spray guns.
Generally, a recirculation loop provides more flexibil-
ity, but requires more equipment and tubing to config-
ure. When the spray is off, the coating formulation is
recirculated back to the solution tank, providing mix-
ing in the tubing to prevent precipitation of solids out
of solution. A separate agitator in the solution tank
should be employed for coating formulations prone to
precipitation. To use the recirculation loop, a valve in
the spray gun and a valve in the recirculation loop

must be provided to change from spray to recircula-
tion. A flow-measuring device is not needed for a posi-
tive displacement pump, but is desirable. A separate
pump can be provided for each spray gun or a single
pump connected through a manifold can feed all spray
guns. The manifold can create different pressures at
each gun due to the pressure drops in the manifold
tubing, which in turn will cause different droplet sizes
and distributions at each gun; a manifold system also
has the additional disadvantage of causing extra liquid
to be fed to the remaining spray guns should one or
more nozzles become blocked. Many spray systems
use a multiple pump configuration to prevent the pres-
sure drop problem.

34.3.4.4.1 Comparison of different spray guns

Two types of spray guns are typically used for
coating: either pneumatic or hydraulic. A third type is
an ultrasonic, which has had limited success for
coating processes. For most circumstances, the use of
pneumatic spray guns dominates the industry today
because of the preference for using aqueous-coating
systems.

34.3.4.4.2 Pneumatic spray guns

The pneumatic gun sprays liquid out through
an orifice, which is then subjected to a stream of
compressed air that breaks the spray into droplets.
The size of the droplets, the distribution of droplets,
and the type of pattern is determined by the quantity
of compressed air flow and the physical configuration
of the spray gun. An illustration of a pneumatic spray
gun is provided in Fig. 34.29, and shows the different
ports for the compressed air supply and solution feed.

Nozzle/
cylinder air

Atomization air

Solution
in/out

Pattern air

Nozzle air
Atomization air adjustment

Spray pattern adjustment

Mounting
bracket

Cylinder air

FIGURE 34.29 Example of a pneumatic spray gun with separate adjustments for atomization air and pattern air.
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Table 34.17 provides manufacturers of spray guns.
Solution and air orifice sizes on the spray guns may

need to be changed for different types of coating
suspensions but, in general, a single orifice size will
suffice for most commonly used coating suspensions.

34.3.4.4.3 Hydraulic spray guns

A hydraulic spray gun uses pressure on the liquid
feed lines to force the coating liquid through an orifice
where, under the influence of the pressure drop created
at the nozzle, the liquid is sheared into droplets. The
orifice must be changed for different types of spray
patterns and spray distributions. Hydraulic spray guns
have limited use in coating pans because the spray dis-
tribution is considerably wider than for pneumatic
spray guns. The typical pressures required to maintain
effective atomization also often result in spray rates
being too high for aqueous applications; however, this
type of nozzle can be very beneficial when using
organic solvent-based coating formulations.

In all types of spray guns, as the spray rate is chan-
ged, the pattern, droplet size, droplet distribution, and
droplet velocity will also change. The pneumatic gun
provides more flexibility because the atomizing air can
be varied to obtain the desired spray droplet character-
istics without changing the nozzle. Ultrasonic spray
guns produce relatively small droplet size over the
wide range of spray rates, and have the advantage
in that the larger orifices they employ result in less
plugging of the nozzle. Both the hydraulic and pneu-
matic spray guns are subject to plugging, causing
disruption of the droplet size distribution and the
spray pattern. The hydraulic gun is more prone to
plugging than the pneumatic gun because the orifice
openings are smaller.

34.3.4.4.4 Solution delivery pump

The open-loop arrangement described previously for
the spray-application system is generally used with

pumps, such as a gear pumps, a lobe pump, or peristal-
tic pumps. These pumps are capable of supplying
pressures of 1�7 bar gage pressure to the spray nozzles.
Peristaltic pumps are most commonly used because of
the ease of cleaning and lower cost. Centrifugal pumps
are normally not used because of pressure requirements
and the need for a flow measurement service due to the
characteristics of the pump.

The selection of the pump is determined by the
type of spray guns used. The hydraulic spray guns
will require 2�4 bar of solution pressure at the
desired flow rates. The pneumatic spray guns will
require 0.05�1.0 bar at the desired flow rate. The
ultrasonic spray guns require only pressure to supply
the solution to the spray head (typically less than
0.7 bar). Normally, pumps that operate at lower
pressures create fewer problems relative to pump
wear and sealing of connections to the pump and
spray guns. To ensure that proper flow and pressure
is provided to each spray gun, many of the spray sys-
tems incorporate a separate pump (or pump head
driven from a common drive system) for each spray
gun. A single pump or a single tubing distribution
system, through a manifold to the spray guns will
result in different pressures and flow rates at the
spray guns. When selecting a pump, the location
from which the coating solution is being drawn must
be considered. Some coating formulations may
require additional pump pressure due to a high
vacuum pressure on the inlet side of the pump. When
using more than one pump, the inlet tubing must be
sized for the total number of pumps and the vacuum
loss due to the size of the inlet tubing.

The connections for the spray system are very
critical and must be installed with care. If there is a
leak in the tubing on the inlet side of the pump, air
bubbles are created in the suspension which travel
to the spray heads and cause distortion of the spray
pattern and droplet size distribution. Any leaks in the
tubing, piping, or connections will result in dripping
onto the product because all spray guns are mounted
inside the coating pan over the product; causing twin-
ning (tablets stuck together) or picking (tablets stuck
together and separated).

34.3.4.4.5 Delivery control

The application of the coating liquid onto the tablets
can only be consistent if the rate at which the liquid is
being delivered to each spray nozzle is also consistent.
For this reason, effective control of the flow of coating
suspension must be exercised. In the past, assumptions
have been made that if a positive displacement
pump is used, then the rotational speed of the pump
shaft (rpm) can be used to determine the flow rate.
However, variations in the spray gun outputs can

TABLE 34.17 Common Spray Gun Manufacturers

Manufacturer Address Trade name

Types of

spray guns

Binks Sames
Corporation

Geneseo, IL 61254 Binks Guns Pneumatic

Freund
(Vector Corp.)

Marion, IA 52302 Vector or
Freund Guns

Pneumatic

Schlick Coburg,
GERMANY 96540

Schlick Guns Pneumatic
Hydraulic

Spraying
Systems Co.

Wheaton,
IL 60189

Spraying
Systems

Pneumatic
Hydraulic
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occur because of pressure changes in the system
and systems where more than one pump is used.
Therefore it is advisable that some form of measure-
ment and control be used for the suspension flow.
The most common form of measurement is a mass-
flow meter. Spray systems that use a manifold for the
spray guns can be configured to use a single pump,
but a mass-flow meter should be used at the outlet of
the pump. Spray systems that use multiple pumps
feeding individual guns should incorporate a mass
flow meter in the common-source, line-feeding the
pumps. There are several types of mass-flow meters
that have been used including vortex-flow meters,
Coriolis mass-flow meters, and turbines. Turbines are
not typically used because they cannot be cleaned
properly without removing them from the coating sus-
pension line. Differential pressure is not used because
this requires an orifice plate which generates more
pressure drop for the spray system, thus increasing
the work load for the pump. These flow devices
will normally have to measure mass flow over a range
of 100�1000 mL/minute. An alternative means to
measure the application of the coating is to use a
weight-loss system, which involves putting the solu-
tion tank on load cells (weight measuring sensors)
and then, knowing the density of the suspension, the
amount of material applied can be determined as a
reduction in the tank weight. This weighing system
must be capable of having the tare weight set to zero
before starting application of the coating liquid.

34.3.4.4.6 System controls

System controls may take one of several forms and
should be chosen based on the tolerance required for
the product, the operator’s technical knowledge level,
and the extent of control desired. There are basically
three types of systems:

• Manual: All functions are selected and controlled by
an operator;

• Semiautomatic: These systems use a combination of
manual and automatic systems; and

• Automatic: This system requires minimal operator
input during the coating process.

Typically, the design of a coating process is based
on the equipment used, and the process conditions
that are deemed critical to the overall success of that
process. Ideally, for any given process, these condi-
tions should be held constant:

• Process air flow
• Inlet process air temperature
• Average static pressure in the coating pan
• Humidity (or dew-point) in the process air going

into the coating pan

• Coating pan speed
• Spray rate of the coating solution

All three control systems mentioned previously will
require certain parameters to be measured in order to
make any coating system operate with consistent
results. The manual system will have only instruments
that provide local readouts, which are used by the
operator to adjust the controls. Both types of automa-
tion will require outputs that can be input into a
programmable logic controller (PLC) or computer.

These measurements represent the minimum
required for any of the coating systems to provide a
consistent coating operation:

• Inlet process air temperature
• Exhaust process air temperature from the coating

pan
• Process air flow volume or flow rate in the inlet

duct to the coating pan
• Pump speed or suspension spray rate.
• Coating pan rotation (RPM)

These controls are required for each of the systems:

• Power to the system
• Temperature controller
• Air-flow control (manual or motorized dampers, or

blower motor speed control)
• Solution volume or rate control (mechanical or

pump motor speed control)
• Coating pan rotational speed (mechanical or pan

motor speed control)

Each of these items for either measurement or con-
trol will be analog in nature, either by an analog meter
or an analog signal to a PLC or computer.

Other measurements that may be included with a
coating pan system are:

• Process air temperature after the preheater
• Dew-point temperature after the dehumidification

or humidification
• Differential pressure across the inlet filter to the air

handler
• Differential pressure across the HEPA filters in the

inlet air duct
• Differential pressure across the coating pan
• Static pressure in the coating pan
• Differential pressure across the dust collector
• Static pressure after the air handler
• Static pressure at the inlet of the exhaust blower
• Product temperature
• Main compressed-air pressure
• Solution tank weighing system
• Solution pressure
• Solution mass-flow meter
• Compressed air flow rate to pneumatic spray guns
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34.3.5 General characteristics of
the pharmaceutical coating process

34.3.5.1 Typical process steps

If this is the first time that a particular product has
been coated, it is generally necessary to estimate the
approximate batch size to use. Coating pans are
usually rated for a specific brim volume capacity. Brim
volume can be defined as volume capacity, if loaded
to the very bottom of the pan opening. The initial pan
load is usually somewhat less than brim volume in
order to prevent product from spilling out of the pan
opening should the product volume increase during
the coating process or if the product movement should
change. As a starting point, the brim volume capacity
should be multiplied by 95% in order to estimate the
starting fill volume; this estimated volume can then be
multiplied by the product’s bulk density (in g/mL)
to determine the approximate maximum batch capac-
ity. Product bulk density can be approximated by
determining the weight of a 1-L volume of tablets.
Batches of 70�75% of the maximum can usually be
coated without a problem. For smaller batch sizes, it is
necessary to examine product movement to verify
that it is adequate, and also determine that the
exhaust air plenums (in a fully perforated pan) are
completely covered. Reduced height baffles can be
used to improve product movement with smaller pan
loading. In cases where the exhaust plenum is not
completely covered, it may also be necessary to use a
restrictor plate to reduce the exhaust opening, thus
preventing air from being drawn around the tablet
bed rather than through it.

For continuous coating pan systems, the throughput
is controlled by a combination of the pan drum angle,
pan speed (rpm), and tablet input rate. A higher
throughput is achieved by increasing one or more of
these factors. Either one of these changes causes the
product to flow more rapidly through the pan, thus
increasing the potential production rate.

34.3.5.1.1 Coating pan set-up

The typical coating process consists of several
different steps. The first step is to verify proper opera-
tion of the spray delivery system, which must be
calibrated to deliver a consistent gun-to-gun delivery
of the coating solution, especially when manifold
systems are used. Calibration can be accomplished by
individually collecting and weighing the solution from
each spray gun for a set interval of time. The calibra-
tion procedure should determine if the overall delivery
of solution is accurate (if it matches the theoretical
rate) and also confirm that the variation in solution
flow between guns is minimized. If there is an
unacceptable variation (usually .6 5.0%), then the

system will need to be adjusted so that the pressure
drop between guns is the same. Most spray guns are
equipped with a needle valve-adjustment cap that
controls the clearance between the spray needle and
the liquid nozzle. Adjustment of the position of the
needle valve will in turn facilitate adjustment of
the fluid delivery rate through a particular spray gun.
After making an adjustment to the spray guns, the
solution collection should be repeated. When uniform
solution delivery has been achieved, it is necessary to
calibrate the nozzle air volume to the spray guns.
Some spray guns have a common line for providing
atomization air and pattern air. For these systems, the
air volume is achieved by setting the desired nozzle
air pressure. Other guns have separate controls for the
atomization and pattern air, and a mist checker or
flow meter for display of the actual air volume. For
these systems, a needle valve (located on the spray
gun body) is usually adjusted to set the atomization
air volume. Once the atomization air volume has been
set for all of the guns, a second needle valve is
adjusted to the desired volume for pattern air. After
these air volumes have been set, it is possible to verify
the approximate dimensions of the spray pattern by
passing a hand through the air stream. This spray
pattern should be checked at a distance that is equal
to the distance between the tablet bed and the spray
guns.

34.3.5.1.2 Loading/charging

After proper set-up of the pan and spray equipment
has been confirmed, the pan can be loaded with prod-
uct either through the front of the pan (pan mouth
ring) or through a discharge door located on the flat of
the pan (if it is so equipped). During the loading of the
pan, the exhaust air is usually turned on to eliminate
or minimize exposure to irritating and potentially
hazardous dusts. It is a good idea to minimize the
distance that the product is allowed to drop during
charging because this will minimize or eliminate tablet
breakage. It is usually recommended that the pan be
jogged occasionally during loading to move product
towards the back of the pan.

34.3.5.1.3 Preheat/de-dusting

After loading, the next step is to preheat the product
to the desired process temperature. While the product
is being preheated, it is also de-dusted by the process
airflow. This is a good time to circulate coating solu-
tion through the spray guns (if a recirculation system
is used). Verification that the spray guns are posi-
tioned correctly can be accomplished at this time,
checking both the angle to and distance from the tablet
bed. During the preheat step, the product can either be
rotated continuously at a very slow speed (preferred)
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or jogged intermittently. This will minimize attrition
while ensuring that the product is uniformly heated.
For heat-sensitive products, it will be necessary to jog
on a more frequent basis to prevent overheating the
upper surface of the tablet bed. Tablets are generally
preheated to a specific product or exhaust tempera-
ture. The product and exhaust temperatures are
typically not the same, though they tend be fairly close
during the coating process. Once the exhaust air
or product has been heated to the desired starting
temperature, application of the coating liquid can be
initiated.

34.3.5.1.4 Application of a seal/barrier coat

In a few rare cases, it may be necessary to apply a
barrier-coating after the application of the primary
film coating. The need for a barrier/seal coat typically
occurs when there is an interaction between the film
polymer and the product substrate (eg, interaction
between an enteric polymer and tablets containing an
alkaline drug, or interaction between an acid labile
drug and an enteric polymer, which is acidic). In such
cases, a seal coat of an inert film polymer, such as
HPMC prior to the enteric polymer coating, may be
used. A second example occurs when there is an
interaction between the coating solvent and the prod-
uct (ie, an aqueous coating and an effervescent
product). To remedy this type of problem, a seal
coating with an alternative solvent may be used. It is
possible to coat, for example, some effervescent
products with aqueous solutions if the spray rate
for the initial phase of the coating is reduced, process
temperatures are substantially increased, and the
solids content of the coating suspension is high
(approximately 20% w/w).

34.3.5.1.5 Application of the film coating

Prior to commencing the spray cycle, the pan
should be set to the desired rotational speed. If a
frequency drive is used, it is important to allow
approximately 5 seconds for the pan to achieve the
rpm set-point. Once the product has reached the
required speed, the spray can be started. The initiation
of the spray will cause the product and exhaust tem-
peratures to drop slightly due to evaporative cooling.
If these temperatures drop below the desired range,
the inlet temperature will need to be increased. If the
coating system has an inlet air handler with some type
of humidity control, there will be a very consistent
batch to batch correlation between the inlet tempera-
ture necessary to achieve the desired exhaust and/or
product temperatures. Some systems automatically
control the inlet temperature to maintain the required
exhaust temperature. The time required for the coating
cycle is determined by a number of factors that

include: desired coating weight gain, coating process
efficiency, coating solution solids level, spray rate, and
the size of the spray zone. The end of the spray cycle
is usually controlled by either time or the application
of a set quantity of coating solution because these
factors tend to be constant for a particular product.
If the spray cycle is controlled by solution quantity,
this can be accomplished through the use of either
a mass-flow meter or a mass balance. Either of these
methods will provide a totalization of the solution
applied.

34.3.5.1.6 Gloss coat

After the primary coating has been completed, a
dilute over-coating may be applied to prevent the
tablets from blocking or sticking (such as with some of
the aqueous dispersions that are thermoplastic) or to
provide a higher film gloss. If the purpose is to
provide a higher gloss, a dilute HPMC solution may
be used. The process temperatures may be reduced
slightly to reduce the amount of spray drying that
occurs.

For some of the aqueous coating dispersions, it is
recommended that the product be maintained at a
slightly elevated temperature to fully cure the coating
and provide a stable release profile. After coating, the
product should be cooled prior to the application of a
powdered wax (if one is to be applied to improve
tablet flow and gloss). Cooling the product after
coating also minimizes potential problems due to heat
instability of the active (since product temperature will
rise after the spray is turned off due to loss of the
evaporative cooling effect. A product is typically
cooled to an exhaust or product temperature of
25�30�C before discharging from the pan.

34.3.5.1.7 Wax addition

After cool-down of the product, a powdered wax
may be used to provide a higher tablet gloss.
The waxes typically used are either a carnauba wax, a
combination of carnauba and beeswax, or rice wax.
A small quantity of wax (5�10 g per 100 kg of tablets)
is applied to the rotating tablet bed. The tablets are
allowed to rotate for approximately 5 minutes with no
process air. After 5 minutes, the tablets are rotated for
an additional 5 minutes with the process air on. This
allows any excess wax to be exhausted. A canvas-lined
pan is not necessary for the wax application, although
it may provide a slightly higher gloss.

34.3.5.1.8 Product discharge

At the conclusion of the cool-down period, the
product is ready for discharge. Depending on the type
of pan used, the product will be discharged through a
“trap-door” on the flat of the pan or through the front
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pan door (either by manual scooping, or using one of
the many emptying scoop devices supplied by the
equipment vendor). In some systems, the pan may be
rotated backward or counter-clockwise to aid in dis-
charging the product, in which case the baffles are
designed to direct the product out the front door.
Discharge of the entire batch usually will be achieved
in 2�10 minutes, depending on the pan size and type
of discharge method employed. For most cases, the
coated product should not be allowed to drop more
than 60�90 cm, otherwise tablet breakage may be
experienced.

34.3.6 Understanding process thermodynamics

34.3.6.1 Adequate evaporative rate

The theoretical evaporative rate for aqueous film
coating can be determined using the following
equation:

Rate5
CMH3CP3‘3 ½ðTIN2TOUTÞ20:10ðTIN2TOUTÞ�

LHV

where:

Rate5Evaporative rate of water per hour (kg)
CMH5Actual process airflow in cubic meters per
hour
Cp5 Specific heat capacity of the air (kcal/kg �C)
‘5Density of the air stream (kg/m3)
TIN5 Inlet process temperature (�C)
TOUT5Exhaust process temperature (�C)
HL5Heat loss of the coating system (%)
LHV5Latent heat of vaporization (kcal/kg �C)

This equation will determine the approximate quan-
tity of water (in kg/hour) that can be evaporated in a
coating-pan system. However, this may not be the opti-
mal rate necessary to achieve a high-quality coated
product. The quality level, as stated previously, depends
on many other factors. If all of these other critical factors
are examined and optimized, this equation can be used
as a tool to determine the approximate spray rate.

Example:
Assumptions:

Ambient air conditions5 21.1�C/50% RH
Air flow5 2166 m3/hour
Specific heat capacity of air5 0.241 (kcal/kg �C)
Density of the air stream5 1.015 (kg/m3)
Inlet air temperature5 70�C (167�F)
Exhaust air temperature5 40.5�C (105�F)
Coating solution solids5 12%
Number of spray guns5 4
Heat loss5 10%
Latent heat of vaporization5 577 (kcal/kg)

Rate5

216630:24131:0153 ½ð70:0240:5�CÞ
20:10ð70:0240:5�CÞ�

577

528:51kg=hour or 475g=minuteofwater evaporated

For a 12% w/w solids coating liquid, this equals
540 g/minute per total or B135 g/minute per gun.

34.3.6.2 Process air

34.3.6.2.1 Volume

In all coating pans, elevated temperatures are used
in conjunction with airflow to convert the solvent in
the coating solution into a vapor and carry it away
from the tablets being coated. In general, the amount
of water vapor that can be removed is directly propor-
tional to the air volume that passes through the coating
pan and is limited by the saturation of the air stream.
Therefore, if maximum evaporative capacity is the rate
limiting factor with respect to the spray rate, it would
be advantageous to use as high an airflow as possible
without creating spray turbulence or air leakage.
Manufacturers of the coating pans will usually specify
the maximum airflow that can be used while still
maintaining an acceptable level of turbulence. As the
process air stream is heated, its capacity to hold water
vapor increases. Again, if maximum evaporative
capacity is the rate limiting factor, the inlet air temper-
ature should be as high as possible. However, spray
rates (per spray gun) are frequently limited not by
evaporative capacities, but rather by the diminishing
quality of the spray as the spray rate is increased.
The total spray rate is usually limited by the number
of spray guns, but more accurately, the size of the
spray zone available. Therefore, the airflow capacity
between pans of different sizes should be in direct
proportion to the spray zone. For example, if a coating
process is developed in a pan with two spray guns
(each gun possessing a 20-cm spray pattern) and a
process airflow of 1000 CMH (cubic meters per hour);
scale-up to a larger pan with four spray guns should
have an airflow of approximately 2000 CMH. Using an
airflow in direct proportion to the spray rate will
also allow a closer correlation between the process
temperatures in different size pans.

34.3.6.2.2 Humidity

The process air used in a coating pan is either
conditioned or unconditioned. In either case, there are
day-to-day variations in the moisture present in the
air stream. Humidity in the inlet air stream is usually
determined by the dew-point temperature. Dew-point
temperature provides a direct indication of humidity
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in the air. Relative humidity can be used; however,
the temperature of the air must also be known to
determine the level of moisture. In the case of condi-
tioned air, variations are less (especially when the
process has the capability to dehumidify and rehumi-
dify the air stream). With unconditioned air, these
variations are great and can cause coating problems.
If the air is unconditioned, the spray rate must be
selected such that in the most humid condition
that might occur, the film coating would still dry
at a rate that would not result in overwetting or
stability problems with the product. Some level of
spray-drying would occur since most batches would
be coated at lower humidities. The severity of the
spray-drying would be directly related to the variation
in the ambient humidity. Therefore, the growing
trend is to dehumidify the process air stream.
Dehumidification not only provides the coating
process with more consistent coating conditions,
but also provides for greater evaporative capacity.
This allows the system to evaporate more moisture
at a given airflow and temperature than an airflow
of a higher humidity. With the advent of sustained
release coating, some companies have opted for
a combination of dehumidification/humidification.
Such a system allows the process to be conducted at
a consistent inlet dew-point temperature, regardless
of the ambient conditions. A system that conditions
the inlet air stream to a consistent dew point
allows the coating process to operate at a reproducible
drying rate regardless of fluctuations in ambient
conditions.

34.3.6.2.3 Temperatures

As stated previously, the coating process can be suc-
cessfully controlled by the inlet, exhaust, or product
temperatures. Process control based on inlet air tem-
perature control is most common. Control based on
exhaust or product temperatures will often react
slower because of the heat sink effect of the tablet bed
(such control will also require fluctuations in inlet tem-
perature, spray rate, and process air volume to occur,
with spray rate fluctuations being the least desirable).
With inlet temperature control, the exhaust tempera-
ture will drop slightly after the spray is started. This
temperature drop is due to evaporative cooling. This
will not occur with exhaust temperature control
because the inlet temperature will be controlled to
maintain the desired set-point. In any event, control
via any of these methods will yield the same approxi-
mate temperatures. All of these temperatures are
equally important because the moisture from the spray
droplets is dried by both convection (due to the

process air) and conduction (due to the product tem-
perature). The desired exhaust temperature is depen-
dent on several factors, such as:

1. Coating solution characteristics
The tackier the coating as it dries, the higher the

exhaust or product temperatures must be to prevent
overwetting defects during the coating process.
If the film polymer is thermoplastic, the product
must be kept below the temperature at which the
polymer begins to soften to prevent the tablets
from blocking or sticking together.

2. Product temperature limits
If a product exhibits instability problems at

elevated temperatures, the product must be kept
below these limits. This is most critical during
preheating of the tablet bed since evaporative
cooling of the bed is not occurring and the product
may not be uniformly heated if the pan is not
being continuously rotated. The product
temperature will begin to rise immediately after
the spray is stopped due to the loss of the
evaporative cooling effect. Therefore, it may be
necessary to begin a cool-down cycle immediately
after the spray cycle.

The inlet temperature required to achieve the
desired exhaust temperature will be affected by the
spray rate, the percentage of solids in the coating
solution, the heat loss across the pan, and the
condition of the drying air.

3. Pan speed
To effectively optimize film-coating quality, the

tablets must be mixed such that each tablet has
the same probability of being in the spray zone for
an equal duration of time. Therefore, it is essential
that the product be examined to ensure that mixing
is uniform. Mixing problems that occur include:
sliding of tablets (usually seen with large capsules
or oval-shaped tablets), “dead-spots” or sluggish
product movement (this can be an extremely serious
problem if it occurs while the tablets are in the
spray zone), or product thrown into the spray zone
by the mixing baffles.

If product movement is not uniform, the first
course of action should be to evaluate the product
flow at different pan speeds. The pan speed selected
should be the lowest speed that produces a rapid
and continuous product flow through the spray
zone. This will allow for the uniform application
of a film coating while subjecting the tablets to a
minimal amount of attrition. In general, if tablet
friability is less than 0.1%, tablet attrition will not be
a problem. A smaller tablet can be slightly softer
since these tablets produce a less abusive tumbling
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action. Product flow can be evaluated either
subjectively or through mixing studies using tablets
of various colors. Tablets of different colors can be
placed in different zones (eg, front, middle, and
back) of the pan. Tablet samples are taken at set
time intervals to determine the length of time
required to achieve a homogeneous mixture.
A more sophisticated means of evaluation includes
the use of radioactively marked tablets and a
counter mounted on the spray bar to record the
number of passes through the spray zone per unit
time. The product speed is generally assumed to be
traveling at the same linear velocity as the inside
circumference of the coating pan.

In a continuous-coating pan system the product
flow is from the charge port to the discharge port.
Depending on the coating level, the product may
pass through multiple drums (these drums may
be located end-to-end or stacked horizontally).
One continuous-coating pan system currently
available contains five spray guns for a 1.5 m
coating-drum length.

34.3.7 Understanding spray dynamics

34.3.7.1 Spray rate

The selection of the proper spray rate is dependent
on more than just the thermodynamic considerations. If
this were not so, the ultimate coating system would
offer unlimited airflow and temperature. The spray
rate (per spray gun) is also dependent on the ability of
each spray gun to produce a consistent droplet size dis-
tribution. It has been shown that the droplet size will
increase as the spray rate is increased (unless a com-
pensating change is made in the atomizing air). Other
factors that must be considered when determining the
spray rate are:

• Solution viscosity—As solution viscosity is
increased, the spray gun’s ability to produce an
acceptable droplet size distribution is diminished.
Therefore, viscosity will limit the maximum spray
rate that can be used and still produce
acceptable film quality.

• Spray pattern width—If the spray pattern width is
set-up properly, the spray pattern will essentially be
the same as the spray gun spacing. The typical gun-
to-gun spacing is 12�20 cm. At spacing greater than
20 cm, the uniformity of the spray across the pattern
begins to deteriorate. Spacing of less than 12 cm is
an ineffective use of spray guns and tends to add
more expense for added spray guns, solution lines,
and pumps. There is a limit to how much spray can

be applied to a tablet per pass through the coating
zone before the tablet begins to exhibit coating
defects. Therefore, the wider the spray pattern
width (without overlapping adjacent spray
patterns), the greater the spray rate per gun.

• Product movement—The more consistent and fast
the product flow through the spray zone, the
higher the spray rate that can be delivered and
still achieve an acceptable level of film-coating
uniformity. Product movement is often dictated
by the pan speed, baffle design, tablet size and
shape, and tablet robustness (particularly
friability).

34.3.7.2 Droplet size distribution

One of the most critical aspects of coating concerns is
the manner in which solution is applied onto the tablet.
The spray droplets can be almost any size if the size dis-
tribution is sufficiently narrow. If the system is set up to
operate such that smaller droplets dry properly, then
larger droplets will stay wet and picking or twinning will
occur. If the system is set up to dry larger droplets prop-
erly, small droplets will be dry and not spread properly
on the tablet, thus causing “orange-peeling” and a dull,
rough film appearance will result. Most spray guns used
in the industry today have a limited range over which
the spray can be varied and still retain a uniform distribu-
tion. Examples of some typical droplet size distributions
are shown in Fig. 34.30. These droplet size distributions
were produced using a coating solution with a viscosity
of 130 cP. Ideally, a spray gun that produces a narrow
droplet size distribution should be used. This distribution
can vary with changes in solution viscosity, spray rate, or
a change in solution solids; therefore, the manufacturers
of the spray guns will generally not provide information
concerning these parameters. A simple method of exam-
ining this distribution can be performed by quickly pass-
ing a sheet of paper through the spray and subjectively
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FIGURE 34.30 Examples of droplet size distributions obtained at
different spray application rates.
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analyzing the droplet size. A typical droplet distribution
usually ranges from 5 to 250 μm. In general, if droplets
vary in size from 5 to 1600 μm, it will be difficult to
optimize the film-coating quality.

34.3.7.3 Coating zone/pattern

As mentioned previously, the larger the spray zone
per spray gun, the higher the maximum spray rate
that can be used per spray gun. Therefore, if the gun
spacing or the spray pattern is reduced, the spray
rate should be reduced proportionally. Applying more
spray per unit area of the tablet bed beyond a certain
point will change the film-coating appearance. If the
spray rate is increased above this maximum, either
overwetting or spray drying will occur, depending on
whether the process is run dry or wet.

A recent trend in coating is to achieve greater
production through the use of elongated or “stretch”
coating pans. Lengthening the coating pan not only
increases its capacity but, more importantly, the spray
zone. This allows more spray guns to be used thereby
increasing the overall spray rate. An increase in pan
volume achieved by increasing bed depth with
no increase in spray zone does nothing to allow an
increase in overall spray rate. Therefore, one means of
scaling up the process time for coating can be achieved
by using the following calculations:

Spray time ðlarge panÞ5 Spray time ðsmall panÞ

3
Batch size ðlarge panÞ
Batch size ðsmall panÞ

3
Spray zone ðsmall panÞ
Spray zone ðlarge panÞ

These calculations assume that the coating zones for
each of the pans are used efficiently.

A number of factors have an effect on the spray pat-
tern width. As the pattern air volume for the spray gun

is increased, the spray pattern widens. An increase in
the atomization air will cause a reduction in the pattern
width. This is logical because the increased volume of
atomization air would make it more difficult to flatten
or widen the pattern. Lastly, as the spray rate is
increased, the spray pattern is widened. Therefore, if the
atomization air volume or spray rates are adjusted, it
then is important to reexamine the spray pattern width
to ensure that the spray zone is effectively utilized.
Balancing the atomizing and pattern air correctly is
critical to maximizing the size of the spray zone while
avoiding undesirable effects, such as creating a
dumbbell-shaped spray pattern.

34.3.7.4 Coating analysis

These are some characteristics of a typical film
coating process:

Product specification: Tablet 8.0 mm
diameter

Weight 250.0 mg/tablet

Density 0.73 g/mL

Coating solution
specifications:

Solids 12% w/w

Density 1.0 g/mL

Quantity 62.5 kg

Equipment
specifications:

Pan diameter 170 cm

Pan volume 550 L

Pan speed 5 RPM

Four spray guns

Coating conditions: Spray tate 125 g/min per
gun

Total spray rate 500 g/min

Spray time 125 min

• Assumptions:
• Spray zone:

Per spray gun5 Spray width 3 Spray pattern length5 7:5 cm3 20:0 cm5 150 cm2

Total spray zone5Number of spray guns3 Spray zone per gun5 43 150 cm2 5 600 cm2

Tablets per coating zone5Total spray zone3Number of tablets=cm2

Assume 3:5 tablets=cm2 in spray zone5 600 cm2 3 3:5 tablets=cm25 2100 tablets=coating zone

Total spray length5 Spray pattern width3Number of spray guns5 20 cm3 45 80 cm

Tablet bed velocity ðsame as the peripheral pan velocityÞ5Pan circumference3Pan speed
5 3:143 170 cm3 5:0 RPM5 2669 cm=minute
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• Tablets per minute in the spray zone:

Coating zone=minute5Tablet bed velocity3Total spray length

5 2669 cm=minute3 80 cm5 213; 520 cm=minute

Tablets=minute in the spray zone5 coating zone=minute3Number of tablets=in2

5 213; 520 cm=minute3 3:5 tablets=cm2

5 747; 320 tablets=minute

• Coating solution per pass through the spray zone:

Coating per pass through the spray zone5
Total spray rate

Tablets per minute=spray zone

Coating per pass through the spray zone5
500 g=minute

747; 320 tablets=minute

5 0:669 mg=tablet ð0:080 mg solidsÞ

• Passes through the spray zone:

Total passes through the spray zone5
Tablets per minute=spray zone

Total number of tablets
3 Spray time

Total passes through the spray zone5
747; 320 tablets=minute

1; 700; 000 total tablets
3 125 minutes5 55:0 passes

• Weight gain:

Weight gain=tablet5Coating per pass through the spray zone3Number of passes
Weight gain=tablet5 0:080 mg solids=pass3 55:0 passes5 4:40 mg

Total weight gain �Weight gain=tablet

Tablet weight

Total weight gain � 4:40 mg

225 mg=tablet
� 2:0%

In this analysis, each tablet would be within the
spray zone approximately 55 times over the course of
a 125-minute coating trial. In actuality, many of these
tablets would be in the spray zone either more or less
frequently, depending on the uniformity of the prod-
uct movement. In addition, failure to optimize the
gun-to-gun delivery or spray distribution will have an
adverse effect on the coating uniformity. Therefore,
this factor should be examined to ensure a consistently
high-quality film coating.

34.3.8 Controlling coating processes—critical
factors

Once all formulation requirements have been ful-
filled, these factors can be examined to optimize the
coating quality and system performance, and can gen-
erally be grouped into three areas: uniformity of spray

application, uniformity of product movement, and
achieving an adequate evaporative rate. These factors
must all be examined and optimized in order to
optimize the coating process.

34.3.8.1 Uniformity of the spray application

34.3.8.1.1 Spray gun design

There are a variety of spray gun manufacturers.
Some of the more common suppliers include Binks,
Freund, Schlick, and Spraying Systems. The most com-
mon type of gun used is air atomizing or pneumatic.
This type of gun allows for the use of variable spray
rates. In the past, hydraulic gun systems were used;
however, they did not allow flexibility in spray rates.
The solution nozzle orifice must be sized to match
the desired spray rate. In order to change the spray
rate, a change in the fluid nozzle may be necessary.
In addition, the use of smaller nozzle orifices can
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increase susceptibility to plugging of the gun tip.
With some types of spray guns, the air cap and spray-
nozzle configuration produce a predetermined ratio of
atomization to pattern air at a given supply pressure.
In other guns there are separate controls for adjusting
the volumes of the atomization and pattern air. This
allows the separate adjustment of either atomization
or pattern without having to change the air cap
and/or the solution nozzle. For example, the width
of the spray pattern can be changed without changing
the spray droplet size. The atomization air breaks the
solution stream into a fine droplet size while the pat-
tern air serves to flatten the spray into a fan-shaped
pattern. The volume of atomization controls the mean
droplet size of the spray. The pattern air volume
controls the overall width of the spray.

34.3.8.1.2 Number of spray guns

The number of spray guns needs to be adequate to
provide uniform coverage of the entire product bed.
To maximize the uniformity and application of the
coating, the spray zone should cover from the front
edge to the back edge of the tablet bed. Adding more
spray guns will not automatically guarantee that the
overall spray rate can be increased. The use of addi-
tional guns is only justified if the existing number
of guns is insufficient to cover the tablet bed from
the front to back of the pan. The objective is to pro-
duce a uniform “curtain” of spray that the tablets
pass through. Spray guns are usually capable of
developing pattern widths of 12�20 cm without
adversely affecting the spray droplet distribution. At
greater pattern widths, the volume of pattern air
needed to fan out the spray can lead to a distortion of
the droplet size distribution due to recombination
of spray droplets. The spray guns should be set up
such that adjacent spray patterns are as wide as
possible without overlapping. Overlapping of spray
patterns can lead to localized overwetting of the
tablet bed.

34.3.8.1.3 Uniform gun-to-gun solution delivery

It would seem obvious that to achieve uniformity of
solution application, all spray guns must be set up to
deliver the same quantity of coating solution. A recent
trend in coating systems is the use of a single-pump
manifold for multiple spray guns. For these types of
systems, it is mandatory that calibration be performed
on a regular basis to ensure that all spray guns are
delivering the same quantity of solution. Furthermore,
the calibration must be performed with the coating
solution to be used. Calibration with water will not be
satisfactory because its viscosity is much lower than
that of the coating liquid and it will not be as sensitive
to differences in pressure drop between the spray

guns. Calibration is also recommended when using
peristaltic pumps because the tubing is subject to
fatigue. Calibration is usually accomplished by adjust-
ing a knob that controls the restriction of the spray
nozzle by the spray needle.

34.3.8.1.4 Atomization air volume/droplet size

As stated previously, the atomization air volume
can be adjusted to control the mean droplet size of the
spray. An increase in the atomization air volume can
reduce the mean or average droplet size. An increase
in either spray rate or solution viscosity will cause an
increase in not only the droplet size distribution, but
also the mean droplet size. Therefore, the droplet size
should be evaluated at the exact spray rate that will be
used for the coating trial. The quality of the spray
in terms of droplet size and distribution should be
evaluated at several different settings.

34.3.8.1.5 Spray gun angle

Ideally, the spray gun should be directed at the
middle (midway between the leading and trailing
edges of the tablet bed) and at a 90 degree angle to the
moving tablet bed. If the spray guns are directed
higher toward the leading edge of the tablet bed, it is
possible that spray could be applied to the pan or onto
mixing baffles as they begin to emerge from the tablet
bed. Conversely, if the spray guns are directed too low
on the tablet bed, spray applied to the tablets may not
have sufficient time to dry. This could result in the
transfer of film from the tablets to the pan surface.
If the spray guns are not directed at a 90 degree angle
to the tablet bed then, the spray as it exits the solution
nozzle has a tendency to build up on the wings of the
air cap.

34.3.8.2 Uniformity of product movement

34.3.8.2.1 Pan speed

This area was covered in an earlier section (see
Process Parameters-Pan Speed). Product movement
must be uniform if a uniform application of the coating
solution is to be achieved and the minimum pan speed
necessary to achieve this objective is recommended.
Once the pan speed has been determined, it can be
scaled up by duplicating the peripheral edge speed.
This is done by taking the ratio of the small pan to large
pan diameter multiplied by the small pan speed.

One final note is that the product movement should
be continually evaluated and adjusted as necessary
during the coating cycle. Frequently, the product
movement will change as a coating is applied to the
tablet surface and the degree of slip of the tablets
increases.
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34.3.8.2.2 Tablet size and shape

Different tablet sizes and shapes will exhibit very
different flow characteristics. In general, smaller tablets
will flow better than larger tablets. Longer, less round
shapes, such as capsule and oval shaped tablets will
tend to slide and flow more poorly (more sliding) than
other shapes. If the tablet shape or size is changed, the
product flow properties must be reexamined. In addi-
tion, if the size is too small, it will require a fine mesh
to cover the perforations in the pan to prevent the
exhaust of product. One other consideration is that
if the product is fine (B1 mm or less) and the airflow
is exhausted down through the product bed, then
there will be a considerable pressure drop across the
bed. This pressure drop will cause a reduction in
the process airflow.

34.3.8.2.3 Baffle type/size/number

The primary function of the mixing baffles is to
transfer the product between the front and back of the
coating pan. A variety of different baffle shapes and
sizes exist. Coating pans are usually equipped with a
standard baffle design that works well for the majority
of different products. However, it may be necessary to
use a different baffle design for unusual shapes and
sizes. Coating pans can also be fitted with anti-slide
bars. These bars are positioned on the flat of the
coating pan and perpendicular to the product flow.
They are used to prevent tablets with large flat
surfaces from sliding inside the pan. With most coat-
ing pans, it is necessary to use a reduced baffle size
when working with smaller batch sizes.

Standard-size baffles used with a small batch will
result in sluggish product movement and/or excessive
variation in the spray gun-to-product distance. As the
baffle passes through the product, it will temporarily
carry a portion of the tablets up out of the tablet bed,
thus causing a brief increase in the gun-to-bed
distance. As these tablets cascade off the baffle, the
tablet bed height rises and the gun-to-bed distance
decreases. A minimum variation in the gun-to-bed
distance is desired so that the spray always travels a
consistent distance and spray droplets striking the
tablets have a constant moisture level. The typical
variation in gun-to-bed distance is from 2.5 to 5.0 cm.
A reduced or small-batch baffle is generally recom-
mended whenever the batch size is less than 75% of
the rated pan brim volume.

34.3.8.2.4 Batch size

As previously mentioned, the batch size/baffle com-
binations are critical to obtain an acceptable product
movement. An acceptable batch size range for film
coating is usually 50�95% of the rated brim volume.

By using only 95% instead of 100% of the rated
volume, one can eliminate the spillage from the pan
mouth ring during coating. Occasionally, what appears
to be an acceptable pan load initially may turn out to
be excessive for those products that exhibit a change
in product movement as a film is applied or with
coatings of an extremely high weight gain. A problem
in working with smaller batches (B50%) in a perfo-
rated coating pan is that, unless part of the exhaust
plenum is blocked off, the process air will preferen-
tially pass around the tablet bed due to less restriction
or pressure drop. Batches of this size potentially can
be coated successfully, however, the drying efficiency
will be reduced.

34.3.8.3 Adequate evaporative capacity

34.3.8.3.1 Process air volume

The process air stream should be adjusted to the
maximum volume that yields a laminar, nonturbulent
air flow. A turbulent airflow will distort the spray pat-
terns and lead to lower coating efficiency due to spray
drying of the coating. It is important to periodically
inspect the coating pan to ensure that all process air
passes through the tablet bed. Any air that passes
around the product will result in a reduced evapora-
tive efficiency. The inlet air volume is more important
than the exhaust air volume as an indicator of the
evaporative capacity because it is this air that passes
through the tablet bed and vaporizes the water from
the coating and then conveys it away from the tablets.
The exhaust air volume will typically be slightly
greater than that of the inlet due to the addition of
atomizing air from the spray guns, also due to slight
leakage that may exist, and by the addition of water
vapor to the exhaust air stream. If there is a large
difference between the inlet and exhaust air volumes
due to leakage, this can be a problem, because this air
can artificially depress the exhaust temperature.

34.3.8.3.2 Spray rate

The initial spray rate that is selected may be based
on previous coating trials that have yielded successful
results. This is an acceptable approach if the coating
solution and product being coated are very similar.
However, it is important to remember that changes in
these factors can drastically affect the spray rate and
other parameters selected. Another method for deter-
mining an initial spray rate is to evaluate the quality of
the droplet size distribution. Spray rates for aqueous
film coating vary from 6 to 30 g/minute for a small
2.0 L pan to 80�250 g/minute per gun in a large
production-scale pan. The key factors that limit the
maximum spray rate per gun are the viscosity of
the coating solution, the type of spray gun used,
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and ultimately the level of film quality that a
Pharmaceutical company deems acceptable.

34.3.8.3.3 Spray gun-to-tablet-bed distance

For small-scale coating systems, the gun-to-bed
distance can be as little as 2.5�5.0 cm. The typical
gun-to-bed distance is 20�25 cm for a production-
sized coating pan. This distance usually provides an
economical tradeoff between the cost of the number
of guns needed to adequately cover the spray zone
and the desired quality of spray. If the gun-to-bed
distance is less than 20 cm, then either the spray
rate must be reduced or the inlet temperature and
product temperature increased to compensate for the
shortened evaporation time. If this distance is greater
than 20 cm, the inlet process temperature should
be reduced otherwise more spray drying is likely
to occur.

34.3.8.3.4 Product/exhaust temperature

Typically, aqueous film-coating processes are set
up to achieve an exhaust temperature of 38�44�C.
Based on the desired spray rate, an inlet temperature
is determined that allows an exhaust temperature
in the target range to be maintained. Coatings that
develop greater tackiness will require exhaust tem-
peratures to be adjusted to prevent overwetting
defects, or excessive heat when working with thermo-
plastic coatings that become tacky when getting too
hot (for these coatings, a typical exhaust temperature
range might be 30�38�C).

The exhaust temperature is slightly lower (B1�5�C)
than that of the product bed due to heat loss between
the measurement points. Usually, the greater the dis-
tance between the exhaust and product temperature
probes, the greater the differential. The only time
when these temperatures will vary more is during
preheating and cool-down. A product temperature
probe will display an average of the entire tablet bed.
The product temperature can be determined through
the use of either a probe that extends into the tablet
bed or through the use of an infrared temperature
probe directed at the zone just above the spray zone.
Tablets in the spray zone are at a slightly lower
temperature due to evaporative cooling and are not
representative of the average product temperature.

34.3.8.3.5 Dew-point temperature

The dew-point temperature is directly related to
the moisture contained in the process airstream. Dew-
point temperatures can be measured using either a
capacitance or a chilled mirror-type dew-point sensor.
To accurately reproduce the drying rate from trial to
trial, it is recommended to maintain the dew point
within a controlled range. The more critical the coating

(ie, sustained release coatings), the tighter the range.
High dew-point temperatures can be reduced through
the use of a dehumidification system employing
either chilled water coils or desiccant dehumidifica-
tion. Chilled water systems are usually specified to
control the dew point at 10�12�C (50�53�F) or an
absolute moisture content of 7.5�8.5 g/kg of air.
With a desiccant dehumidification system, the dew
point can routinely be controlled to a temperature as
low as 26�C (21�F). Low dew-point temperatures
can be adjusted by humidifying the air via the
injection of clean steam into the process air. If no
attempt is made to limit the variation of the inlet
dew point, then fluctuations in ambient air conditions
can lead to reduced coating efficiency (spray drying),
longer processing times, or film defects due to
overwetting.

34.3.9 Scale-up

34.3.9.1 Batch size

The most accurate method of determining batch size
is to load the coating pan to within 2.5�5.0 cm of the
pan opening and then rotate the pan at the desired
rpm to ensure that the pan is not overfilled. However,
there are two different methods for approximating the
batch size. The first method is to multiply the rated
brim volume times 95%, and then multiply the resul-
tant volume by the bulk density of the product. A sec-
ond method for determining the pan load size is to
multiply a known ratio of batch size to pan volume for
a small-scale pan times the volume of the pan being
scaled to. For example:

Large pan batch size �
Small pan batch size

Small pan volume

3Large pan volume

Large pan batch size � 65:0 kg

90:0 L
3 550:0 L � 397:0 kg

However, on the production scale, pan fill weights
are often determined by compression batch weight
rather than desired pan fill capacity, so coating on this
scale may use pan loadings that are less than ideal.

34.3.9.2 Pan speed (angular pan velocity)

When scaling up a coating process, it is critical that
the tablet speed through the spray zone in the larger
pan is comparable to that used in the smaller pan.
In other words, the pan angular velocity must be the
same for both coating pans. Pan velocity can be dupli-
cated by multiplying a ratio of the small pan diameter
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to large pan diameter times the pan speed used for the
smaller coating pan. For example:

Pan speed for large pan5

Small pan diameter

Large pan diameter

3Pan speed for small pan

Pan speed for large pan5

100 cm pan

170 cm pan

3 9 rpm5 5:3 rpm

This equation will yield a close estimate of the pan
speed. However, subtle differences in the baffle design
between coating pans may require a slight adjustment
from this calculated pan speed.

34.3.9.3 Available coating zone

To scale up the coating process with any degree of
confidence, the spray rate must be determined using
the same gun-to-bed distance used in the larger coating
pan. Any change in the gun-to-bed distance will change
the drying time for the spray droplets and thus alter the
quality of the coating. The same spray rate used in the
small-scale pan can also be used in the production-scale
pan, assuming that the same spray gun spacing and
spray pattern widths are used. Typically, the use of
more spray guns without increasing the size of the
overall spray zone will not allow an increase in either

the total or the per gun sprays. Increasing the total
number of spray guns will only be of value if the
existing spray zone is inadequately covered with
fewer spray guns. If the spray pattern width used in the
larger coating pan is narrower than that used
in the small pan then the spray rate per gun should be
reduced in proportion to the reduction of the spray
zone width. This will allow the same density of film
coating to be applied per unit area of the tablet bed
surface. Otherwise, the quantity of coating applied on
the tablets per pass through the spray zone would
increase. This would most likely change the quality
of the coating and could lead to overwetting or logo
bridging defects. Here is an example of scale-up using a
ratio of total spray zone utilized:

Pan #1 Pan #2

Pan volumes 90.0 L 850.0 L

Batch size 60.0 kg 566.0 kg

Coating solution 2 kg 113 kg

Number of spray guns 2 10

Spray pattern width (per gun) 20 cm 15 cm

Spray rate (per gun) 150 g/min To be determined

Spray rate (total) 300 g/min To be determined

Spray time 40 min To be determined

Spray rate for large pan5
Pattern width for pan #2

Pattern width for pan #1
3 Spray rate ðper gunÞ for pan #1

Spray rate for large pan5
15 cm spray pattern

20 cm spray pattern
3 150 g=minute per gun5 113 g=minute per gun

Total spray rate for pan #25per gun spray rate ðpan #2Þ3number of spray guns ðpan #2Þ
Total spray rate for pan #25 113 g=minute per gun3 10 spray guns5 1; 130 g=minute=total

Spray time � Quantity of solution to apply

Total spray rate

Spray time � 113 kg

1:33 kg=minute
� 85 minute

34.3.9.4 Spray-rate-to-pan-speed ratio

One factor that is quite commonly overlooked is
the ratio of the spray rate to the pan speed. The ratio
of spray rate to pan speed has serious implications in
both the amount of film coating applied onto the indi-
vidual tablets per pass through the spray zone and on
the overall uniformity of the film coating itself.
Therefore, with any increase in the spray rate, one
should evaluate the need for an increase in the pan
speed. In some instances, the tablets may be able to

withstand a greater application per pass through the
spray zone without any adverse effects on film
quality or the uniformity of the coating. Whenever
the spray rate and pan speed are both increased, the
tablets should be evaluated for signs of overwetting
or increased tablet attrition. One problem that may
result if the pan speed and spray rates are too high
relative to the evaporative rate is that wet film coating
from the tablets may be transferred to the pan
surface.
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34.3.9.5 Airflow-to-spray ratio

When scaling-up the film coating process, it is
recommended that the airflow used in the larger coat-
ing pan be proportional to the increase in the spray
rate. If the airflow is increased in the same ratio as the
increase in spray rate and if the spray rate per unit
area of the bed surface is the same, the same inlet and
exhaust temperatures can be maintained. The inlet
temperature must be increased to maintain the same
evaporative rate if the airflow is not increased in the
same proportion as the spray rate. If the spray rate per
gun and the gun-to-bed distance are the same for both
pans, the airflow can be scaled up in direct proportion
to the increase in spray guns. For example:

Pan #1 Pan #2

Spray rate (per gun) 125 g/min 125 g/min

Number of spray guns 2 4

Total spray rate 250 g/min 500 g/min

Inlet airflow 1000 CMH To be determined

Airflow for pan #25

Total spray rate for pan #2

Total spray rate for pan #1

3Airflow for pan #1

Airflow for pan #25

500 g=minute

250 g=minute

3 1000 CMH5 2000 CMH

34.4 TROUBLESHOOTING

34.4.1 Introduction to troubleshooting

Troubleshooting is basically a “reactive” process
because it deals with something that has already gone
wrong. A coating problem will usually manifest in one
or more of these ways:

• Those affecting visual coated-product quality,
• Those affecting coated-product functionality,
• Those affecting coated-product stability, and
• Those affecting processing efficiencies and costs.

When dealing with an existing, marketed product,
the troubleshooting process is constrained by many
regulatory issues. These problems are the most trou-
blesome in that the proper corrective action may
require refiling with the FDA. Therefore, other less
suitable remedies may be taken, which may lessen the
symptoms rather than correct the actual cause of the
problem. Of course, application of a suitable quality by

design (QbD) program, as mandated by regulatory
agencies, should essentially help eliminate problems in
film-coating processes, with the possible exception of
those due to equipment failure.

Identifying appearance-related problems is relatively
easy because visual feedback is immediate. The magni-
tude of the problem is also often immediate. Identifying
nonappearance related problems (such as those associ-
ated with chemical stability or drug release) is more
difficult because:

• The existence of the problem is often not readily
apparent,

• Determination is often on the basis of some
analytical procedure that evaluates only a small
sample (relative to the batch size in question) of
tablets, and

• Sampling, and the relevance of the samples selected
to the characteristics of the whole batch, becomes a
critical issue.

34.4.2 Up-front approaches to avoid
troubleshooting issues

The best solution to “fixing problems” is to avoid
them in the first place. One way in which many
coating problems can be avoided is through the proper
formulation of the product substrate and the film-
coating solution. Before the coating process can be
developed or scaled-up, the product must be evaluated
to ensure that it meets the formulation requirements
for film coating. Often, problems arise because the
tablet core formulation is not sufficiently robust to
withstand the rigors of film coating.

The core must be formulated such that minimal
attrition occurs during the film-coating process. The
deeper the product bed, the more abuse the tablets
must withstand. For smaller tablets (less than 100 mg),
5�6 kp tablet-breaking force (hardness) may be suffi-
cient. For medium-sized tablets, 12�16 kp may be
sufficient. For larger capsule-shaped tablet, such as a
1 g capsule-shape, a hardness of more than 20 kp may
be necessary. A better measure of a product’s suitabil-
ity for coating is friability. In general, a product with a
friability of 0.1% or lower should be sufficient to avoid
attritional problems during the coating process. Other
core formulation issues that should be addressed prior
to developing the coating process include:

• Product stability: All core ingredients must be
stable at the temperatures required for the
evaporative process (typically 40�45�C for
aqueous-based coatings)

• Product shape: The use of large flat product
surfaces must be avoided to prevent the tendency
for “twinning” of product cores
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• Logo design: The core logo should be designed such
that attrition and bridging of the logo do not occur

• Resistance to dimensional changes (avoiding
ingredients that undergo thermal expansion,
or expand through excessive moisture absorption)

• Film adhesion: The core should be sufficiently
porous to allow the film to adhere properly to
the surface

• Chemical/functional robustness:
• Role of amorphous, hydrophilic materials
• Low melting-point ingredients

• Mixing potential: Small, more round products will
tend to flow well. Large or longer tablet shapes will
tend to exhibit “sluggish” movement.

Another issue that must be addressed before the
coating process can be developed is the film-coating
formulation, which must be extensively evaluated to
ensure that it meets the requirements for intended
coating process. Some of the issues that must be
addressed include providing:

• Sufficient film mechanical strength to prevent
cracking or edge wear;

• Sufficient plasticizer to prevent the formation of
a brittle film;

• Sufficient pigment to mask the color of the tablet
core;

• Appropriate solids level that allows a coating to be
applied quickly to protect the core from attritional
effects;

• Sufficient adhesion between the coating and the
core surface;

• A solution viscosity that is low enough to allow
the production of a uniformly atomized spray; and

• Sufficient coating suspension stability, including
absence of growth of microorganisms and
prevention of sedimentation of suspended coating
solids.

34.5 CONSIDERATION OF PRODUCT
SUBSTRATE

To effectively develop the coating process, the
product must be evaluated to ensure that it meets
the necessary criteria for a substrate.

34.5.1 Hardness/friability

The tablet core must be capable of withstanding
the rigors of tumbling in the coating pan. In a larger
diameter coating pan, the bed depth will be greater and
therefore, subject the tablets to greater stress. So, an
acceptable tablet hardness or friability for a small coating

pan may not be sufficient for a larger pan. A tablet
hardness tester is used to determine the edge-to-edge
(diametral) tablet hardness. Typical hardness measure-
ment units include: kiloponds (kp), Strong Cobb Units
(SCU), and Newtons (N). The kilopond is defined as the
force exerted by a kilogram mass upon its support in
a gravitational field of g5 9.80665 m/second2. One kilo-
pond is equal to 9.807 N units or 1.4 SCU. Tablet hard-
ness has traditionally been the measure of a tablet’s
suitability for coating. However, in many cases, the tab-
let may be of substantial hardness but still exhibit
unacceptable capping tendencies or show excessive
wear on the tablet edges or logo. Therefore, a better
means of determining a tablet’s ability to withstand tum-
bling is friability. This is usually determined by tumbling
a certain number or weight of tablets for a set number of
rotations (usually 100 revolutions) inside a cylinder.
The tablets are weighed before and after tumbling and
weight loss is expressed as the percent friability. A recent
innovation to the friability test is to line the inside of
the friability cylinder with a mesh screen. This has
been shown to provide a better correlation between the
friability test and actual suitability for subjecting to a
coating process.

34.5.2 Weight variation

Tablet cores are usually produced to a particular
weight range specification. However, sometimes these
ranges are not sufficiently narrow. This usually occurs
when the tablet granulation exhibits flow problems.
A wide tablet weight variation will make it difficult or
impossible to accurately determine the actual tablet
weight gain due to the application of the film coating,
since the weight variation in the uncoated cores can be
greater than the weight of the film to be applied.
In addition, wide variations in tablet weight can be
accompanied by variations in tablet hardness.

34.5.3 Stability

The tablets must be stable under the conditions
required for coating. The product must be able to with-
stand the temperature and humidity of the process
airflow. Product temperature is significantly less than
that of the inlet air during the coating process due to
evaporative cooling. However, during the preheat
phase, the product temperature may approach that of
the inlet air if the tablets are not jogged frequently
enough. Tablets should be able to handle the usual
product temperature of 35�50�C. As mentioned previ-
ously, it may be necessary to use drier conditions
during the initial phase of the coating process to
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prevent stability problems with moisture-sensitive
products, such as effervescent tablets.

34.5.4 Compatibility

The compatibility of the tablet core with the
excipients in the film-coating solution must be verified.
In some instances, certain actives have exhibited an
interaction with the plasticizer in the coating solution.

34.5.5 Shape

If possible, certain tablet shapes should be avoided
for film coating. Tablets with sharp edges may exhibit
a greater tendency for edge wear. Cores with large, flat
tablet faces may result in poor product movement due
to sliding. Tablets with large flat surfaces (such as
deep walled capsule shaped tablets) will also show a
much greater tendency to exhibit twinning during
coating. Adding a slight concavity (0.1�0.2 mm) to the
tablet faces or tablet edges reduces the likelihood of
agglomeration or twinning.

34.5.6 Logo design

Sharp corners or small islands on the tablet logo can
lead to logo attrition problems. If the logo is too fine or
contains too much detail, the film coating may bridge
or cover the logo. A draft angle of 35 degree is recom-
mended for film-coated tablets. Tooling manufacturers
are usually aware of the tool design specifications
for tablets to be film coated. Finally, placement of a
logo on the crown of a tablet may lead to more crown
erosion.

34.5.7 Core porosity

The tablet core must be formulated so that there is
good adhesion between the film coating and the tablet
surface. If the core porosity is low, poor adhesion
will result, and picking and/or peeling of the film will
occur. Core porosity can be a problem with wax matrix
tablets due to poor adhesion between the tablet surface
and film-coating droplets. To remedy this, more
adhesive film polymers (ie, hydroxypropylcellulose,
copovidone, or polyvinyl alcohol) may be used.

34.5.8 Disintegration/dissolution

The disintegration of the tablet core must be
sufficiently rapid when tested prior to the addition of
the film coating. If the core does not dissolve quickly
prior to coating, the addition of film coating may only
provide a further delay. However, in most instances,

a change in dissolution after film coating is often
caused by exposure of the tablet core to the coating
process conditions (such as heat) rather than as a result
of a direct effect of the applied film coating.

34.6 COATING FORMULATION

34.6.1 Film mechanical strength

The film-coating formulation must be optimized
such that the resultant film has adequate mechanical
strength. The reasons for this are twofold; first, the
film must be strong enough to protect the tablet from
excessive attrition while tumbling during the coating
process and, second, the applied coating must be
sufficiently durable to resist the erosion of the film
itself. A weak film will usually exhibit wear or erosion
at the tablet edges, or may crack as a result of being
subjected to mechanical stress (tumbling) or excessive
heat. The addition of too many nonfilm-forming exci-
pients (such as pigments and detackifying agents
like talc) will decrease the strength of the film.
Such reduced film strength may also occur if a drug is
added to the coating solution.

34.6.2 Plasticizer level

The function of a plasticizer is to reduce the glass
transition temperature (Tg) of the film or, in other
words, to produce a film that is not brittle under
normal process and storage conditions. If the film is
inadequately plasticized, the film will be too brittle and
more prone to cracking. If a film-coating formulation
has an excessive level of plasticizer, the mechanical
strength of the film will be reduced, and excessive
tackiness may be observed.

34.6.3 Pigment level

If the coating solution contains insufficient pigment,
it will be impossible to develop the desired color
intensity. In addition, low pigment levels can make it
difficult to minimize color variation due to poor opacity
of the applied coating. On the other hand, excessively
high pigment levels can, as stated previously, reduce
the mechanical strength of the coating.

34.6.4 Film solution solids

A low solids level in the coating solution can not
only needlessly increase the process time, but can also
increase the time required to provide a protective film
coating, thus resulting in increased tablet attrition.
High solution-solids levels coupled with a low
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addition level can make it difficult to achieve
acceptable film-coating uniformity. High solids levels
can also be a problem if they result in a high solution
viscosity. If a high solids level does not create an
excessively viscous solution, it provides an excellent
opportunity to reduce the amount of coating solution
required and, thus, the coating time. Aqueous polymer
dispersions available on the market provide high
solids solution at an extremely low viscosity.

34.6.5 Solution viscosity

Solution viscosity, as stated previously, is closely
tied to the solution solids level. As solution viscosity
is increased (above B200�250 cP) the droplet size
distribution produced by the spray guns becomes
increasingly wider due to an increase in larger
droplets. Slight increases in viscosity can be compen-
sated for by increasing the volume of atomization air.
However, at higher viscosities (greater than B350 cP)
it is difficult to eliminate all of the larger droplets.
To compensate for the presence of larger droplets,
the operator will usually increase the inlet temperature
to prevent the larger droplets from overwetting the
product. This will result in an increase in the amount
of spray drying due to premature evaporation of water
from the finer droplets. The net result is a lower
coating efficiency and a rougher film surface.

34.6.6 Stability

The coating solution must be stable for the duration
of the coating time. This includes both chemical and
physical stability. The most typical instability problem
encountered is settling-out of solution solids. This
occurs with solutions that contain an excessive per-
centage of solids or when the coating has insufficient
suspending capacity (due to low polymer content
and/or low viscosity). Settling of solids can lead to
blockage of the solution lines or the spray guns. For
coating liquids where settling of insoluble components
(such as pigments) is a problem, use of a recirculating
spray system and/or using a suitable tank mixer
can help.

34.6.7 Compatibility

This refers not only to the compatibility of the
coating materials, but also to the compatibility between
the film coating and the tablet core. For example, the
addition of color concentrates that contain ethanol
has led to precipitation of some of the polymer used
in aqueous dispersions. As a remedy, a propylene
glycol-based color was used. In another product there

was an interaction between the plasticizer and the
active ingredient used in the tablet core. It was neces-
sary to reformulate the coating solution using an
alternative plasticizer. Finally, when applying ionic
coatings, such as enteric coatings, interaction with
ionic materials in the core must be considered, as does
potential interaction with core ingredients that are acid
unstable (such as proton pump inhibitor APIs like
omeprazole, lansoprazole, etc.)

34.6.8 Processing issues as they relate to
troubleshooting

34.6.8.1 Equipment maintenance issues

Many coating problems can occur as a result
of poor equipment maintenance, and these can
be avoided through implementation of a routine
equipment maintenance program. This program must
involve the periodic calibration of all analog and
digital instrumentation. Poor maintenance of process-
monitoring equipment results in decisions being made
on the basis of inaccurate information. The mainte-
nance program should also involve the inspection of
all wear items. The equipment manufacturer should
be able to provide a listing of these parts with a
recommendation for the frequency of inspection.

34.6.8.2 Process adjustment as a troubleshooting
initiative

The dynamics associated with the spray application
of the coating liquid represent perhaps one of the most
underappreciated areas of the whole film-coating
process.

Key issues to be aware of include:

• Fluid flow rate through the nozzle, interaction with
the driving forces for effective atomization, and the
ultimate size of droplets formed

• Droplet velocity
• The interaction of atomized droplets with the

surrounding drying environment, and the relative
state of the droplets as they arrive at the tablet
surface

While the importance of many operating para-
meters (air flows, temperatures, spray rates, etc.) is
relatively well understood, the ultimate impact of
other parameters on the issue of troubleshooting is
often overlooked, such as:

• Mixing effectiveness in the pan, and the impact of,
for example, baffle design;

• Pan loading, and its impact on process efficiencies
and product quality; and

• The potential change in tablet roll dynamics as
coating is applied.
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Another approach to troubleshooting involves
the systematic evaluation of the film-coating process.
Film-coating processing issues can be classified into
these categories, namely achieving:

1. Good uniformity of the spray droplet size and
application,

2. Effective uniformity of product movement through
the spray zone, and

3. Proper solvent evaporation rates for the coating
process.

There are a number of issues that must be
addressed with regard to each of these objectives.
This is a partial listing of some of the factors to be
considered:

Issues that affect the uniformity of spray droplet
size and application:

• Can an acceptable spray droplet size distribution be
produced at the desired spray rate?

• Can an acceptable spray droplet size
distribution be produced using the coating
solution viscosity?

• Is there adequate compressed air volume for the
atomization of the coating liquid?

• Are the number and type of spray guns suitable to
provide uniform coverage of the product bed?

• Are the spray guns located at the proper spacing?
• Is the spray pattern width sufficient to maximize the

size of the spray zone without overlap adjacent
spray patterns?

• Is the spray-gun-to-product-bed distance correct?
• Is the solution delivery rate the same for all spray

guns?

Issues that affect the uniformity of product
movement:

• Is the batch volume sufficient for the pan being
used?

• Is the correct pan speed being used?
• Does the pan contain the proper baffle type and are

they in the correct position?
• Are tablets being “thrown” into the spray zone by

baffles or baffle mounts?
• Is the product size and/or shape conducive to good

product movement?

Issues that affect the solvent evaporation rate of the
coating process:

• Is the proper process air volume being used?
• Is the incoming air stream controlled to a consistent

dew point?
• Are the inlet, exhaust, and product temperatures

correct for the tablets being coated?
• Is the proper spray rate being used?

It is important that the objectives be examined
in the order listed to effectively troubleshoot the
film-coating process. One should first deal with
issues affecting uniformity of spray application,
then issues that affect product movement, and lastly,
issues dealing with the evaporative rate of the
coating process.

For example, let’s assume that the product is exhi-
biting signs of picking, which is an over-wetting
defect. Let’s also assume the root cause of this defect is
due to poor product movement, which causes the
product to stop in the spray zone. Now it might be
possible to eliminate this problem by increasing
the process temperatures (evaporative rate factor).
However, the product movement through the spray
zone would still be poor and coating uniformity would
be less than optimal. A better remedy would be a
corrective action that results in improved product
movement (2nd Objective).

A second example might assume the same defect
(picking), however in this case, the cause of the
defect is due to nonuniformity of the solution deliv-
ery through the spray guns. One of the spray guns
is delivering significantly more solution than the
others. One could probably reduce the spray rate to
eliminate the over-wetting problem; however this
would not be the appropriate remedy. If this were
done, then the coating uniformity would still be
less than optimal and the corrective action would
have lengthened the necessary coating-process time.
A more appropriate remedy would be a corrective
action which results in an improved spray application
(1st Objective).

34.6.9 Troubleshooting: summary

Overall, problems often have more than one cause,
and problem resolution is likely to be complex.
Problem resolution may encompass minor changes
that have little regulatory impact, or they may require
intervention by making significant (from the regula-
tory standpoint) changes to either formulations or
processes.

The simplest approach to problem resolution is
problem avoidance.

34.6.10 Film-coating defects/
troubleshooting—summary

The information shown in Table 34.18 contains a
brief definition of common tablet-coating defects
together with typical causes and suggested remedies.
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TABLE 34.18 Tablet Coating Defects and Suggested Corrective Actions

1. Overwetting/picking: This condition occurs when part of the film coating is pulled off one tablet and is deposited on another. If detected
early in the process, it can be covered. If detected late in the process the coating will likely be unacceptable.

Possible cause Remedies

Insufficient drying rate Increase the inlet and exhaust temperatures

Increase the process air volume

Decrease the spray rate

Inadequate atomization Increase the nozzle air pressure or the atomization air volume

Decrease film coating viscosity

Poor product movement Increase pan speed

Switch to an alternative baffle design

Adjust batch size (volume)

Poor distribution of spray Check the uniformity of solution delivery through the spray guns (calibration)

Insufficient drying rate Increase the inlet, exhaust, and product temperatures

Increase process air volume

Reduce the spray rate

Excessive variation in Process Air
Humidity

Dehumidify and/or humidify process air to maintain a constant inlet air dew point

2. Twinning: Twinning is a form of overwetting whereby two or more of the tablet cores are stuck together.

Possible cause Remedies

May be due to any of the possible causes for overwetting

Poor tablet core design Change tablet design to eliminate large flat surfaces

3. Orange peel: Appears as a roughened film due to spray drying. This condition relates to the level of evaporation that occurs as the spray
droplets travel from the gun to the tablet bed. If there is excessive evaporation, the droplets do not have the ability to spread and form a
smooth coating. A narrow droplet size distribution is important to ensure that the majority of droplets dry at the same rate.

Possible cause Remedies

Excessive evaporative rate Reduce the inlet and exhaust air temperatures

Reduce the gun-to-bed distance

Excessive atomization of the spray Reduce the nozzle air pressure or atomization air volume

Large droplet size variation Reduce the solution viscosity

Reduce the spray rate

4. Bridging: Bridging is a condition in which the film coating lifts up out of the tablet logo10.

Possible cause Remedies

Poor film adhesion Reformulate the film coating solution to improve adhesion

Reformulate the core formulation to increase porosity

Poor logo design Redesign logo to incorporate shallower angles

5. Cracking: May occur due to internal stresses in the film10.

Possible cause Remedies

Brittle film coating Increase the addition level of the plasticizer

Use a different plasticizer

Use a polymer with a greater mechanical strength

Poor film adhesion Dilute the film-coating solution

Reduce the quantity of insoluble film coating additives

(Continued)



TABLE 34.18 (Continued)

6. Poor coating uniformity: Poor coating uniformity can manifest itself in either a visible variation in color from tablet to tablet, or in the form
of an unacceptable release profile for tablets.

Possible cause Remedies

Insufficient coating Apply a coating of 1.5�3.0% (for clear coating as little as 0.5%) weight gain to attain uniformity, requires higher

levels if the color of the tablets and the film are of very different colors

Poor color masking Reformulate the film coating to a darker color and/or increase the quantity of opacifier

Poor uniformity of solution

application

Increase the pan speed

Reduce the spray rate/increase the coating time

Increase the spray pattern width

Increase the number of spray guns

Check the uniformity of solution delivery through the spray guns (calibration)

7. Tablet attrition/erosion: Attrition is exhibited when some portion of the product substrate exhibits a high level of friability. This typically occurs
at the tablet edge or face. Often signs of attrition will be minimal or nonexistent in smaller diameter coating pans. However, when the coating
process is scaled-up to a production-sized pan, this problem can become more severe due to the increased batch weight and bed friction11.

Possible cause Remedies

Insufficient tablet friability Reformulate the tablet core to a friability of no more than 0.1% friability

Poor film-coating formulation Reformulate to provide coating with greater mechanical strength

Excessive pan speed Reduce the pan speed to the minimum required to achieve a smooth and continuous bed movement

Insufficient spray rate Increase the spray rate to provide a protective film coating in a shorter time, this may require an adjustment in the
inlet air temperature

8. Core erosion: Core erosion is another type of attrition due specifically to overwetting of the tablet core. With this type of defect, excessive
overwetting may cause a partial disintegration of the core surface.

Possible cause Remedies

Surface overwetting Reduce the spray rate

Increase the inlet and exhaust air temperatures

Increase the spray pattern width

Reduce the spray droplet size/increase the atomization air volume

Reformulate the core with less water sensitive excipients

Improve tablet bed movement

Increase the bed to gun distance

9. Peeling: Peeling occurs when large pieces or flakes of the film coating fall off the tablet core.

Possible cause Remedies

Poor adhesion Reduce the amount of insoluble additives in the coating solution

Increase the level of film former in the coating solution

Reformulate to incorporate a film polymer with greater adhesion

Reformulate the tablet core to increase porosity

Brittle film coating Increase and/or switch to an alternative plasticizer

10. Loss of logo definition: This defect occurs when the tablet logo is no longer clearly legible. It may be due to one or more of the defects
previously covered: core erosion, tablet attrition, or bridging. Loss of definition can also occur when the logo is filled in with spray dried film.

Possible cause Remedies

Core erosion Reduce the spray rate

Increase the inlet and exhaust air temperatures

Increase the spray pattern width

Reduce the spray droplet size/increase the atomization air volume

Reformulate the core with less water-sensitive excipients

Improve tablet bed movement

(Continued)



34.7 APPLICATION OF SYSTEMATIC
AND STATISTICALTOOLS FOR TROUBLE

SHOOTING AND PROCESS
OPTIMIZATION

As we move firmly into the 21st century, the QbD,
physician quality reporting initiative (PQRI), and risk
management are introduced to allow the manufacturer
and the regulator to better design, monitor, and control
the quality of the product in United States, Europe,
Japan, and other countries.

These are some key initiatives:

Concept of design space
QbD
Risk assessment
DOE
Knowledge space/control space

ICH Q8 (development)
ICH Q9 (risk management)
ICH Q10 (quality system)
KPP/CPP
Key quality attribute/critical quality attribute

To meet these challenges, many systematic and sta-
tistical tools are being used in a sequential manner to

• Identify root cause(s);
• Understand the KPP/CPP and knowledge space/

control space;
• Optimize the process; and
• Establish the control plan, which should be one for

continuous improvement.

Many pharmaceutical companies employ a variety
of systematic and statistical tools and define the
procedures of their approach. These tools include

TABLE 34.18 (Continued)

Excessive film-coating level Reduce the film-coating weight gain

Improve the uniformity of the coating distribution

Tablet attrition Reformulate the tablet core to a friability of no more than 0.1%

Reduce the pan speed to the minimum required to achieve a smooth and continuous bed movement

Increase the spray rate to provide a protective film coating in a shorter time; this may require an adjustment in the

inlet air temperature

Bridging Reformulate the coating solution to improve the film adhesion

Reformulate the core formulation to increase porosity

Redesign logo to incorporate shallower angles

Excessive drying rate Reduce the inlet and exhaust air temperatures

Reduce the gun-to-bed distance

Reduce the nozzle air pressure or atomization air volume

11. Core stability issues: These problems may manifest as discoloration of the core or degradation of the core active.

Possible cause Remedies

Moisture sensitivity Explore the remedies for overwetting defects

Reformulate the core with less water-sensitive excipients

Heat sensitivity Decrease the inlet and/or product temperature

Tablet component incompatibility Investigate the compatibility of the tablet core with the coating formulation

Determine the compatibility of the core ingredients

12. Tablet marking: Usually evident as the presence of black marking on the face of the tablets.

Possible cause Remedies

Abrasion of oxide from the coating

pan surface

Change to a tablet shape that tumbles rather than slides (ie, round rather than oval/capsule)

Reduce the level of titanium oxide in the coating

Add baffles to reduce the sliding of tablets

Coat the pan with coating solution to act as a barrier

Increase the spray rate or reduce the pan speed
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six-sigma/DMAIC, DOE, Kepner Tregoe analysis (KT),
Brightest, Pareto Analysis, Gauge RR, Lean sigma, risk
assessment, and other tools.

Case Study: Using Systematic and Statistical Tools
by Right-First-Time Approach to Address Film Coating
Issues.
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Development, Optimization, and Scale-Up of
Process Parameters: Wurster Coating

D. Jones1,† and E. Godek2
1Glatt Air Techniques Inc., Ramsey, NJ, United States 2OWI-Consulting, Inc., Coatesville, PA, United States

35.1 INTRODUCTION

In 1959, Dr Dale Wurster, then at the University of
Wisconsin, introduced an air suspension coating tech-
nique now known as the Wurster system. The Wurster
process enjoys widespread use in the pharmaceutical
industry for layering and film-coating of particles and
pellets, as well as the emerging controlled-release tablet
dosage forms. Product containers typically range in size
from 3.5v (100�500-g batch sizes) to 55v (up to approxi-
mately 1100 kg). The Wurster process is used commer-
cially for coating particles from less than 100 μm to
tablets, and for layering to produce core materials.

35.2 BASIC DESIGN

The basic design components of a commercially avail-
able Wurster system are shown in Figs. 35.1 and 35.2.
The coating chamber is typically slightly conical, and
houses a cylindrical partition (open on both ends) that is
approximately half the diameter of the bottom of the
coating chamber (in up to 18v Wurster coaters). At the
base of the chamber is an orifice plate that is divided
into two regions. The open area of the plate under the
partition is very permeable. This permits a high volume
and velocity of air to pneumatically transport the sub-
strate vertically through the partition. As they accelerate
upward, particles pass a spray nozzle that is mounted in
the center of this up-bed orifice plate. The nozzle is
referred to as a two-fluid or binary type, where liquid is
delivered to the nozzle port at low pressure and is
atomized by air at a preselected pressure and volume.

The spray pattern is generally a solid cone of droplets,
with a spray angle ranging from approximately
30�50 degree (Fig. 35.3). The so-called “coating zone,”
which is formed is a narrow ellipse, and varies in vol-
ume depending on the size of the substrate being
sprayed and the pattern density in the partition.

The diagram in Fig. 35.4 illustrates the regions of flow
in the Wurster process. The region outside of the partition
is referred to as the down bed. The configuration of the
orifice plate in this area depends on the size and density
of the material to be processed. The purpose of the airflow
in the down bed region is to keep the substrate in near-
weightless suspension, irrespective of its distance to either
the wall of the product container or the partition. The
goal is to have it travel rapidly downward (to minimize
cycling time), and then be drawn horizontally toward,
and ultimately into the gap at the base of the partition. In
general, larger substrates, like tablets, require significantly
more air to produce this condition than smaller sub-
strates, like pellets or fine particles. The orifice plate must
be selected accordingly (no single down-bed plate can
achieve good fluidization properties for all substrates). As
mentioned previously, the material flow inside of the par-
tition is controlled by the up-bed or partition plate. In
general, this plate is considerably more permeable than
the down-bed plate. In pilot- and production-scale
Wurster systems, the up-bed plates are removable so that
one or the other may be changed to fine-tune the behavior
in these individual regions (see Fig. 35.5).

A second key process variable in Wurster coating is
the height that the partition sits above the orifice plate,
which controls the rate of substrate flow horizontally

†Deceased.
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into the coating zone. Typically, the smaller the parti-
cles to be coated, the smaller the gap will be. When the
Wurster coating chamber is assembled properly, the
resulting flow pattern should be relatively smooth and
rapid in the down bed, and very dense and homoge-
neous in the up-bed (or partition) region.

The substrate exits the partition at a high rate of
speed, requiring a region to decelerate. Above the prod-
uct container is the expansion area (or freeboard, in tra-
ditional fluidized bed terms), which is typically conical
to allow for decreasing air and particle velocity.
Wurster machines designed for pellets and small parti-
cles employ elongated expansion chambers to

essentially enhance deceleration in the air space rather
than by high velocity impact against machine compo-
nents in the filter housing. By contrast, tablets do not
need much expansion height, and in fact, attrition may
be a severe problem if they travel too high into the
expansion area. The orifice plate and partition height
should be optimized so that the tablets travel upward
only a very short distance out of the partition before
beginning their descent. As a result, a mesh bonnet can
be used in the expansion chamber, just above the prod-
uct container, to keep the tablets from colliding with
the expansion chamber. The coarse mesh is intended to
allow the fines from the cores or some spray-dried

FIGURE 35.1 Glatt model GPCG-60 fluid-bed processor fitted
with an 18v HS Wurster insert. Source: Photograph courtesy from Glatt
Air Techniques, Inc.

FIGURE 35.2 18v HS Wurster coater—inside view showing spray
nozzle, HS nozzle surround, and partition. Source: Photograph courtesy
from Glatt Air Techniques, Inc.

FIGURE 35.3 Spray nozzle and spray pattern (using water).

FIGURE 35.4 Diagram of the HS Wurster process.
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coating to exit the process area, avoiding incorporation
in the layers of film. A conventional Wurster machine is
typically not used extensively for tablet coating because
of the comparatively high stress to which the tablets
may be exposed. However, it is recommended when
the film quality (minimal defects) or active component
distribution uniformity are very important, especially
for modified-release tablets. The films applied by
Wurster systems are high quality due to the concurrent
spray and high-drying efficiency of this air suspension
process. There have been modifications to the Wurster
process specifically for tablet coating. These include
spray nozzle surrounds, partition geometry, and air-
flow adjustability at the interface between the wall of
the product container and the down-bed orifice plate
(to be described in more detail later in this chapter).

Pellets and small particles are layered or coated exten-
sively via the Wurster process using water, organic sol-
vents, or even by spraying molten materials. All fluidized-
bed techniques are known for high rates of heat and mass
transfer, and the Wurster process is very effective in this
regard. Highly water-soluble materials can be coated
using water-based applications without concern for core
penetration. Droplets applied to the surface spread to
form a continuous film or layer, and then quickly give up
their moisture to the warm, dry air. After a thin film has
been applied, spray rates can be increased because the sol-
uble core has been isolated. Films applied with volatile
organic solvents are also high in quality because the
formed droplets impinge on the substrate very quickly,
minimizing the potential for spray drying of the film.

35.3 HS WURSTER CONSIDERATIONS

HS Wurster technology, shown in Figs. 35.4 and
35.6, is a product of Glatt Air Techniques, Inc., in

Ramsey, NJ, and involves the use of a proprietary
device to influence the behavior of the substrate in
proximity to the coating zone. Unfortunately, the liquid
spray-application rate is not controlled by the drying
capacity of the fluidization air, but by the nature of the
coating material (tackiness) or by the region immedi-
ately surrounding the spray nozzle (the first area of
focus is this region). In all Wurster inserts, the high
velocity of air rushing through the partition relative to
the lower velocity in the down bed creates suction at
the partition gap according to Bernoulli’s Principle. As
a consequence, particles entering the partition through
the gap have a horizontal component to their flow.
Some travel toward the spray nozzle instead of simply
making the transition from horizontal to vertical flow.
The atomizing air has a very high velocity (it is likely
supersonic), and creates another area where Bernoulli’s
Principle applies, which draws the substrate to the base
of the developing spray pattern. In a standard Wurster
machine, the nozzle is elevated above the orifice plate
at a position just below the confluence of fluidizing
substrate particles. A portion of the developing up-bed
stream of product can pass the nozzle tip, either closely
or at a further distance. The zone directly above the
nozzle tip is where the coating liquid and the atomiz-
ing air mix, and droplets begin to form. Particles that
are very close to this zone tend to be strongly over-
wetted, and if they contact other particles, agglomer-
ates are formed. To control what could otherwise be
severe agglomeration, a typical response is to reduce
the spray rate. This leaves a large amount of the drying
capacity unused. Other commonly used agglomeration
control techniques include raising the inlet (and prod-
uct) temperature to increase the drying rate or raising
the atomizing air pressure to shrink droplet size—
options which are in conflict with producing high-

FIGURE 35.5 Up- and down-bed orifice plates for an 18v
HS Wurster coater. Source: Photograph courtesy from Glatt Air
Techniques, Inc.

FIGURE 35.6 Spray nozzle and pattern shown with its nozzle
surround (patented). Source: Courtesy from Glatt Air Techniques, Inc.
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quality films. Even using these corrective measures, a
quantity of agglomeration in traditional Wurster sys-
tems is almost inevitable.

The HS modification for the Wurster process was
conceived to keep particles away from the spray nozzle
until the spray pattern is fully developed. As a result,
more of the excess drying capacity can be used, and the
application rate increased substantially (more than dou-
bled in many pilot-scale experiments). Agglomeration is
also substantially diminished or eliminated because the
particles are kept away from the wettest portion of the
pattern (Fig. 35.6). An additional benefit is that the high-
atomizing air velocities necessary to produce very small
droplets for coating of particles smaller than 100 μm
may be useable without pulverizing the substrate. The
velocity of this air diminishes dramatically with dis-
tance from the nozzle, and even a few centimeters are
significant. Therefore, keeping the product away from
the nozzle tip allows the atomization air velocity to
decrease significantly before contacting the substrate,
reducing the likelihood of attrition, especially during
the early stages of coating.

Coating of substrates smaller than 100 μm has been
achieved more frequently using the HS Wurster coater.
Success depends on many factors, both process- and
product-related. Product considerations, such as flow
properties of the substrate (generally poor in this size
range, which must be improved), as well as the liquid,
which must be amenable to atomizing to droplets well
below 10 μm, must be addressed. The tremendous sur-
face area of such fine particles also requires very high
coating quantities, and consequently, a low potency of
the final-coated product (often less than 50%).

35.4 COATING AND PROCESS
CHARACTERISTICS

The coating liquid is sprayed in the direction of
motion of the fluidizing particles. In general, the fluidi-
zation is orderly, with very rapid, dilute-phase pneu-
matic transport in the up bed, and relatively smooth
and rapid transport in the down-bed region (outside of
the partition). Droplet travel distance is minimized
because the liquid is sprayed into a well-organized
pattern of substrate moving relatively close to the noz-
zle. In this manner, droplets reach the substrate prior
to any appreciable evaporation. By retaining their low
viscosity they are able to spread on contact, and the
resultant films are excellent, even when using organic
solvents as an application medium. The drying effi-
ciency of the fluidized-bed also minimizes the poten-
tial for core penetration, and the sample shown in
Fig. 35.7 clearly shows a well-defined boundary layer
between the substrate and the coating material; in this
case a film applied using an aqueous dispersion.

35.5 PROCESSING EXAMPLES

The Wurster process is used commercially for coat-
ing and layering (high solids build up onto a type of
core material). Substrates include particles smaller
than 100 μm, crystals, granules, pellets, and tablets. As
mentioned previously, films may be applied using
water-based solutions, aqueous dispersions, or organic
solvents.

The first example of a material layered and coated
using the Wurster process is shown in cross-section in
Fig. 35.8. The starting material is a very small, nonpa-
reil sugar seed, and it is layered to a high potency
using a suspension of drug in a dilute-binder solution.
Release of the drug is controlled by a film subse-
quently applied. All three components are clearly
identifiable.

FIGURE 35.7 Cross-section showing boundary layer between
coating and core material (2003 magnification).

FIGURE 35.8 Cross-section of drug-layered, film-coated pellet
(1203 magnification).
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The example shown in Fig. 35.9 is a tablet, film-
coated (for sustained release) and layered with an
additional dose of active material prior to drilling with
a laser. Immersed in liquid, drug solute exits the laser
hole in this type of dosage form. The Wurster process
was selected for this product due to its abilities in film
and drug distribution uniformity.

The product in Fig. 35.10 is coated with a moisture
barrier. The substrate contains a significant quantity
of material smaller than 5 μm. Agglomeration of fine
particles does occur, as seen in the scanning electron
micrograph (SEM). However, the average particle size
of the finished product is still less than 50 μm. The film
is applied from a volatile organic solvent solution,
and is typically very tacky, hence the agglomeration
“crater” where another particle has detached.

A water-soluble core, coated with a soft, heat-sensitive
polymer system is shown in Fig. 35.11. The cross-section
shows the deformable nature of the film, and these

particles may be filled into capsules or compressed into
tablets to be delivered. Although the product must be
processed at low temperatures, core penetration was not
a problem due to the process parameters used and the
drying capability of the Wurster process.

Often the economics of coating very small particles
dictate whether a product ever reaches the market-
place. When coated in a standard Wurster system, the
drug particles shown in Fig. 35.12 proved too costly to
produce. However, when the HS components were fit-
ted to the pilot-scale 18v Wurster machine, the process
time was reduced by more than 50%, and the product
is now commercially produced. The SEM shows very
good morphological properties for the core, in that the
particles are nearly spherical, and are not porous. In
laboratory trials, this substrate was found to be very
robust—attrition of the cores early in the coating pro-
cess (before they were sufficiently coated to have
improved surface strength) was essentially nonexistent.

FIGURE 35.9 Cross-section of a tablet coated using the Wurster
process (1503 magnification).

FIGURE 35.10 Very fine particles coated with a moisture barrier
using the HS Wurster process (10003 magnification).

FIGURE 35.11 Water-soluble crystal coated for sustained release
(1003 magnification).

FIGURE 35.12 Drug core particles coated for taste masking,
incorporation into oral suspension (2503 magnification).
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35.6 PROCESS VARIABLES

35.6.1 Batch size

The working capacity for a Wurster insert of a partic-
ular size is generally defined as the volume outside of
the partition, with the partition at rest on the orifice
plate. Loading of product only in the area outside of the
partition helps to ensure that the nozzle remains clear at
the beginning of the process. This is especially impor-
tant for fine particle or pellet coating. For tablet coating,
up to half of the volume inside the partition can also be
used. As the bed becomes fluidized, the dense phase or
surface of the down bed will drop, indicating that there
is room for the batch to expand as coating is applied. In
some cases, it may appear that there is more than
enough, and that batch size could easily be increased.
The danger is that the level of the bed is dynamic—
varying in depth in response to the behavior of the up
bed and surface properties of the substrate during
spraying. Should the substrate begin to drop down into
the partition against the desired flow, the up bed would
be seriously disturbed, agglomeration would be likely,
and the batch might be lost.

The minimum batch size is approximately 20�25%
of working capacity. It is critical that there be sufficient
material in the up-bed region to accumulate all or most
of the coating material being sprayed or “efficiency”
(actual yield vs expected) will suffer. The down bed
acts as a material reservoir, “feeding” the base of the
partition (entrance to the coating zone), and if its depth
is insufficient, the up bed will be too sparse, favoring
spray drying. In a more extreme case, coating of the
inner wall of the partition may be experienced (this is
more common in very small laboratory-scale inserts).
Use of such a small volume of the product container is
recommended only if the final batch size is significantly
larger than the starting volume (eg, layering). Early in
the process, the coating efficiency is compromised. This
inefficiency diminishes as the batch size increases,
improving mass flow through the coating zone. When
approximately half of the down bed working capacity
is occupied, the efficiency will be at or near its maxi-
mum for the formulation being executed. Ultimately,
the inefficiency seen at the beginning of the process
should be of little or no consequence to the finished
batch.

After the layering step, it is strongly recommended
that the minimum batch size be increased to approxi-
mately 50% of the working volume if a thin film is to
be applied. For film-coating, inefficiency will likely
impact the resultant dissolution behavior. Some
amount of spray drying may result in unexpectedly
rapid release of drug, particularly for a sustained-
release coating.

35.6.2 Fluidization pattern

Irrespective of the amount of substrate in the
Wurster insert, the fluidization pattern is controlled by
the orifice plate configuration, the partition height, and
the fluidization air volume. As mentioned previously,
the goal is to have a rapid and relatively smooth down
bed. This is not always possible, depending somewhat
on particle size (small particles are difficult, if not
impossible, to fluidize without bubbling), but to a
greater extent on the tackiness of the product during
spraying. Some coating materials are inherently tacky
or move sluggishly due to temperature sensitivity. If
this is the case, it is more important to keep the entire
bed moving and involved by marginally over-fluidizing
(turbulence or bubbling in the down bed), rather than
attempting to achieve a smooth flow. This can be
accomplished by raising the partition somewhat or
using a more permeable down-bed plate, to allow extra
air to percolate through the descending product. The
risk in not doing this is that, as the process progresses,
the bed may stall in some region on the orifice plate,
and a portion of the batch may not receive all of the
desired coating. Typically, this happens in the back por-
tion of the product container, usually out of sight from
the operator. The reason for this is that, in most installa-
tions, the process air enters the inlet plenum via a duct
behind the machine. More air enters the product bowl
in the front, due to momentum because the air has
mass and needs to make a sharp turn upwards. This
can be minimized by increasing the pressure drop
across the bottom plate using a retention screen with a
lower porosity.

In general, tablets require a large air volume in the
down bed to keep it well-aerated. The partition region
of the plate is also selected to allow only sufficient air
flow to minimize the distance tablets travel out of parti-
tion to avoid attrition. By contrast, the orifice plates for
pellet coating may differ significantly. The plate is per-
meable inside of the partition, and the down-bed sec-
tion is only perforated to the extent that the product
flows downward in near-weightless suspension.
Achieving this condition typically requires only about a
one-fourth of the open area needed for tablet coating.
Finally, plates designed for powders are even less per-
meable in the down-bed region (and boiling may be
impossible to control, due to the flow properties of fine
materials).

Another critical process variable in the fluidization
pattern for Wurster processing is the height of the par-
tition above the orifice plate. The height is also
substrate-dependent. For instance, tablets, a compara-
tively large substrate, would require a substantial par-
tition height, such that a sufficient number of them
could pass through the gap per unit time to accept the
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maximum amount of coating being sprayed into the
partition area. Pellets and intermediate particles do not
need as high a partition height as tablets, and fine par-
ticles and powders need only a small gap to result in
an ideal fluidization pattern. Table 35.1 profiles sug-
gested conditions for partition height as a function of
substrate and Wurster coating-chamber size.

35.6.3 Atomizing air pressure and volume

Droplet size should be small, relative to the particle
size of product to be coated. For example, coating of
tablets may need less than 2 bar (30 psi) pressure.
Higher pressure and air volume will result in a higher
atomization air velocity, increasing kinetic energy at
the interface between the spray pattern and slower-
moving substrate. The potential for causing attrition of
the tablets by accelerating them into machine compo-
nents is also enhanced. Finally, the high atomizing air
velocity may distort the fluidization pattern.

When coating small particles, a somewhat higher
atomization air pressure may be necessary, to achieve
small droplet size and thereby avoid agglomeration.
There is some risk, however, that the high shear associ-
ated with pressures in the 3�6 bar (45�90 psi) range,
depending on the type and size of the spray nozzle,
may cause breakage of fragile core material. The
Gustav Schlick Company in Coburg, Germany, is a
supplier of spray nozzles in widespread use in Wurster
processing. The 970 series nozzle is found in small
(3.5v, 4v, 6v, 7v, and 9v) Wurster bottom-spray coaters.
With water-like materials, it is useable in a spray-rate
range of approximately 0�100 g/minute. Fig. 35.13
shows the influence of atomization air pressure on
mean droplet size for water sprayed at 25 g/minute
(data by Schlick). Interestingly, increasing the pressure
beyond 2 bar does little to decrease the droplet size.
This is, in part, due to the fact that 25 g/minute is well
within the nozzle’s ability to atomize. What should be
noted is that, if a process is being run in which agglom-
eration is a minor problem and increasing the atomiza-
tion air pressure seems to improve the situation, it is

likely a consequence of the increased air velocity and
kinetic energy, not a smaller droplet size.

Looking at the performance envelope of the Schlick
940 series nozzle (Fig. 35.14), which is used in older
style 12v, 18v, 24v, 32v, 46v, and 55v Wurster coaters, it
can be seen that droplet size increases with faster spray

TABLE 35.1 Partition Height as a Function of Substrate and
Wurster Coating-Insert Size

Substrate Partition height

Tablets 25�50 mm in small machines

50�100 mm in 18v Wursters and larger

Pellets Approximately 15�25 mm small machines

Approximately 35�60 mm in 18v Wursters and larger

Powders Approximately 25�50 mm in all machines
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FIGURE 35.13 The relationship between atomizing air pressure
and droplet size for a Schlick 970 series nozzle spraying water.
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FIGURE 35.14 (a) The relationship between atomizing air pres-
sure and droplet size for a Schlick 940 series nozzle at various spray
rates using water. (b) The relationship between atomizing air pres-
sure and droplet size for a Schlick HS Wurster nozzle at 1000 g/min
spraying water.
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rates (at a constant atomization air pressure). In cases
where the spray rate is 250 g/minute or less, it is possi-
ble to increase atomization air pressure/volume/veloc-
ity to achieve droplets smaller than 20 μm. However,
the data shown for the 500 g/minute rate demonstrates
that even at the highest practical atomization air pres-
sure (6 bar), it is not possible to produce 20 μm droplets
(spraying water). This is an important consideration in
larger capacity equipment, where there may be signifi-
cant drying capacity, and the rate-limiting factor is the
inability of the nozzle to atomize liquid (to a satisfac-
tory droplet size) at the rate at which the process air
may remove the resultant water vapor. The only possi-
bility for taking advantage of the increased drying
capacity is to enlarge the nozzle (use more compressed
air at the same pressure).

The 940 series nozzle is unable to produce droplets
smaller than 20 μm at 500 g/minute using water, even
at very high atomization air pressures. A process that
has excessive drying capacity, but is limited by droplet
size (eg, fine particle coating), will result in unnecessar-
ily hindered productivity. Upgrading to the HS nozzle,
which uses substantially more compressed air at the
same atomization air pressures (approximately three
times the volume of the 940 series nozzle), will result in
a dramatic improvement in drying capacity utilization.
The graph in Fig. 35.14b depicts a droplet profile that is
similar to the 940 series nozzle spraying at 250 g/min-
ute, with the exception that the HS data is for 1000 g/
minute, a spray rate four times that of the 940 series
nozzle. This permits the HS nozzle to be operated at
low atomizing air volumes and pressures, limiting the
potential for attrition due to high kinetic energy.

35.6.4 Nozzle port size

Droplet size is rarely influenced by nozzle port size.
At a fixed volumetric spray rate, the velocity of the liq-
uid into the atomization air is controlled by the nozzle
port size. The lower the velocity, the more complete the
atomization of the liquid will be, and the smaller the
mean droplet size; Fig. 35.15 illustrates this data for a
940 series nozzle for two different spray rates. For
100 g/minute, the mean droplet size is nearly the same
for all data points, with the exception of the values at
2 bar. However, this appears to be an anomaly because
the mean droplet size is the same for both port sizes at
the lower pressure of 1 bar. At the higher spray rate of
250 g/minute, the mean droplet sizes are the same at
3 bar and higher. Only at 2 bar is there an appreciable
difference, owing to the lower liquid velocity, and lon-
ger dwell time for the liquid in the atomizing air
stream. In addition, factors such as liquid viscosity and
surface tension influence this behavior; and it is

preferable that they both be low to avoid the need for
high atomization air pressure, regardless of the size of
the substrate. If viscosity is an issue (high), nozzle port
size should be selected to accommodate it (to minimize
back pressure in the spray pump).

35.6.5 Evaporation rate

Evaporation rate or drying capacity is controlled by
fluidization air volume, temperature, and its absolute
humidity (dew point). The temperature of the fluidiza-
tion air is generally adjusted to maintain a constant
product temperature. The product temperature, in
turn, is influenced by spray rate and humidity of the
incoming air. First, to take advantage of excess drying
capacity, inlet temperature must be raised to keep
the product temperature from dropping, due to the
increase in evaporative cooling as spray rate is
increased within a given batch. Secondly, if the dew
point of the incoming air is not controlled, the drying
conditions to which the product is exposed will not be
reproducible. The dew point changes seasonally, espe-
cially in northern climates, and may range from below
0�C during winter to more than 20�C in summer.
These normal variations in weather conditions may
result in some notable influences in processing.

In cold weather, static electricity during fluidization
may be a problem, and in summer, high humidity con-
ditions may result in substantially slower spray rates,
due to erosion of drying capacity, especially for aque-
ous coatings. This phenomenon is, of course, more
pronounced when product temperatures of 30�C and
less are desired (thermally sensitive substrates or coat-
ing materials). Allowing the process air dew point
to vary will result in a variation in the residual mois-
ture in the applied film. This can lead to a change in
the glass transition temperature for some coatings.
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FIGURE 35.15 The relationship between atomizing air pressure
and droplet size for a Schlick 940 series nozzle at 100 and 250 g/min
(water) using 0.8 and 2.2 mm nozzle port sizes.
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For latex materials, residual moisture may result in
“aging” effects—changes in dissolution with time
(product instability). For most products, a dew-point
range of approximately 10�20�C throughout the year
is recommended, to minimize this so-called “weather
effect.” If the product is very sensitive to moisture in
the process air or even thermally sensitive, a desiccant
dryer is suggested, which will produce dew points
well below 0�C. In any case, process air dewpoint con-
trol is recommended in the system’s air handling unit.

35.6.6 Product temperature

All air suspension processes are noted for their high
heat and mass transfer capability. A wide range of
product temperatures may be used. Values below 30�C
may be used for heat-sensitive materials. Values
exceeding 50�C may actually be used with little or no
spray drying of the applied coating. High product tem-
peratures are especially attractive for water-based
spray liquids. The rate-limiting step for most processes
is related to the physical properties of the liquid being
applied. The use of psychrometry is effective in deter-
mining the threshold at which moisture applied to the
surface of the substrate begins to remain in the applied
layer, rather than to leave with the process air. This
inflection point is where agglomeration begins to take
place. The surface tackiness promotes the sticking
together of substrate particles. This so-called exit air
relative humidity threshold is related to the product
temperature. For example, for an exit humidity

threshold of 60%, the water removal rate for a product
temperature of 40�C is approximately 100% higher
than for a product temperature of 30�C. Water content
in air is an exponential function—for high product tem-
peratures, the water removal rate is dramatically
increased without fear of agglomeration.

35.7 CASE STUDIES FOR LAYERING AND
FINE PARTICLE COATING

With an understanding of the range of application
of the Wurster process, plus the process and product
variables that influence its performance, it is interest-
ing to look at some case studies. The first involves the
use of an 18v HS Wurster coater for solution layering
(refer to Figs. 35.16 and 35.17 for in-process data). A
water-based drug solution was made, using a high
solids concentration. The goal of the trial was to find
the maximum possible spray and production rates,
avoiding agglomeration as much as possible. The start-
ing material is very fine, initially requiring a reduced
spray rate (400 g/minute). However, as the particles
grow larger, the spray rate can be elevated as the sur-
face area of individual particles increase. The finished
particle size is less than 200 μm, and the potential for
productivity using the Wurster process is clearly evi-
dent here. The majority of the spray liquid is applied
at 900 g/minute. Heat and mass-transfer rates are very
high. The inlet air temperature is more than 90�C, the
product temperature is approximately 35�C, and the
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FIGURE 35.16 In-process data (temperatures and spray rate) for an 18v HS Wurster solution layering process.
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process air volume is 900 cfm. Using psychrometry
software, the exit air humidity is found to be at 85%
relative humidity, indicating that the vast majority of
available drying capacity is being used. An interesting
tracing is that of the product differential pressure,
shown in Fig. 35.17, as the starting batch size is
approximately one-quarter of the finished product
weight. As bed depth increases in the down bed, the
particles react differently to the up bed process air
flow. There is a near-absence of oscillation in the early
readings because the down bed is shallow, and there is
minimal coalescence of air bubbles as they enter and
pass through the bed. However, as batch size
increases, the down bed deepens. Small air bubbles,
entering through the orifice plate and product reten-
tion screen, coalesce into larger bubbles. Back-flow or
turbulence in the down bed becomes evident. The
escalating peak-to-trough values indicate bubbling air
flow in the down bed. This is of no consequence to the
process, provided that the down-bed cycling time
remains rapid, so that the mass flow in the “coating
zone” continues to be high in density and velocity. A
consequence of adverse fluidization properties would
be agglomeration, however, in this particular pilot-
scale trial, this was essentially nonexistent.

The second case study involved coating fine granu-
lar acetaminophen particles for sustained release. The
uncoated crystals, shown in Figs. 35.18 and 35.19, illus-
trate a good substrate for coating. They are uniform in
size distribution, and do not contain an appreciable
amount of fines. What is not seen by SEM, however, is

their fragility. As the particle size data shown in
Tables 35.2 and 35.3 reveals, the material is very prone
to fracture. Within a few minutes of product warm-up
(prior to spraying), the content of material smaller
than the 80 mesh screen (180 μm) escalates from noth-
ing to more than 3%, and continues to climb early in
the spraying process until sufficient coating has been
applied to improve the strength of the primary core
material. It is important that the fines that exist in the
initial product, in addition to those generated during
the early stages of coating, are treated in one of two
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FIGURE 35.17 In-process data (process air volume and product differential pressure) for solution layering in an 18v HS Wurster coater.

FIGURE 35.18 Uncoated acetaminophen (APAP) crystals (283
magnification).
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ways. First, using a comparatively high spray rate ini-
tially, they may be incorporated in the lower layers of
film, such that the majority of the remaining film gov-
erns the coated-product release properties. Second, an

outlet filter media can be selected such that fines are
permitted to exit the processor (to be collected in a
remote dust collector). If attrition is serious or if fines
are continually incorporated in the developing film, as
was the case using the conventional 18v Wurster
coater, the release properties of the film will be
affected, and in all likelihood, challenging to repro-
duce. In Figs. 35.20 and 35.21, the acetaminophen crys-
tals have been coated to a 28% coating level (final
potency of 78.1%) with AquaCoat (FMC), a pseudo-
latex of ethylcellulose. The standard version 18v
Wurster equipment was used in a Glatt model GPCG-
60 fluid-bed processor, using the HS nozzle, but no HS
nozzle surround, and a (then) contemporary version of
an up-bed plate referred to as “high mass flow.” This
plate may be described as having a gradient of holes
(and permeability) from the outer perimeter to the
spray nozzle. The highest permeability is in close prox-
imity to the nozzle. The intent of this design was to
enhance the pressure gradient at the partition gap and
increase the flow of material into the coating zone.
What became apparent during these trials was that
this resulted in a high concentration of substrate close
to the tip of the nozzle and the developing spray

FIGURE 35.19 Uncoated acetaminophen crystals (1003
magnification).

TABLE 35.2 Sieve Analysis (During Spraying Without Nozzle Surround)

Time 130 140 160 180 1100 Pan Comments

0 min 0.0038 g 2.691 g 33.247 g 6.154 g 0.029 g 0.018 g

0.01% 6.39% 78.89% 14.6% 0.07% 0.04% Starting material

3 min 0.0011 g 0.0658 g 23.441 g 4.519 g 0.327 g 0.461 g

0.04% 2.24% 79.69% 15.36% 1.11% 1.57% Start spray

24 min 0.013 g 0.151 g 15.670 g 6.553 g 1.121 g 2.018 g

0.05% 0.59% 61.39% 25.67% 4.39% 7.91% Pressure from 3.5 to 2.7, increased
spray rate from 200 to 270 g/min

37 min 0.031 g 0.561 g 15.873 g 6.729 g 1.661 g 3.828 g

0.11% 1.96% 55.34% 23.46% 5.79% 13.35% Pressure to 2.2 bar, increased
spray rate from 270 to 325 g/min

58 min 0.062 g 3.322 g 17.098 g 7.166 g 1.459 g 3.852 g

0.19% 10.1% 51.9% 21.7% 4.4% 11.7% 325 g/min

75 min 0.074 g 3.413 g 15.903 g 6.172 g 1.366 g 3.880 g

0.24% 11.1% 51.6% 20.0% 4.4% 12.6% 325 g/min

87 min 0.128 g 5.604 g 14.852 g 5.331 g 1.304 g 3.289 g

0.42% 18.4% 48.7% 17.5% 4.3% 10.8% 325 g/min

128 min 0.563 g 9.305 g 13.806 g 5.137 g 1.305 g 2.267 g

1.77% 29.2% 43.3% 16.1% 4.3% 7.1% 325 g/min

178 min 2.120 g 10.63 g 11.226 g 4.124 g 0.988 g 1.067 g

7.0% 35.2% 37.2% 13.7% 3.3% 3.5% 28% coating

Machine configuration: 18v Wurster coater, HS nozzle, High-mass flow-up bed plate, no nozzle surround, initial atomizing air pressure 3.5 bar.
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pattern. Recall that this region is high in liquid content
and atomizing air velocity, which can lead to attrition
of fragile substrates.

The HS nozzle, for high-capacity spray rates, was
used so that the influence of the perforated plates and
HS nozzle surround could be seen independently of a
key variable, such as nozzle type. In the SEMs, at both
the low and higher magnifications, the fines generated
early in the spray process due to the high velocity
atomization air are readily seen embedded in the film.
They are present to the extent that the final particle size
is substantially larger than the starting material (see
Table 35.2). The resultant porous nature resulted in a
faster drug-release rate (Fig. 35.22). This occurs in spite
of the fact that the total surface area per unit mass is

expected to be lower, due to the increased particle size.
This type of problem should be resolved or batch-to-
batch reproducibility (dissolution) will be difficult to
achieve. In this example, the atomizing air pressure
had to be reduced to as low as 2.2 bar to slow the gen-
eration of fines, which ultimately became embedded in
the film.

In Figs. 35.23 and 35.24, the partition plate was
replaced with a more uniformly permeable type “G,”
and the HS nozzle surround was installed. The sur-
round acts to keep the particles away from the highest
velocity and densest droplet region of the spray pat-
tern, as described previously. The result is that the
atomization air pressure could be maintained at 3.5 bar
throughout the spraying process, with only minimal

TABLE 35.3 Sieve Analysis (During Spraying With Nozzle Surround)

Time 130 140 160 180 1100 Pan Comments

0 min 0.0065 g 1.358 g 29.037 g 5.266 g 0.24 g 0.008 g

0.02% 3.8% 81.% 14.8% 0.07% 0.2% Starting material

4 min 0.0052 g 0.094 g 26.846 g 3.747 g 0.246 g 0.787 g

0.02% 0.30% 84.6% 11.8% 0.8% 2.5% Begin spray

33 min 0.0061 g 0.223 g 23.958 g 4.701 g 0.749 g 1.451 g

0.02% 0.72% 77.1% 15.1% 2.4% 4.67% 11.5 kg applied

68 min 0.020 g 1.382 g 22.495 g 5.619 g 0.826 g 1.614 g

0.06% 4.3% 70.4% 17.6% 2.6% 5.1% 26 kg applied

99 min 0.0359 g 3.500 g 20.138 g 4.651 g 0.749 g 1.018 g

0.12% 11.6% 66.9% 15.5% 2.5% 3.4% 39 kg applied

130 min 0.0902 g 7.147 g 24.915 g 5.297 g 0.703 g 0.759 g

0.23% 18.4% 64.0% 13.6% 1.8% 2.0% 28% coating

Machine configuration: 18v HS Wurster coater (with nozzle surround), “B” down bed, “G” up-bed plate, atomizing air pressure 3.5 bar throughout.

FIGURE 35.20 Acetaminophen—28% coating using standard 18v
Wurster coater (763 magnification).

FIGURE 35.21 Acetaminophen—28% coating using standard 18v
Wurster coater (1543 magnification).
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generation of fines, as evident in the SEMs. The average
particle size after coating was smaller than when using
the standard Wurster configuration because fewer fines
were generated and embedded. This resulted in a less
porous film, and slower drug release, as seen in the
accompanying dissolution profile shown in Fig. 35.22.
An additional benefit was a reduction in process time,
due to the ability to apply the coating at a higher spray
rate (approximately one-third faster).

For the experiment involving the standard Wurster
system, the total process time of 3 hours and 39 min-
utes is not unreasonable for production. However, in
the sieve analysis, the coarsest fraction disappears
early in the process, and well into spraying the fraction
of material defined as “fines” continues to increase to
nearly 20%. Ultimately, these fines are agglomerated
to the main fraction of material, and their final content
is marginal. However, the average particle size shifts
to the coarse side, with more than 40% retained on the
40 mesh screen compared with only 18% found in
the batch coated using the HS components.

The process time using the HS components was
reduced by 48 minutes or approximately 30%. In addi-
tion, the near absence of fines seen in the SEMs will
lead to improved batch-to-batch reproducibility in the
dissolution profile.

35.8 SCALE-UP OF WURSTER
PROCESSING

“Is the process scalable?” is a reasonable and com-
mon question. The answer typically begins “yes, but . . .”
The ability to scale a process successfully depends on
the magnitude of difference between the small and
larger-sized batches. In the laboratory, development
may take place with a batch size smaller than 1 kg. This
size of equipment should be considered to be for
screening purposes, without expecting that the formu-
lation developed on the small scale will behave identi-
cally in pilot or production equipment. The batch size
is small, the particle trajectory is comparatively short,
the bed depth is shallow, and the spray nozzle does not
use much compressed air to produce droplets. The
mass of the batch is likely to be insufficient to manifest
problems with attrition due to fragility of the substrate.
Mass flow inside of the partition during spraying, can-
not match that of larger equipment, so the amount of
coating or layer applied to the substrate will not be in
the same proportion as in larger equipment.

Experience has shown that the biggest hurdles in
scale-up occur when moving from a 6v Wurster coater
(or smaller) to a 7v, 9v, 12v, or 18v Wurster coater.
Usable working volumes (courtesy of Glatt Air
Techniques, Inc., Ramsey, NJ) are 3.6 L (6v Wurster
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FIGURE 35.22 Dissolution profile for fine granular acetamino-
phen batches coated in 18v standard and HS Wursters with 28% w/w
coating of AquaCoat ECD (FMC BioPolymer).

FIGURE 35.23 Acetaminophen—28% coating using 18v HS
Wurster coater (763 magnification).

FIGURE 35.24 Acetaminophen—28% coating using 18v HS
Wurster coater (1523 magnification).
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coater), 8.3 L (7v), 13.6 L (9v), 37 L (12v), and 102 L (18v).
In addition to the increase in volumetric capacity, the
partition length increases, the partition diameter
increases, bed depth and mass effects increase, particle
trajectory increases, and the spray-nozzle dimensions
increase (in size and consumption of atomizing air vol-
ume) to accommodate the increased spray rate. High
kinetic energy from the combination of high atomizing
air velocity and volume may be a significant, and in
many cases unpredictable, factor in scale-up.

What should be evident is that scaling from any of
the laboratory-sized Wurster systems to the pilot-scale
18v Wurster coater is the true “scale-up,” presenting
the most significant challenges. Thereafter, production
equipment typically incorporates multiples of the parti-
tions and spray nozzles used in the 18v Wurster.
In reality, this “scale-up” should be referenced as “scale-
out.” Parameters such as process air volume, atomizing
air pressure (and volume), spray rate, and temperatures
derived for the 18v Wurster are typically replicated on a
“per partition” basis in the production equipment.
Hardware components are also duplicated—the spray
nozzle, partition diameter, and orifice plate configura-
tions (permeability in both the up- and down-bed
regions) are the same in both scales of equipment.
Partition length is nominally longer, therefore the
increase in bed depth is usually inconsequential pro-
vided that the 18v Wurster coater is used at or near
its working capacity. Examples of the pilot-scale 18v,
and production scale 32v HS Wurster coaters are shown
in Figs. 35.2 and 35.25.

Successful scale-up in Wurster processing depends
on a number of factors. At a minimum, development
scientists should have a good understanding of the
robustness of the process in laboratory equipment.
Experiments bracketing the operating ranges of key
parameters should be conducted, preferably on batch

sizes exceeding 5 kg. Smaller batch sizes may be used,
and the relationship of the process variables may be
seen, but very small batches may not be indicative of
what is seen on a somewhat larger scale. Ideally, design
of experiments should be employed to quantify the
magnitude of impact for the key variables.

As in any process, there is a multitude of variables to
consider, including batch size, spray rate, atomizing air
pressure/volume, process air volume, and tempera-
tures (product, process air, and dew point). There are
also equipment considerations—down-bed and up-bed
orifice plate configuration, partition height above the
plate, and the spray nozzle type, as mentioned
previously.

Some concerns are not readily apparent. Equipment
may increase in size and batch capacity, but not all com-
ponents increase proportionally. For example, outlet air
filter surface area actually decreases in proportion to
batch size. This is problematic for products using layer-
ing or coating materials that cause filter media to blind.
When a filter becomes occluded, process air volume is
affected, particularly during shaking. The Wurster pro-
cess requires process air flow to be continuous—it is not
interrupted to shake fines back into the bed. As a conse-
quence, when it is time to shake the filter, air flow is
stopped, but only through the filter segment to be
shaken. In contemporary machines, this means that the
totality of the process air volume must now pass
through the remaining half of the filter media. If the dif-
ferential pressure across the filter is high, there will be a
precipitous drop in process air volume. A consequence
is that the velocity of substrate inside of the partition
will momentarily drop, which could cause agglomera-
tion. In an extreme case, with multiple partition
production-scale Wurster systems, a severe drop in total
process air volume may cause one of the partitions to
stop “spouting.” Under this circumstance, this partition
may be filled from the top by the remaining spouting
partitions. Even after shaking stops, and the process air
volume returns to its set point, the filled partition may
not evacuate. Atomizing air from the spray nozzle
inside of the partition will create a small void, into
which the liquid continues to be sprayed. However, the
material surrounding this void is static, and is quickly
over-wetted. Eventually, agglomerates and wet mass
will make their way outside of the partition, and sam-
pling will reveal a severe problem. By this time, the
batch is essentially lost. Ultimately, if laboratory experi-
mentation has shown that the spray material has a pro-
pensity to cause filter blinding, even to a comparatively
limited extent, filter media must be a strong consider-
ation during scale-up activities.

Relative to the environment in which spraying takes
place (the coating zone), the particle size of the sub-
strate is becoming smaller in scale-up. This may result

FIGURE 35.25 Inside view of 32v HS Wurster coater. Source:
Photograph courtesy from Glatt Air Techniques, Inc.

1010 35. DEVELOPMENT, OPTIMIZATION, AND SCALE-UP OF PROCESS PARAMETERS: WURSTER COATING

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



in a higher coating efficiency (coating material applied
with respect to the theoretical or expected yield) in
pilot and production equipment versus the laboratory
scale. If the product is coated on a weight basis, the
higher coating efficiency may lead to a change in dis-
solution (for sustained release coatings, it would
decrease).

35.8.1 Batch size

As mentioned previously, the maximum batch size
for a Wurster process is identified as that which occu-
pies all of the volume outside of the partitions with
them at rest on the orifice plate. There is some flexibil-
ity in batch size—the process will still work when
using less than the maximum working capacity.
However, it has been seen in scale-up that batch size,
within a given insert size, may impact finished product
properties. Therefore, it is recommended that the pro-
posed finished batch size be close to the working
capacity of the larger Wurster (approximately 75�100%
based on the finished product density).

35.8.2 Spray rate

The spray rate for a product is typically a key vari-
able, from several perspectives. The first is economic—
long processes result in high manufacturing costs.
Lengthy processes also increase the likelihood of pro-
blems during the process, particularly nozzle-port clog-
ging (there are some hardware alterations that can be
made to eliminate or at least mitigate this potential
problem). Spray rate also dictates the rate of accumula-
tion of solids by the batch, and this is important for fin-
ished dosage form performance. Coated product is
nearly always stronger than uncoated core material. If
the core sloughs fines, these may be incorporated into
the layers of film, altering its release properties (release
will be governed more by imperfection than by the
intrinsic properties of the film). Consequently, it is a
goal in scale-up to maximize the solids addition rate.

Drying capacity is a key component in scale-up. The
starting point for estimating the spray rate is related to
the increase in process air volume (at the same temper-
ature and dew point as used in the laboratory scale),
not the increased batch size. However, the rate-
limiting factor may not be completely related to the
increase in drying capacity offered by the larger
Wurster system. Irrespective of the physical properties
of the liquid, the application rate will more likely be
strongly controlled by the interface between the accel-
erating core material, and the atomized droplets (coat-
ing zone). There may be significant benefits in using
the spray nozzle surround described previously as HS
Wurster equipment, which is not typically used or is

of lesser benefit in small Wurster equipment. The sur-
round prevents the flowing substrate from entering
the spray pattern until it is more fully developed. This
eliminates local over-wetting, preventing agglomera-
tion in this region. A consequence is that scale-up in
the Wurster process may not necessarily mean a signif-
icant increase in process time, which is a common
occurrence in many types of processes.

35.8.3 Droplet size and nozzle considerations

Spray conditions represent a challenge for develop-
ment personnel in scale-up. Small Wurster coaters tend
to use the same size nozzle (Schlick 970 series), and as
the product proceeds through small increments in batch
size (from 6v to 7v or 9v units with batch capacities rang-
ing from approximately 1 to 10 kg), only atomization air
pressure needs to be increased to accommodate the
somewhat faster spray rate. However, when shifting to
the 12v or 18v Wurster coater, the potential increase in
spray rate forces operation of this small nozzle beyond
its performance envelope, and a move to a larger nozzle,
with a higher atomizing air volume, is mandated.
Droplet size is principally related to the air-to-liquid
mass ratio, and attempting to keep this in the same
range in the scale-up efforts is recommended. However,
there is a caution to its use. In some calculations, the air-
to-liquid mass ratio may result in atomizing air pressure
values that are outside of the nozzle’s recommended
operating range. The spray nozzle performs two differ-
ent functions: (1) to produce droplets for the coating or
layering application, and (2) to attempt to prevent the
nozzle from fouling. The atomizing air at the tip of the
nozzle helps to clear the tip of material forming as a
result of drying that occurs between the interface of the
liquid and the very dry atomizing air. If the atomizing
air pressure (below approximately 1.5 bar) and volume
is too low, the velocity of the atomizing air will be insuf-
ficient to remove dried film from the nozzle tip. This
material could eventually grow to a size that impacts or
diverts the spray pattern, causing a sudden and severe
amount of agglomeration. In addition, the atomizing air
velocity must be sufficient to permit shearing of the liq-
uid to produce droplets. If the pressure and velocity are
too low, agglomeration will be unavoidable.

At the other end of the spectrum, if the air-to-liquid
mass ratio calculation yields an atomizing air pressure
exceeding approximately 3.0 bar in the pilot-scale
Wurster, attrition of the core material may be the conse-
quence. Kinetic energy is represented as E5 1/2 mv2,
where “m” is mass and “v” is velocity. Assume a scale-
up from a 7v Wurster machine (laboratory scale), with a
batch size of approximately 5 kg, to a pilot-scale 18v HS
Wurster machine, with a batch size of approximately
60 kg. At 2.0 bar atomizing air pressure, the 970 series
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(laboratory) nozzle uses about 2.1 cfm of compressed
air. At the same pressure, the HS nozzle consumes
nearly 30 cfm, or about 14 times that required for the
laboratory batch. The atomizing air velocities are essen-
tially the same—both operate at supersonic speeds at
this pressure. If constant air density is assumed, the
kinetic energy equation shows that the material in the
pilot-scale equipment will be exposed to nearly 14 times
more energy than the laboratory batch. For most appli-
cations using either water- or solvent-based materials,
an atomizing air pressure of 1.8�3.0 bar is sufficient.

35.8.4 Process air volume

Process air volume is also a key factor in scale-up,
providing three major functions. First, it delivers heat to
the product, for evaporation and removal of the coating
application medium. Second, and perhaps more signifi-
cantly, it strongly affects the fluidization pattern. For
scale-up, approximately the same air velocity through
the partition plate for both sizes of inserts is recom-
mended. The increase in overall air volume will then be
principally related to the increase in the partition plate
area through which the fluidization air will flow in the
larger machine. “Scale-up” generally refers to increasing
batch size and equipment geometry from small (6v, 7v, 9v,
and 12v Wurster coaters) to the pilot-scale. Partition
diameter length increases, up to and including the 18v
Wurster coater. Beyond the 18v Wurster coater the con-
cept of “scale-out” may be more applicable, and scaling
to 32v, 46v, or 55v Wurster coaters is more direct. The
larger inserts use multiples of the same diameter parti-
tion and spray nozzle found in the 18v Wurster machine.
Therefore, the increase in air flow would be a multiple
of the number of partitions (700 cfm in the 18v would
lead to a target air flow of 2100 cfm in the three-partition
32vWurster machine).

The final manner in which the air volume impacts
the process in scale-up is also related to the fluidization
pattern. In multiple-partition Wurster systems (such as
the 32v and 46v coaters), distribution of the process air
across the entirety of the product container is a function
of several factors. Orifice plates in both the up- and
down-bed regions are selected based on the size, den-
sity, and surface properties of the materials being pro-
duced. As stated previously, the goal is to have the
process air delivered to the product bed, such that the
material in the down bed is in “near-weightless suspen-
sion” or behaving like a fluid. To achieve an essentially
level surface requires a minimum of pressure across the
down bed. This pressure is the result of several factors:
core material quantity (initial batch size); partition
height (the influence of the Venturi effect); orifice plate
configuration; and finally, process air volume. For
example, if 700 cfm were used in the 18v Wurster

coater, the target value for the three-partition 32v
Wurster coater would be 2100 cfm, as previously stated.
Initial fluidization with the desired batch size may
result in a tilted bed (higher in the rear of the insert
than in the front) if product differential pressure was
insufficient to cause the air to be uniformly distributed.
Raising the partition height somewhat would increase
the mass flow in the up-bed region, potentially increas-
ing overall product differential pressure. If this change
were insufficient, a second approach would be to use a
less permeable down-bed plate. Both of these alterna-
tives are preferred to increasing the process air volume.
The consequent elevated spout height may enhance the
potential for attrition, due to collision with the inside
components of the filter housing.

For multiple partition production Wurster systems, it
is prudent to optimize the fluidization pattern prior to
actually producing a batch. A “mass flow study,” which
involves bracketing of process air volume and partition
height for a set of orifice plates and batch size is recom-
mended. The first step is to configure the Wurster insert
with a set of up- and down-bed orifice plates. The initial
partition height for the trial would be set at the lowest
value selected for the study. Finally, the insert is posi-
tioned in the machine tower, and process air is drawn
through it. The range of process air volumes to be tested
should bracket the air volumes to be used for all steps
of the process. At each of the selected air volumes, the
product differential pressure (dP product) should be
recorded. These will be the baseline contributions of the
orifice plates. When the process is repeated with a batch
in the insert, the difference between the total dP product
and the baseline will reflect the “mass flow” in the
insert. The goal is to identify the maximum product con-
tribution, with a minimum of disruption to the fluidiza-
tion pattern. An example is shown in Figs. 35.26 and
35.27. In Fig. 35.26, the air volumes tested are 1250, 1500,
1750, 2000, 2250, and 2500 cfm. At each increase in air
volume, there is a slight increase in product differential.

FIGURE 35.26 Product differential pressure in an empty 32v HS
Wurster coater fitted with type “B” and “G” orifice plates (air
volumes displayed are in cfm).
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Overall, the pressure contribution from the plates ranges
from about 17 to 55 mmWC. Fig. 35.27 shows the impact
of putting a large batch (approximately 250 kg) of pellets
into the insert (note: it is prudent to use a very strong
substrate for these trials because they will be subjected
to mechanical stress for an extended period of time).
With the partition height set at 50 mm, it is evident that
as air volume is increased, the quantity of product in
motion (mass flow) increases. The values for 1250 and
1500 cfm seem to indicate that the air volume is insuffi-
cient to fluidize the entire batch—for the bed is certainly
stagnant in some region at 1250 cfm. At 1500�2000 cfm,
the peak-to-trough values indicate a reasonably
stable fluidization pattern. At 2250 and 2500 cfm, the
enlarged peak-to-trough values reveal that some air bub-
ble coalescence is occurring, resulting in some degree of
back flow or turbulence in the down bed. This is not
necessarily negative—a periodic bubble bursting
through the down bed, along the wall of the product
container, gives assurance that the product is not stag-
nant in this region. The air volume selected for this par-
ticular process was 2250 cfm. In addition to the
fluidization properties, the high volume of air permits
higher rates of heat and mass transfer, which translate
to faster spray rates and a shorter process time.

Higher partition heights, common for pellet coating,
were also tested (60 and 70 mm). Interestingly, the
peak-to-trough values widen at lower air volumes with
higher partition heights. It is speculated that the
strength of the venturi at the base of the partition,
which draws product into the up bed, is either lessened
or defeated, allowing air bubbles to move only verti-
cally in the down bed.

The previous example is effective for coating or layer-
ing materials that do not exhibit tackiness in the down
bed—they have a low surface coefficient of friction.
Unfortunately, there are many products that display
tacky behavior, and these same processing conditions
may permit stalling of the batch in some region. Some
users may try to counter this behavior by increasing the
overall process air volume. However, it is likely that the
majority of this increase will flow through the partition,
and this region is not the source of the problem. It
would be desirable to divert more of the process air vol-
ume to the down-bed region. A method for achieving
this would be to replace the up-bed plates with ones
that are less permeable. In this manner, at the same air
volume, more of the process air is diverted through the
down bed, making it more vigorous or turbulent.
Figs. 35.28 and 35.29 illustrate a mass flow study that is
a consequence of this change. The “B” down-bed plate
remains, but the “G” up-bed plates were replaced by
the less permeable “H” plates. Once again, the partition
height is set at 50 mm for the test. What can be seen is
that the dP product contribution of the plates alone is

now considerably higher. In this case, the range is from
approximately 30 to 125 mmWC. When the same batch
weight is added, stable down-bed flow occurs at much
lower air volumes—somewhere between 1250 and
1500 cfm. The peak-to-trough values for higher air
volumes are very broad compared with the previous
example, indicating significantly more turbulence in the
down bed. The selected air volume for this trial was
2000 cfm. The turbulence was sufficient to avoid

FIGURE 35.27 Product differential pressure in a 32v HS Wurster
coater fitted with type “B” and “G” orifice plates, with a batch (air
volumes displayed are in cfm).

FIGURE 35.28 Product differential pressure in an empty 32v HS
Wurster coater fitted with type “B” and “H” orifice plates (air
volumes displayed are in cfm).

FIGURE 35.29 Product differential pressure in a 32v HS Wurster
coater fitted with type “B” and “H” orifice plates, with a batch (air
volumes displayed are in cfm).
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regional bed stalling with the tacky coating material,
and the relatively high air volume allowed for a reason-
ably high spray rate.

35.8.5 Process air and product temperatures

As is typical of the laboratory scale, the temperature
of the process air is generally adjusted to maintain a
constant product temperature, and as spray rate is
increased, the process air temperature is adjusted
upward. If laboratory trials were conducted using a con-
servative or low product temperature, it may be possi-
ble to explore a higher product temperature in the
production-scale equipment to improve productivity.
However, it is strongly recommended that this is not
done if the impact of higher product temperature on fin-
ished product attributes has not been explored, particu-
larly for latex-coating materials.

35.8.6 Mass effects

The influence of larger batch size (or mass effects, as
they are referred to), is more difficult to predict. In
small-scale equipment, the product must be robust—if
it must be treated cautiously in laboratory equipment,
scale-up to pilot and production machinery will be
nearly impossible. In Wurster processing, the big step
in scale-up is from laboratory equipment (6v, 7v, 9v) to
the pilot-scale 18v Wurster machine. In small machines,
bed depth rarely exceeds 200 mm, and fluidization
height (substrate travel out of the partition) is princi-
pally limited by machine dimensions to 1.25 m or less.
In the 18v unit, bed depth may range up to 600 mm,
and fluidization spout height can approach or exceed

2 m. Product may also collide into the outlet air filters
or other mechanical components of the machine.
Further scale-up to the 32v or larger Wurster coaters
from the 18v is somewhat simplified because bed depth
is about the same, and the objective in fluidization is to
keep particle velocity similar in larger equipment to
that used in the pilot-scale machine.

35.9 SUMMARY

The Wurster system is widely used for layering and
coating because of its ability to apply high-quality films
to a broad range of substrates. The orifice plate configu-
ration in combination with the partition height and pro-
cess air volume, organize the substrate in close
proximity to the spray nozzle. Droplets of coating liquid
travel only a short distance, and are applied cocurrent
with the accelerating substrate. Productivity is related
to the presentation of substrate surface area per unit
time with respect to this quantity of liquid. Layering
and/or film coating may be conducted using solutions
or suspensions of materials in liquids comprising
organic solvents or water. The interaction between
droplets and substrate is so rapid that materials applied
using even the most volatile solvents are not subject to
spray drying—they are high in quality, and their release
is governed by their intrinsic properties, not by imper-
fections in the film. In addition, within limits, materials
can be sprayed from a molten state, congealing onto the
surface of the slightly cooler substrate. As a production-
scale batch processor, the Wurster has a moderate batch
capacity (up to approximately 600 kg), and is efficient in
terms of material balance and productivity.
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36.1 INTRODUCTION

Over the past several decades, the pharmaceutical
industry has grown tremendously, and significant prog-
ress has been seen in improving drug product quality
and reliability of pharmaceutical manufacturing process.
However, the public is still facing unprecedented drug
shortages and recalls in recent years. By far, the most fre-
quently cited reasons for drug shortages relate to
manufacturing and quality issues.1,2 In addition, the
pharmaceutical industry is also facing several challenges
such as payer’s rising expectations on lowering cost
while ensuring good product quality with a reliable sup-
ply, increasing the complexity of manufacturing technol-
ogy, and increasing regulatory scrutiny. Hence, the
industry is increasingly focusing on better understanding
and control of commercial manufacturing as it relates to
the product quality. A robust commercial manufacturing
process means it is capable of consistently manufacturing
desired quality product that meets the needs of the
patient. A robust process development starts with a sys-
tematic approach to product and process design: under-
standing the impact of variability in input variables (raw
materials, formulation and process parameters), and
defining an appropriate control strategy to mitigate
potential risks to product quality and manufacturability.
Robust process development also includes a demonstra-
tion of the capability of the process at commercial scale
and approaches to continually monitor and identify
improvement opportunities for the process over the life-
cycle of the product. These activities are the key three
stages of the lifecycle approach for process validation as
discussed in the 2011 Food and Drug Administration

(FDA) process validation guidance titled Guidance for
Industry: Process Validation: General Principles and
Practices.3 This guidance defines the process validation as
the “collection and evaluation of data, from the process
design stage through commercial production, which
establishes scientific evidence that a process is capable
of consistently delivering quality product.” This defini-
tion of process validation focuses on scientific evidence
throughout the product lifecycle. Process validation
should not be considered as a one-off event in producing
three consecutive batches of commercial scale product
and evaluating its conformance with the predefined spe-
cifications. Instead, it is a science and risk-based develop-
ment paradigm that builds product quality through a
three-stage lifecycle approach which links the product
and process development, qualification of the commer-
cial manufacturing process, and maintenance of the pro-
cess in a state of control during commercial production.
In 2014, European Medicine Agency issued a revised
guidance on process validation.4 Even though there are
differences in terminology, both guidances emphasize a
lifecycle approach and embrace the basic principles of
science and risk-based approach put forth in ICH Q8,
Q9, and Q10. Since the introduction of these guidances,
much progress has been made by the pharmaceutical
community to address the expectations and challenges in
implementation during process development and com-
mercial manufacturing. This chapter will discuss some of
the useful approaches that can be used to achieve a
robust commercial manufacturing using the three-stage
lifecycle approach, implementation of science and risk-
based approaches such as advanced process analytical
technology (PAT) tools, and real-time release testing
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(RTRT) strategies. These concepts have the potential to
provide an increased assurance of product quality.

36.2 PROCESS DESIGN,
UNDERSTANDING, AND CONTROL

STRATEGY DEVELOPMENT

The initial stage (Stage 1) of process validation is
process design, understanding, and control strategy
development. It is well recognized that a rational strat-
egy for process development is to begin with the end in
mind and to focus on patient’s need with regards to
drug product safety and efficacy. It is also important to
consider the product manufacturability which is defined
as the extent to which a product can be easily and effec-
tively manufactured at minimum cost and with maxi-
mum reliability.5 The first step of product and process
development is to establish the quality target product
profile (QTPP), which is a prospective summary of the
quality characteristics of a drug product that ideally will
be achieved to ensure the desired quality, taking into
account safety and efficacy of the drug product.6,7 QTPP
forms the basis of design for the development of the
product and process. From QTPP, the critical quality
attributes (CQAs) of the drug product can be identified.
CQA is defined as the physical, chemical, biological, or
microbiological property or characteristic that should be
within an appropriate limit, range, or distribution to
ensure the desired product quality.4 Criticality of a qual-
ity attribute is primarily based on the projected severity
of harm to the patient (eg, from loss of drug efficacy or
causing serious adverse effect) should the product fall
outside the acceptable range for that attribute. The prob-
ability of occurrence, detectability, and controllability
are not relevant to the determination of the criticality of
a product quality attribute.5

Once the QTPP and CQAs are defined and identified,
the subsequent development activities focus on how to
achieve the QTPP design requirements. Risk assessment
tools are often used to prioritize development studies.8

Prior knowledge of existing commercial manufacturing
of similar product or manufacturing technology platform
can be utilized to facilitate the risk assessment. Based on
the initial risk identification, potentially high-risk mate-
rial attributes, formulation variables, and process para-
meters are further studied to understand their impact on
the identified CQAs. Based on the development study
results and updated risk analysis, critical material attri-
butes (CMAs) and critical process parameters (CPPs) can
be identified, and the functional relationships between
CMAs, CPPs, and drug product CQAs can then be estab-
lished during development. Knowledge gained through
appropriately designed development studies culminates
in the establishment of a control strategy. A control

strategy is a planned set of controls, derived from
current product and process understanding that ensures
process performance and product quality. The controls
can include parameters and attributes related to drug
substance and drug product materials and components,
facility and equipment operating conditions, in-process
controls, finished product specifications, and the associ-
ated methods and frequency of monitoring and control.9

Yu, et al. summarizes the commonly used control strat-
egy in three levels (Fig. 36.1).10

Level-3 control strategy mainly relies on extensive
end-product testing and tightly constrained material
attributes and process parameters. This type of control
strategy leads to acceptable product quality when the
input variables are controlled adequately. However,
when the inputs vary beyond expected variability, the
resulting product quality can be impacted. The phar-
maceutical industry has recognized the limitation of
the Level-3 control strategy and has been developing
more advanced control strategies in the past years.

Level-2 control strategy consists of controls with
reduced end-product testing and allowing variation of
material attributes and process parameters within the
established design space. Understanding the impact that
variability has on in-process materials, downstream pro-
cessing, and drug product quality provides an opportu-
nity to shift controls upstream and to reduce the reliance
on end-product testing. Among process monitoring tech-
nologies, PAT has gained attention in pharmaceutical
industry since the publication of PAT guidance in
September 2004.11 In this guidance, PAT is defined as
“A system for designing, analyzing, and controlling

FIGURE 36.1 Control strategy implementation options. Copied
from Yu LX, Amidon G, Khan MA, Hoag SW, Polli J, Raju GK, et al.
Understanding pharmaceutical quality by design. AAPS J 2014;16:771�83.
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manufacturing through timely measurements (ie, during
processing) of critical quality and performance attributes
of raw and in-process materials and processes, with the
goal of ensuring final product quality.” The PAT toolkit
often includes process analyzers, multivariate analysis
tools, process control tools, and continual improve-
ment/knowledge management systems.

A recently published review paper on PAT dis-
cussed the advantages of PAT implementation at vari-
ous stages of pharmaceutical development, and recent
developments in sensor technology, followed by spe-
cific cases of PAT implementation in laboratory and
pharmaceutical production.12 Additionally, RTRT
could be regarded an example of Level-2 control, as it
provides the ability to evaluate and ensure the quality
of final product based on in-process data, which typically
include a valid combination of measured material attri-
butes and process controls. RTRT is defined as “the abil-
ity to evaluate and ensure the acceptable quality of
in-process and/or final product based on process data.”6

Level-1 control strategy utilizes automatic engineer-
ing control to monitor the CQAs of the output materi-
als in real time to achieve adaptive control. The key
concept is to monitor input material attributes and
automatically adjust the process parameters based on
the enhanced process understanding to assure that
CQAs consistently comply with the established accep-
tance criteria.10 This includes control strategy options
such as feedback or feed forward control. These are
examples of dynamic control where downstream pro-
cess parameters and attributes are manipulated in
response to variation in upstream process parameters
and attributes. A feedforward control is defined as one
in which manipulations are made proactively to down-
stream variables in response to measurements of dis-
turbances upstream, whereas feedback control is one
where manipulations are made to upstream variables
response to measurement of disturbances downstream.
On-line monitoring techniques such as PAT could
facilitate implementation of such dynamic control
strategies.6 It is noteworthy to mention that PAT tools
and RTRT are not necessarily always implemented
together. A PAT tool can be implemented for the mon-
itoring of attributes of either in-coming materials or
that of in-process materials during manufacturing.
PAT tools can also be put in place for monitoring qual-
ity of finished products, without using that informa-
tion for product release. On the other hand, adoption
of PAT is not the only way to implement RTRT.
For example, RTRT can be achieved by the use of pre-
dictive models as a surrogate for traditional release
test, where the model uses traditional in-process mea-
surements. (This is often referred to as “soft sensors.”)

This chapter only provides a high-level overview of
process design, understanding, and control strategy

development. More in-depth discussion of each unit
operation and its unique challenges and solutions can
be found in other chapters of this book and related sci-
entific literature.6�8,13�22

36.3 PROCESS SCALE-UP, TECHNOLOGY
TRANSFER, AND PROCESS

QUALIFICATION

Process scale-up and technology transfer in pharma-
ceutical industry involve, in general, moving a product/
process from research and development stage into the
production stage. More detailed discussions can be
found in chapter “Product and Process Development of
Solid Oral Dosage Forms,” and other chapters on process
development and scale-up of individual unit operations.
In most cases, early development studies are often con-
ducted using laboratory or pilot scale equipment. The
potential risks associated with scaling-up the process
from lab or pilot scale to production scale are assessed
and mitigated via further studies. The assessment
includes evaluating the impact of facility, utility, environ-
ment conditions, personnel and equipment design and
operating principle changes on product quality and pro-
cess performance. In some cases, a process step for exam-
ple milling or compression is continuous operation in
nature, the scale up can be achieved by simply extended
the processing time. In some cases, the performance of a
process can be predicted by fundamental engineering
and scientific principles or empirical process models
developed at the laboratory or pilot scale; the scale up is
guided by the model prediction. While in other cases, at-
scale knowledge is needed to adjust the control strategy
developed at the laboratory or pilot scale. It is important
to assess systematically product and process knowledge
gained during the development stage and determine any
residual risks within the proposed control strategy. At
the end of Stage 1 (development phase), the proposed
commercial control strategy is communicated to the
receiving sites along with any identified residual risks
which will be evaluated during the process qualification
stage (ie, Stage 2 of the lifecycle approach for process
validation). Several challenges regarding process quali-
fication are discussed in the subsequent sections
(36.3.1�36.3.3).

36.3.1 Design of a facility and qualification of
utilities and equipment

The objective of process qualification is to evaluate
the process designed and developed from Stage 1
(the initial stage of the lifecycle approach for process
validation) and to determine if it is capable of
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reproducible commercial manufacturing. To meet this
objective, the first step is to select a suitable facility
which is appropriately designed for the selected
manufacturing process. For example, the facility design
and environment control for an aseptic filling process
for an injectable product would be considerably differ-
ent from a solid oral dosage form manufacturing facil-
ity. The second step is to demonstrate that utilities and
equipment are suitable for their intended use and per-
form properly. The qualification will include all the
aspects that would traditionally fall into the installation
qualification, operational qualification, and performance
qualification (IQ/OQ/PQ) categorization. It is also
important to ensure that the analytical methods for in-
process controls and release testing are appropriately
verified or validated for its intended use. Further detail
information on these topics can be found in scientific lit-
erature and general guidelines developed by industry
working groups.23�26 These upfront preparation works
are important to ensure the variability from the facility,
utilities, and equipment, and the analytical methods are
understood and controlled appropriately to support the
process performance qualification (PPQ) execution.

36.3.2 Number of PPQ batches

Since the publication of the Process Validation
Guidance, an often debated topic is how many
PPQ batches are needed at Stage 2b to demonstrate the
commercial manufacturing process performs as expected
and the product manufactured at production site is
ready for commercial distribution. There is no sacrosanct
number of batches or approach for demonstrating a suc-
cessful PPQ. Manufacturers are responsible for provid-
ing assurance that the process is adequately qualified
before moving to routine commercial manufacturing in
Validation Stage 3. Use of science and risk-based
approach including statistical method to determine the
number of PPQ batches is extensively discussed in scien-
tific literature. Such risk-based approach combines
knowledge of the capability of the process during devel-
opment, fundamental scientific understanding of a par-
ticular process as well as the plan for future monitoring
in Stage 3. Several example approaches reported in sci-
entific literature are given here. For example, F. Wiles
proposed using a combination of risk assessment, control
charting, and capability statistics to determine how
many PPQ batches are needed and when PPQ mile-
stones have been met.27 In this method, “an assessment
of process risk is performed through application of a
process failure mode, effects, and criticality analysis
(PFMECA). The output of PFMECA is used to select
appropriate levels of statistical confidence and coverage
which, in turn, are used in capability calculations

to determine when significant Stage 2 (PPQ) milestones
have been met.”27 Success from the PPQ stage
signals the readiness to release batches for commercial
distribution, and the frequency of monitoring and testing
can be adjusted during the routine commercial produc-
tion stage. Individual control chart, moving range, and
range/sigma control charts are used in conjunction with
capability statistics to demonstrate that the commercial
process is operating in a state of statistical control.

A Bayesian method was developed by H. Yang to
address the question “how many batches are needed for
process validation under the new FDA Guidance.”28 “By
combining process knowledge gained from develop-
ment stage with the expected outcomes of PPQ, the
Bayesian method estimates the number of qualification
batches that are needed to provide a high level of
assurance that the process will consistently produce
future batches meeting quality standards.”28 Several
examples based on simulated data are presented to
illustrate the use of the Bayesian method in helping
manufacturers make risk-based decisions for Stage 2
PPQ. For example, a large “n” (5480) is needed for one
process which has a poor history of performance dur-
ing development, and small “n” (54) for another pro-
cess which shows a track record of good performance
during development, and moderately large “n” (518)
for the third process which demonstrates variable per-
formance during development.

The International Society for Pharmaceutical
Engineering (ISPE) published discussion paper on poten-
tial approaches for answering the question, “How many
PPQ batches are needed to demonstrate a high degree of
assurance in the manufacturing process and that the con-
trol strategy is sufficiently robust to support commercial
release of the product?”29 This discussion paper describes
a framework for systematically assessing the level of
product knowledge and process understanding, and how
well the control strategies are linked to the CQAs. Based
on the residual risk identified from the risk assessment,
three different approaches were proposed to estimate the
number of PPQ batches and to establish the scientific evi-
dence whether the level of between-batch variability is
appropriate for commercialization:

1. Approach 1—based on scientific rationale and
experience

The paper proposed a range of number of PPQ
batches based on the residual risk level. While 3
consecutive batches is sufficient for low-risk
processes; more batches are needed when there is
an elevated residual risk.

2. Approach 2—target product performance and target
process capability

This approach utilizes process capability index
(Cpk) and target confidence level to determine the
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number of PPQ batches based on the identified
residual risk level. This is to address two questions:
What is the objective measure that process will
consistently produce a product that meet its
requirement? and What is an acceptable high
degree of assurance? The paper encouraged the
manufacturer to justify the choices of the target
confidence level and capability level based on the
risk associated with product knowledge,
understanding, and robustness of the control
strategy.

3. Approach 3—expected coverage
This approach is based on the concept of order

statistics.30 In this approach, the residual risk level
is used to determine the expected “coverage” of the
PPQ batches and the number of PPQ batches. The
“coverage” is defined as the proportion of the
expected “future” data to be contained within the
acceptance limits. The lower the risk level, the lower
the expected coverage from the PPQ batches alone,
and the lower the number of PPQ batches needed.

Another frequently debated topic is how to select the
appropriate conditions for PPQ batches. The concept
of worst-case conditions for process validation was a
key theme of the 1987 process validation guidance.
However, attempting to cover worst-case conditions in
process validation would often mean that parameters
applied to validation batches bore a little resemblance to
the actual variability of the process to be encountered
during routine commercial manufacturing. Following
the process design stage (Stage 1) where the process var-
iability and the functional relationships between CMAs,
CPPs, and the drug product CQAs are well understood
and addressed, the PPQ batches should be manufac-
tured under normal conditions by the personnel rou-
tinely expected to perform each step of each unit
operation in the process. A risk-based approach is
highly encouraged to select the conditions for the PPQ
batches and justify it based on the enhanced under-
standing of the product and process and the actual vari-
ability of the CMAs and CPPs.31 Thus, high assurance is
obtained that the commercial manufacturing process is
capable of consistently producing acceptable quality
products within commercial manufacturing conditions.

36.3.3 Heightened level of monitoring and
testing to demonstrate intra- and inter-batch
consistency

As indicted in the 2011 FDA PV guidance, in most
cases, PPQ will have a higher level of sampling, addi-
tional testing, and greater scrutiny of process perfor-
mance than would be typical of routine commercial
production.3 The objective of the heightened level of

monitoring and testing is to confirm uniform product
quality throughout the batch or batches. The selection
of the parameters to be monitored or tested is mainly
based on their impact to product safety, efficacy and
quality. In general, it can include, but is not limited to,
the drug product CQAs, input material CMAs, CPPs,
critical in-process controls, and other relevant
parameters that are indicative of process performance.
The increased level of the scrutiny and the duration
of the heightened sampling and monitoring period can
be adjusted based on the volume of production, pro-
cess complexity, level of process understanding, and
experience with similar products and process.

Yu et al. proposed a staged sampling approach
when limited batches have been manufactured during
the PPQ stage.32 Fig. 36.2 represents an illustrated
example using simulated assay data. The first three
batches (A, B, and C), manufactured during the PPQ
stage, represent a higher level of sampling within each
batch. The goal of the initial higher level of sampling
is to demonstrate product quality throughout each
batch, establish initial estimates of within and
between-batch variability, and use those estimates to
generate an initial estimate of process performance.
Then, sampling in subsequent batches (D, E, and F) is
adjusted (in this case, lowered) to a statistically repre-
sentative level that was based upon the variability esti-
mates established in the first three batches.

Another example approach proposed by ISO 16269-6
(2014) uses statistical tolerance intervals.33 In this
approach, the coverage, defined as the proportion of
the expected “future” data to be contained within the
acceptance limits, is adjusted based on the risk of the
product CQA. The actual number of samples required
varies based on the data type (discrete or continuous)
and the expected distribution (normal or unknown).33

Several other statistic approaches have also been
proposed in a recent ISPE discussion paper including
graphical exploration, variance components analysis,
Monte Carlo simulation, ASTM E2709/E2810 (histori-
cally also referred to as CuDAL), statistical interval,
Bayesian statistics, control charts, and process capabil-
ity indices.34 Even though this paper does not reflect a
consensus position of the industry, it provides a com-
prehensive summary of viable approaches and options
that can be used to evaluate the intrabatch and inter-
batch variability during process qualification stage.

When PAT and/or RTRT are used as a part of the
commercial control strategy, special considerations
should be given to the sampling strategy. Typically,
implementation of RTRT would include in-process
on-line/at-line sampling. The selected sample size is
representative of the batch size and is also justified sta-
tistically. Additionally, the sampling frequency is cho-
sen to provide assurance of consistent manufacture of
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desired quality product. In addition to sample size and
sampling frequency, measurement location needs to be
defined. For example, for real-time in-process identity
testing for release, it is important to consider what/if
any downstream processing steps are present after
identification testing before final release of the finished
product to prevent the inadvertent addition of any
unknown materials into the process due to a system
and/or human error. Furthermore, contingency plans
can be in place in case of failure of the primary analyti-
cal method that is used for RTRT measurement. For
example, if an NIR analytical procedure is used for
tablet content uniformity to support RTRT, an alternate
control strategy can be in place for an alternative mode
of measurement of tablet content uniformity in case of
sudden failures of the NIR instruments during routine
commercial production.

36.4 CONTINUED PROCESS
VERIFICATION

Often, significant sources of the variability related to
commercial manufacturing have been systematically
identified, and the appropriate detection, control, and/
or mitigation strategies have been established during
process design, scale-up technology transfer, and pro-
cess qualification studies. However, during routine
commercial manufacturing, a process may encounter
additional sources of variation that were not previously
detected or to which the process was not previously
exposed. Hence, it is important to monitor the process
continually and maintain the process in a state of control

(the validated state) during commercial manufacture.
The heightened testing and monitoring of process para-
meters, material attributes, and drug product quality
attributes utilized during the PPQ can be continued
until sufficient data are available to generate significant
variability estimates. Testing and monitoring can then
be adjusted to a statistically appropriate and representa-
tive level. For some cases, it is even necessary to requali-
fy the process when the source of materials, equipment,
production environment, personnel, and manufacturing
procedures has been significantly changed.

36.4.1 Process monitoring program

In general, a science and risk-based approach can be
applied to determine the process monitoring program,
that is, what to monitor and the monitoring frequency
and locations. A routine commercial manufacturing
process has many input variables, process parameters,
and in-process material attributes. The monitoring pro-
gram focuses on the important parameters known or
suspected to affect the quality, efficacy, or safety of the
product. Additionally, other parameters can also be
included if they are indicative of process performance
and/or can provide a timely signal to assist in process
controlling. Sources of information from other quality
and manufacturing systems such as change control,
scheduled preventive maintenance, calibration, or pro-
duction interruptions; and customer complaints are
also valuable inputs for monitoring. These may help
explain unexpected shifts or variation in the produc-
tion process and manufacturability issues.
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FIGURE 36.2 Theoretical example
of a staged sampling approach when
limited batches have been manufac-
tured during process performance
qualification (PPQ) stage.
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In a recent publication, Mitchell et al.35 provided an
example of the monitoring and the review frequency
for a process based on the enhanced understanding of
the product and process from Stages 1 and 2 studies.
In this example, high-risk parameters are monitored
and reviewed more often to respond more quickly to
out-of-control conditions that could risk product qual-
ity. Some medium risk process parameters and perfor-
mance attributes are also included in the monitoring
program since it is indicative of process performance
and manufacturability. Low-risk parameters are not
monitored due to their low impact on quality attri-
butes. This example illustrates the principles that how
the current understanding of the manufacturing pro-
cess and the level of risk impacting product quality
can be utilized to determine the parameters to be
included in the monitoring program, the location and
the frequency of the analysis.

36.4.2 Tools for process monitoring

Various statistical process control (SPC) tools can
be used in monitoring and evaluating process variability
and process capability. There are many available
industry standards, books, and guides on these
topics.36�40 In the next section, two commonly used tools
(control charts and process capability analysis) are briefly
discussed.

36.4.2.1 Using control chart to evaluate if the
process is in-control

Control charts were developed by Walter Shewhart in
the early 1920s and are still widely used in many indus-
try sectors including the pharmaceutical industry.41�44 A
control chart is a graphical display of a product quality
characteristic that has been measured or computed peri-
odically from a process at a defined frequency. The obser-
vations sampled at a particular time point constitute a
subgroup. Through statistical methods, control charts can
differentiate the common cause and special cause varia-
tion of a process. The common cause variation is natural
or inherent to the process; while the special cause varia-
tion is not inherent to the process and may only be pres-
ent at times. A process displaying only common cause
variation is considered in a state of statistical control or
stable while a process displaying special cause variation
is not in statistical control. An illustrative example of a
control chart can be seen in Fig. 36.3. In this figure, the
process is monitored at a predetermined frequency, and
the process output is measured and graphed sequen-
tially. The process mean and standard deviation can be
calculated. The upper SPC limit (UCL) and the lower
SPC limit (LCL) are typically defined as 3 times of the
standard deviation away from the process mean.
The UCL and LCL establish an envelope around the
process mean, where the majority of the output of a
stable process should lie within. The control charts are
sometimes also referred to as “the voice of the process.”

FIGURE 36.3 Schematic example of an I-chart.
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To aid in the detection of special cause variations in
the process, a set of decision rules are widely used
along with the control charts. The set of decision rules
is called the “Western Electric Rules,” which was
developed by the Western Electric Company, as the
name implies.45 The Western Electric Rules provided a
standard way of identifying the out-of-control signals,
by differentiating common cause variations from spe-
cial cause variations. One frequently used Western
Electric rule is “any single data point falls outside of
the LCL and UCL” (the SPC limits). When a data point
violates this rule, it indicates the process may have
encountered special cause variations that may require
further investigation. However, it is important to keep
in mind the rule has a certain probability of being a
“false alarm”; that is a data point from a stable process
violates this rule just by chance. For example, for a
normally distributed process, the probability of “false
alarm” is close to 0.3%. Details of other Western
Electric Rules can be found in the references.33

It is important to establish a risk-based action plan that
is based on the potential impact to product quality,
when responding to the statistical signals from the
control charts. Such a plan provides balance between
over reaction to the signals and failure to act against
unwanted variability that may impact product
quality.3

There exist many different types of control charts,
based on the characteristics of the process, the col-
lected data set, and the underlying distribution
assumptions. Fig. 36.3 is an example of a Shewhart
control chart with individual measurement, called
I-chart (subgroup size5 1). When subgroup size is
between two and ten, an X-bar/R chart is most com-
monly used. When subgroup size is greater than ten,
X-bar/S (standard deviation) chart becomes a more
appropriate option. One key consideration of this type
of charts is the rational subgrouping since the general
assumption is that data in a subgroup are considered
from a stable process to be used to define common
cause variation. I-chart, Moving Range chart (MR-
chart), X-bar/R chart and X-bar/S Chart are for contin-
uous numeric variables. On the other hand, p-chart for
the binomial distributed attributes (categorical or dis-
crete numeric data, eg, by counting), and the u-chart
for the Poisson distributed attributes are frequently
used for discrete variables.39

These aforementioned univariate SPC charts works
well if all the monitoring parameters are independent of
each other. However, most pharmaceutical manufactur-
ing process involves a large number of input material
attributes, process parameters, intermediate and
finished drug product CQAs, and some of these vari-
ables may be interrelated. Multivariate statistical
process control (MSPC) can be a useful tool to address

this challenge. MSPC refers to a set of advanced techni-
ques for the monitoring and control of the manufactur-
ing process (batch or continuous processes) which
identifies the vital few variables (principle components)
and the underlying patterns in a dataset. In addition,
the functional relationships between these variables can
be established (http://www.camo.com/applications/
process-control.html). Furthermore, MSPC techniques
can reduce the information contained within all of these
variables down to two or three composite metrics
through the application of principle components analy-
sis or partial least squares. The use of MSPC in pharma-
ceutical industry has increased greatly in recent
years.46�49 The readers are encouraged to find further
details of MSPC in the provided literature as it is
beyond the scope of this chapter.

36.4.2.2 Using process capability and process
performance indices to evaluate if the process is
capable

While the control charts signify the “voice of the
process,” the specification limits (acceptance criteria)
of the product quality attributes indicate the “voice of
the customers” (based on patient’s safety and efficacy
needs). These two measures are compared to demon-
strate if the process is capable of producing products
meeting customer’s requirements consistently. The
comparison is often expressed in the form of a process
capability index (Cp and Cpk). The calculation formula
and description of these indices are presented in
Table 36.1. The potential application of these process
capability indices to enhance pharmaceutical product

TABLE 36.1 Description and Calculation of Process Capability
Indices

Calculation Description

PC5 6 σ̂ Process capability (PC): a statistical estimate
of the outcome of a characteristic from a
process that has been demonstrated to be in a
state of statistical control

Cp 5
ðUSL2LSLÞ

6 σ̂
Process capability index (Cp): an index
describing process capability in relation to
specified tolerance

Cpkl 5
Mean2LSL

3σ̂
Lower process capability index (Cpkl): an
index describing process capability in relation
to the lower specification limit

Cpku 5
USL2Mean

3σ̂
Upper process capability index (Cpku): an
index describing process capability in relation
to the upper specification limit

Cpk 5min ðCpkl;CpkuÞ Minimum process capability index (Cpk):
smaller of the upper process capability index
and the lower process capability index
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quality has been gaining international attentions in
recent years.32,50,51

USL, upper specification limit; LSL, lower specifica-
tion limit; σ̂ represents common cause variability in a
stable process

The process capability indices use the common
cause variation as the variability measurement of the
process. Therefore, it represents the “capability” of a
stable process free of special cause variation. For a pro-
cess that exhibits some special cause variations, more
appropriate indices are Pp or Ppk, sometimes referred
to as the process performance indices; where the pro-
cess standard deviation estimate uses the overall stan-
dard deviation which accounts for all common cause
variations and special cause variations.

It is important to point out that both the process
capability and performance indices are statistical esti-
mates of the process, and are subject to the variability
of the sampling procedure. As such, the indices are
less robust when the sample size is small; and become
more reliable with increasing sample size. In fact, it is
highly recommended that when a capability index or a
performance index is reported, the lower bound of the
estimate is also reported at the same time. For the pro-
cess performance index Ppk, the approximate 100
(1�α)% lower confidence bound of the process perfor-
mance index36 is defined as Eq. (36.1):

Ppk $ P̂pk 2 z12α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

9n
1

P̂
2

pk

2n2 2

s
ð36:1Þ

where n is the sample size for the index estimate, and
Z1�α is the 100(1�α) percentile of a standard normal
distribution, and P̂pk is the point estimate of the pro-
cess performance index.

Fig. 36.4 shows the relationship between the lower
boundary of Ppk and the sample size and confidence.
For example, when a process demonstrates a process
performance index of 1.15 with 60 data points, we can
state such a process has a Ppk of 1.0 with about 90%
confidence.

36.4.3 Continual improvement

Given the current regulatory requirement for report-
ing of postapproval changes according to 21 CFR 314.70,
the pharmaceutical industry is dis-incentivized from
making changes to an approved manufacturing process.
For years, traditional pharmaceutical process develop-
ment led to tightly controlled process and stringent spe-
cifications that were largely established on the basis of
limited manufacturing experience. Product quality is
ensured predominantly by restricting the flexibility of
the manufacturing process and relying on extensive end
product testing. Even though this approach has histori-
cally provided sufficient confidence that quality is suit-
ably controlled in an unchanged process, this type of
lifecycle management does not support continued assur-
ance of quality and in the long term. It is neither efficient
nor cost-effective and can result in reactive actions
for both industry and regulatory authorities. There is
a great need to embark the principle of “quality

1 1 1 1

1.05

1.05

1.05

1.1

1.1

1.1

1.1

1.
15

1.15

1.15

1.15

1.
2

1.2

1.2
1.2

1.25

1.25

1.
25

1.3

1.3

1.
3

1.35

1.
35

1.4

1.
4

1.45

1.
45

Sample size

C
on

fid
en

ce

Target Ppk = 1

10 20 30 40 50 60 70 80 90 100
0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

FIGURE 36.4 Ppk lower boundary.

102336.4 CONTINUED PROCESS VERIFICATION

III. DESIGN, DEVELOPMENT AND SCALE-UP OF FORMULATION AND MANUFACTURING PROCESS



excellence” whereby the pharmaceutical manufacturers
and the regulatory agencies for collaborative partner-
ships to facilitate continual improvement efforts based
on science and quality risk management.

Continual improvement is a set of activities that the
manufacturer carries out to enhance its ability to
achieve the desired product performance, and/or to
make the process more efficient by increasing yield/
reducing cost. Continual improvements typically con-
sist of five phases- Define, Measure, Analyze, Improve,
and Control (DMAIC)52:

• Define the problem and the specific project goals
• Measure the performance of the current process and

collect relevant data
• Analyze the data to investigate and determine the

cause-and-effect relationships. Seek out the root
cause of the defect if any.

• Improve or optimize the current process based
upon data analysis using techniques such as design
experiments (DOE) to create a new state of the
process.

• Control the newly established process to confirm
the improvements. Implement control systems such
as SPC, production dashboards, visual aids, and
continued process verification (CPV) /monitoring.

36.4.4 Illustrative Example-1: monitoring key
excipient material variability of an extended
release tablets and continual improvement of
process performance and product quality

A case study is given in this section as an example
of the commercial manufacturing monitoring and

continual improvement.53 Niacin Extended Release
(ER) Tablets is a hydrophilic matrix polymer based ER
tablet which contains about 16% Hypromellose
(HPMC) and 81% of API. A control chart (Fig. 36.5)53

of niacin release at 20 hours (D20h) from more than 800
commercial lots indicated that the drug release was
impacted by the HPMC lots, even though some
variability was also apparent within the same HPMC
lot, possibly due to additional variability in the
manufacturing process and analytical method. Some of
the tablet lots barely passed the lower specification
limit of not less than 75% and a few lots failed. The
apparent variability of the drug release at 20 hours of
this product presented a significant challenge to
maintain uninterrupted supply to patients of desired
quality product.

HPMC is a cellulose derivative by introducing
methoxy (MeO) and hydroxypropyl (HP) substitutions
simultaneously under alkaline conditions with inher-
ent chemical heterogeneity due to the potential chemi-
cal variability of cellulose derivatives. Initial
investigation performed on HPMC lots used in the
commercial manufacturing indicated that the HP con-
tent is a primary impacting factor (p, 0.0001) while
the viscosity is of borderline significance (p5 0.07).
Neither MeO nor particle size was found significant. A
regression model based on the HP content and viscos-
ity (R25 0.79) predicts the D20h well in general.
However, some HPMC lots deviated significantly from
this model. As a part of the investigation, HPMC lots
from two additional vendors (vendor B and vendor C)
were also evaluated experimentally. The regression
model did not predict dissolution for HPMC lots from
vendor C (HP B8.3�8.6%), although the predicted

FIGURE 36.5 Run chart of niacin
release at 20 hours segmented by
HPMC lots.
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and tested values were consistent (B90% released at
20 hours) for HPMC from vendor B (HP B9.5�9.7%).

An investigation using a two-dimensional NMR
clearly differentiated two types of hydroxypropyl sub-
stituents: one as native where the hydroxyl is free (des-
ignated as HP1) and the other is inner substitution
where the hydroxyl group is further substituted by
either a MeO group or another HP group (designated
as HP2). The HP1/HP2 ratios were found to vary sig-
nificantly among the vendors: HP1:HP2 B 3.3:1 for the
commercial HPMC vendor, while HP1:HP2 B 2:1 for
both vendor B and vendor C. The HP1:HP2 ratio is
perceived to be important because HP2 represents a
longer and larger substitution and greatly weakens the
polymer/polymer interaction, thus, favoring faster
drug release. Indeed, even though the overall HP con-
tents for vendor C HPMC lots were much lower (HP
B8.3�8.6%), they produced fastest release rates
(.90%) while the regression model predictions were
low (,80%). It was postulated that the apparent con-
formance of vendor B materials to the regression
model was purely a coincidence because with this
highly substituted HP make up (HP1:HP2 B 2:1), the
HP content does not need to be as high as in HPMC
from the commercial vendor to release fast.

Even though the vendor-to-vendor differences were
explained by the difference in the HP makeups, the
fact that not all HPMC lots from the commercial ven-
dor conformed to the regression model still warrants
further investigation. It was likely that additional
chemical heterogeneity such as the nonuniform distri-
bution of the substitution along the cellulose backbone
may play a role. It has been found that more heteroge-
neously substituted HPMC have impacted its solution
properties such as cloud point54 thus, may impact
drug release from hydrophilic matrices.

Based on reviewing drug release mechanisms from
hydrophilic matrices, the erosion rate of polymer was
concluded to play a significant role in the drug release
process. Therefore, a method was developed to mea-
sure the erosion rate of pure HPMC samples. The
results confirmed that niacin release from the ER
tablets correlated highly with the erosion rate of
HPMC, regardless of the vendor (Fig. 36.6).

Based on the investigation, a specification was then
set on this property of HPMC. With the improved con-
trol on HPMC, no further dissolution issue has sur-
faced. In addition to that, predicted and observed drug
release has been consistent. The Niacin ER tablets drug
release at 20 hours data from 311 commercial batches
manufactured post the implementation of the change
are presented in Fig. 36.7, and a process capability
analysis plot is given in Fig. 36.8. The 95% lower confi-
dence bound of the performance index (LB for
Ppk5 1.43) indicates the additional control led to great

improvement in meeting the quality requirement of
drug release at 20 hours.

In the above example, the lot-to-lot and vendor-to-
vendor variability of HPMC was not apparent from
the typical compendia type of properties convention-
ally measured. In the end, a specification was devel-
oped based on measurement of an unconventional
property of HPMC to control its variability. Searching
beyond the compendia properties and understanding
the dosage form design are necessary to understand
better and control excipient variability. The case study
also demonstrated that control chart can be an effective
tool to detect the presence of special cause variation in
the manufacturing process and to ascertain if the pro-
cess has reached a state of statistical control. The con-
trol charts also serve as indicators of impending
problems and allow operating personnel or process
engineers to take proactive actions to prevent product
quality failure from happening.

36.4.5 Illustrative Example-2: using PAT and
RTRT to monitor and control traditional batch
manufacturing process

CPV and PAT/RTRT can be applied independently.
However, there are synergies between the two when
they are applied together—for example, the ability to
respond more quickly to data generated and moni-
tored in real time (as opposed to waiting for traditional
QC testing). Below is a schematic of conceptual exam-
ple (Fig. 36.9) of using PAT/RTRT for monitoring and
controlling a typical solid oral dosage manufacturing
process using traditional batch manufacturing process.

FIGURE 36.6 Correlation between niacin release at 20 hours and
HPMC erosion rate.
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The example is a typical solid oral dosage manufactur-
ing process using traditional batch manufacturing pro-
cess. The manufacturing steps include dispensing of raw
materials, blending, milling, roller compaction, compres-
sion, and coating. Many on-line and in-line PAT tools are
used including the use of in-line NIR for blend unifor-
mity monitoring, in-line or on-line particle size monitor-
ing by laser diffraction, and at-line monitoring of tablet

active content and identity (ID) by NIR. RTRT is imple-
mented for the following tests: assay, CU, ID, and disso-
lution. RTRT relies on the measurement from the PAT
tools. In this example, tablet assay and CU for release are
calculated based on at-line NIR measurement during
compression, tablet identity for release relies on at-line ID
measurement on tablet cores, multivariate mathematical
model to predict dissolution for release is based on

FIGURE 36.7 Run chart of niacin release at 20 hours, after the additional HPMC specification is implemented.
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FIGURE 36.8 Process capability analysis of niacin release at 20 hours, after the additional HPMC specification was implemented.
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in-process measurements made during the production of
material and process attributes that impact dissolution.
Table 36.2 highlights some specific considerations (not
exclusive) for different types of RTRT implementation for
this case study in addition to the general considerations
discussed in ICH Q8 (R2) and other ICH documents.6,7

If a model is used to support RTRT, as in the case
where a model serves as a surrogate for release test, it

is regarded as a high impact model, as per the criteria
outlined in the “Models” section in the ICH QIWG
Points to Consider document.5 A model can be consid-
ered high the impact if the prediction from the model
is a significant indicator of the quality of the product.
Examples of such models can include multivariate
models to predict dissolution for release, calibration
models associated with NIR procedures that are used

FIGURE 36.9 A schematic of conceptual example of PAT/RTRT implementation for a typical solid oral dosage manufacturing process
using traditional batch manufacturing process.

TABLE 36.2 Highlights of Scientific Considerations for Implementing RTRT

Type of RTRT Highlights of some specific questions to address during implementation

Real-time ID testing for incoming
materials

• Is the ID test capable of distinguishing other raw materials available at the manufacturing
location?

Real-time ID testing for finished
products

• Is the ID testing capable of distinguishing between other products manufactured at the
manufacturing location?

• Does the product have any unique identifiers such as embossing that would interfere with
the ID testing, depending upon orientation of the sample?

• If the ID testing is performed on an intermediate instead of the finished product, what are
the process steps after the point of ID testing that would disallow any potential human
and/or system error?

Real-time measurement of core tablet
content uniformity by NIR

• Is the sample size and sampling frequency for NIR measurement, representative of the
batch?

• Is there potential for segregation to occur in the feed hopper or feed frame after the point of
measurement?

• Since NIR measures active concentration in the tablet, is variation in weight of the tablet
accounted for when calculating total active content in the tablet? Is the acceptance criteria
proposed for content uniformity proportional to the sample size measured by NIR?

• Is the RTRT method comparable to the traditional analytical method, for example, HPLC?
• Is the calibration model associated with the NIR method adequately developed, validated,

and maintained and is it applicable over the proposed range of operation at commercial
scale?

Considerations for models serving as
surrogates for release test

• Does the model include all the variables that have a potential to impact the attribute that is
being modeled?

• Is the model capable of detecting nonconforming batches?
• Is the calibration model robust? For example:

• Does it include possible variations in raw materials and processing conditions, that is
expected to occur at commercial scale?

• Has the model been validated using statistically approaches?
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for CU and assay release testing. For these cases, the
ICH IWG “Points to Consider” document provides
useful direction. Various examples of these models are
also discussed in the paper on the role of models in
pharmaceutical industry.55�57

36.4.6 Illustrative Example-3: using PAT and
RTRT to monitor and control a continuous
manufacturing process

Continuous manufacturing (CM) process refers to a
manufacturing scheme where the material(s) and prod-
uct are continuously charged into and discharged from
the system, respectively, throughout the duration of the
process.58 CM is regarded as an innovation that has lots
of potential to improve agility, flexibility, and robust-
ness in the manufacture of pharmaceutical products. In
addition, CM offers many other advantages such as
smaller equipment footprint (and therefore CGMP pro-
cessing area), shorter cycle times, inventory reduction,
improved yields, reduced capital costs, and improved
control over quality (http://www2.aaps.org/Arden/).
More details regarding CM will be discussed in chapter
“Emerging Technology for Modernizing Pharmaceutical
Production: Continuous Manufacturing.” This section
focuses on the application of PAT/RTRT for monitoring
and controlling CM process.

CM requires control systems that ensure continuous
monitoring of quality of the intermediates and finished
products, with the ability to detect and remove non-
conforming batches. This leads to implementing many
on-line/at-line PAT tools or models that can predict
quality properties based on process data, that is, soft
sensors, and information from which can then be lev-
eraged to implement RTRT. Schematic below shows a
conceptual example (Fig. 36.10) of implementing PAT/
RTRT for a CM process via dry granulation for solid
oral dosage form.

In this example, raw materials are added to a con-
tinuous blender via loss in weight feeders. The
blended material then goes through a continuous dry
granulation process such as roller compaction. Roller
compacted ribbons are milled into granules which are
then lubricated using a continuous blender where the
lubricant is directly added to the blender using a loss
in weight feeder. Lubricated granules are then com-
pressed using a rotary tablet press and coated using a
continuous film coating method. In this example,
RTRT is implemented for the following tests: Assay,
CU, ID, and Dissolution. RTRT for tablet assay and CU
is calculated based on on-line NIR measurement dur-
ing compression, tablet identity for release relies on
on-line identity measurement on tablet cores, and a
multivariate mathematical model is used to predict
dissolution as a function of in-process measurements
of active amount, tablet hardness, and granule particle
size distribution. Additionally, for the continuous
system, information from the in-line/on-line PAT tools
can be used for process control. Data from PAT tools
can be used either in feedback or feedforward mode to
adjust the process parameters (as needed) to ensure
that the process is operating as desired. To sum,
real-time monitoring and release testing offers the
advantage of continual assurance of quality during con-
tinuous manufacturing operation, however adoption of
RTRT is not a requirement for CM implementation.

36.5 SUMMARY

Both the regulators and the pharmaceutical industry
have been confronted with new and increasingly complex
challenges, such as unprecedented drug shortages and
recalls. By far, the most frequently cited reasons for drug
shortages relate to manufacturing and product quality
issues. Hence, a heightened focus is needed for better
understanding the impact of commercial manufacturing

FIGURE 36.10 A schematic of conceptual example
of PAT/RTRT implementation for a continuous
manufacturing process.
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on product quality. The topics covered in this chapter—
lifecycle approach to process validation, routine commer-
cial process monitoring, and continual improvement as
well as PAT and RTRT applications�are part of the over-
all effort to improve pharmaceutical product quality and
process performance.
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Emerging Technology for Modernizing
Pharmaceutical Production:
Continuous Manufacturing

T. O’Connor and S. Lee
U.S. Food and Drug Administration, Washington, DC, United States

37.1 INTRODUCTION

Over the past decade, there has been progress in the
adoption of systematic science and risk approaches for
pharmaceutical development, which emphasize prod-
uct and process understanding and control strategy.
Nevertheless, available product quality data show that
pharmaceutical manufacturing and its regulation, in
general, are being confronted with new and increas-
ingly complex challenges, such as the unacceptably
high occurrence of product recalls and drug
shortages,1,2 globalization of drug product manufactur-
ing that results in complex supply chains that span
several countries, and lack of manufacturing flexibility
for optimization and continuous improvement, result-
ing in an increasing number of postapproval supple-
ments for manufacturing changes submitted to the US
Food and Drug Administration (FDA) for review.

The adoption of emerging technology is one of the
key mechanisms for addressing these challenges.
Modernizing manufacturing technology may lead to a
more robust manufacturing process with fewer inter-
ruptions in production, fewer product failures (before
or after distribution), and greater assurance that the
drug products manufactured in any given period of
time will provide the expected clinical performance.
Continuous pharmaceutical manufacturing is an
emerging technology that offers potential efficiency,
agility, flexibility, and quality advantages over tradi-
tional processing methods.3 A number of technologies
are available for continuous drug product manufactur-
ing. There are inherent implementation challenges, but

the extent of the challenges will depend upon the spe-
cific product and the manufacturing route selected.
This chapter describes some of the current challenges
facing pharmaceutical manufacturing. Next, it dis-
cusses how the adoption of emerging technology can
enable the addressing these challenges, using continu-
ous manufacturing as an example. Then technologies
that enable continuous drug product manufacturing,
the so-called hybrid continuous models for powder
processing, are described, and finally implementation
challenges are highlighted.

37.2 CHALLENGES FOR
PHARMACEUTICAL MANUFACTURING

Pharmaceutical manufacturing processes are gen-
erally less efficient and understood compared with
those in other chemical process industries.4 This has
resulted in product recalls and failures due to inher-
ent defects in product and process design. The num-
ber of Class I recalls, which denotes a situation where
there is a reasonable probability that exposure to a
defective product will cause serious adverse health
consequences or death, have increased sevenfold over
the past decade.1 Examination of the data further
indicates that these recalls are typically due to fail-
ures in the implementation of manufacturing process
scale-up and routine production. For example, in
2014, the chief causes of pharmaceutical recalls were
the presence of particulate matter and failure to meet
the product quality specifications.5
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The lack of agility, flexibility, and robustness in the
pharmaceutical manufacturing sector poses a potential
public health threat because manufacturing failures
may lead to poor product quality and drug shortages.
Many drug shortages have been caused by the use of
outdated equipment, reliance on aging facilities operat-
ing at the maximum production capacity, and lack of
effective quality management systems. A 2012 FDA
analysis of data collected form manufacturers deter-
mined that 66% of production disruptions leading to
shortages resulted from either stoppages to address
product-specific quality failures or general efforts to
remediate a problematic manufacturing facility.2

Globalization continues to pose challenges for
pharmaceutical manufacturing. Due to economic fac-
tors, supply chains for many active pharmaceutical
ingredients (APIs) and final drug products span sev-
eral countries and thereby contain multiple supply
vulnerabilities. Under current manufacturing practices,
intermediates may not be immediately processed.
Instead, they are stored in containers and shipped
around the world to the next manufacturing facility.
This is a significant risk for APIs or intermediates that
can degrade over time or are sensitive to environmen-
tal conditions, directly impacting the overall drug
product quality. This trend is evident in the product
recall data: 26% of drug recalls reported during 2014 to
the FDA were international in nature, impacting more
than one country, compared with just 4% in the begin-
ning of 2013.5

For existing processes, the current regulatory frame-
work may not help the implementation of manufactur-
ing innovations generated from knowledge obtained
during production. This effect is evidenced by the
increasing number of postapproval supplements
received for review over the past decade, in part
owing to our current practice of “locking in” an appli-
cant’s manufacturing process before it is fully opti-
mized. A burdensome regulatory framework causes
manufacturers to submit supplements as they strive
for process optimization. The large number of post-
approval supplements also creates a drain on FDA
resources that could otherwise be dedicated to other
public health priorities. Due to the fractured global
regulatory environment, the timeline between filing
the first regulatory submission and final global
approval for the implementation of a manufacturing
improvement can be several years. Over this time
period, the manufacturer must utilize different
manufacturing processes in the various regions to sup-
ply patients with products. This creates supply chain
and logistical challenges and vulnerabilities and slows
the implementation of innovative technologies, which
could improve product quality and availability.

37.3 THE ADOPTION OF EMERGING
TECHNOLOGY TO ADDRESS

PHARMACEUTICAL MANUFACTURING
CHALLENGES

The adoption of emerging manufacturing technolo-
gies is one way to address the cited challenges. An
emerging technology can be viewed as a technology
that has the potential to modernize the pharmaceutical
manufacturing body of knowledge to support
more robust, predictable, or cost-effective processes.
Examples of such elements include an innovative or
novel: (1) product manufacturing technology (eg, dos-
age forms and delivery systems); (2) manufacturing
process (eg, design, scale-up, and automation); and/or
(3) testing and monitoring technology. As explained
next, the adoption of emerging technologies can help
drive the sector toward the vision of a maximally effi-
cient, agile, flexible pharmaceutical manufacturing sec-
tor that reliably produces high-quality drugs without
extensive regulatory oversight.6

Continuous manufacturing is an emerging pharma-
ceutical technology.3 This manufacturing technology is
not a new concept per se, since it has been extensively
utilized in the petroleum, chemical, and food industries
(among many others) for several decades. However,
there is currently limited experience with implementing
this technology within the pharmaceutical industry.
Batch manufacturing is traditionally utilized for the pro-
duction of pharmaceutical products. In this type of pro-
cess, materials from one step are processed over a
period of time set by recipe, then usually tested off-line
as per the in-process controls, and finally stored before
they are sent to the next processing step. If the in-
process material does not meet quality expectations, it
may be discarded or, under certain circumstances,
reprocessed before moving to the next process step.7 In
continuous manufacturing, materials produced during
each process step are sent directly and continuously to
the next step for further processing. Each processing
step needs to reliably produce its intermediate output
material or product with acceptable characteristics.
Modifying the processing rate of particular unit opera-
tion(s) (eg, synthesis, crystallization, and blending dry-
ing) to achieve the desired quality may not be possible
for continuous manufacturing because it may create dis-
ruption for downstream unit operations unless buffer
capacity is designed into the system.

Continuous manufacturing, compared with batch
manufacturing, thus generally involves a more highly
integrated level of process design and operation so as
to ensure continuous control of product quality
attributes. There are different types of continuous
manufacturing implementation models. Fig. 37.1
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depicts two such implementation models (ie, hybrid
and end-to-end) for continuous pharmaceutical
manufacturing. Fig. 37.1b shows the drug product
hybrid model where the API is produced separately
using batch technology, and the drug product, starting
with the API, is manufactured via an integrated con-
tinuous process. The hybrid model can also be applied
to drug substance manufacturing where the API start-
ing from raw materials is produced via an integrated
continuous process, and the drug product is manufac-
tured separately. Fig. 37.1c shows an example of end-
to-end models where the continuous process starts
with raw materials and produces the final dosage
form. To take advantage of the unique aspects of con-
tinuous manufacturing, end-to-end processes may lead
to the development and utilization of emerging
process technologies. The future vision for continuous
manufacturing for both models is one in which: (1) indi-
vidual continuous unit operations are connected to
form an integrated manufacturing process, (2) process
analytical technology (PAT) systems are utilized to

provide real-time data for process monitoring and con-
trol, and (3) engineering process-control systems are
implemented to mitigate the impact of raw material
and process variability on the quality of finished pro-
ducts. Compared with traditional batch manufacturing,
continuous manufacturing provides several potential
opportunities to improve control of product quality and
thereby increase the efficiency, flexibility, and agility of
manufacturing, as highlighted next.

Continuous unit operations are generally more
efficient than their batch counterparts and offer much
higher throughput per unit volume and per unit time,
thereby often greatly reducing the size of the processing
equipment. The manufacturing footprint is further
reduced because the material flows from one processing
step to the next, and does not need isolated suites or ded-
icated modules. For this reason, a substantial reduction
in both capital and operating expenses for a continuous
process can be achieved.8 Furthermore, continuous pro-
cessing can decrease the amount of potentially expensive
API required for process development studies, greatly

FIGURE 37.1 Conceptual examples of continuous manufacturing implementation. (a) An example of batch manufacturing process where
the API and final dosage form are produced at different facilities and off-line testing is used to verify product quality between processing
steps, (b) An example of a hybrid approach where the API is produced using batch technology, but the drug product starting with the API is
manufactured continuously and supervised by an active control system that ensures quality, (c) An example of end-to-end continuous
manufacturing process from raw materials to final dosage form. To take advantage of the unique aspects of continuous, end-to-end processes
may lead to the utilization of emerging processing technologies, such as spray drying, hot melt extrusion, and printing, among others.
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reducing the material cost of process development and
optimization efforts.

Continuous manufacturing may also increase pro-
cess efficiency by facilitating the streamlining of the
manufacturing process through the removal of correc-
tive or work-up unit operations. One potential exam-
ple of process intensification (collapsing of a multi-
step process into a smaller number of steps or unit
operations) is reaction that telescopes drug substance
manufacturing.9 Traditional batch reactions normally
include several reaction steps with isolation and purifi-
cation work-up operations following each reaction
step. The postreaction work-up steps can be highly
time consuming and generate large volumes of waste.
To avoid this lengthy process, telescoping could be an
ideal alternative and well-suited for continuous flow
chemistry.10 Other examples include: (1) the potential
to eliminate downstream corrective drug product unit
operations, such as sizing steps (eg, granulation,
milling), due to better control of the particle size
distribution during crystallization, and (2) reduction in
the segregation risk from continuous blending.11,12

Continuous manufacturing may also facilitate the
adoption of emerging processing technologies which
are well-suited for continuous operations.13

Continuous manufacturing also has the potential to
improve the agility and the flexibility of the pharma-
ceutical manufacturing sector. The pharmaceutical
industry currently has a limited ability to rapidly
increase production in the face of drug shortages or
other emergencies, such as pandemics. Bringing up a
new facility or manufacturing line in response to such
emergencies may take up to several months or even
years. Continuous manufacturing can potentially per-
mit increasing production volume without the current
obstacles related to scale-up, providing more response
capacity. Scale-up options, such as operating the pro-
cess for longer periods of time, utilizing parallel
processing lines, or increasing the flow rate through
the process, can be built into the process design and
verification. Modularized skid-mounted continuous
plants also offer the possibility of rapidly bringing
additional manufacturing capacity on-line.14 In addi-
tion, due to the small volume of materials needed to
run continuous manufacturing systems, it may be pos-
sible to design and optimize a continuous system on
commercial scale equipment, thus eliminating scale-
up.15,16 Eliminating scale-up bottlenecks in the path to
market may facilitate rapid clinical development of
breakthrough drugs.

Continuous manufacturing provides advantages
to address complex supply chain issues due to globali-
zation. Continuous manufacturing allows the produc-
tion at various scales with a given process, which
may facilitate regional or in-country manufacturing.

Under a continuous operating mode, hold times
between steps can be eliminated. This is a significant
advantage for APIs or intermediates that can degrade
over time or are sensitive to environmental conditions,
directly improving the overall drug product quality.
Furthermore, the small scale of continuous
manufacturing can decrease the safety hazards associ-
ated with highly energetic or hazardous materials and
potentially allow for more flexibility in the use of non-
specialized manufacturing facilities.17

Continuous manufacturing is strongly aligned with
the FDA’s support of the quality-by-design (QbD) para-
digm for pharmaceutical development and offers oppor-
tunities to improve process robustness. Development of
a robust process relies on utilizing product and process
understanding to identify sources of variation to product
quality and to design appropriate control strategies to
address these risk areas. Continuous manufacturing pro-
vides an opportunity to utilize enhanced product and
process understanding to adopt advanced manufactur-
ing controls and produce uniformly high-quality pro-
ducts with reduced waste, resulting from the generation
of out-of-specification material.4

37.4 TECHNOLOGIES FOR CONTINUOUS
DRUG PRODUCT MANUFACTURING

The design of the manufacturing process for solid
dosage forms varies from compound to compound
because the properties of the API molecule play a sig-
nificant role in the development of an appropriate for-
mulation. The majority of solid oral drug products are
produced using one of several manufacturing routes:
direct compression, wet granulation, or dry granula-
tion. Technologies are available to implement an inte-
grated continuous process line for each of these design
alternatives. Fig. 37.2 depicts the unit operations uti-
lized for three continuous manufacturing routes.18

New process technologies are also being developed or
adapted to the pharmaceutical industry (eg, spray dry-
ing, hot melt extrusion (HME), casting, and 3D print-
ing) to take advantage of continuous processing in
order to combine the function of multiple steps into a
single process or reduce solid handling.13 These tech-
nologies can enable end-to-end manufacturing from
raw materials to the final dosage form in a single, inte-
grated continuous process.16 In general, even if the
drug substance and drug processes are not physically
integrated, the processes should be designed as a sin-
gle system, with a consistent design objective, so that
downstream processes are not implemented to correct
issues that could have been controlled upstream.
Regardless of the manufacturing route, continuous
manufacturing naturally lends itself to the adoption of
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advanced approaches for real-time monitoring and
process control due to the absence of isolated inter-
mediates and the typically faster process dynamics for
a continuous process that may necessitate more fre-
quent measurements. These process monitoring and
control systems are typically an essential component of
the control strategy for a continuous process.

37.4.1 Feeding

The objective of the feeding operation is to supply
the correct ratio of raw materials specified by the drug
product formulation. In a continuous process, this
requires feeding each material at a specified rate, such
that the final product will have the proper composition.
If the feed rate of one ingredient changes even for a
brief period of time, the resulting variation in composi-
tion of the process stream can propagate down-
stream,19,20 potentially leading to out-of-specification
product units. The ability to feed powders consistently
and continuously is typically accomplished through the
use of loss-in-weight (LIW) feeders.

LIW feeders comprise a volumetric feeder mounted
on top of a weighing platform that measures the mass
of the feeder and its powder contents. The most com-
mon mechanism for feeding utilizes a hopper mounted
on top of a positive-displacement screw element.
When the screws are in motion, powder is fed from
the material hopper into the process, and the total
weight of the screw feeding system and the hopper
decreases at a rate equivalent to the rate at which
material is fed into the process. A gravimetric control-
ler continuously monitors this LIW to adjust the screw
speed so that the rate at which material enters the pro-
cess remains on target. Alternatively, feeders can oper-
ate in volumetric mode, where the screw speed is kept
at a constant value based on a predetermined calibra-
tion to achieve the desired feed-rate set point.
Volumetric mode cannot adjust for those variations in
powder density that typically occur when emptying
and refilling the hopper21; however, when gravimetric
control mode is not possible, such as during start-up
and hopper refill, volumetric mode is necessary.

Even under gravimetric control, the granular nature
of the materials places a limit on how accurately the

FIGURE 37.2 Continuous drug product manufacturing routes. Three manufacturing routes for the continuous production of pharmaceuti-
cal tablets are shown. Common processing steps for all three routes include feeding, blending, and tableting. The dry granulation route
involves roller compaction followed by milling of the produced ribbons, while the wet granulation route involves wet granulation followed
by drying and then by granule milling. In the case of direct compaction, there is no granulation step and therefore milling is not required prior
to tableting.18
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addition of material can be controlled. This is due to
the fact that powders are composed of three phases:
solid (ie, the particles), liquid (ie, moisture content
attributed to water molecules on the surface or in
between particles), and gas (ie, air between the parti-
cles); bulk powder behavior is dependent on how these
three phases interact. Powders can be made to flow
when energy is applied but then can hold shape when
the energy is removed. This complex behavior leads to
variations in the interaction between feeding screw and
material, both within the screw and at the exit of the
feeder, thus leading to variations in the feeding rate.
The amplitude and frequency of feeding variations
depends on the material properties of the powder and
the feeder design and configuration.19

A general methodology for design of the feeding
operation has been outlined based on the following
steps: select potential feeders and tooling (eg, screw
type and exit screen) based on the desired volumetric
throughput; screen the potential tooling options for
compatibility issues (eg, material adhering within the
flights of the screws and clogging of screens with cohe-
sive material); and test compatibility and monitor feed
rate. During feeding trials, selection of the proper sam-
pling interval is important because a sampling interval
that is too long relative to the subsequent processing
will not adequately detect transient fluctuations or dis-
turbances.19,20 At high feeding capacities, the discrete
nature of the powder stream becomes less significant
and feeding accuracy is greatly improved. The main
challenge lies in feeding solid materials accurately at
low-flow rates, where the variations can become large
compared with the rate at which the material is being
fed. Minor components (eg, lubricants and disinte-
grants) are thus more susceptible to feeding limita-
tions.13 This limitation is also generally compounded
by the powder properties of these materials (eg, low
density material, such as SiO2, and material with poor-
flow properties). However, precision feeders are
becoming available, which can mitigate the challenges
posed by low-flow rates.

37.4.2 Blending

The purpose of blending in downstream pharma-
ceutical applications is to reduce composition variabil-
ity and thus minimize spatial and temporal
composition variations in the material exiting the
mixer. Convective mixers are the most common type
of continuous blender, comprising a horizontal or
inclined tube with a bladed impeller running down its
central axis, whereby the rotating blades cause convec-
tive mixing. Design parameters for this type of blender
are tube length and diameter, and blade size, shape,

and configuration.18 Material and operating para-
meters that can impact performance are impeller rate,
flow rate, bulk density, and cohesion.22 A well-
designed continuous mixer should be able to produce
evenly distributed (not segregated) blends with good
control of composition over time. Achieving this objec-
tive can be described in terms of radial and axial mix-
ing.23 The degree of radial mixing varies as a function
of distance traveled down the length of the mixer.
Thus, a snapshot of a radial cross-section of the
blender tube near the entrance at steady state would
show two unblended powders. If the blender is prop-
erly designed and operated, a snapshot of the radial
cross-section near the exit of the blender would show
two powders blended together (Fig. 37.3).12 Radial
mixing is a steady state process, and can largely be
considered time-invariant as opposed to a batch-
mixing process, where the homogeneity of the powder
blend varies as a function of time.

Axial mixing (ie, back-mixing) refers to mixing
along the length of the tubular mixer. As discussed in
the feeding section, the feed rate of the drug product
components will vary around the desired flow rates. If
a continuous feeder simply radially blended the
incoming materials, then any disturbance from feeding
would pass right through the blender and end up as
variation in the final drug product.23 Axial mixing can
reduce the impact of component feed rate fluctuations
at the exit of the mixer because it categorizes blending
between powder segments that enter the mixer at dif-
ferent times. In a continuous process, it is critical to

FIGURE 37.3 Comparison between batch and continuous blend-
ing. Difference in perspective for batch and continuous blending.
The charts depict the relative standard deviation (RSD) for the con-
tent uniformity of a powder blend as a function of time for batch
mixer and as a function of blender length for a continuous mixer.
For the continuous mixer, the content uniformity does not vary as a
function of time as shown by the callouts. Thus, the RSD for samples
taken from the sample location in a continuous mixer should not
change with time (ie, the samples taken at T5 0 min and T5 2 min
are equivalent).12
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understand that the feeding and blending systems
must be designed to work together as a system. The
amplitude and frequency of variations in the compo-
nent feed rates must be fully understood because this
leads directly to the degree of axial mixing that is
required in the blending step. Impeller speed and
cohesion have shown a significant interacting effect on
axial mixing with cohesiveness, increasing axial mix-
ing at high impeller rates, but having a negligible
effect at lower impeller rates.22 As a consequence of
axial mixing, the particles in the powder blend will
experience a distribution of processing times. This resi-
dence time distribution (RTD), a probability distribu-
tion that describes the amount of time a solid or fluid
element is likely to remain in a particular unit or pro-
cess, can be used to characterize a continuous mixer
(eg, filterability of incoming disturbances), and the
RTD will depend upon the design and operating para-
meters of the mixer as well as the physiochemical
properties of the powder blend.24 Process modeling,
including RTD modeling, is expected to play a major
role in determining the balance between axial and
radial mixing that results in the desired product qual-
ity attributes, given the specific material feeding char-
acteristics, for the drug product.23

Another distinguishing characteristic between a
batch- and continuous-blending process is that the risk
of segregation (ie, demixing) is lower in a continuous
process. Segregation occurs when particles separate
due to differences in their size, shape, or density. In a
batch manufacturing process, the entire “batch” is pres-
ent in the mixer for the entire processing time, while
only a small portion of the batch is present in a continu-
ous mixer at given moment in time. Thus, the radial
length scale over which mixing occurs in the continu-
ous process is much less, increasing mixing efficiency.
Whereas in continuous processing, the steady-state
material balance describes that the flux of material
entering the system must equal the output flux, inde-
pendent of particle size and density, otherwise there
would be an accumulation of either smaller or larger
particles in the blender. There is the possibility, how-
ever, that the RTD of different size particles could be
different during dynamic phases of the process, such as
start-up and shutdown.

37.4.3 Granulation

37.4.3.1 Wet granulation

Continuous wet granulation can be performed
using a variety of techniques and equipment, with
the most common including fluid-bed granulators
and extrusion. The most widespread continuous
fluid-bed granulators are horizontal moving-bed

granulators/driers, which are mainly used in the
chemical, dairy, and food industries. Although the
concept of continuous moving-bed granulators can be
used within the pharmaceutical industry, there are
hardly any applications of them for the production of
solid dosage forms, mainly because they are ideally
suited for high-volume products. Another category of
fluid-bed granulators is the rounded bed design,
where the material is confined to an enclosed space
(similar to batch fluid-bed processors), but able to
continuously discharge agglomerated material
through an outlet at the bottom of the screen (round-
shaped). This allows the equipment to function over
a greater range of production rates. A counter-current
air flow through the pipe positioned at the center of
the bottom plate ensures that only agglomerated par-
ticles are discharged. Only larger particles are able to
overcome the air velocity, whereas the counter-
current airflow carries undersized particles back into
the processing chamber until they are sufficiently
agglomerated. This allows the process to manufacture
an essentially dust-free product, the velocity of
the counter airflow determining the particle size of
the end product.25

Extrusion is the most studied continuous granula-
tion process for pharmaceutical application. This is
due, in part, to the fact that extrusion is readily
scaled-up and therefore lends itself to the pharma-
ceutical development process where the amount of
product needed increases as it moves through the
clinical development stages. Pharmaceutical granula-
tion is often carried out in twin-screw extruders with
co-rotating screws, an example of which is depicted
in Fig. 37.4. In an extrusion granulation process, liq-
uid binder is added continuously into the barrel and
the moving powder is wetted and forms an extru-
date. This extrudate is then broken into smaller
pieces due to the shearing force that exists during
the process. The material is then transported by con-
veying elements into mixing zones where it is mixed,
compacted, and elongated by the kneading disks of
the mixing zones. Mixing and agglomeration occur
as the material is conveyed along the length of the
barrel. A drying step is also required. In these pro-
cesses, the main design parameters include the
length of the barrel, the number of screws (one or
two), the geometry of the screws, and the location of
a point or points along the barrel where binding
solution is added. Extruders used for granulation are
operated in an open manner without a die at the end
of the barrel. Granulation involves different rate pro-
cesses, such as nucleation, coalescence, and consoli-
dation (growth) and breakage. As opposed to batch
granulation processes, where granulation rate pro-
cesses may occur simultaneously, a dominant
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granulation mechanism typically exists in each of the
compartments along the length of the extruder.26

Separating the granulation rate processes along the
extruder should lead to better control of granule proper-
ties such as size and density, however, it is generally
observed that extrusion tends to produce granules with a
multimodal size distribution and greater porosity, usu-
ally requiring postprocessing size reduction. The broader
size distributions observed are primarily due to rela-
tively large droplet size of granulating liquid, liquid
addition method, and poor liquid distribution com-
pounded by the relatively short residence time in the
granulator. Improvements in extruder design may be
able to mitigate these challenges.27

It is important to understand the role of different
screw elements (such as conveying and kneading ele-
ments) in order to describe the various rate processes
in twin-screw granulator. Conveying screw elements
possess axial displacement properties that are respon-
sible for transporting the feed powder and liquid
materials into the kneading section. The kneading ele-
ments provide a shear-intensive zone that allows gran-
ule formation by intimate mixing of liquid and
powder; however, the granules obtained are typically
characterized by a broad bimodal size distribution,
with the presence of lumps and ungranulated
fines.26,28 Studies suggest that the compacted materials
are also chopped by the conveying screws, which leads

to the irregular and porous granules observed, and
poor liquid distribution from dripping the binder
liquid into the conveying section results in the
observed bimodal broad granule size distribution.28,29

Distributive mixing elements (DME) have also been
studied for their use in twin-screw extrusion granula-
tion. This type of screw element produces distributive
mixing through cutting and recombination to allow
collisions between in-flowing granular materials.
Depending on their configuration relative to the
incoming material, the DME elements produced gran-
ules with a narrower size distribution and improved
liquid distribution.30 This suggests the ability to tailor
particle morphology and the potential to eliminate
downstream milling operations.

Operating parameters of interest include screw
speed, granulation temperature, and liquid-to-solid
ratio.31 Powder properties and binder properties,
including viscosity and surface tension, have the
potential to influence the process as well.32,33 Tu
et al.34 have experimentally studied granule properties
as a function of operating conditions, including screw
speed and liquid-to-solid ratio. The authors developed
regime maps for the process, describing the extruder
geometry in terms of granulation (ie, the nucleation
and growth of granules), extrusion (ie, material shaped
into a continuous form, such as fiber or film), and
breakage (ie, breaking of agglomerates into smaller

FIGURE 37.4 Twin-screw, high-shear wet granulator. (a) Twin-screw extruder, (b) Examples of co-rotating screws.25
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particles) regimes. The resulting regime maps suggest
that desired granulation performance (narrow granule
size distribution and large mean granule size) can be
achieved with a higher liquid-to-solid ratio and a high-
er screw speed. However, increasing the liquid-to-
solid ratio must be done with caution to avoid rapid
growth and densification of granules beyond the pro-
cessing ability of downstream units. The uniformity of
size distribution can be improved by reprocessing
and/or more aggressive mixing. Extrudates produced
above a certain liquid-to-solid ratio tend to have a
paste-like consistency.34

Granule drying is an inherent part of the wet gran-
ulation process. Drying is typically carried out utiliz-
ing a fluidized bed,18 although other approaches,
such as squeeze drying, belt drying, and drying
through a screw, may be developed.13 The fluid-bed
drying process can be controlled through varying the
air temperature, air velocity, product feeding rate, or
the height of the powder in the bed, which can be
adjusted by a weir installed at the outlet. The result
of a fluid-bed drying process strongly depends on the
RTD within the bed. The average residence time in
the dryer significantly affects the propensity for
undesired secondary agglomeration to occur during
the drying process.35 Thus, the key challenge in this
operation is to achieve sufficient drying in a reason-
able amount of residence time.

37.4.3.2 Dry granulation

Continuous granulation can also be accomplished
via dry granulation through roller compaction. In the
roller compaction process, powder is fed into a set of
counter-rotating rolls, which compress and convey
the powder forward with the motion of the rolls.
Where the rolls are closest together, a compact ribbon
is formed, which is continuously fed to a mill that
transforms the ribbon into granules. Roller compac-
tion can be a viable processing approach for powders
with good flowability and compressibility, but may
not perform well for powders with low bulk density,
small particle size, or that are very cohesive. The
development of a robust process can thus be chal-
lenging due to the strong dependency on raw mate-
rial properties, however, because roller compaction
results in the removal of the drying step, capital and
operating costs are reduced and it can be used for
moisture-sensitive APIs.18

Roller compaction equipment for a continuous pro-
cess does not differ much from current batch produc-
tion methods. Roller compactors vary mostly in terms
of configuration. The orientation of rolls can be
arranged either horizontally (with ribbons coming
out parallel to the floor), vertically (with ribbons com-
ing out perpendicular to the floor), or at some

intermediate angle. In addition, the gap between the
rolls can be fixed throughout the process or adjusted
to account for variation in the incoming material. The
roll diameter and width vary from one piece of
equipment to another. The surface of the rolls can
also vary from smooth to rough with grooves to
pocketed designs. Finally, the powder can be fed
either gravimetrically or using a screw feeder.25 The
propensity for the production of fines can be greater
in roller compaction, compared with wet granulation,
depending on the properties of the powder. Ribbon
density and ribbon density variability can be used to
evaluate the impact of process parameters (eg, feed
rate, roll speed, and roll gap) on performance. If the
ribbon density is too high, the process can yield
tablets with both low hardness and high friability,
while if the ribbon density is too low, the produced
granules can possess a wide particle size distribution
that results in tablets with increased weight variabil-
ity.36 The moisture content is another quality attribute
of the produced granules because it affects the flow-
ability, cohesively, and compressibility of the gran-
ules.37 Real-time measurements of ribbon density,
composition, and moisture content has been demon-
strated38 and can be used in multi-input, multi-
output feedback control strategies that can assure
that ribbon density is maintained.39 The main differ-
ence when moving to continuous manufacturing is
that the dry granulation process will be integrated
with upstream and downstream operations, and
thus the feed rate and other properties will be
impacted by the upstream units and thus, must be
monitored and managed via appropriately designed
control strategy.

37.4.4 Particle size reduction

The most commonly used size reduction equipment
in the industry is the conical-mill (ie, the co-mill). Co-
mills use an impeller to push incoming material
through a conical screen. The key design parameters
for a co-mill include the screen mesh size, the size of
the cone, the impeller shape, and the impeller-to-
screen distance, which can be adjusted using spacers.
In addition to achieving the desired particle size distri-
bution, yield can also be a concern in particle size
reduction operations because the production of a large
quantity of fines could result in significant losses of
potentially expensive API.18

Co-mills are inherently continuous equipment how-
ever, the manner in which they are operated will be
somewhat different. In batch production, the material
to be milled is loaded on top of the co-mill and the
mill is run at a set speed until all of the material has
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been processed. In a continuous process, it will be nec-
essary to match the rate at which the mill processes
material to the rate at which upstream units operate.40

37.4.5 Compression

The compaction of powder blends is typically
achieved in a tablet press, which contains several com-
ponents integrated as a single processing unit. A hop-
per conveys material into the tablet press. A feed frame
is then used to distribute the powder or granular mate-
rial into the die cavity that defines the tablet size and
shape. A punch compresses the material within the die
and then ejects the compressed tablet. The design of
tablet presses can vary parameters depending on the
tooling, the number of compression stations, and feed-
ing method (ie, force feeding or suction filling).18 The
tooling includes the die and punch size, and geometry,
which can be changed according to the desired tablet
weight and shape. Tooling must be engineered to with-
stand the stresses associated with compression to pro-
vide satisfactory reliability and maintain tablet
uniformity. Key operating parameters for a tablet press
include the powder feed rate and the compression force
applied to the tablets, as well as the feed-frame speed
(ie, the rate of tablet production). Die-fill uniformity is
often a limiting factor for setting the operating speed on
a rotary press and impacts tablet weight and weight
variability, while compression force affects tablet prop-
erties like hardness and density.41

Segregation during die filling that results in content
uniformity issues can occur if the powder material pos-
sesses wide particle size distributions or density vari-
ability. The time required to fill the die can be impacted
by low bulk density, poor compressibility, or the cohe-
siveness of the powder material, resulting in tablet
weight variability and insufficient tablet hardness.18

Variability in tablet hardness can impact product
performance (ie, dissolution).42,43 Excess amount of par-
ticle fines can lead to compression problems, such as
capping.44,45 In addition, the physiochemical properties
of the active ingredient could affect the propensity for
temperature-dependent polymorphic transformations
during the compaction process.46

Tablet presses are another example of equipment
that currently runs continuously. However, in order for
tableting to be integrated with the upstream operations
in a continuous line, the dynamics of the fill level in the
feed hopper may differ from those seen in traditional
batch manufacturing.18 One operating approach is to
select the turret speed of the tablet press to match the
desired line rate of the process. The fill level in the hop-
per can then be allowed to vary during operation to
serve as buffer to absorb upstream flow-rate variation.

37.4.6 Coating

The film coating is typically performed for cosmetic
purposes, but the film coat is also sometimes used to
modify the release of API and achieve the desired tab-
let performance. Film coating usually involves a pro-
cess where tablets are sprayed with a pigment-
containing polymer solution while being rotated in a
dry air stream. The drying air removes moisture, leav-
ing behind tablets coated by a thin film of colored
polymer. In continuous film coating, tablets are simul-
taneously loaded at one end of a long rotating perfo-
rated cylinder to pass through a multi-gun spray zone,
while coated tablets continuously exit at the opposite
end. The main challenges with this design are a high
degree of back-mixing at low-flow rates, which result
in a large variance in the amount of coating applied to
each tablet. An alternative (semi-continuous) approach
is to operate two short-cycle batch coaters, loading or
unloading one coater while the second coater is in
operation.13 This approach can result in less intra-
batch variability in film coats, but suffers from less
operational flexibility with regards to adjusting to
changes in the process line rate. Both approaches may
be considered when designing a process train that
includes a film-coating operation.13

37.4.7 Emerging technologies for continuous
drug product production

Emerging technologies for continuous drug produc-
tion manufacturing include technologies where com-
ponents, primarily API and polymer excipients, are
blended and homogenized. Such technologies alleviate
the potential for segregation and reduce potential
issues related to the flowability of materials. One chal-
lenge if the API and excipients are blended in solution
is that the crystallization of the API must be taken into
account in the design of the process in order to either
obtain the desired API crystal form or avoid crystalli-
zation if an amorphous dispersion is desired. The
properties of the resulting blend should be designed to
enable the direct production of the drug product.13

This can be more challenging for high-dose drug pro-
ducts where API properties have a significant impact
on blend properties and thus, there is less flexibility in
tuning blend properties via adjusting the formulation.
Emerging continuous technologies that take advantage
of these approaches include spray drying, holt melt
extrusion (HME), casting, and 3D printing.13

Spray drying is a well-established and widely
applied technology to manufacture powders and is
advantageous for products where the desired solid
state of the API is amorphous. The amorphous form
can be utilized to improve the bioavailability of poorly
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soluble APIs because drying rates are typically fast
enough to prevent crystal nucleation and growth.
Annealing can be used to trigger crystallization if
desired, but this may not be sufficient for APIs encapsu-
lated in a polymer matrix because the fast drying leads
to a rapid viscosity increase, kinetically trapping the
API in the carrier matrix.47 Spray drying is an inher-
ently continuous process in which a solution is sprayed
through a nozzle into a vessel where a gas, such as
nitrogen, is blown in order to dry the airborne droplets.
The spray-drying process consists of four basic stages:
atomization of the liquid, mixing of the liquid with the
drying gas, evaporation of the liquid, and separation of
the dried particles from the gas. Understanding the
relationship between process parameters (eg, inlet
temperature, drying gas properties (humidity, flow
rate), feed rate, and atomization air flow rate) and
formulation properties (ie, feed composition [API, car-
rier, solvent], solids content in the feed, solvent type,
viscosity, and surface tension of the drying solution)
are crucial for the reproducible production of quality
material.47,48 In order for these droplets to dry suffi-
ciently, commercial spray-drying equipment is often
required to be quite large although small-scale systems
are available for process development. The main chal-
lenge for incorporating spray drying into a continuous
process is that accompanying upstream and down-
stream steps are not inherently continuous. Specifically,
upstream continuous mixing of polymer/API/solvent
where the slow dissolution dynamics of polymers can
impact mixing performance, and downstream second-
ary drying, where typically long processing times are
required to meet ICH limits for residual solvents.13 A
related technique, electrospray drying, can be used to
process thermolabile molecules and with sufficiently
high viscosity and conductivity in which solvent evapo-
ration from the atomized droplets takes place using an
electric field at ambient temperature and pressure.49

HME is a continuous process that has significant
potential for the manufacturing of different dosage
forms and increasing the solubility of poorly soluble
drugs by forming a solid dispersion in a polymer
matrix.50 The process is well-known and commonly
used in the plastics industries. HME combines several
unit operations in one process to produce homoge-
neous strands of molten material. The material is typi-
cally fed with volumetric or LIW feeders in the intake
zone of the extruder. The solids melt in the plasticiza-
tion zone due to high shear forces and, to a lesser
extent, due to heat transfer via the extruder barrel.
HME is typically limited to manufacturing drug pro-
ducts with stable APIs insensitive to thermal stresses
because heat is applied to the formulation during
processing. Next, the melt is devolatized and subse-
quently forced into an extrusion die.51 The processing

parameters of feeding rate, screw speed, barrel temper-
ature profile, and screw configuration impact degree
of fill, the residence time, and heat transfer. The screw
configuration, for example, will impact the degree of
mixing and therefore uniformity of the solid disper-
sion. In addition, the energy contributions from the
heated barrel and from the number of mixing screw
elements combined with the RTD will impact the max-
imum temperature of the melted phase and any ther-
mally related attributes.52 Tablets are relatively simple
shapes that can be directly formed when an API is
mixed with a flowable excipient, such as in polymer
dispersions. Injection molding is one technique that
can be used, since it has been used for decades to
make inexpensive plastic parts.13

Another technology is 3D printing, in which droplets
of API formulations are printed on edible substrates,
such as films or excipient tablets, via an approach such
as ink-jet printing.53,54 This allows powder handling to
be replaced with more readily controllable, liquid-
processing operations. Liquid formulations can include
solutions, polymer melts, emulsions, or suspensions.
Moreover, solid depositions can be produced with API
in either a crystalline or amorphous form. This
approach allows for automation and precise control
over material properties, fluid and deposit temperature,
drug morphology, droplet size, and dissolution rate55

and may potentially be used for personalized medica-
tion. While this approach is most advantageous for
low-dose drugs, 3D printing using more conventional
multilayer deposition is also feasible for high-dose
drugs and has been utilized for the commercial
manufacturing of an approved drug product.56

Strip-film manufacturing is another emerging tech-
nology that can be naturally adopted for continuous
manufacturing. Solvent casting is the most widely used
manufacturing method for thin films where aqueous
polymer and API solutions are combined, deaerated,
and transferred to the casting station where the solution
is cast into films on a release liner. The cast film is dried
and can then be cut into the desired shape.57 Utilizing
nanoparticle suspensions, this method can be adopted
to produce finished dosage forms for poorly soluble
APIs with higher drug loading.58 Film drying via com-
bined conduction and convection leads to commercially
feasible drying times. Material properties of the poly-
mers (eg, viscosity) used in film production have a sig-
nificant impact on content uniformity and stability of
the final dosage form.59 The cutting of the film into dif-
ferent sizes enables flexible or metered dosing. Films
can also be rolled or compressed to form multi-layer
tablets, permitting the delivery of higher doses.60 It is
anticipated that other emerging technologies will be
developed as the adoption of continuous pharmaceuti-
cal manufacturing spreads.
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37.4.8 Process integration

In designing a continuous manufacturing process,
although the analysis and optimization of individual
process equipment remain important, the primary
objective is to identify and evaluate design elements
that pose a potential risk to product quality for the
fully integrated system. In an integrated process, indi-
vidual pieces of equipment (ie, unit operations) are
connected in series. In such a process, a train of multi-
ple units, one after the next, is connected via piping to
sequentially perform, for example, powder-to-tablet
manufacturing without isolation of intermediates. The
output of a preceding unit becomes the input of the
subsequent unit, with material continuously flowing
from one unit to the next.

For continuous manufacturing, understanding the
dynamics of this flow of material through the process
is a critical aspect of process understanding and
enables material traceability (the ability to preserve
and access the identity and attributes of the material
throughout the process). Such an understanding of
process dynamics can be obtained by characterization
of RTD through a tracer experiment and/or process
modeling.23,61,62 The RTD is a probability distribution
that describes the amount of time a mass or fluid ele-
ment remains in a process. In tracer experiments, a
pulse or step change of tracer is added to the inlet of
the continuous equipment, and the response of the
tracer concentration profile at the outlet is measured.
The overall RTD for the manufacturing process can be
computed from the experiments for each unit opera-
tion measured separately, using a convolution integral.

The RTD curve can be utilized to predict the propa-
gation of material or disturbances through the system
or, in a retrospective analysis, to determine when the
ingredients in a given product unit were fed to the
manufacturing system. The RTD is dependent upon
several factors, such as processing time, equipment
parameters, and material properties and thus could be
purposefully managed through active control of these
process variables. One option to describe the material
traveling through the system is to define a traceability
resource unit (TRU).63 A TRU can be specified as a
segment of material that flows through the process
together and can then serve as a unique identifier from
a process history perspective to achieve traceability
throughout the integrated continuous process.
Understanding of process dynamics has implications
on process monitoring and control, as described next.

37.4.9 Process monitoring and control

The control strategy for a continuous process should
be designed to control the quality of the product in

response to potential variations in the process, equip-
ment conditions, incoming raw materials, or environ-
mental factors over time. Due to the absence of
isolated intermediates and the typically faster process
dynamics, a continuous process may necessitate more
frequent measurements, with real-time monitoring of
process parameters and quality attributes of in-process
materials, typically constituting an essential compo-
nent of a control strategy for a continuous process. The
adoption of an active process control system, enabled
by the availability of real-time process and quality
data, provides an opportunity to increase efficiency,
lower operating costs, and improve control of product
quality.4 Specifically, an active process control system
allows process parameters to be adjusted in response
to disturbances to ensure that the quality attributes
consistently conform to the established acceptance cri-
teria. The active process control system for integrated
processes should be able to appropriately respond to
both fast (within a unit operation) and slow (propagat-
ing from upstream unit operations) disturbances.64,65

The risk of producing out-of-specification product is
lowered through the implementation of adaptive engi-
neering controls.

PAT tools can be applied to measuring surrogates
for the quality attributes of a final product, some of
which may have already been incorporated into the
control strategy for process monitoring and control.
For this reason, continuous manufacturing naturally
lends itself to real-time release testing (RTRT), which is
the ability to evaluate and ensure the quality of in-
process materials and/or final product based on pro-
cess data that typically include a valid combination of
measured raw material attributes and process con-
trols.66 A supervisory control and data acquisition sys-
tem can be implemented. Such a system incorporates
measurements of process parameters, incoming raw
material, and in-process material attributes, as well as
final product quality attributes with a model of the
process to reconcile the data in order to support
RTRT.65,67 Due to a high frequency of data collection,
statistical methods for large sample sizes can be
applied to increase the confidence level that the batch
conforms to the desired quality.68 RTRT batch calcula-
tions should consider the observed variance in critical
quality attributes over the production run to account
for intra-batch variability. A risk analysis aids in con-
sideration of PAT failure, and procedures can be
developed in order to establish contingencies for pro-
cess monitoring and batch release. The procedures
could include end-product testing or utilizing surro-
gate measurements to ensure that the product main-
tains an acceptable level of quality.15

In addition to naturally lending itself to RTRT, the
increase in the amount of process and quality data
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collected during a continuous production facilitates
the adoption of multivariate process monitoring
approaches. Multivariate statistical process control
(MSPC) is a process monitoring approach used to
determine whether the variability in the process is
stable over time.69 It can be used to detect abnormal
events in the process that may lead to adverse conse-
quences (eg, out-of-specification product, equipment
malfunction, or process safety incident) and provide
diagnostic information for the event and identify
points for mitigation. Taking advantage of the fact that
process variables are often correlated, MSPC simplifies
process monitoring by reducing the number of control
charts being tracked without losing information. MSPC
may also enhance the detection of abnormal process
operations by identifying changes in the relationships
among process parameters and quality attributes,69

which may be difficult to detect using solely univariate
process monitoring approaches.70 Once an abnormal
event is detected, then diagnosis of its cause may be
facilitated by the use of the direct real-time measure-
ment data and previously recorded abnormal event
signatures to diagnose the fault and initiate appropri-
ate mitigation actions.71 The detection of the abnormal
event can also serve as trigger for tracking the noncon-
forming material, which will be generated until the
process returns to normal operation. Suitable strategies
for segregating this nonconforming material will also
be required.

37.5 CHALLENGES IN IMPLEMENTING
CONTINUOUS MANUFACTURING

There are several inherent technical challenges to
continuous manufacturing, including material han-
dling, PAT, process flexibility, process models for mate-
rial tracking, and optimizing process start-ups and
shutdowns. The extent of these challenges will depend
on the specifics of the product and manufacturing
route. In continuous manufacturing, materials must
continuously flow between unit operations over an
extended period of time. This can be a particular chal-
lenge for powder materials, where many material attri-
butes (eg, density, cohesion, and electrostatics) may
affect flowability. The potential build-up of materials
within the process over time due to adhesion presents
another challenge for long manufacturing campaigns.72

As previously noted, real-time monitoring typically
constitutes an essential component of a control strat-
egy. The sampling interface for these PAT measure-
ments in a continuous manufacturing system can
be challenging, especially for heterogeneous powder
systems. Industrial experience indicates that poor mea-
surement performance is often attributable to sampling

system issues rather than the process analyzer itself.73

On-line and in-line measurements may reduce, but do
not necessarily eliminate sampling errors.74 Thus, sam-
pling considerations should be assessed. For example,
the location of the sensor should be evaluated to
achieve representative sampling and minimize the
effect of the probe on the process. Powders and disper-
sions limit the penetration depth of spectroscopic tech-
niques. This may increase the importance of the
sample probe location,75 size of the sampling spot,
intensity of the incident signal, etc. The sample size for
the measurement should be representative of a unit
dose and consider factors such as flow rate, penetra-
tion depth, and the number of scans. It is important to
utilize the knowledge of the process dynamics (eg,
RTD) for determining the adequate sampling fre-
quency for PAT measurements. The measurement
frequency implemented should provide sufficient reso-
lution for the detection of a pulse of variability
expected from a process disturbance.

Flexibility can be designed into a continuous
manufacturing line to enable production of different
drug products and/or different volumes. The first
key step for incorporating flexibility is to build the
process utilizing modular unit operations. Modular
unit operations allow the equipment to be connected
in a different order, depending on the process design
(eg, the output of the blender in Fig. 37.2 can be dis-
connected from the input of the fluid-bed wet granu-
lator and connected to the input of the roller
compactor). Then the manufacturing line can adopt
different manufacturing routes for a product through
various modules, according to the formulation cho-
sen. If a manufacturing line is design to produce mul-
tiple products, then cleanability and set-up time
become extremely important.13 Process models can
facilitate the examination of different manufacturing
routes. Continuous processing, compared with batch
processing, offers a greater opportunity to develop
and better utilize process models to gain process
knowledge because their governing equations gener-
ally can be simplified. From a design standpoint, pro-
cess models can be utilized as a tool to evaluate
equipment configurations and manufacturing routes
to determine a process configuration and ranges of
unit operating parameters that will meet the desired
objectives. This information can then lead to more
focused experimental development efforts, which
could eventually result in a higher level of process
understanding. The reduction in experimentation due
to process design evaluation reduces materials usage
(eg, API, excipients), waste, development time, cost,
and personnel exposure.76,77

For a given process design, process modeling can be
utilized to perform sensitivity analysis to identify the
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key interactions or relationships among process para-
meters and material or product attributes to support a
quality risk assessment.76 In addition, predictive
process models can be used to understand how distur-
bances might propagate through a continuous process,
which is another area of concern. Specifically, if a
disturbance enters the first unit operation in a series,
the question arises as to whether that disturbance will
spread out, and if so, by how much. The RTD for each
unit operation can be utilized to predict the propaga-
tion of material or disturbances through the system in
order to answer this question. In addition to under-
standing each unit operation’s transfer function, care
must be taken to understand the system capacitance
and delay times associated with material transport
operations between steps. Care must be taken during
design and testing of the individual and overall system
controls to ensure that the system dynamics do not
become unstable and lead to control system runaway
or other chaotic phenomena because complex intercon-
nected systems with time delays are inherently nonlin-
ear. The careful design of mixing steps and buffer
tanks in a continuous process can be used to help
smooth process dynamics by dampening process vari-
ability. However, the dampening action also must be
balanced against injecting sluggishness into the pro-
cess dynamics, which can counteract effective control
action. It is expected that process modeling can enable
testing of system dynamics and control strategies off-
line and that model-based control of the process can
be a key element in minimizing the impact of distur-
bances on product quality.4,13 The development of
modular equipment and the advancement of process
modeling for pharmaceutical operations can enable
flexible processing lines, matching the flexibility
offered by batch processing.

During planned start-up and shutdown, there may
be periods of time when the in-process material or
product does not meet the target quality attributes. In
cases where a continuous manufacturing line is pro-
ducing multiple products, each manufacturing run
may be a couple of days or even less than a single day,
depending upon the desired production volume.
Optimizing start-up and shut down then to minimize
product waste is another key challenge in order to
make it cost effective. Dynamic process models can be
very effectively used to study and optimize start-up
and shutdown strategies by taking the process through
a series of well-defined intermediate states, including
timely sequencing of unit operation start and stop
times to decrease material losses. For example, a con-
tinuous blender could be filled completely, and mixed
in a batch mode (with no discharge) for a few
moments prior to allowing material to pass to the next
process step. Although the process may not be at

steady state, the material could still be processed so as
to meet the desired quality attributes (eg, blend unifor-
mity).78 Utilizing available dynamic optimization
methodologies can be an effective way of identifying
start-up/shut-down strategies that may be challenging
to discover by trial and error.79 Reduction in wasted
material can also be achieved by design by minimizing
system volume to the extent possible, because the aver-
age system residence time for a given throughput will
increase proportionally to the hold-up volume, and
typically 3�5 residence times must pass before a pro-
cess achieves steady state.

37.6 CONCLUSION

Continuous pharmaceutical manufacturing offers
potential flexibility, quality, and economic advantages
over batch processing, both in process development
and manufacturing for the pharmaceutical sector. Over
the past decade, there have been significant advan-
cements in science and engineering to support the
implementation of continuous pharmaceutical
manufacturing. These investments, along with the
adoption of the QbD paradigm for pharmaceutical
development and the advancement of PAT for design-
ing, analyzing, and controlling manufacturing, have
progressed the scientific and regulatory readiness for
continuous manufacturing. Building on this progress,
research efforts should continue in several key areas to
address the remaining implementation challenges.
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38.1 DRUG PRODUCTAPPROVAL
AND THE US FOOD AND
DRUG ADMINISTRATION

Any person or organization who intends to bring a
drug product to market in the United States must, by
law, first submit a marketing application to the US
Food and Drug Administration (FDA). The FDA is
responsible for reviewing each marketing application
and determining whether the applicant or sponsor has
provided adequate evidence of safety, efficacy, and
quality to warrant marketing approval. FDA oversight
of drug products extends, as described in Chapter 21
of the Code of Federal Regulations and guidance docu-
ments, over the lifecycle of marketed drug products
and to all relevant drug manufacturing activities and
facilities. This chapter presents a current overview of
the drug approval process as it pertains to new drug
applications (NDAs), abbreviated new drug applica-
tions (ANDAs), and biologics license applications
(BLAs) in the context of FDA.

38.1.1 History and background of
drug regulations in the United States

The US FDA is a scientific, regulatory, and public
health organization, and is the oldest federal agency
dedicated to consumer protection. The history of the US
federal food and drug regulatory system can be traced
back to the commercial and custom food laws of the
1800s. The Biologics Control Act of 1902 introduced
premarket requirements for some biologic therapeutic
products. The Pure Food and Drug Act of 1906 was the
first comprehensive legislation for foods and drugs,

identifying official standards for drugs and offering
definitions for misbranding and adulteration; it was
enforced by the US Department of Agriculture (USDA)
Bureau of Chemistry. In 1927, the Bureau of Chemistry
was reorganized within the USDA and gave rise to the
Food, Drug, and Insecticide Administration, which was
renamed the FDA 3 years later and moved from the
USDA to become the forerunner of today’s Department
of Health and Human Services. The Food, Drug, and
Cosmetic Act of 1938 (FDCA) was a complete overhaul
of the 1906 Act and gave the FDA responsibility for
approving the marketing of new drug products on the
basis of safety considerations. Criteria for drug efficacy
were added to the approval process with the 1962
Kefauver-Harris amendments to the FDCA.

In the 1980s, The Drug Price Competition and Patent
Term Restoration Act of 1984, commonly known as the
Hatch-Waxman Act, was designed to promote competi-
tiveness in the development of innovative drug products
and to bring more affordable versions of approved
drugs—that is, generic versions—to the market.1 The
Hatch-Waxman Act created the ANDA process, whereby
applicants of generic drug products may generally rely
on the clinical studies used to support approval of an
innovator product (ie, the reference listed product (RLD))
from a safety and efficacy perspective. The generic drug
approval process thus avoids much of the time and cost
associated with the development of “innovator” drugs.
Moreover, the Public Health Service (PHS) Act of 1944
introduced oversight of biologics, whereas its amendment
under section 351(k), signed into law on Mar. 23, 2010,
created an abbreviated licensure pathway under the
Biologics Price Competition and Innovation Act (BPCI
Act) for biological products that are demonstrated to be
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“biosimilar” to or “interchangeable” with a biological
product already licensed under section 351(a) of the
PHS Act.2

More recent legislation that pertains to drug regulation
by the FDA includes the FDA Safety and Innovation Act
of 2012 (FDASIA).3 Under FDASIA, the FDA has been
authorized for the first time to collect user fees upon
receipt of applications for the marketing of generic and
biosimilar drug products; FDASIA also reauthorized, for
the fifth time since 1992, the collection of prescription
drug user fees. The user fee acts (UFAs) for prescription
drugs (PDUFA), generic drugs (GDUFA), and biosimilars
(BsUFA) commit the agency to the timely review of mar-
keting applications and allow the agency to increase the
staff and resources dedicated to this purpose.

38.1.2 Current organization of the FDA

The FDA consists of the Office of the Commissioner
and four directorates—Office of Foods and Veterinary
Medicine, Office of Global Regulatory Operations and
Policy, Office of Medical Products and Tobacco, and
Office of Operations—each including substantive cen-
ters and offices, responsible for overseeing the core
functions of the agency. The Office of the Commissioner
provides leadership for the FDA’s science and policy
initiatives and ensures consistent program direction and
management across the agency. The FDA Office of the
Chief Counsel provides legal services to FDA on mat-
ters involving FDA-regulated drugs, reviews and evalu-
ates FDA enforcement actions, and helps defend the
agency in litigations.

Within the four directorates, six substantive centers
(Center for Drug Evaluation and Research (CDER),
Center for Biologics Evaluation and Research (CBER),
Center for Veterinary Medicine, Center for Food Safety
and Applied Nutrition, Center for Tobacco Products,
and Center for Devices and Radiological Health
(CDRH)) and the Office of Regulatory Affairs (ORA)
conduct the bulk of FDA’s scientific and regulatory
evaluations and apply statutory authority over drugs
(human and veterinary), food, cosmetics, tobacco, and
devices and radiological products.4

ORA is the lead office for all agency field activities,
bearing the main responsibility for inspecting estab-
lishments that produce FDA-regulated products,
including foods and veterinary medicine, medical pro-
ducts, and tobacco and tobacco-related products. ORA
professionals work collaboratively with the six FDA
centers to protect patients and consumers and provide
public outreach and education.5 ORA and CDER col-
laborate together to ensure quality of drugs for human
use as relates to their manufacture.

38.1.3 Center for Drug Evaluation and
Research (CDER) organization

CDER is responsible for the timely review of all
data submitted by sponsors relevant to the safety,
quality, and efficacy of drug products (which include
prescription, generic, over-the-counter (OTC), and
selected biologic drug products). The CDER organiza-
tional chart is shown in Fig. 38.1. A set of review
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FIGURE 38.1 The organizational
structure of the FDA Center for Drug
Evaluation and Research.
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initiatives taken at CDER, including 21st Century
Review, Computational Science Center, Critical Path,
Equal Voice, and Pharmaceutical Quality for the 21st
Century, are essential for a current understanding of
drug product evaluations within CDER.6 In addition,
the launch of Office of Pharmaceutical Quality (OPQ)
in 2015 has greatly reconfigured collaborative struc-
tures within CDER as well as between CDER and
ORA, strengthening the agency’s focus on pharmaceu-
tical quality, as we discuss next.

38.1.4 Pharmaceutical quality oversight7

The chemistry, manufacturing, and controls (CMC)
section of marketing applications, wherein information
is presented that is essential to the FDA assessment of
the identity, strength, quality, and purity of drug sub-
stances and products, is under the purview of OPQ.
OPQ is strategically organized to streamline regulatory
processes, advance regulatory standards, align areas of
expertise, and originate surveillance of drug quality.
OPQ intends to set the global benchmark for regulation
of pharmaceutical quality across all drug products (new,
generic, OTC) and across all sites of manufacturing
(domestic and foreign). The launch of OPQ within
CDER integrates the review, inspection, surveillance,
policy, and research of all drug substances (also known
as active pharmaceutical ingredients (APIs)) and drug
products. OPQ orchestrates many aspects of the regula-
tory review of NDAs, ANDAs, and BLAs, and centra-
lizes functions for policy-making, research and science
activities, project management, quality management

systems, and administrative activities. The organization
of OPQ is depicted in Fig. 38.2. OPQ creates a single
umbrella organization that consolidates all CDER qual-
ity review by establishing its Office of New Drug
Products (ONDP), Office of Lifecycle Drug Products
(OLDP; for generic drug products and postapproval
activities of new molecular entities (NMEs) and non-
NMEs, 3 years and 1 year after approval, respectively),
and Office of Biotechnology Products (OBP; for biologics
and biosimilars). Process, facility, and microbiology
reviewers within the OPQ Office of Process and
Facilities (OPF) evaluate pharmaceutical manufacturing
process design and controls and assess the feasibility of
implementation at a commercial scale, participating in
facility inspections as determined through risk- and
science-based principles. The Office of Program and
Regulatory Operations (OPRO) is accountable for lead-
ing and coordinating regulatory operations, maintaining
a quality management system, and driving professional
development and learning programs in collaboration
with OPQ review offices. The Office of Policy for
Pharmaceutical Quality (OPPQ) develops, implements,
and updates science- and risk-based policies, standards,
and guidance documents. The OPQ Office of
Surveillance (OS) maintains information on all facilities
involved in the manufacture of drugs destined for US
patients and conducts risk analysis and monitoring
across the entire inventory of facilities. The OPQ drug
product quality laboratories (including the Office of
Testing and Research (OTR) and the OBP laboratory
component) conduct research to support the develop-
ment of scientific standards and policies and provide
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FIGURE 38.2 The organizational
structure of the CDER Office of
Pharmaceutical Quality.
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advice, collaborative research opportunities, and scien-
tific training for review staff. The OPQ Immediate Office
consists of administrative staff and a science and
research staff committed to emerging technologies and
the elaboration of knowledge management within OPQ.

38.1.5 New review initiatives

As outlined in the goals for Pharmaceutical Quality
for the 21st Century,8 OPQ makes use of new review
initiatives to encourage implementation of risk-based
approaches that focus industry and FDA attention on
the critical areas to facilitate modern quality manage-
ment techniques, encourage early adoption of new tech-
nology advances, and ensure that regulatory review,
compliance, and inspection policies are based on state-
of-the-art pharmaceutical sciences. With the ultimate
goal of putting patients first by balancing risk with
availability, current initiatives in OPQ integrate review
and inspection functions, under the motto of “One
Quality Voice,” by utilizing and developing staff exper-
tise, facilitating continuous improvement of current
review practices, and implementing question-based
review (QbR) as a tool for risk-based review.

38.1.5.1 Team-based integrated quality assessment

The foundation of OPQ was conceptualized on a
new review initiative known as team-based integrated
quality assessment (IQA).9 IQA maximizes reviewer

expertise and effectively aligns patient-focused,
science- and risk-based drug product quality recom-
mendations, inclusive of drug substance, drug product,
manufacturing, microbiology, biopharmaceutics, and
facilities (Fig. 38.3). The team-building impetus within
IQA integrates reviewers and field investigators and
engenders effective and efficient communication, risk
analysis, and quality assessments pertaining to facili-
ties, products, and marketing applications. Reviewers
and field investigators work collaboratively and are
supported by project management and technical lead-
ership; in many cases, the application reviewers partici-
pate in inspections.

Compared with the old review model that used a
single reviewer for all quality information in an appli-
cation, often resulting in inconsistent communication
between review disciplines, the OPQ review model
employs a team of experts to achieve “One Quality
Voice” through collaborative assessment and consis-
tent communication. The structure of an IQA team is
shown in Table 38.1. Review disciplines may include
drug substance, drug product, process, facility, micro-
biology, biopharmaceutics, and ORA investigators.
Team advisors may come from OPQ laboratories, pol-
icy, surveillance, and other offices as needed. The
application technical lead (ATL) is responsible for
overseeing the scientific content of the assessment,
while the regulatory business project manager (RBPM)
is responsible for process and timeline.
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Product
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Biopharma-
ceutics

Process
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Surveillance
Team-based 

integrated quality 
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FIGURE 38.3 High-level illustration of team-
based Integrated Quality Assessment.9
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In a typical IQA review process, the following steps
are taken: (1) the ATL performs the initial risk assess-
ment; (2) review team is assembled; (3) timelines, pre-
liminary findings, filing issues, etc. are discussed at
the kick-off meeting; (4) there is constant communica-
tion between the review team members through formal
and informal meetings and discussions; (5) consoli-
dated quality comments are discussed, finalized, and
communicated to the applicant; (6) review is finalized
and the final “One Quality Voice” recommendation is
communicated to CDER internal stakeholders, such as
Office of New Drugs (OND) or Office of Generic
Drugs (OGD). This process facilitates knowledge shar-
ing between the team members; as members of the
team, ORA investigators become apprised of any qual-
ity issue uncovered by OPQ reviewers; conversely,
reviewers are updated as to any inspection findings.
The collaboration between the OPQ reviewers and
ORA field investigators ultimately enhances the qual-
ity assessment of the product and leads to more appro-
priate decisions on approvability of applications and
acceptance of facilities. Moreover, by employing the
IQA approach, timeframes are met effectively when
aligned with user fee programs deliverables (mid-
cycle, late cycle, etc.).

38.1.5.2 Question-based review (QbR)

QbR was fully implemented in 2007 as a tool for
evaluation of CMC/quality information in ANDAs and
has since been implemented as a review tool for the
other applications. QbR questions were revised in 2012
and 2014 to include quality-by-design (QbD) concepts;
new QbR templates for both NDA and ANDA are cur-
rently being developed that would support the inte-
grated team-based review approach within OPQ,11 and
the trend toward using QbR will likely widen. The QbR
approach transforms the CMC review into a modern,
science- and risk-based pharmaceutical quality assess-
ment; it reflects the FDA’s “21st century cGMP initia-
tives,” incorporates established components of CDER
review (eg, the CDER 2004 Clinical Pharmacology and
Biopharmaceutics Review Template),12 and resonates
with other regulatory authorities (eg, Health Canada).
QbR is intended to guide the industry by making the
FDA’s CMC expectations clear and to facilitate reviewer
evaluations of product quality. The wide-ranging bene-
fits of QbR include: (1) the promotion of QbD principles
by the sponsor across product development, leading
to performance-based specifications; (2) facilitation of
risk-based assessments by both the sponsor and the
agency; (3) process improvements that minimize
the need for supplement submissions; (4) consistency
and transparency of CMC evaluations across the entire
pharmaceutical industry; and (5) optimization of CMC
review efficiency.13

The questions incorporated into QbR relate to drug
substance and drug product quality standards, process
understanding, and scale-up; help the reviewer to com-
prehensively assess critical formulation and manufactur-
ing process variables; set regulatory specifications
relevant to quality; and determine the level of risk asso-
ciated with the manufacture and design of the product.

QbR questions and answers are incorporated in
the quality overall summary (QOS) in Module 2 of
the common technical document (CTD). The CMC data
provided in Module 3 of the CTD are always reviewed in
conjunction with the QbR questions and answers14 (see
discussions of QbR in chapters: “Modern Pharmaceutical
Regulations: Quality Assessment for Drug Substances”
and “Modern Pharmaceutical Regulations: Quality
Assessment for Drug Products” of this edition).

38.1.5.3 Emerging technologies

Recognizing that drug shortages and product recalls
are commonly related to compromised product or facil-
ity quality, OPQ’s efforts include sustaining improve-
ments in manufacturing quality. OPQ’s Emerging
Technology Team (ETT) encourages innovation through
continuous dialogue with academia, industry, and other
governmental agencies, and clarifies and establishes

TABLE 38.1 Structure of Integrated Quality Assessment Team10

Role/task Responsibilitya

Scientific content/initial risk
assessment

Application technical lead (ATL)

Process and timeline Regulatory business project
manager (RBPM)

IQA executive summary ATL/IQA team

Assessment of drug substance Drug substance (DS) reviewer

Assessment of drug product Drug product (DP) reviewer

Assessment of manufacturing
process

Process reviewer

Assessment of facilities Facility reviewer

Assessment of
biopharmaceutics

Biopharm reviewer

Assessment of microbiology Microbiology reviewer

Assessment of environmental
analysis

Environmental analysis (EA)
reviewer

Labeling and package insert DP reviewer

Facility inspections ORA leads/subject matter
experts (SMEs) participate

Lifecycle knowledge
management

ATL/IQA team

aRepresents general cases.
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regulatory policies for the introduction of new technolo-
gies, such as continuous manufacturing and 3D print-
ing. The aim of ETT is to support advances in
pharmaceutical manufacturing technology, which
potentially will address drug shortages and product
recalls and revigorate the pharmaceutical manufacturing
sector in the United States. The knowledge gained from
collaboration among OPQ and external stakeholders
will eventually translate into new policies that reflect
state-of-the-art manufacturing science and encourage
manufacturers to adopt new manufacturing technolo-
gies in support of a state of continuous improvement.
One example is the FDA’s encouraging continuous
pharmaceutical manufacturing; this technique offers
potential flexibility, quality, and economic advantages
over traditional batch-processing methods. Another
example is 3D printing. In fact, the FDA has recently
approved the first 3D-printed tablet in a review process
that proved the efficiency of OPQ initiatives in team-
based IQA, emerging technology, structured review
format (QbR), integration of scientific research and
review, as well as of facilities and inspection activities15

(see discussions of emerging manufacturing technology
and continuous manufacturing in chapter: “Emerging
Technology for Modernizing Pharmaceutical Production:
Continuous Manufacturing” of this edition).

38.1.6 Current drug approval overview

When a NDA/BLA is submitted to the FDA, it is
the responsibility of the applicant or sponsor to pro-
vide evidence that the product(s) to be reviewed are
safe, effective, and of high quality. The FDA has
brought new elements of flexibility into the application
review process over the past few decades, but the
overall drug development and approval process gener-
ally follows a few defined steps: (1) preclinical investi-
gation, (2) clinical investigation, (3) postapproval
marketing surveillance, and (4) lifecycle management
(Fig. 38.4). An overview of the stages of drug develop-
ment, relevant application submissions, and corre-
sponding regulatory paths is provided next.16

Before any clinical investigations may begin concern-
ing an experimental drug, the sponsor must submit
an investigational new drug (IND) application. Clinical
investigation generally consists of three phases. In
Phase I, safety studies are conducted in a small number

of individuals (20�200 persons); in Phase II, efficacy
studies begin in volunteers (up to several hundred) of
the target population; and in Phase III, the most exten-
sive and expensive part of drug development, human
testing continues in a substantial number of patients
(several hundred to several thousand).17 In general,
once Phase III is complete, with all clinical and nonclini-
cal data collected, the sponsor can submit a NDA under
section 505(b)(1) of the FDCA. In particular, applications
for drugs that show great promise in phase II can
also be submitted under FDCA 505(b)(1) and approved
in an accelerated approval process with the caveat that
the sponsor must still perform confirmatory phase III
studies. In the case of a sponsor who intends to rely,
to any extent, upon safety or effectiveness investigations
that were not conducted directly by or for the sponsor,
the NDA may be submitted in accordance with FDCA
505(b)(2). Whereas the 505(b)(1) application relies on
full reports of investigations of safety and effectiveness
conducted by or for the sponsor, or on investigations for
which the sponsor has obtained a right of reference or
use, for the 505(b)(2) application, at least some of the
information required for approval comes from data not
developed by the sponsor, such as published literature
or the FDA’s findings of safety and effectiveness of
a previously approved drug product.18

Once approved, the drug product can be marketed;
moderate or major modifications to approved applica-
tions should be submitted to the FDA for review as
postapproval changes, referred to as supplements.
After NDA approval, the next stage in the lifecycle of a
drug product occurs when all forms of exclusivity (eg,
patent protection) have expired for the “innovator,” or
RLD. At that point, under FDCA section 505(j), the
RLD may be cited in the submission of an ANDA,
through which the applicant seeks to market a generic
version of the drug product. An ANDA contains infor-
mation to show that the proposed generic product is
pharmaceutically equivalent to the RLD. The proposed
product and the RLD contain the same active ingredi-
ent, are of the same dosage form and route of adminis-
tration, are identical in strength or concentration, and
meet compendial or other established standards.19 An
important regulatory standard, termed “bioequiva-
lence,” provides the basis for establishing product sub-
stitutability (discussed next). Through reliance on
bioequivalence (BE), ANDAs do not entail the
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FIGURE 38.4 Typical drug development process, emphasizing the relative positions of the various drug marketing applications in the life-
cycle review of drug products.
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expenditures of time and money that normally charac-
terize the submission of NDAs.

Whereas the NDA is used for marketing approval
under FDCA provisions, the BLA can be used, under
section 351 of the PHS Act, by applicants seeking to
market biological products. Submission of a BLA obvi-
ates the need for submitting an NDA20; the BLA must
contain information on product, manufacturing pro-
cess, and manufacturing facilities, and licensure com-
mits the applicant to the continued safety, purity, and
potency of the product. The abbreviated pathway for a
BLA is a biosimilar, established through section 351(k)
of the PHS Act, according to which the proposed biosi-
milar must be highly similar—showing no clinically
meaningful differences, in terms of safety and effec-
tiveness—to an FDA-approved biological reference
product. Only minor differences in clinically inactive
components are allowable in biosimilar products.

A list of major approval regulatory pathways, along
with their basis in statute is provided in Table 38.2.
More details on the format and requirements for each
type of submission can be found in corresponding
individual sections of this chapter.

38.2 THE NEW DRUG APPLICATION
PROCESS

Submitted NDAs should comprehensively provide all
clinical and nonclinical drug development efforts under-
taken by or on behalf of the sponsor. CDER reviewers
will assess all data to conclude whether adequate evi-
dence has been established with regard to safety, efficacy,
risk-benefit profile, proposed labeling, and quality.21

38.2.1 INDs and presubmission of NDAs

Before conducting any of the clinical trials that will
provide data for review in the NDA, sponsors are
required to have submitted an IND application; the
IND should summarize key attributes including appro-
priate stability of the drug substance, drug product,
and their preparation, evidence of safety, and efficacy
from preclinical studies, and should demonstrate the

preparedness of investigators for clinical trials.22 An
IND may fall within two categories: commercial or
research (noncommercial). A Commercial IND is an
IND for which the sponsor is usually either a corporate
entity or one of the institutes of the National Institutes
of Health (NIH).23 A Research IND is usually submit-
ted by a physician for an unapproved drug or to inves-
tigate an approved drug for a new indication or new
patient population (ie, “Investigator” IND) and antici-
pates the submission of an NDA. Additional types of
INDs, such as Emergency-Use INDs and Treatment
INDs, are essential in terms of public health. For
patients who do not meet enrollment criteria for an
existing study protocol, an Emergency-Use IND may
make an investigational therapy available to a patient
in a very short time frame. Treatment INDs may allow
expanded access, in certain contexts of serious and
life-threatening conditions, to experimental drugs that
have not completed clinical testing.

Good communication between the sponsor and
FDA can greatly facilitate the process that the FDA
must follow in receiving and evaluating an IND sub-
mission. Sponsors can request a pre-IND meeting to
receive the agency’s feedback on adequate information
about the investigational drug substance, drug product
and their manufacture, data from animal pharmacol-
ogy and toxicology studies, and the proposed clinical
investigation protocols, including information about
investigator to information pertaining to chemistry,
manufacturing, and controls to be provided in the
original IND submission. All the information must be
provided in the original IND submission before the
FDA allows the clinical study to proceed. The follow-
ing list describes IND content; also see Table 38.3.

1. Cover sheet—contains sponsor and investigator
information, identification of the clinical
investigation phase(s), and any commitments

2. Table of contents
3. Introductory statement and general investigational

plan—provides information about the dosage form
and route of administration, a brief history of the
drug, and a description of the overall plan for
clinical investigations

TABLE 38.2 Major Drug Approval Regulatory Pathways and Implementation Acts

Statute and CFR section Categories Original legislation User fee acts

FDCA 505(b) (21CFR 314) NDA FDCA 1938 PDUFA

FDCA 505(b) NDA Waxman-Hatch 1984 PDUFA

FDCA 505(j) ANDA Waxman-Hatch 1984 GDUFA

PHS 351 (42USC 262) Biologics BCA/PHSA 1902/1944 PDUFA

PHS 351(k) Biosimilars BPCIA 2009 BsUFA

105538.2 THE NEW DRUG APPLICATION PROCESS

IV. REGULATORY ASPECTS OF PRODUCT DEVELOPMENT



4. Investigator’s brochure—contains a brief description
of the drug substance and formulation;
information on the pharmaceutical and
toxicological effects of drugs in animals and, if
known, in humans; safety and effectiveness in
humans from prior clinical studies; and anticipated
possible risks and side effects

5. Protocols—contains detailed descriptions for each
planned study, including objectives of the study,
criteria for patient selection, design of study,
methods used, and results

6. Chemistry, manufacturing, and control
information—includes basic information on
drug substance (eg, structure), drug product
(eg, formulation), any placebo or comparator used
in a controlled clinical trial, supportive stability
data, labeling to be provided to each investigator,
and environmental analysis requirements

7. Pharmacology and toxicology information—provides
information from pharmacological and
toxicological studies used to conclude that the
drug is reasonably safe for clinical investigations

8. Previous human experience with investigational
drug—contains description of prior experience
with the investigation or marketing of the
investigational drug either in the United States
or in other countries

9. Additional information—contains information
regarding drug dependence and abuse potential
and description of studies performed for special
drugs, such as radioactive dosimetry calculations
or pediatric safety and effectiveness

10. Relevant information—contains any other relevant
information, as requested by the FDA

The IND should demonstrate that the sponsor can
adequately produce and supply consistent batches of the

drug product, that the proposed product is reasonably
safe for initial testing in humans, and that the clinical
investigators are qualified to perform their assigned trial
duties. The IND must be submitted to the FDA at least
30 days before the first-in-human (FIH) trial may be initi-
ated. If the FDA does not respond to the IND within 30
days, the sponsor may proceed with clinical trials per
the application. If the FDA has concerns about the IND
or about the conduct or results of ongoing clinical trials,
the agency may impose a “clinical hold.” Successfully
elaborated clinical development, per IND regulations,
will typically emanate from completed clinical investiga-
tion Phase I, II, and III, as described in Section 38.1.6.17

The FDA review of Phase I focuses on product safety,
whereas in addition to ongoing safety evaluation, review
of Phase II and III submissions includes assessment of
efficacy, clinical investigations, and the likelihood of
meeting the statutory standards for marketing approval.
With regard to quality, FDA reviewers assess whether
chemistry and manufacturing data, pertaining to drug
substance and drug product, may indicate health risks
to subjects enrolled in IND trials. Such risks may be
related to impurities in the drug substance emanating
from synthesis or subsequent degradation, physical/
chemical instability of the drug product, or poorly char-
acterized components, toxic chemical structures, or
poorly characterized cell banks (master or working).25

Information on the drug substance and drug product
should be provided in a summary report, containing
physical, chemical, and biological characteristics relevant
to drug substance, composition of the drug product; a
brief description of the manufacturing process;
acceptable limits and analytical methods used to assess
drug identity, strength, quality, purity, and stability. It is
expected that the amount of the CMC information will
vary with the phase of investigation, scope of the pro-
posed clinical investigation, and production scale; upon
submission of an NDA, however, CMC data and the
quality of drug substance and drug product should be
rigorously documented.

38.2.2 Format and content of the NDA

The purpose of the NDA is to supply documenta-
tion of “adequate and well-controlled investigations,”
including data gathered during preclinical (eg, animal,
cell culture) and human clinical investigation for FDA
review. The format and content of NDA submissions
to the FDA are specified in regulations (21CFR 314.50)
and reflected in “harmonized” application form FDA
356(h), used for all drug products (and therefore also
in BLA requirements, as discussed next). The contents
of an application specified in this form are listed next;
also see Table 38.4.

TABLE 38.3 List of IND Content and Regulatory Source
Documents24

Content (documentation)

1. Cover sheet (eg, 21 CFR 313.23(a)(2))
2. Introductory statement and general investigational plan

(eg, 21 CFR 313.23(a)(3))
3. Investigator’s brochure (eg, 21 CFR 313.23(a)(5))
4. Protocols (eg, 21 CFR 313.23(a)(6))
5. Chemistry, manufacturing, and control information

(eg, 21 CFR 313.23(a)(7)(iv))
6. Pharmacology and toxicology information

(eg, 21 CFR 313.23(a)(8))
7. Previous human experience with investigational drug

(eg, 21 CFR 313.23(a)(9))
8. Additional information (eg, 21 CFR 313.23(a)(10))
9. Relevant information as requested by the FDA

(eg, 21 CFR 313.23(a)(11))

1056 38. DRUG PRODUCT APPROVAL IN THE UNITED STATES AND INTERNATIONAL HARMONIZATION

IV. REGULATORY ASPECTS OF PRODUCT DEVELOPMENT



1. Index—A detailed index is necessary to guide
FDA reviewers through the entire NDA. The
index must clearly describe the contents and
location of each section by volume and page
number.

2. Labeling—The inclusion of drug product labeling
is essential to the NDA and must be submitted
electronically using structured product labeling
(SPL) formatting in compliance with the
Physician’s Labeling Rule (PLR), as described at
21 CFR 201.56 and 201.57.27

3. Summary—The NDA summary provides an
overview of safety, efficacy, and quality of the
drug product for its proposed use. It states
conclusions derived from the most important
data within the NDA. Content of the summary
should be presented as follows28,29:
a. Proposed text of labeling for the

drug—annotated;
b. Pharmacological class, scientific rationale,

intended use, and potential clinical benefits;
c. Foreign marketing history;
d. Chemistry, manufacturing, and controls

summary;

e. Nonclinical pharmacology and toxicology
summary;

f. Human pharmacokinetic and bioavailability
summary;

g. Microbiology summary (if required);
h. Clinical data summary and result of

statistical analysis;
i. Discussion of benefit/risk relationship and

proposed postmarketing studies.
The summary is important because it

provides FDA reviewers with an indication of
the overall quality and accuracy of the NDA
and the information it presents. The summary
should be written as if prepared for
publication in a recognized scientific journal
and should integrate all salient information in
the application to provide a general
understanding of the drug product.

4. CMC/pharmaceutical quality—The pharmaceutical
quality section (also known as the CMC, or
chemistry section) provides detailed information
on the composition, design, manufacture,
test methods, specifications, container closure
system, and stability of the drug substance and
the final drug product.

The drug substance subsection should detail
all pertinent physical and chemical properties
and tests performed to demonstrate the identity,
purity, potency, and stability of the drug
substance. The consistency and methods of its
manufacture, along with a description of the
manufacturer (eg, operations and operations
control, facility layout, relevant product and
processing portfolios, and prevention of
contamination), should be described in adequate
detail. Although drug substance information is
often included in the NDA submission,
information to be submitted in an application for
drug substance is often submitted in a drug
master file (addressed in Section 38.3.4.2 of this
chapter).

Similarly, the drug product subsection must
present a rigorous account of product
characterization, product and process design,
manufacture and packaging, drug product
specifications, microbiology, container closure
system, and stability. Recommendations are
provided next regarding the CMC information
that should be included30:
a. Description and composition of the drug

product—states the name, function, and
amount of each active and inactive
ingredient in the drug product and
describes the dosage form and container
closure systems proposed for marketing

TABLE 38.4 NDA Content and Regulatory Source Documents
for Drugs and Biologics26

Content/item (documentation)

1. Index (Table of Contents)
2. Labeling (check one) _ Draft Labeling _ Final Printed Labeling
3. Summary (21 CFR 314.50 (c))
4. Chemistry Section

a. Chemistry, manufacturing, and controls information (eg, 21
CFR 314.50(d)(1); 21 CFR 601.2)

b. Samples (21 CFR 314.50 (e)(1); 21 CFR 601.2 (a)) (Submit only
upon FDA’s request)

c. Methods validation package (eg, 21 CFR 314.50(e)(2)(i);
21CFR 601.2)

5. Nonclinical pharmacology and toxicology section (eg, 21
CFR314.50(d)(2); 21 CFR 601.2)

6. Human pharmacokinetics and bioavailability section (eg, 21CFR
314.50(d)(3); 21 CFR 601.2)

7. Clinical microbiology section (eg, 21 CFR 314.50(d)(4))
8. Clinical data section (eg, 21 CFR 314.50(d)(5); 21 CFR 601.2)
9. Safety update report (eg, 21 CFR 314.50(d)(5)(vi)(b); 21 CFR

601.2)
10. Statistical section (eg, 21 CFR 314.50(d)(6); 21 CFR 601.2)
11. Case report tabulations (eg, 21 CFR 314.50(f)(1); 21 CFR 601.2)
12. Case report forms (eg, 21 CFR 314.50 (f)(2); 21 CFR 601.2)
13. Patent information on any patent which claims the drug (21U.S.

C. 355(b) or (c))
14. Patent certification with respect to any patent which claims the

drug (21 U.S.C. 355 (b)(2) or (j)(2)(A))
15. Establishment description (21 CFR Part 600, if applicable)
16. Debarment certification (FDCA 306 (k)(1))
17. Field copy certification (21 CFR 314.50 (l)(3))
18. User fee cover sheet (Form FDA 3397)
19. Financial information (21 CFR Part 54)
20. Other (Specify)
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b. Pharmaceutical development report—
contains information on the development
studies conducted to establish that the
dosage form, formulation, manufacturing
process, container closure system,
microbiological attributes, and usage
instructions are appropriate for the purpose
specified in the application; includes
description of any QbD efforts to enhance
product and process understanding and
process control, including defining the
quality target product profile (QTPP) as it
relates to quality, safety, and efficacy,
determining critical quality attributes
(CQAs) of the drug product, linking raw
material attributes and critical process
parameters (CPPs) to CQAs and performing
risk assessment, developing a design space,
designing and implementing a control
strategy, and managing product lifecycle
and continual improvement31,32

c. Manufacture—states the names, addresses,
and responsibilities of the manufacturers,
describes the manufacturing and packaging
processes, including flowcharts indicating
production steps with equipment, materials
and in-process controls and tests (eg,
operating parameters, environmental
controls, process tests, and in-process
material tests) for the finished dosage form

d. Control of excipients—describes the
excipients, lists all the specifications and
tests performed to confirm their quality,
and identifies novel excipients and
excipients of human or animal origin

e. Control of drug product—describes
specification and tests selected to assure
product quality (related to safety and
efficacy) and lot-to-lot consistency of the
finished product; presents sampling
procedures and method validation results;
lists all expected drug product impurities;
and identifies degradation products,
residual solvents, and other miscellaneous
drug product impurities

f. Reference standards—provides information
on the reference standard(s) used to test the
drug product or its impurities

g. Container closure systems—describes the
proposed container closure system(s) in
which the drug product will be marketed,
including the identity of materials of
construction and their compatibility with
the drug product

h. Stability—describes the stability protocols
and results supporting the proposed

expiration-dating period and storage
conditions; provides the postapproval
stability protocol and stability commitment

i. The remaining information in the
pharmaceutical quality section refers to
samples of drug substance, finished
product, and/or reference standard (if
requested during the review), validation of
analytical methods, and environmental
impact. It is important that these
subsections provide adequate detail so that
FDA quality reviewers can thoroughly
assess any scientific matter that may have a
bearing on drug product performance.

5. Nonclinical pharmacology and toxicology—All
animal and laboratory studies relevant to review
of the NDAmust be included. During review
of this section, the FDA reviewers look for toxic
effects that may be inconsistent or inadequately
characterized.33 Acute, subacute, and chronic
toxicity, pharmacological activities, and
potential carcinogenicity and teratogenicity must
be addressed. The section should also include a
statement that avers good laboratory practices
(GLPs) for each study or a brief explanation for
any instance of deviation from GLPs.

6. Human pharmacokinetics and bioavailability—
Clinical pharmacokinetic and bioavailability
data and analyses should be detailed, and
relevant analytical and statistical methods must
be described. A reasoned discussion of the
pharmacokinetics, metabolism, and
bioavailability of the drug product is essential.34

7. Clinical microbiology—A clinical microbiology
section is provided only when effects on the
physiology of a targeted microorganism are
relevant to the review of the NDA (eg, review of
an anti-infective drug product). This section
addresses the drug action on microbial
physiology, the antimicrobial spectrum affected,
resistance mechanisms, and laboratory methods
used. The possibility of sepsis arising from
products should be addressed (eg, liquids that
can support microbial growth or topical
products that can spread bacteria).35

8. Clinical data section—There is an extensive set
of FDA guidance documents related to clinical
studies in NDA submissions, which cannot be
summarized in detail here.36 The clinical
dataset is the basis of efficacy and safety of the
proposed drug product and generally includes
the following37:
a. List of IND and NDA investigators

supplied with the drug
b. List of INDs and an overview of clinical

studies
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c. Other NDAs submitted for the same drug
substance

d. Overview of the clinical studies
e. Description and analysis of clinical

pharmacology studies; controlled clinical
studies relevant to the proposed use of the
drug product; uncontrolled studies; and
other data pertaining to the evaluation of
the drug product

f. Integrated summary of effectiveness (ISE),
including support for the dosage and
administration of the drug as proposed in
the product labeling

g. Integrated summary of safety (ISS), with a
discussion of adverse events, drug-drug
interactions, pertinent animal data, and any
other safety concerns (eg, abuse and overdose
potential)

h. Integrated summary of risk-benefit (ISRB)
i. Compliance statement regarding good clinical

practices (GCPs), the Institutional Review
Board (IRB), and informed consent (IC)

j. Data regarding special populations, such as
geriatrics, pediatrics, or patients with renal
or hepatic impairment

9. Safety update—The first safety update report is
usually filed as an amendment 4 months after
the submission of the original NDA; other safety
updates may be provided at other times
specified by the FDA reviewing division. The
format of the safety update report is similar to
the ISS (see previous section) and contains safety
information that arises from ongoing studies,
animal studies, and other sources. Sponsors
should work with the FDA to determine the
content and format of these safety updates.

10. Statistical—This section of the NDA is closely
linked to the clinical data section. Sponsors
should work closely with the FDA prior to the
NDA submission to come to an agreement on
the format, content, tabulations, and statistical
analyses to present. This section should be
carefully addressed during the pre-NDA
meetings with the FDA.

11�12. Case reports—Tabulations of cases of patient
data and data elements with proper case
report forms (CRFs) are essential. The detailed
requirements can be discussed at the pre-NDA
meetings or, if the FDA so requests, after
submission of the NDA. The CRFs for patients
who died during a clinical study and for
patients who discontinued due to an adverse
event should also be included. FDA reviewers
may require additional CRFs as well.37

13�14. Patent information and certification—Patent
certification is required for any relevant patents

that claim the listed drug or any other drug on
which the investigations relied, or that claim a
use for the listed drug or any other drug.

15. Establishment description—This section provides
general information about the organization,
physical plant, and major equipment, as well
as quality assurance functions.

16. Debarment certification—The FDA is authorized
to debar individuals convicted of crimes related
to the development, approval, or regulation of
drugs. The individual should not provide any
type of services to sponsors of an application.38

17. Field copy certification—Applicants based in the
United States must submit a “field” copy of
the pharmaceutical quality (CMC) section,
application form, and summary of the NDA to
the relevant FDA district office. The information
will be used during the pre-approval inspection
(PAI) at the manufacturing site. Within the
NDA, the applicant must certify that an exact
copy of the CMC section has been sent to the
district office.

18. User fee cover sheet—FDA Form 3397 is used to
determine the applicability of a user fee and
indicate whether a check has been mailed to
an FDA account concurrent with submission
of the NDA.39

19. Financial information—Clinical investigator
financial disclosures (FDA Form 3455) and
certification (FDA Form 3454) must be
included, describing investigator financial
interests and sponsor-investigator financial
arrangements that could affect the reliability of
the submitted data.40

20. Other information—Any information that was
submitted before the NDA should be referenced
in this section. A sponsor may propose other
uses of this section at the pre-NDA meeting.

38.2.3 The CTD format

The FDA highly recommends that sponsors submit
all marketing applications in CTD format (see next). CTD
format does not alter the data or information required for
the NDA in the United States, as described previously.41

The FDA also recommends (and beginning in 2017,
will require) electronic submission of CTD-formatted
applications (ie, “eCTD” submissions).42

The CTD is a product of the International Conference
on Harmonization (ICH), an international organization
composed of the pharmaceutical industry and regulatory
representatives from the European Union, Japan, and the
United States. The CTD provides a common format
for submission of marketing applications submitted
to the vast majority of agencies worldwide. The format
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and contents of CTD includes five modules, organized
in the so-called “CTD triangle” diagram, as shown in
Fig. 38.5.

Module 1 of CTD contains the regional administrative
forms and documents as determined by each ICH
region. In applications submitted to the FDA, this section
contains the cover letter, form 356(h), complete table of
contents of the entire CTD, and other administrative
documents, such as the field copy certification, debar-
ment certification, patent information, labeling, and the
annotated labeling text. Module 2 contains the CTD sum-
maries of information from various sections of the CTD,
including a very short introduction; QOS; nonclinical
overview; clinical overview; nonclinical written and tab-
ulated summaries for pharmacology, pharmacokinetics,
and toxicology; and clinical summary describing bio-
pharmaceutics and associated analytical methods, clini-
cal pharmacology studies, clinical efficacy, clinical
safety, and a synopsis of the individual studies. Module
3 contains all of the pharmaceutical quality documents
for the chemistry, manufacture, and controls of the drug
substance, the drug product, and container closure sys-
tem. Modules 4 and 5 contain copies of the final nonclini-
cal and clinical study reports, respectively. The
correspondence between the CTD modules and sections
in an application (as described in the previous section of
this chapter) is depicted in Fig. 38.6.

38.2.4 NDA review practices

38.2.4.1 Filing

Prior to submitting an NDA to the FDA, sponsors are
strongly encouraged to request a meeting with the
appropriate FDA review division and discuss the

planned content of the application.43 As previously
discussed for the clinical phase of development (see IND
Section 38.2.1), meetings between sponsors of a market-
ing application and FDA reviewers will help ensure that
all submitted applications are complete and fileable.
Marketing applications received by the FDA “central
document room” are assigned a number, and the date of
receipt starts the review time clock (see NDA review
timelines in Fig. 38.7). When the NDA is ready for
review, a regulatory project manager (RPM; note distinc-
tion from the OPQ RBPM) is charged with managing the
review process and coordinating all communications
with the sponsor accordingly. The RPM conducts an ini-
tial assessment (eg, whether a user fee has been paid,
waived, or exempted). If all required fees have been
paid and the information submitted is administratively
complete, the application is then assigned to a multidis-
ciplinary team of FDA reviewers, who by day 45 of the
review (day 30 for priority reviews) must convene and
discuss their respective decisions regarding the fileabil-
ity of the application. All filing review issues identified
by the review team are conveyed to the applicant in a
single communication, which will be documented
in writing and archived according to CDER standard pro-
cedures. Applications that omit necessary information
not readily rectified may result in a refuse-to-file (RTF)
letter that must be issued by day 60. Otherwise, a filing
letter is issued and review activities are triggered within
the FDA.44

38.2.4.2 Review

The overall NDA review and approval process (or
“cycle”) usually takes place in six major steps (presub-
mission activities, process submission, review plan, con-
duct review, take official action, and postaction
feedback) as illustrated in Figs. 38.7 and 38.8.45,46 Once
the application is deemed fileable, a planning meeting is
held with the review team to discuss timelines, high-
level labeling revisions, need for advisory committees
and/or inspections, and review activities. The review
timelines for NDAs that are not governed under
PDUFA V are 10 months from receipt for standard
reviews and 6 months for priority reviews. NMEs and
BLAs, as part of the PDUFA V “program,” are reviewed
within 12 months for standard submissions and 8
months for priority submissions from the date of sub-
mission (10 months and respectively, 6 months from the
60-day filing date). During the main review phase, each
assigned reviewer, according to discipline (eg, medical
officer, pharmacologist, chemist, statistician, microbiolo-
gist, clinical pharmacologist), assesses the pertinent por-
tion of the application, proposes labeling revisions, and
writes a review. Reviewers consult with each other and
with their leads and communicate information requests
(IR) to the applicant on a regular basis.

Module
4

Module
5

Module
2

1.
Regional

administrative
information 

2.1 Table of contents

2.2    Introduction

2.4 Nonclinical
      overview

2.6 Nonclinical
      summary

2.3     Quality overall summary

2.5 Clinical
      overview

2.7 Clinical
      summary

Quality Nonclinical
study reports

Clinical
study reports

Module
1 (Not part

       of CTD)

Module
3

FIGURE 38.5 The common technical document (CTD) format
(with Module 1 added).
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Module 2

Module 3

Module 5

Index
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Human PK and Bio
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Clinical data 
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pharmaceutical
quality
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PK and Bio
Clinical micro
Clinical data
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Case report tables
Case report forms

NDA/BLA sections

1. Index
2. Labeling
3. Summary
4. Chemistry
5. Nonclinical pharm/tox
6. Human PK and Bio
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8. Clinical data 
9. Safety update report

10. Statistical section
11. Case report tabulations
12. Case report forms
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14. Patent certification
15. Establishment 

description
16. Debarment certification
17. Field copy certification
18. User fee cover sheet
19. Financial disclosure
20. Other

Module 4

Nonclinical

IND sections

1. FDA 1571 Form
2. Table of contents 
3. Introductory statement

4. General investigational plan
5. Investigator brochure

6. Protocol
FDA Form 1572
Investigator CV

7. CMC
Introduction

Drug substance
Drug product
Placebo
Clinical supply labels
Environment assessment

8. Pharm/tox information
Nonclinical summary
Nonclinical reports

9. Previous human experience
Clinical summary
Clinical reports

10. Additional information
Drug dependence/abuse

Radioactive drugs (Modules 2, 4, or 5)
Other info (Modules 2, 3, 4, or 5) 

11. Relevant information (Modules 1–5)

Module 1 FDA 
1571 Form

General
investigational plan

investigator brochure
Clinical supply labels
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Module 3

Quality
Drug substance
Drug product
Placebo

Module 5

Efficacy

Summaries:
Intro statement
CMC introduction
Nonclinical summary
Clinical summary
Dependence/abuse
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Safety
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2
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FIGURE 38.6 Mapping the NDA and IND into the five modules of the CTD triangle. Source: Adapted from FDA internal presentation eCTD
Clinic for CDER Reviewers and PMs by Valerie M. Gooding.
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All technical and high-level labeling issues that are
critical to the approval of the application are identified
by the time the mid-cycle meeting is held (ie, month 5
for standard reviews and month 3 for priority reviews).
In addition to mid-cycle review, a late-cycle meeting
between the review team and the applicant is generally
held for standard PDUFA V “program” reviews no later
than 3 months prior to the PDUFA V goal date (2
months prior to the PDUFA date for priority reviews).
Deficiencies identified by respective disciplinary
reviewers are usually communicated to the applicant in
advance of the late-cycle meeting, although applications
that involve complex issues may extend the review
period by 2 months. The outcomes of all review activi-
ties, including inspection results, are integrated during
the wrap-up meeting; the medical officer takes the lead
to reconcile observations and written summaries, after
which the action package is finalized.

In the event that the application is approved, the
sponsor receives a letter that authorizes the manufacturer
to distribute product in accordance with a list of agree-
ments and any postmarketing commitments. If the
agency decides on the basis of its review not to issue an
approval letter, a complete response (CR) letter will be
issued, citing deficiencies and offering recommendations.
Mechanisms for additional feedback, after issuance of an
approval letter or a CR letter, may be exercised in some
cases. Postapproval meetings are offered for all NMEs
(and original BLAs) and may otherwise be provided at
the agency’s discretion for the purpose of learning from
the review experience. Applicants who receive a CR
letter may request an end-of-review conference to be
scheduled by the FDA to discuss deficiencies and further

steps to take, including resubmission; withdrawal;
or request an opportunity for hearing.47

38.2.4.3 Labeling

Final discussions about the package insert will
usually take place near the end of the review period,
possibly 2�4 weeks before the PDUFA action date (see
Fig. 38.7). At this time, the FDA will communicate
recommendations concerning the product label to the
sponsor; and the agency and sponsor will work to reach
final wording prior to the action date. The final negotia-
tions for the labeling are often done by email or telecon-
ference. The sponsor submits the final version as an
amendment to the NDA in an electronic format.

38.2.4.4 FDA-sponsor communications during
NDA review46

While evaluating the quality, safety, and efficacy of
the drug product, based on a thorough scientific exami-
nation of the submitted application, reviewers may
choose to seek clarification from the sponsor in the form
of an information request email or teleconference, disci-
pline review letter, or face-to-face meeting (appropriately
documented within the agency). The RPM is involved,
by phone or mail, in mediating status updates. Any
information needed in support of application review
must be officially submitted as an amendment to the
application. Under present guidelines, communication
per email is not official.

38.2.4.5 Advisory committee

If significant issues arise during the review process, the
review team can seek advice from an advisory committee.

FIGURE 38.7 High-level illustration of the timeline for NDA/BLA reviews under PDUFA V. (The timeline for review of NMEs/BLAs
under PDUFA V “program” extends “conduct review” phase by 2 months. Numbers in parentheses indicate priority review.)
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An advisory committee comprises a specialized group of
external experts,48 identified by the FDA, that convene to
provide advice to the agency concerning any number of
matters. Advisory committee meetings may be convened,
for example, to discuss a NME; novel clinical trial designs
or use of surrogate end points; particular safety issues or
drug effectiveness in specific contexts; or public health
questions arising from a proposed indication.

38.2.5 Special approval pathways for
NDAs/BLAs

38.2.5.1 Expedited approval pathways

In order to increase the availability of drugs
intended to treat serious and/or life-threatening

conditions, four expedited drug-approval pathways
have been created: priority review designation, acceler-
ated approval, fast-track designation, and break-
through therapy designation.49 In 2014, among the 41
NDA/BLA applications approved by CDER, 27 (66%)
fell within one of these expedited programs. Table 38.5
gives an overview of these programs. It should be
noted that regulatory standards for efficacy, safety, and
quality are to be rigorously upheld in all FDA review
programs. Increased attention lately has been given to
the breakthrough pathway, designed to expedite the
development of drugs for life-threatening conditions or
unmet medical needs. Scientific and logistic challenges
posed by accelerated development and review can be
alleviated by: (1) communication between sponsors

Medical
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Biopharma-
ceutical

Statistical

Quality

Refuse-to-file
letter

Applicant (drug sponsor)

NDA

Pending
satisfactory

results

Sponsor
revises

Advisory committee meeting

NDA action

Application
fileable?

Inspections
OK?

Labeling
OK? 

Meetings with sponsor

Additional information or revisions
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complete?
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No

YesYes

NoNo
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FIGURE 38.8 The NDA review process.
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and the FDA regarding risk mitigation strategies to
manage risk to product quality; (2) streamlining the
review of stability data; and (3) using postmarketing
commitments to address postapproval risk.50

38.2.5.2 Orphan drug designation program

An orphan designation signifies that a drug indica-
tion applies to a rare disease, which by definition
affects fewer than 200,000 American patients per year.
The Orphan Drug Act was enacted in 1983, recogniz-
ing that sponsors had little financial incentive to
develop orphan drugs. The Orphan Drug Act (1983)
and amendments (1992 and 2013) established several
incentives to encourage the development of orphan
drugs, including market exclusivity for 7 years after
approval, fee waivers, tax credit on clinical research,
technical assistance during the review process, as well
as other federal research grants.51

38.2.5.3 Pediatric exclusivity

There have been a few FDA initiatives to improve
medical product research and availability for children,
including the FDA Modernization Act (FDAMA) of 1997,
Best Pharmaceuticals for Children Act of 2002, FDA
Amendments Act (FDAAA) of 2007, and FDASIA of
2012. Pediatric exclusivity is a 6-month extension
of exclusivity added to existing periods of marketing
exclusivity or patent protection.52 The FDA is actively
engaged in scientific programs that strive to improve
access to drug products proven to be safe and effective
for children.

38.3 THE ABBREVIATED NEW DRUG
APPLICATION PROCESS

ANDAs contain information submitted to CDER for
the review of generic drug products. Generic drug

applications are “abbreviated” because they generally
allow the sponsor to rely on preclinical (animal, cell
culture) and clinical (human) data used to establish the
safety and effectiveness of a RLD. In this way, generic
products must be adjudicated as therapeutically equiv-
alent to an approved drug product (ie, the RLD).
Therapeutic equivalence must be established through
the combined criteria of pharmaceutic equivalence and
bioequivalence. Pharmaceutic equivalence signifies that
the generic product and the RLD contain the identical
API, API strength, dosage form, quality, performance
characteristics, and that the route of administration
intended use are the same for the generic and RLD.53

Bioequivalence signifies that the generic product
exposes the patient to the same amount of API in the
same time course as the RLD, observed on the basis of
plasma drug levels (see Section 38.3.3.2). Generic appli-
cations are filed under FDCA section 505(j) and autho-
rized for marketing only after all forms of exclusivity
for the innovator drug product have expired.

38.3.1 Format and content of the ANDA

The format and content of ANDA submissions to the
FDA are specified in regulations (21CFR 314.94) and
reflected in the “harmonized” application form, FDA
356(h). Table 38.6 gives the list of contents of an ANDA
(described next) and shows the difference between the
required contents of NDA and ANDA submissions.

1. Index/table of contents
2. Basis for ANDA submission—shows that the ANDA

refers to the RLD selected by the FDA for
conducting bioequivalence testing and documents a
comparison between the generic drug and the RLD,
including a statement according to which conditions
of use recommended in the labeling proposed for
the generic drug product have been previously

TABLE 38.5 Overview and Comparison of Expedited Approval Programs at FDA49

Priority review Accelerated approval Fast-track Breakthrough therapy

Program designation approval pathway designation designation

Statuary
reference

1992 PDUFA 21 CFR 314 & 601, FDCA 506(c)/
FDASIA

FDCA 506(b)/1997
FDAMA/FDASIA

FDCA 506(a)/FDASIA

Qualifying
criteria

Serious condition
and significant
improvement in safety
and effectiveness,
if approved

Serious and life-threatening condition;
and meaningful advantage over
available therapies; effect on surrogate or
intermediate endpoint reasonably likely
to predict clinical benefit

Serious and life-
threatening condition;
and meet unmet
medical needs

Serious and life-threatening
condition; and substantial
improvement on clinical significant
endpoint over available therapies

Features 6-month review clock
(compared with
standard 10 month)

Approval may base on surrogate
endpoint or intermediate clinical
endpoint
Confirmatory study obligation

Rolling review
Actions to expedite
development and
review (eg, more
frequent interactions)

Actions to expedite review
Intensive FDA guidance
Rolling review
Organizational commitment
Involvement of senior management
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approved for the RLD; states that the active
ingredient is the same as that used in the RLD and
that the route of administration, dosage form, and
strength of the proposed drug product are the same
as those of the RLD.

3. Labeling—according to 21CFR314.94, includes a
side-by-side comparison of the applicant’s proposed
labeling (container and carton) and labeling
approved for the RLD for each strength and package
size; any differences (eg, those filed by petition
under section 314.93 or differences owing to
exclusivity under patent or under section 505(j)(4)
(D) of the Act) should be explained in annotation.
All labeling for a generic drug product must comply
with the PLR and be provided in SPL formatting.

4. CMC/pharmaceutical quality—contains information as
required under 21CFR 314.50(d).

The quality section of the ANDA, like that of the
NDA, covers raw materials (eg, API, reagents, and
excipients), manufacturing facility, manufacturing
of the API and in-process controls, materials used in
API packaging, controls for the finished dosage
form, analytical methods, stability of the finished
dosage form, sterilization assurance data, as well as
samples and environmental considerations, generic
enforcement act and a US agent letter of
authorization (LOA). Stability requirements for
generics and new drugs are identical, per ICH and
FDA guidelines. A master production record
(proposed or actual) and a description of the
equipment to be used in the manufacture of the
commercial batch of the drug product should also
be provided.

There are differences between the pharmaceutical
quality/CMC review for an ANDA and that for an
NDA. The ANDA sponsor must typically reference
a DMF previously submitted to the FDA containing
proprietary information because the drug
substances used in the manufacture of drug
products that are the subject of ANDAs are usually
obtained from third-party external manufacturers
(see Section 38.3.4.2). There are also additional
requirements for ANDAs that do not necessarily
appear in NDAs:
a. Any inactive ingredient in the proposed generic

product that differs from the RLD should be
identified and demonstrated as having no effect
on safety and efficacy

b. Specifications should be justified in reference to
compendia (eg, USP, JP), ICH, and/or analysis of
the RLD

c. Release characteristics of the proposed generic
(ie, dissolution) should be comparable to those of
the RLD
Notably, in order to modernize the science- and

risk-based pharmaceutical quality assessment of
ANDA applications, the FDA has implemented a
QbR approach (see Section 38.1.5.2), and sponsors
are now generally expected to submit a QOS
employing the QbR format.54 QbR assists applicants
in developing the QOS by providing specific
questions to ensure that adequate information
associated with the robust manufacture and reliable
control is submitted for FDA review.

5. Human pharmacokinetics and bioavailability/
bioequivalence—contains information that shows that
the drug product is bioequivalent to the RLD.

According to current guidance from CDER,
conclusions that two drug products are
bioequivalent should reflect significant agreement in
pharmacokinetic parameters (ie, area under the
curve (AUC) and maximum concentration (Cmax))

TABLE 38.6 Comparison of NDA and ANDA Contents

NDA ANDA

Basis of submission

Comparison between generic and RLD

Request for waiver for in vivo BA/BE
studies (if applicable)

Labeling Labeling

Summary

Chemistry Chemistry

Nonclinical pharmacology
and toxicology

Human pharmacokinetics
and bioavailability

Human pharmacokinetics and
bioavailability/bioequivalence

Clinical microbiology
(if applicable)

Clinical data

Safety update report

Statistical section

Case report tabulations

Case report forms Case report form

Patent information Patent information

Patent certification Patent certification

Establishment description

Debarment certification Debarment certification

Field copy certification Field copy certification

User fee cover sheet

Financial information Financial information

Other References
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such that the entire 90% confidence interval
associated with the generic-to-reference ratio of
geometric means should fall within the
bioequivalence limits of 80% to 125%. Exceptions
exist, such as in the case of highly variable drugs
and those with narrow therapeutic indices, and
waivers of in vivo bioequivalence studies are also
available in certain cases55,56 (see discussions on
bioequivalence in chapter: “Bioavailability and
Bioequivalence” of this edition). Waivers of clinical
bioequivalence studies (ie, biowaivers) can also be
granted in some cases (eg, for parenteral solution
or ophthalmic solution that is qualitatively (Q1) and
quantitatively (Q2) the same as the RLD, or for
highly soluble, or highly permeable, or rapidly
dissolving drug products based on
biopharmaceutics classification system (BCS)).57

6. Case report forms—(see case reports for NDAs)
7. Patent information and certification—contains all

relevant patents for drug product, method of use,
method of manufacturing, licensing agreements,
disputed patent information, amended
certifications, etc.

ANDA sponsors must confirm patent
certification under one of the following criteria
(ie, paragraphs):
a. That no patent information on the drug product

that is the subject of the ANDA has been
submitted to the FDA;

b. That any such patent has expired;
c. The date on which such patent expires; or
d. That such patent is invalid or will not be

infringed by the manufacture, use, or sale of the
drug product from which the ANDA is
submitted.

8. Financial certification or disclosure statement (see
certification and financial information for NDAs).

An applicant may amend an ANDA under
review to revise existing information or respond to
IR. In general, IR tend to involve the CMC (stability,
specifications, analytical methods) or BE sections
and are the major cause of delays in ANDA
approvals. Applicants should take care to complete
these sections prior to submission.

38.3.2 The CTD format of an ANDA

The FDA strongly recommends that all ANDAs be
electronically submitted in the CTD format (eCTD);
submission in eCTD format will be required as of
May 15, 2017. ANDA submissions that are not in eCTD
format are excluded from current GDUFA guidelines
governing timelines for FDA review. The CTD format
for ANDAs is similar to that for NDAs; however, the
order of presentation (detailed next)58 differs slightly.

Module 1 of the ANDA CTD submission contains
several forms (ie, 356(h) (see previous NDA discus-
sion), the GDUFA user fee cover sheet (FDA Form
3794), and Form FDA 3674), a cover letter, and
administrative documents related to US agent, field
copy certification, debarment certification, financial
certifications, patent information and certification, as
well as statements of right of reference and LOA for
each DMF referenced in the ANDA. In addition,
Module 1 contains information demonstrating that the
generic product is the same as the RLD and if applica-
ble, any biowaiver request. Labeling information as
previously described is also submitted in Module 1.
Module 2 contains the QOS, which provides an over-
view of the CMC section as related to drug substance
and drug product; summary reports for bioequivalence
studies are also submitted in Module 2. Similar to
NDA submissions, Module 3 for ANDAs contains all
the CMC information in the application. For drug sub-
stance, the applicant should provide general informa-
tion, characterization, control of drug substance (eg,
specifications, descriptions of analytical procedures,
and validations), batch analysis with certificate of anal-
ysis (COA), information about reference standards or
materials, container closure systems, and stability data,
including retest period or expiration date. For drug
product, the applicant should provide description and
composition, information on the pharmaceutical devel-
opment (including the pharmaceutical development
report and microbial attributes), information about the
manufacture (including manufacturing process and
controls), information on the controls of excipients
(including source and grades), information supporting
the controls for the release of the drug product, infor-
mation on reference standards or materials and con-
tainer closure system, as well as stability data,
postapproval stability protocols and stability commit-
ments. Module 4 data do not generally apply to
ANDAs. Module 5 contains the clinical study report
data needed to demonstrate bioequivalence to the
RLD.

38.3.3 ANDA review practices

38.3.3.1 Filing

Prior to submission, ANDA sponsors may choose to
consult the FDA in the form of a controlled correspon-
dence by requesting information on a specific element
of generic drug product development, especially for
first-generic products.59 Formal meetings between the
ANDA sponsors and the FDA before submission are
not as common as for NDA sponsors, but they may be
granted in special cases. Upon submission, the FDA
determines whether each ANDA is sufficiently
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complete to permit a substantive review. If the submis-
sion is incomplete, the agency can issue a refuse-to-
receive (RTR) letter, which avoids extended review
period, multiple review cycles and waste of resources.
Common deficiencies that will elicit a RTR letter
include: failure to provide the 356(h) form; nonpay-
ment of user fees; lack of a designated US agent (for a
foreign applicant); failure to provide the environmental
assessment or claim of categorical exclusion; citing a
suitability petition (ie, noting changes from the RLD)
that is pending; lack of information for API and/or
drug product (eg, inadequate stability data, batch
records, or methods validation); and bioequivalence
issues (eg, inadequate data, biowaiver, or dissolution).
Complete ANDA submissions may be filed under
Paragraph I, II, III, and IV certifications as listed in the
“orange book” for the RLD (see Patent Information).
An ANDA applicant who files a Paragraph IV certifica-
tion must, within 20 days of filing, notify the innovator,
who will have 45 days to take action upon receiving
the notification. The FDA may hold the application up
to 30 months, depending upon the outcome of the liti-
gation between the innovator and the ANDA applicant,
if any. A regulatory filing checklist for ANDA submis-
sions is regularly updated on the FDA website.60

38.3.3.2 Review

As more and more RLDs have come off patent, and
as more companies have entered generic drug
manufacturing, the volume of ANDAs has been
increasing over the past decade, resulting in a consider-
able backlog of submissions. An important objective of
GDUFA was therefore to set timelines for review and
resolve the ANDA backlog by 2017. The FDA is com-
mitted to review and act, within 15 months from sub-
mission, on 60% of those original ANDAs submitted

between Oct. 1, 2014 and Sep. 30, 2015 (ie, the year 3
cohort); similarly, 75% of those submitted between Oct.
1, 2015 and Sep. 30, 2016 (ie, the year 4 cohort), must
receive action. The agency must act within 10 months
on 90% of submissions made between Oct. 1, 2016 and
Sep. 30, 2017 (ie, the year 5 cohort). For year 1 and year
2 cohorts (ie, received between Oct. 1, 2012 and Sep. 30,
2013 or between Oct. 1, 2013 and Sep. 30, 2014, respec-
tively), the FDA will expedite review of Paragraph IV
applications.61 GDUFA review performance goals are
depicted in Table 38.7, and ANDA review timelines for
cohort 5 are schematized in Fig. 38.9. To ameliorate
ANDA burdens and assist ANDA applicants in
improving the quality of submissions, the FDA has
issued a number of guidance documents.62

The bioequivalence, labeling, and CMC/quality sec-
tions of the ANDA are the major components of review.
Bioequivalence is evaluated by comparing the extent of
absorption of test and the reference products, in cross-
over clinical studies on healthy subjects, as determined
by the AUC of plasma concentrations plotted over time.
Both the AUC and peak plasma concentration Cmax are
used in the determination of bioequivalence.
Recommendations of study designs and data evaluation
for bioequivalence study, as well as appropriate in vitro
dissolution methods, are listed in the FDA regulatory
guidance.64 Review of labeling text focuses on differ-
ences in excipients, presentation of pharmacokinetic
data, clarity of information, and the utility of labeling
language with respect to pharmacy practice. Reviewers
of the CMC/quality information, organized within a
number of disciplines, work in parallel to assess the
quality of the drug substance and drug product,
manufacturing and controls, batch formulation and
records, facilities, product specifications, packaging, and
stability. A number of review initiatives are underway

TABLE 38.7 GDUFA Review Performance Goals63

FY 2013 FY 2014 FY 2015 FY 2016 FY 2017

Original ANDA Expedite review of paragraph IV
and maintain pre-GDUFA productivity

60% in 15 months 75% in 15 months 90% in 10 months

Tier 1 first major amendment Maintain pre-GDUFA productivity 60% in 10 months 75% in 10 months 90% in 10 months

Tier 1 minor amendments
(1st—3rd)

Maintain pre-GDUFA productivity 60% in 3 monthsa 75% in 3 monthsa 90% in 3 monthsa

Tier 1 minor amendments
(4th—5th)

Maintain pre-GDUFA productivity 60% in 6 monthsa 75% in 6 monthsa 90% in 6 monthsa

Tier 2 amendment Maintain pre-GDUFA productivity 60% in 12 months 75% in 12 months 90% in 12 months

Prior-approval supplements Maintain pre-GDUFA productivity 60% in 6 monthsa 75% in 6 monthsa 90% in 6 monthsa

ANDA amendment and PAS
in backlog on Oct. 1, 2012

Act on 90% by end of FY 2017

Controlled correspondences Maintain pre-GDUFA productivity 70% in 4 months 75% in 2 months 90% in 10 months

a10 months if inspection is required.
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to ensure the timely review of ANDAs; some of these
focus on information requests (IR), real-time communi-
cation (RTC), easily correctable deficiencies (ECD), and
complete response (CR) letters. These initiatives are
aimed at reducing the ANDA backlog and increasing
the rate of ANDA approval.

If all review disciplines find the ANDA acceptable and
if all facilities are in satisfactory standing as reviewed
and inspected, the ANDA receives approval. If the
ANDA review process is completed prior to the expira-
tion of innovator drug product exclusivity, a notice of
tentative approval (TA) may be issued, which does not
allow the generic drug manufacturer to distribute prod-
uct. An approval letter is contingent upon the resolution
of litigation and issues related to product exclusivity.

38.3.4 Special considerations for ANDAs

38.3.4.1 ANDA filing and market exclusivity

New drug product exclusivity is provided by FDCA
section 505(c)(3)(E) and 505(j)(5)(F). A 5-year period of
exclusivity is granted to NDAs seeking to market a
new chemical entity, either alone or in combination,
but after 4 years, information pertaining to safety and
efficacy from such an NDA approval may be used for
the submission of a 505(b)(2) application or ANDA,
provided that the submission supplies evidence of no
infringement. If a follow-on drug product containing a
previously approved active moiety is approved on the
basis of new clinical investigations (other than bio-
availability studies), then the follow-on product may
be granted a 3-year period of exclusivity. Applicants
seeking to market the first generic version of a drug
product may be eligible for a 180-day period of exclu-
sivity. Orphan drug exclusivity extends 7 years, and
pediatric exclusivity gives 180 days of extension to
existing patents or exclusivity.

38.3.4.2 Drug master files (DMFs)66,67

DMF is a document, prepared and submitted by a
manufacturer that provides detailed proprietary infor-
mation about facilities, process, or articles used in
manufacturing processing, packaging, and storing. The
submission of a DMF is not a regulatory requirement
and is not a substitute for any marketing application;
rather, it provides information to support an IND,
NDA, ANDA, another DMF, an Export Application, or
amendments and supplements to any of these. A DMF
is typically filed when two or more firms work in part-
nership on developing or manufacturing a drug prod-
uct; the DMF protects a firm’s intellectual property
from its partner while complying with regulatory
requirements for disclosure of processing details. In the
United States, DMFs can fall into one of five types68:

• Type I: Manufacturing site, facilities, operating
procedures, and personnel (no longer applicable,
such information for sterile and biotech products
may be filed as a DMF Type V)

• Type II: Drug substance, drug substance
intermediate, and material used in their preparation,
or drug product

• Type III: Packaging material
• Type IV: Excipient, colorant, flavor, essence, or

material used in their preparation
• Type V: FDA-accepted reference information

Before the FDA can review a DMF or DMF informa-
tion in support of an application, the DMF holder
must submit a LOA that allows the FDA to reference
the DMF (the agency will review a DMF only if infor-
mation in that DMF is referenced by another applica-
tion). If the FDA reviewers find deficiencies in the
information provided in a DMF, a letter describing
the deficiencies is sent to the DMF holder. Deficiencies
in a DMF cannot be disclosed to the sponsor who

Filing review

Plan and conduct inspection(s)

Discipline reviews

Take
official
action

1
month

2
month

3
month

5
month

6
month

8
month

7
month

4
month

10
month

9
month

Discipline reviews occur in parallel

Real-time communication—calls for rapid and complete responses
from applicant AP, TA, CR

FIGURE 38.9 High-level illustration
of the timeline for review of ANDA year
5 cohort.65
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references the DMF because the information is proprie-
tary; however, the referencing sponsor is notified by
the FDA if the DMF is deficient, and it is then the
DMF holder’s responsibility to notify the sponsor
when deficiencies in the DMF have been addressed. A
DMF itself is never “approved”; instead it is reviewed
to determine whether it is adequate to support a par-
ticular application that references it.

DMFs are commonly used to support the drug sub-
stance information in ANDAs; such (type II) DMFs are
subject to GDUFA fees, an initial “completeness assess-
ment” (CA), and communications with DMF holders.69

The CA review determines whether the DMF is ready
to undergo a comprehensive scientific review, but does
not guarantee that the DMF will be found adequate.
Type II DMFs must cover characterization of the drug
substance, manufacturing and controls of the drug
intermediate or substance (including a list of the organic
impurities, elemental impurities, and residual solvents),
reference standards or materials, container closure sys-
tem used for packaging the drug substance, and stabil-
ity data and storage conditions. Only following the
review of this information can the DMF be found ade-
quate, allowing it to be referenced in an ANDA. A list
of DMFs that have passed the completeness assessment
and are available for reference by ANDAs under
GDUFA is available on the FDA website.70

38.4 THE BIOLOGIC LICENSE
APPLICATION PROCESS

Owing to the history of biological therapeutics in the
United States—specifically, early vaccines and serum-
derived agents—the FDA review of biologics is autho-
rized not solely through the FDCA, but also through
PHS Act section 351. Today, the spectrum of biologic
drugs that are reviewed by CDER (in either the form of
a BLA or an NDA) includes monoclonal antibodies and
other proteins, such as cytokines, enzymes, growth fac-
tors, interferons, and nonvaccine therapeutic immuno-
modulators. The review of other biological products is
the responsibility of the FDA CBER and includes: vac-
cines, blood and blood-derived components or pro-
ducts, plasma products, human tissues and cellular
products, allergen patch tests, allergenic extracts, anti-
toxins, in vivo diagnostics, toxoids intended for immu-
nization, and gene therapy.71

38.4.1 Format and content of the BLA

The harmonized application form FDA 356(h) used
for all drug products (see previous sections of this chap-
ter) also specifies format and content requirements for a
BLA for a biologic product. The sections expected in the

BLA are thus identical to those in the NDA: index, sum-
mary, CMC/pharmaceutical quality, establishment
description, nonclinical pharmacology and toxicology,
human pharmacokinetics and bioavailability, clinical
microbiology, clinical data, statistical data, case report
forms and tabulations, labeling, patent information, and
establishment description. The CMC/pharmaceutical
quality section in a BLA must present CMC information
for both the drug substance and the finished dosage form
of the product. Regardless of whether production is
by fermentation, cultivation, isolation, or synthesis,
the CMC information for drug substance includes
description and characterization, manufacture and pro-
cess control, manufacturing consistency, drug substance
specifications, reprocessing, packaging, and stability.
With regard to the drug product, the CMC section
of the BLA must include information on composition and
characterization, manufacturer and facilities, manufactur-
ing methods, drug product specifications, container
closure system, microbiology, lyophilization, and drug
product stability. Typically, CMC subsection of the BLA
is more detailed for the drug substance than for the
drug product. Biologic drug products dosage forms
are typically liquid or lyophilized, and the manufacturing
process has relatively few steps. In contrast, drug sub-
stance manufacturing involves multiple steps needed to
purify the intended product from a complex matrix
composed of cells and other proteins. For an assessment
of biosimilarity, BLA requirements additionally
include data derived from analytical studies, animal
studies (including assessment of toxicity), and clinical
studies (including assessments of immunogenicity and
pharmacokinetics/pharmacodynamics).72 For details on
the content of each section in an application,
see Section 38.2.2 of this chapter.

38.4.2 BLA review practices

Biologic drugs conform to the FDCA definition of
“drug” as given and are therefore subject to regula-
tions that govern drug review and approval. Clinical
studies of biologics in humans may be initiated and
pursued under an IND in accordance with 21 CFR 312
(see Section 38.2.1), the results of which, along with
relevant nonclinical data, can be submitted as part of a
BLA. In reviewing a BLA, the FDA assesses whether
the product, the manufacturing process, and the
manufacturing facilities meet applicable requirements
to ensure the continued safety, purity, potency, and
quality of the product; the PHS Act emphasizes the
importance of appropriate manufacturing controls for
products, particularly where changes to the biological
molecule that arise during manufacturing might not be
detected by standard characterization techniques, and
additional clinical studies are needed.
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Similar to NDA review, the BLA review process is
divided into six phases: (1) presubmission activities;
(2) processing of submission; (3) plan of review; (4)
conducting the review; (5) official action; and (6) post-
action feedback (descriptions of these phases are pro-
vided in Section 38.2.4. of this chapter).46 After receipt,
the FDA must take action on submitted BLAs, for
which a PDUFA V program is not specified, by 6
months (in the case of a priority review) or 10 months
(for a standard review). (The timelines for NMEs and
BLAs that fall under the PDUFA V program are dis-
cussed in Section 38.2.4.)

38.4.3 Special considerations for BLAs

38.4.3.1 Biosimilars

Section 351(k) of the PHS Act creates an abbreviated
licensure pathway for biological products that are dem-
onstrated to be “biosimilar” to or “interchangeable”
with a biological product licensed under section 351(a)
of the PHS Act.73 Similar to the generic drug product
approval, this pathway encourages competition and
promotes affordable biologic drug products. Under the
BPCI Act, a biologic is “biosimilar” if it is “highly simi-
lar to the reference product notwithstanding minor dif-
ferences in clinically inactive components” and shows
that “there are no clinically meaningful differences
between the biological product and the reference prod-
uct in terms of the safety, purity, and potency of the
product.”72 The FDA applies rigorous scientific stan-
dards to assess biosimilarity and to make a determina-
tion that the biosimilar product is highly similar to the
reference product and that there are no clinically mean-
ingful differences between the biosimilar and the refer-
ence product.

Despite the analogy between biosimilar and generic
products, there are fundamental differences between
them.74 Whereas the drug substances in generic drugs
generally are homogeneous small molecules (of a sin-
gle, readily defined structure), biologic drugs comprise
large molecules, often glycosylated and subjected to
posttranslational modifications. Consequently, a large
number of analytical methods, including orthogonal
assays, are necessary to characterize biologic drugs. In
a series of recent guidelines on biosimilars,73,75�78 the
FDA has presented important scientific considerations
for demonstrating biosimilarity, describing a stepwise
approach that includes comparative studies of the pro-
posed biosimilar and the reference product that evalu-
ates structure, function, animal toxicity, human
pharmacokinetic and pharmacodynamic data, clinical
immunogenicity, and clinical data for safety and effec-
tiveness. In the stepwise approach, the analytical,
structural, and functional studies are the foundational
elements in determining biosimilarity. These studies

include comparative side-by-side analysis of primary,
secondary, and higher-order structure, purity and
impurity of the product, posttranslational modifica-
tions, both natural (eg, glycosylation) or chemical (eg,
PEGylation), as well as an evaluation of the biological
function and mechanism of action. At each step, spon-
sors should evaluate the results of the studies, identify
any residual uncertainty, and design additional studies
(nonclinical and clinical) to address the residual
uncertainty.

The FDA has established biosimilar product devel-
opment (BPD) meetings for sponsors to seek advice
from the agency on certain aspects of the development
program (analytical, nonclinical, and clinical) and
obtain preliminary feedback on the similarity of the
proposed product to the reference product. To ensure a
successful development program, the FDA recom-
mends that sponsors meet with the agency in early
stages and at milestone steps throughout product
development.72 At the completion of the development
program, sponsors submit a 351(k) BLA. The review
process is the same for a 351(a) and a 351(k) BLA. The
FDA will make a final determination that the proposed
product is biosimilar to the reference product based on
the totality of the evidence provided in the 351(k)
submission.

38.4.3.2 Biosimilars and market exclusivity

Under the BPCI Act, a given marketed biologic
(ie, the reference product) is granted a period of exclu-
sivity in which the FDA cannot approve a biosimilar
application (351(k) BLA) to a reference product for a
period of 12 years. Furthermore, the FDA cannot file
a 351(k) BLA earlier than 4 years from the expiration
of the exclusivity period for the reference product.
The Purple Book, published by FDA, lists licensed
biological products, and their corresponding periods
of exclusivity.79

38.4.3.3 BPCI act and protein products under NDA

The statutory definition of “biological product”
evolved over the years. It was initially defined in the
Biologic Control Act of 1902, and subsequently modi-
fied by the legislature in the PHS Act of 1944 to read
“. . .any virus, therapeutic serum, toxin, antitoxin or
analogous product applicable to the prevention and
cure of diseases of man.” The Food and Drug Act of
1906 and the Food, Drug, and Cosmetics Act of 1938
defined “drug” broadly to include, among other
things, substances intended for use in the cure, mitiga-
tion, or prevention of diseases. Protein products could
fall under either “biologic” or “drug” definition, and
the FDA assigned jurisdiction to centers case-by-case
until 1991, when an intercenter agreement clarified
product jurisdiction between the Center for Drugs and
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the Center for Biologics, with products assigned to
CDER regulated under NDA and products assigned to
CBER regulated under BLAs. As a result, some protein
products were assigned to CDER and were regulated
under NDA. With the BPCI Act of 2009, Congress fur-
ther modified the definition of biological product, to
include “protein, except any chemically synthesized
polypeptide.” With the new statutory definition of bio-
logical product, certain protein products, approved
under section 505 of the FDCA, are now considered
biological products. Congress ruled that within 10
years enactment of the BPCI, the protein products
approved under NDA would be deemed BLAs. As of
Mar. 23, 2020, marketing applications for a biological
product (including forms of insulin, hyaluronidase,
menotropins, and human growth hormones) that are
currently approved as drugs under section 505 of the
FDCA, will be regulated as biologics under section 351
of the PHS Act.76

38.5 POSTAPPROVAL ACTIVITIES AND
LIFE CYCLE MANAGEMENT OF NDAs,

ANDAs, AND BLAs

Whereas “amendments” are submitted to update or
modify unapproved applications (IND, NDA, BLA,
ANDA), “supplements” are submitted to modify
approved/licensed applications. Supplements must
address postapproval changes to components and
composition, manufacturing sites, manufacturing pro-
cesses, specifications, container closure systems, label-
ing, and other various aspects (eg, stability protocols
or expiration dates). Supplement submissions must list
all changes that may affect the drug product, with suf-
ficient detail for the FDA to readily determine the
scope of change. As described in 21 CFR 314.70, post-
approval changes to an approved NDA, ANDA, or
BLA are classified as major, moderate, or minor, and
should be reported using one of four reporting catego-
ries80: prior-approval supplements (PAS), CBE-30 and
CBE-0 (or CBE-immediate) supplements, or annual
reports. In a recently released draft guidance, the FDA
clarified which elements of the CMC information in an
application constitute “established conditions” that, if
changed following approval, require reporting to FDA,
and where in the application these elements are gener-
ally expected to be described.81 Established conditions
include description of product, manufacturing process,
facilities and equipment, and elements of the associ-
ated control strategy, as defined in the approved appli-
cation, that assure process performance and product
quality; any changes in established conditions must be
reported as per 21 CFR 314.70 and 601.12. When final-
ized, this guidance will allow for a more effective

postapproval submission strategy, including risk-
management principles and knowledge management,
by the sponsors as well as the FDA. The intent is to
enhance reliance on sponsor’s internal quality systems
to properly asses, validate, and implement post-
approval changes, which will eventually reduce and
even eliminate certain reporting requirements.

38.5.1 Prior-approval Supplements

PAS describe major changes, having the substantial
potential to adversely affect product safety, efficacy,
and/or quality; such changes require approval by the
FDA before their implementation is manifested in
any distributed product. Postapproval changes to be
described in a PAS include changes in formulation
(eg, dosage or ingredient-release form), components
and composition, moves to a new manufacturing site or
establishment that could warrant an FDA inspection,
or placement of aseptic sterilization or manufacturing
processes, including packaging and closure systems,
within new locations (eg, refurbishing or use of a location
where similar processes have not been used in such
manufacturing). Changes in other processes that must be
described in a PAS include those that would affect dose
delivery to the patient (eg, metering) and any change that
can affect the impurity profile or the physical, chemical,
or biological properties of drug product. Changes that
could affect specifications or analytic processes used in
assessing safety-, efficacy- or quality-related specifica-
tions must also be described in a PAS. Finally, the PAS
should be used to describe any changes to product
labeling (eg, based on postmarketing study results).

38.5.2 Changes being effected
(CBE-30 and CBE-0 supplements)

CBE-30 supplements (for changes being effected in
30 days) describe changes having moderate potential
to adversely affect safety and effectiveness; if, within
30 days of receiving a CBE-30 supplement, the FDA
informs the applicant that a PAS is required, no drug
product affected by the change may be distributed.
CBE-0 supplements (without the 30-day delay prior
to implementation) may also be used to describe
moderate changes. Moderate changes to be reported
in the CBE-30/CBE-0 supplements may pertain to
manufacturing facilities or packaging sites for drug
substance or drug product, manufacturing processes,
equipment, starting materials, specifications, analytical
procedures, container closure systems, or labeling.
Examples can be found in the FDA’s published
guidelines.80
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38.5.3 Annual reports

Annual reports may function as supplements to
report minor changes, having little potential to adversely
affect drug product. Changes reported in annual reports
may be related to new manufacture sites for intermedi-
ates, new packaging sites for secondary packaging,
new labeling sites, new equipment of the same design
and operating principles, new specifications made
to comply with an official compendium, tightening of
specifications, container closure systems for nonsterile
drug products, and minor labeling edits. Examples of
each type of change that is appropriate for reporting
in an annual report can be found in the FDA’s published
guidelines.81,82

38.5.4 Supplements to BLAs

BLA supplements are classified as major, moderate,
and minor, depending on the potential effect on the
identity, strength, quality, purity, or potency of the
product; BLA supplements are reported according to the
same categories listed previously for NDAs: PAS, CBE-
30, CBE-0, and annual reports.83,84 Changes that may
require a PAS include, but are not limited to, changes to
the sequence of the process, large scale-up of cell culture
or purification, or changes to manufacturing sites. Other
changes that would require submission of a supplement
to a BLA can be inferred from the description of NDA
supplements.

38.6 GLOBAL PERSPECTIVES ON
PRODUCT REGISTRATION AND

DRUG APPROVAL

Economic globalization has been especially challeng-
ing for the pharmaceutical sector, where harmonization
must extend to standards and regulations involving a
wide range of complex products. Over the past few dec-
ades, regulatory agencies and industrial stakeholders
around the world have collaborated to standardize sub-
mission requirements and drug approval practices. Here,
we briefly discuss initiatives from the ICH and regula-
tory bodies, such as the European Medicines Agency
(EMA).

38.6.1 ICH harmonization in drug marketing
submissions: the CTD format

Efforts that began in the 1980s to streamline the reg-
ulatory oversight of drug development around the
world gave rise in 1990 to the ICH.

ICH includes participants from the world’s three larg-
est pharmaceutical and biotechnology markets: Europe,
Japan, and the United States. The regulatory authorities
involved in the ICH include the FDA and its counterparts
in Europe, the EMA and in Japan, the Japanese Ministry
of Health, Labor, and Welfare (MHLW). Industry repre-
sentatives to the ICH include the Pharmaceutical
Research and Manufacturers of America (PhRMA), the
European Federation of Pharmaceutical Industries and
Associations (EFPIA), and the Japan Pharmaceutical
Manufacturers Association (JPMA). Observers to the ICH
include representatives from the World Health
Organization, Health Canada, and the European Free
Trade Association (EFTA; EFTA member states are
Iceland, Liechtenstein, Norway, and Switzerland).

The ICH objective is to ensure that good-quality,
safe, and effective medicines are developed and regis-
tered in the most cost-effective and efficient way.85

This objective is accomplished through the develop-
ment and implementation of harmonized guidelines
and standards in five steps:86,87

1. Building scientific consensus
2. Agreeing on draft text
3. Consulting with regional regulatory agencies
4. Adopting harmonized guidelines
5. Implementing guidelines in ICH regions

More than 50 guidelines on technical requirements
have materialized from the ICH, relating to quality,
safety, and efficacy, electronic standards for the trans-
fer of regulatory information, CTD and eCTD, mainte-
nance of ICH-controlled terminology, the medical
dictionary for adverse event reporting and coding of
clinical trial data (MeDRA), and efforts related to
generic and OTC drugs. ICH harmonization activities
extend from new guideline topics under development
to the revision of existing topics needing clarification
for implementation.88 ICH topics related to the devel-
opment and registration of drug products are grouped
into four categories89:

• Quality—focuses on technical requirements for
development, manufacturing, and control of the
drug product, including stability testing, analytical
validation, impurity profiles in drug substance and
drug product, quality of biotechnology products,
specifications for drug substance and drug product,
GMP, pharmaceutical development, quality risk
management, pharmaceutical quality system, and
development and manufacture of drug substances
(chemical entities and biotechnological/biological
entities)90

• Safety—focuses on preclinical testing, in vitro and
in vivo animal testing, including toxicity testing,
carcinogenicity studies, genotoxicity studies,
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reproductive toxicology, toxicokinetics and
pharmacokinetics, pharmacology studies,
immunotoxicity studies, and photosafety evaluation

• Efficacy—focuses on clinical testing, including
collection and reporting of clinical data, dose-
response studies, pharmacovigilance, ethnic
considerations in conducting foreign trials, GCP,
and studies in special populations, such as geriatrics
and pediatrics

• Multidisciplinary—focuses on genotoxic impurities
and nonclinical safety studies

The technical requirements outlined in ICH guide-
lines are discussed and agreed upon by all parties
involved in harmonization before they are formally
implemented by participating regulatory agencies (ie,
FDA, EMA, and MHLW).

Although the use of the ICH guidelines initially tar-
geted the ICH regions, globalization in drug develop-
ment caused a growing interest in ICH guidelines and
operations beyond these regions. Consequently, ICH
Global Cooperation Group (GCG) is taking important
steps toward establishing partnerships beyond ICH
regions with involvement from Regional Harmonization
Initiatives (RHIs) to promote better understanding of
ICH guidelines.91

Finalization of the CTD (Fig. 38.5) in 2000, was a
milestone accomplishment of the ICH. The CTD has
alleviated costs and delays associated with converting
registration files between the different national formats
and removed redundancies in data sets.92 Notably, the
content of the CTD is not completely harmonized, as
national or regional differences still exist in Module 1
and elsewhere throughout the submission, depending
on differences in regulatory practice and procedures.
For details on the CTD format and content, see
Section 38.2.3 of this chapter.

38.6.2 EMA and comparison to FDA

The EMA is a decentralized body of the European
Union, protecting and promoting public and animal
health. The mission of the EMA is to foster scientific
excellence in the evaluation and supervision of medi-
cines, by the means of a centralized procedure that
ensures coordination of EU scientific committees,
inspection activities, safety monitoring of medicines
(pharmacovigilance system), and referral or arbitration
procedures for drugs approved via noncentralized
authorization pathways.93

Both the FDA and EMA employ accelerated approval
pathways to shorten the time needed for an application
to be approved. However, whereas the FDA is autho-
rized to issue marketing approvals on the basis of its sci-
entific reviews, the EMA scope is limited to scientific

evaluation only. Data are evaluated by the EMA advi-
sory Committee for Medicinal Products for Human Use
(CHMP), which includes independent experts nomi-
nated by each member state, as well as representatives
of patient, consumer, and healthcare professional orga-
nizations. Once the scientific evaluation is completed in
a certain timeline, the committee forms an opinion as to
whether the drug product should be marketed, which is
then transmitted to the European Commission (EC)—
the authority that grants marketing authorizations in the
European Union.94 In Europe, the marketing authoriza-
tion is done by the following procedures: centralized,
national, decentralized, or mutual recognition.

A marketing authorization granted under the cen-
tralized procedure allows a drug product to be mar-
keted in all the EU countries and European Economic
Area (EEA) member states including Iceland,
Liechtenstein, and Norway. The centralized procedure
is a “reserved” procedure, not open to all products,
but dedicated to human medicines for the treatment of
human immunodeficiency virus (HIV) or acquired
immune deficiency syndrome (AIDS), cancer, diabetes,
neurodegenerative diseases, autoimmune and other
immune dysfunctions, and viral disease; biotechnology
products; veterinary medicines for use as growth or
yield enhancers; and innovative products for advanced
therapies, such as gene-therapy, somatic cell-therapy,
or tissue-engineered medicines. Orphan drugs must
also use the centralized procedure. The timeline for
this procedure is 210 days.

Each European Union state member has its own
national authorization system for determining drug
approvability. Consequently, drug products that fall
outside the scope of the centralized procedure can be
granted marketing authorizations under national pro-
cedures. The national procedure allows the applicant
to obtain a marketing authorization in only one mem-
ber state. The timeline for this procedure is 210 days.

Under the decentralized procedure, an applicant
can go directly to a national marketing authority and
obtain marketing authorizations in that member state,
and then seek to have other member states accept the
marketing approval of the first member state. This
allows the applicant to apply for authorization in more
than one EU country simultaneously for products that
have not been authorized in any EU country. The time-
line for this procedure is 210 days.

The mutual recognition procedure allows an appli-
cant to obtain marketing authorizations in a member
state other than the member state where the drug
product had previously received a marketing authori-
zation. The timeline for the other member states to rec-
ognize the authorization of the first member state is 90
days.95 The whole evaluation process may consume a
time period of 390 days.
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As summarized in Table 38.8, there have been dif-
ferences between the United States and European
Union in terms of procedures used for drug registra-
tion. Furthermore, the labeling format used to describe
a drug product indication is different in the United
States and European Union; whereas the FDA uses the
United States Package Insert (USPI), the EMA uses the
Summary of Product Characteristics. A study compar-
ing labeling approved by the FDA and EMA showed
notable differences in adverse events, black box warn-
ings, order of information, number of approved indica-
tions, dosing regimen, and number of clinical trials
described.96

Perhaps the most visible difference between FDA
and EMA policies is regarding biosimilars; whereas
interchangeability is defined by statute in the BPCI Act
in the United States, in the European Union, its assess-
ment resides with the member states. A relatively recent
EMA draft guidance on biosimilar monoclonal antibo-
dies may be used as a source of guidance for the struc-
ture and conduct of biosimilarity clinical studies for
biosimilar applications in the European Union.97

Alignment between the FDA and EMA is increasing
as a result of coordination and cooperation between

these two agencies. One example of such alignment
efforts between FDA and EMA is the pilot for QbD
applications, which established a platform between the
two agencies and allowed US and EU reviewers/asses-
sors to exchange their views on ICH Q8. These ongoing
efforts will eventually provide a streamlined procedure
for drug approval and will lead to decreased costs for
drug development and marketing.50
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Modern Pharmaceutical Regulations: Quality
Assessment for Drug Substances�

H. Zhang, D. Johnson, D. Skanchy and L.X. Yu
U.S. Food and Drug Administration, Silver Spring, MD, United States

39.1 INTRODUCTION

Information on the chemistry, manufacturing,
and controls (CMC) for the drug substance must be
submitted to support the approval of original new drug
applications (NDAs) and abbreviated new drug applica-
tions (ANDAs) (21 CFR 314.50[d][1] and 514.1[b]). This
chapter elaborates the assessment of the CMC informa-
tion for drug substances in a structure corresponding
with common technical document (CTD) format,1 pref-
erably as an electronic CTD (eCTD).2 Under section
745A(a) of the Federal Food, Drug, and Cosmetic Act
(FD&C Act), NDA, ANDA, and master files must
be submitted in eCTD format beginning May 5, 2017,
and certain investigational new drug submissions must
be submitted in eCTD format beginning May 15, 2018.3

The CTD format arose from the efforts in the
International Conference on Harmonization (ICH) to
harmonize the varying documentation requirements that
Japan, Europe, and the United States had for the submis-
sion of technical data to support the registration of
pharmaceuticals for human use. The ICH Guidance
for Industry “M4: Organization of the CTD” describes
a harmonized format for the CTD that will be
acceptable in all three regions. The CTD is organized
into five modules. Module 1 is region-specific and con-
tains administrative information, while Modules 2-5 are
intended to be common for all regions. The guidance,
“the CTD for the Registration of Pharmaceuticals For

Human Use: Quality-M4Q(R1)”, describes the format
for the quality information submitted in Module 3
of an application and the CMC information for drug sub-
stance is specified in 3.2.S. 1-7. In Module 2, the overall
summary of the technical data has a corresponding
subsection 2.3.S for quality overall summary (QOS) for
drug substance as well. The QOS is a summary of the
information provided in Module 3, and therefore would
not contain information, data, or justification that was
not already included in that module (ICHM4Q).

This chapter discusses the quality assessment of drug
substance with focus on the question-based review
(QbR) format. The QbR for quality assessment started
with the FDA’s generic program in early 2005 and was
implemented in 2007.4 It is a concrete and practical
implementation of the underlying concepts and princi-
ples outlined by the FDA’s current good manufacturing
practices (cGMPs) for the 21st Century and transforms
the CMC review into a modern, science- and risk-based
pharmaceutical quality assessment. These principles also
apply to the assessment of drug substance CMC infor-
mation that is not submitted using QbR. The QbR serves
two purposes for the CMC assessment. First, it provides
an assessment guide in the evaluation of whether a
product is of high quality and determination of the level
of risk associated with the manufacture and design
of the product. Second, it provides transparency to
sponsors about the logic behind a CMC review.

�Disclaimer: The chapter reflects the views of the authors and should not be construed to represent the views or policies of the Food and

Drug Administration (FDA). No official endorsement by the FDA is intended or should be inferred.
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39.2 ORIGIN OF THE QbR

The rapid growth of the generic industry has pre-
sented the agency with several challenges; namely,
a significantly increased workload due to the high
number of submissions, the vastly increased number of
drug substances and drug product manufacturers with
widely varied manufacturing experience, poor-quality
CMC information being submitted, and new require-
ments to complete reviews in a more timely manner. In
order to address these challenges, various changes have
been implemented. One of these changes was the devel-
opment of the QbR for quality assessment of ANDAs.5

The QbR model is a general framework for a science-
and risk-based assessment of product quality which is
based on a series of focused questions divided into
three broad categories: (1) drug substance quality stan-
dards, (2) drug product quality standards, and (3) pro-
cess understanding and proposed drug manufacturing
scale-up plans. Under the QbR review model for
generic drug applications, ANDA applicants provide
their responses to the questions in the QOS. The QbR
model is not intended to replace the detailed supportive
information in CTD Module 3.

QbR has benefited both industry and the FDA.6 QbR
provides a clear indication about what information
needs to be provided to the agency. For the FDA, the
sponsor-prepared QOS provides a quick overview of
the entire CMC package and reduces the review time
spent on documentation. It also improves the quality
and consistency of the CMC information, which may
lead to a reduction in the number of questions issued
by the agency and a decrease in the review cycles. QbR
provides an opportunity for applicants to demonstrate
process understanding by addressing quality-by-design
(QbD)7-related questions regarding the product’s
design, performance, manufacturing controls, and risk
mitigation. QbD is a scientific, risk-based, holistic, and
proactive approach to pharmaceutical development
that focuses on deliberate design effort from product
conception through commercialization and emphasizes
a full understanding of how product attributes and the
process relate to product performance. Knowledge
gained through the pharmaceutical development stud-
ies and manufacturing experience provides scientific
understanding of the process, which can be used to
support the establishment of a design space. A design
space is the multidimensional combination and interac-
tion of input variables (eg, material attributes) and pro-
cess parameters that have been demonstrated to
provide assurance of quality. Upon approval, adjust-
ments of processing parameters within an approved
design space are not considered as a change and do not
normally require a regulatory filing. This allows the
sponsor more flexibility to execute manufacturing

processes for which they have demonstrated process
understanding.8 The QbR program was fully imple-
mented in 2007 and is currently being used by the
generic industry for almost all ANDA submissions.

39.3 EVOLUTION OF THE DRUG
SUBSTANCE REVIEW PROCESS

An application consists of information about both
the drug substance, also known as API, and the drug
product. The drug substance information may be
supplied in one of two ways: (1) submitted directly
in the application in 2.3.S of the QOS and 3.2.S of
Module 3, or (2) submitted in a Type II Drug Master
File (DMF). This type of DMF is a confidential,
detailed document submitted by API manufacturers
to the FDA containing the CMC information for a
drug substance. Although the DMF is never actually
approved, it is referenced by an application and the
content is reviewed for scientific adequacy to support
the action taken on the referencing application.9

Historically, the CMC sections and any associated
DMFs were reviewed by a single discipline of chemis-
try. In Fall 2010, a pilot program was started in the
FDA’s generic program with a dedicated review team
whose sole focus was the review of drug substance
information found in DMFs. The 6 month pilot was
very successful and led to the creation of the DMF
Review Staff in early 2011.10 The rationale for the
change was to concentrate subject matter experts in
the fields directly related to drug substance manufac-
ture, such as organic synthesis, process engineering,
and analytical chemistry. Another goal was to
increase the consistency and efficiency of the review
process by allowing the ownership of the DMF (ie,
the assignment of DMF would stay in the same
assessment team) until the submission is found ade-
quate. The group has become the focal point for all
drug substance quality issues and facilitates consis-
tent and transparent communication with the DMF
holders. Formation of the DMF Review Staff has
allowed the agency to develop initiatives designed to
improve the submission and review quality of the
DMFs and has facilitated the implementation of the
Generic Drug User Fee Act of 2012 (GDUFA).11 The
group has grown considerably with GDUFA hiring
and eventually transformed into the Division of
Lifecycle API as part of the Office of Pharmaceutical
Quality (OPQ) reorganization, which is discussed
next. A separation of drug substance and drug prod-
uct review has also been implemented for the review
of NDAs as part of the reorganization.

In parallel to the GDUFA implementation, OPQ, a
new CDER super office, was strategically organized
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in order to streamline the quality regulatory review
processes. With a motto of “One Quality Voice,” OPQ
embodies the concept of putting the patient first
by balancing risk and availability, as well as closer
integration of review, inspection, surveillance, policy,
and research activities for the purpose of strengthen-
ing pharmaceutical quality on a global scale.12 A
team-based integrated quality assessment (IQA) is
reflective of the structure and function of OPQ,
which brings together the field and review functions
and their respective knowledge bases. This new
approach makes the regulatory process more effective
in the assessment of product quality and fosters the
advancement of a continuous quality improvement-
oriented culture.

The team-based IQA approach maximizes each
team member’s expertise and provides aligned patient-
focused and risk-based quality recommendations for
the drug substance, drug product, manufacturing
process, and facilities.13 IQA teams consist of an
application technical lead (ATL), a regulatory business
process manager (RBPM), discipline reviewers, and
additional technical advisors as needed. Review
disciplines may include drug substance, drug product,
process (generally focused on drug product), facility,
microbiology, biopharmaceutics, and field investiga-
tors. Technical advisors may come from OPQ laborato-
ries, policy, surveillance, and other offices as needed.
The ATL is responsible for overseeing the scientific
content of the assessment, while the RBPM is responsi-
ble for driving the review process and adhering to the
established timeline. The drug substance review
function is consolidated into the Office of New Drug
Product. The drug substance reviewers will assess
the CMC information of drug substances whether it is
submitted directly in the applications or in referenced
DMFs.

The success of QbR and the separation of the drug
substance review into the DMF Review Staff
prompted another initiative, which was the develop-
ment of a QbR template for API DMF review. With
the reorganization to form OPQ, the QbR initiative
became a joint effort among offices and divisions that
deal with the drug substance quality assessment and
eventually led to the recent publication of MAPP
5015.10, “Chemistry Review of QbR Submissions”.14

During development of MAPP 5015.10, the QbR was
revised to improve the questions based on the lessons
learned over the past several years and to encourage
more incorporation of QbD elements in the CMC
information submitted to the FDA.15 While the
revised QbR for drug product quality assessment will
be discussed in the next chapter of this book, the fol-
lowing section elaborates the drug substance quality
assessment.

39.4 QUALITY ASSESSMENT FOR DRUG
SUBSTANCES

As mentioned previously, a QbR template for drug
substance quality assessment aims to standardize the
documentation practice and clarify the FDA’s expecta-
tion in drug substance quality assessment. It follows
the same format as the initial QbR developed for
ANDAs and contains the same underlying QbD
principles.

In May 2012, ICH Q1116 was finalized; this guidance
encourages manufacturers to use an enhanced
approach that focuses on the use of “risk management
and scientific knowledge to identify and understand
process parameters and unit operations that impact
critical quality attributes (CQAs) and develop appropri-
ate control strategies applicable over the lifecycle of the
drug substance which may include the establishment
of design space(s) (ICH Q11).” This greater understand-
ing of the drug substance and its manufacturing
process can create the basis for more flexible regulatory
approaches in a manner similar to that described in
ICH Q8 for drug product. The questions developed
for the drug substance QbR allow the manufacturers to
demonstrate process understanding and justify control
strategies other than end-product testing.

QbR is designed with the expectation that the API
information is organized in CTD format and prefera-
bly submitted in eCTD format, which will become
a requirement by May 2017.3 The QOS (Module 2)
follows the scope and outline of Module 3 and infor-
mation provided in the QOS should be consistent with
the information provided in Module 3. MAPP 5015.10
provides guiding principles for drug substance quality
assessment, and can also serve as a guide for prepar-
ing the submission of drug substance information.
Attachment 3 in the MAPP 5015.10 elaborates how the
information will be evaluated under QbR format,
but also applies to submissions that do not follow
the QbR format. The companion document has many
practical suggestions and considerations along with
numerous example tables. In the following subsections
of this chapter, additional details regarding QbR for
drug substance quality assessment are discussed that
extend beyond the companion document. This supple-
mental information may provide further insights,
which can be considered in the submission and during
assessment.

S.1 General Information

The general information section covers nomenclature,
structure, and general properties. The nomenclature
may include one or more of the following: International
Nonproprietary Name, United States Approved Name,
Compendial Name (eg, United States Pharmacopeia,
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USP), Chemical Abstracts Service registry number, or
Chemical name (using International Union of Pure and
Applied Chemistry, IUPAC, nomenclature principles).

A chemical structure with molecular formula and
molecular weight is commonly provided, including the
stereo configuration if applicable. The presence of
hydrates/solvates/salts is shown in the chemical struc-
ture, and the molecular weights for both active moiety
and the salt or solvate/hydrate form are reported.
When the API is a salt and the impurities are controlled
at a weight/weight percent limit with respect to the
API salt, attention should be paid to the calculation of
the maximum daily dose. If the strength of the drug
product was expressed as the active moiety in the drug
product labeling, a conversion of the strength in active
moiety to the strength in the salt form may be needed.

General properties may include a list of physicochemi-
cal properties, as described in the companion document,
particularly those which are likely to impact the product
performance and/or process design. For example, poly-
morphism/pseudopolymorphism and aqueous solubility
characteristics may be CQAs to most solid oral dosage
forms; hygroscopicity and light sensitivity may affect
material handling procedure and storage configuration.
The pKa is an intrinsic property of the API molecule, but
could be a factor in developing an efficient acid/base
extraction procedure during API manufacture. Some
of these properties may be further discussed in and
referenced in section S.3: Characterization.

S.2 Manufacture

ICH M4Q does not set up subsections in Module 2,
but the MAPP 5015.10 separates the questions into a
subsection-format similar to the structure in Module 3.2.
S; the next discussion also follows this structure for
consistency.

S.2.1 Manufacturer

When addressing what facilities are involved in the
manufacturing and testing activities, the following
types of API-related facilities would be included in the
submissions as applicable:

• API manufacturers
• API intermediate manufacturers
• API micronizers
• Facilities that sterilize the API
• Facilities that perform routine commercial testing of

the API
• For animal/plant-derived APIs, the facilities that

perform crude extraction prior to purification of API

It is very important to submit a complete set of facility
information in the application so that all the facilities
involved can be evaluated for compliance purpose and
appropriate action (eg, approval or complete response)

can be taken in a timely manner. A good manufacturing
practices (GMP) compliance statement would be
provided for each of the applicable facilities listed
previously. It is less of an issue when the applicant is
also the API manufacturer and well aware of what API-
related facilities are involved. When manufacture of the
API is contracted out or the API information is
referenced to a separate submission (eg, a DMF) and the
manufacturing process involves multiple sites and/or
testing laboratories, it becomes critical that the applicant
and the contractor or the holder communicate the facility
information so that there is no missing facility in the
application. A common issue that may lead to missing
facility information involves starting material red-
esignation. For example, when an initially proposed
starting material designation was not accepted, an API
manufacturer may agree to redesignate a starting
material in an earlier stage of the process, but these
additional steps of the process may be performed at a
separate site. In addition to providing the necessary
CMC information for the process starting from the newly
designated starting material, the DMF should also be
updated with the new facility information in order for
the new site to be evaluated before an action can be
taken on the application.

S.2.2 Description of the Manufacturing Process and
Controls

The information on the API manufacturing process
typically includes route of synthesis, flow diagram,
and detailed process description. A complete synthetic
scheme would be the most effective way to illustrate
the process, including molecular formulae and
weights, chemical structures of starting materials and
intermediates, the use of reagents, catalysts and sol-
vents, and their equivalencies and relative ratio in each
step. Nonisolated intermediates would normally be
noted with brackets. The process is further described
in the narrative process description, which should
include batch size, input quantities, and yields. Some
other operations, such as blending, micronization,
reprocessing, or reworking should also be described as
applicable, though they may not be performed rou-
tinely or may be subject to the customer requirement
from time to time. When blending of small batches to
increase batch size is needed, each batch for blending
should have been tested against the established crite-
ria; out-of-specification batches cannot be blended for
the purpose of meeting the specification. If optional
micronization or any specific operation is performed to
meet a certain particle size requirement, such opera-
tion should be described and the development studies
which demonstrate that such operation does not nega-
tively impact the API quality and stability can be pre-
sented in Section 2.6 with cross reference.
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When process analytical technology (PAT)17 is
proposed for routine production that allows for real-
time process monitoring and control, the technology
and the traditional method being replaced should be
described and a discussion of how this technology
will be implemented and the impact on overall con-
trol should be provided. The FDA’s PAT initiative
started in the early 2000s and establishes a framework
to facilitate innovation with the goal of enhanced
understanding and control of the manufacturing
process. Process analysis has advanced significantly
during the past several decades due to an increasing
appreciation for the value of collecting process data.
Available tools have evolved from those that predom-
inantly take univariate process measurements, such as
pH, temperature, and pressure, to those that measure
chemical and physical attributes. At-line measure-
ment refers to cases where the sample is removed,
isolated from, and analyzed in close proximity to
the process stream; on-line measurement is where the
sample is diverted from the manufacturing process,
and may be returned to the process stream; measure-
ment where the sample is not removed from the
process stream at all is in-line analysis. A description
of these PAT tools and the traditional method being
replaced should be provided. A discussion about how
the technology will be implemented and the impact
of this technology on the overall control strategy
(ie, it is medium impact if it would be used for moni-
toring; it is high impact if it would be used for drug
substance release) should be provided.

S.2.3 Control of Materials

Designation of regulatory starting material(s) is
discussed in several FDA guidance documents and
ICH guidelines18 and the agency’s official adoption
of ICH Q11 in Nov. 2012 set a milestone in the regula-
tory assessment of the starting material designation.19

Designation of starting material(s) in an NDA would
typically be discussed at a pre-NDA stage. For an
ANDA or its referenced DMF, the designation of
starting material is assessed during the scientific
review of the submission. A recently published “RTR
guidance”20 makes the appropriate designation of
starting material(s) as one of the filing criteria. The
guidance states that “FDA will refuse-to-receive (RTR)
an ANDA if the API review (during the filing stage),
whether in an ANDA or in a referenced DMF, reveals
that the starting material for the API is not justified
according to the principles in the ICH Q11 guidance.”
The inappropriate designation of regulatory starting
materials represents an omission and inadequacy in
the submission that impairs meaningful regulatory
assessment of the API manufacturing process and
quality control strategy, and would therefore render

the application incomplete on its face and result in the
failure of completeness assessment (CA)21 in the case
of an API DMF and possible RTR of the ANDA.

The assessment on the justification of starting
material designation focuses on the overall quality
control strategy, which manages and mitigates the risk
associated with changes in the starting material source
and/or the manufacturing process. The synthetic route
and brief process description of the starting material can
greatly facilitate the evaluation of the starting material
control. Discussion on the relevant impurities arising
from the manufacturing process of each proposed
starting material and the ability of analytical procedures
to detect impurities in the starting material will help
justify the proposed specification of the starting mate-
rial. Additional discussion on the fate and purge of
those impurities and their derivatives in subsequent
processing steps can address the Q11 general concept
that impurities in the starting material will not have
an impact on the impurity profile of the drug substance;
this will further tie the starting material quality
attributes to the overall control strategy.

When multiple starting material suppliers are being
utilized, it is important that the starting material
specification and overall control strategy are designed
to address all of the various types of impurities that
may arise in each synthetic route. In addition, when
multiple manufacturing sites are involved during
the manufacture of an API, the starting material
specification(s) should ensure the same level of quality
regardless of which site or starting material supplier is
involved. Data demonstrating that starting material
sourced from each current vendor has equivalent qual-
ity should also be provided as part of the justification
of the specification for the starting material.

The first principle for designating an appropriate
starting material in ICH Q11 recognizes the relation-
ship between risk and the number of steps from
the end of the manufacturing process; the second
principle states that enough of the drug substance
manufacturing process should be described in the
application for regulatory authorities to understand
how impurities are formed in the process, how
changes in the process could affect the formation, fate,
and purge of impurities, and why the proposed
control strategy is suitable for the drug substance
manufacturing process; and the third principle points
out that manufacturing steps that impact the impurity
profile of the drug substance should normally be
included in the manufacturing process. It is also worth
noting that a step, as defined in the glossary of ICH
Q11, refers to a chemical transformation and typically
involves CaX or CaC bond formation or breaking.
Often in the justification of a regulatory starting mate-
rial, the principle of “significant structural fragment”
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is misinterpreted. “Significant structural fragment” in
this context is intended to distinguish starting materi-
als from reagents, solvents, or other raw materials.
Justification of a late intermediate as a starting mate-
rial by claiming it is a significant structural fragment
is not considered a valid argument because it could
apply to any intermediate in the manufacturing pro-
cess. Based on these principles, selecting a regulatory
starting material very late in the synthetic route may
not be a viable submission strategy.22

If redesignating a regulatory starting material to an
earlier stage of the process is deemed necessary,
amending the application or its referenced DMF to
address this issue may require a substantial amount of
information. This process could be very involved and
lengthy, especially if the originally proposed starting
material is sourced externally. It is important to note
that such a redesignation request cannot be simply
addressed by only amending the submission with
additional CMC information or referencing a separate
DMF for the CMC information without actually declar-
ing a new regulatory starting material in an earlier
stage of the process because designation of regulatory
starting material also has an implication in GMP com-
pliance. Compliance with the cGMP is required from
the introduction of the regulatory starting material to
the manufacturing process.

Again, the general principles laid out in ICH Q11
should be considered in totality in selecting starting
materials, rather than applying each general principle
in isolation.

S.2.4 Control of Critical Steps and Intermediates

The intermediates addressed here are the ones that
are isolated during the process so that intermediate
specifications can be established and documented to
ensure that quality attributes are met. The isolation
of intermediates, with their corresponding specifica-
tions, provides great opportunities to purge potential
impurities that may be carried from the starting mate-
rials or earlier stages. This is especially important
when regulatory starting materials are in later stages
of the process and/or are outsourced from multiple
suppliers. The specifications should be designed to
control the critical material attributes (CMAs) that may
have an impact on the CQAs of a drug substance
because intermediates are considered to be critical
materials in API production and are thus a particularly
important part of the overall control strategy.

When an API manufacturer chooses to outsource
part of the GMP process, it is important to remember
that GMP begins with introduction of the regulatory
starting material(s) as mention in the previous subsec-
tion. A harmonized control strategy governing the
entire GMP process would ensure the consistency
of quality regardless of where the intermediate is

produced. Batch data demonstrating that intermedi-
ates produced at all sites have comparable quality
should also be provided, preferably in tabulated
format. Hold-time studies need to be considered when
intermediates have been outsourced and shipping
between sites is required. These studies would dem-
onstrate that the intermediate is stable in its packaging
for the amount of time elapsed between manufacture
and use. Hold-time studies are also appropriate for
manufacturing processes, which require multiple
batches of one intermediate to be combined in the
next step of the process.

Potential impurities at a given intermediate stage
include residual starting materials and previous
chemicals, impurities carried over from the starting
materials, reagents, solvents, catalysts, and reaction
by-products. Investigation of impurities that are
commonly observed is a key step in determining what
impurities need to be controlled. It is essential for
manufacturers to demonstrate process understanding
by examining the origins and fates of impurities to
support the proposed controls at various stages.
ICH Q11 describes and recognizes that CQAs of a
drug substance can be confirmed through upstream
controls. Both in-process control (IPC) and impurity
tests in the intermediate specification can be part of
the upstream controls. When the limit for a particular
impurity in the intermediate is set at a level higher
than what would be acceptable in the API, inclusion of
a study demonstrating how the amount of that particu-
lar impurity decreases throughout the subsequent
manufacturing process from the proposed limit to an
acceptable level would provide a stronger justification
than submission of testing data in the final API alone
and may warrant no further control in the later stages.
Sometimes an impurity may not need to be specified
in the final API specification if a significant margin of
process purging capacity is demonstrated by spiking
the impurity at a level much higher than the level it is
commonly observed/generated at the intermediate
stage and confirming its absence or amounts well
below the acceptable level in the subsequent stage or
final API. It is also important to consider whether an
impurity may be transformed in later steps. Analysis
of the API should also include potential by-products
that may be formed due to transformation of the initial
impurity into other by-products. Spike/purge studies
should be conducted in a manner representative of the
production process so that the outcome can predict
the manufacturing capability.

S.2.5 Process Validation and/or Evaluation

Validation of the manufacturing processes is a
requirement of the cGMP regulations for finished
pharmaceuticals (21 CFR 211.100 and 211.110), and is
considered an enforceable element of cGMP practice
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for APIs under the broader statutory cGMP provi-
sions of section 501(a)(2)(B) of the Federal Food,
Drug, and Cosmetic Act. ICH Q7A23 states that
prospective validation should normally be performed
for all API processes and should be completed before
the commercial distribution of the final drug product
manufactured from that API. ICH Q11 also indicates
that the drug substance manufacturing process
should be validated before commercial distribution of
resulting drug product. However, none of the guid-
ance specifically defines the submission requirement
with regard to API process-validation information.
The FDA Guidance to Industry, “Process Validation:
General Principles and Practices”,24 does not specify
what information should be included as part of a
regulatory submission and refers interested persons
to contact the appropriate center in determining
the type of information to include in a submission.
ICH M4Q mentions that process validation and/or
evaluation studies for aseptic processing and steriliza-
tion should be included. ICH Q11 mentions as an
observation that for nonsterile chemical entity drug
substance processes, results of process validation
studies are not normally included in the dossier.
The “initial completeness assessments for Type II API
DMFs under GDUFA”21 is the only guidance that spe-
cifically requires “[a] summary of Process Validation
and/or Evaluation information” to be submitted
for a validated process (item 34 in its “Appendix 1:
GDUFA Initial Completeness Assessment Checklist for
Type II API DMFs”).21

The scope of this validation summary is significantly
smaller than the typical process validation report and
does not involve the facility, utility, environmental
control, equipment installation/operation/performance
qualification (IQ/OQ/PQ), cleaning validation, etc.,
and analytical validation is covered in a separate
section of the submission (S.4.3). Per the companion
document to MAPP 50115.10, if the validation has been
performed, information regarding the validation
batches with lot traceability should be provided.
The information should include the analytical data
from the starting material(s), intermediates, in-process
testing, and final drug substance, which can be
provided in a tabulated format; reference to sections
2.3, 2.4 and 4.4 for the same analytical data is
acceptable if the validation data is provided in those
sections respectively. If the validation has not been
completed, a validation commitment including the
timeline and proposed scale can be provided.

S.2.6 Manufacturing Process Development

The process development summary should summa-
rize the development effort, but should not be filled
with raw study reports. It presents the results of the
process development effort using summary charts and

tables and some data can be cross-referenced to other
sections as needed. A QbD approach or QbD elements
are highly recommended to justify the choice of critical
process parameters (CPPs), testing limits and ranges,
and as part of risk mitigation in scale-up. There should
be a discussion of how the proposed controls mitigate
the identified risks in the process. The process devel-
opment summary presents the opportunity to reveal
the overall control strategy that the manufacturer has
in place to ensure process robustness and consistent
product quality.

One of the key elements of the control strategy is
the impurity control, including controls of related
substances, impurities with genotoxic structural alerts,
reaction by-products, residual solvents, metal cata-
lysts, and any impurities that may be carried from
the starting material(s), etc. The manufacturers could
demonstrate their process understanding by examin-
ing the origins and fates of impurities, discussing the
probabilities and severities of their impacts to process
robustness and the product quality, and conducting
tests and/or purging studies to support the controls
implemented at various stages.

In the case of chiral drug substances, discussion
regarding how the chirality of each center is estab-
lished through the synthetic process is very important.
The possibility of interconversion of the chiral drug
substance to the enantiomer or other diastereomers
during manufacturing or storage, and the controls in
place to prevent such interconversions also need to be
addressed. A similar evaluation should be conducted
for drug substances for which geometrical isomers are
possible.

Regarding polymorphism, it should be demonstrated
that the desired polymorphic form is consistently
produced and retained during storage. The impact
of specific process parameter(s) (eg, concentration,
temperature program, choice of solvents and/or anti-
solvent, stirring/seeding as needed, etc.) should be
discussed, and polymorphism analysis results should
be provided. When there is a potential for other forms
to be present, a discussion about how these forms are
detected and controlled should be included. When
the polymorphic form of the API is known in the
literature, a reference to the patent or other literature
can be provided.

The particle size of an API may impact product
performance depending on the drug product dosage
form, route of administration, and the product
manufacturing process. If micronization or any spe-
cific particle size reduction operation is performed to
meet the particle size requirement, the manufacturer
should demonstrate that such operation does not
negatively impact the quality and stability of the pro-
cessed material. For example, complete release testing
of batches could be performed after the customized
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operations and a micronized sample should be put
in the stability program.

S.3 Characterization

Characterization of the API should be performed
irrespective of whether the drug has a compendial
monograph or it is a new chemical entity as its
purpose is to prove the API identity from a given
process. A list of spectroscopic studies as applicable
(eg, infrared [IR], ultraviolet [UV], nuclear magnetic
resonance [NMR], mass spectroscopy [MS], x-ray
diffraction [XRD], elemental analysis) and the inter-
pretation of those studies summarizing the evidence
of structure would be needed to adequately prove the
structure. When the drug substance contains one or
more chiral centers, it should be indicated whether
it is a racemate or a specific stereoisomer. In the
case of a specific stereoisomer, evidence of its configu-
ration should be provided when an enantiomer or
diastereomers are possible. For example, unequivocal
characterization could be demonstrated by using 2D
NMR spectroscopies and/or x-ray crystallography, or
comparison with authentic samples or extracted reference
listed drug in the case of generic or 505b(2) applications,
using spectroscopic and/or chromatographic proce-
dures that can discriminate between enantiomers or
diastereomers. Alternatively, the stereochemistry can
be established and controlled in the starting material or
an intermediate when appropriate (eg, chirality feature
inherited from the starting material or introduced
in an intermediate stage). However, it should be dem-
onstrated that subsequent process steps do not involve
the chiral center(s) or won’t cause its racemization.
When the stereochemistry is established at an earlier
stage, similar characterization should be performed at
that point.

Potential genotoxic impurities (PGIs) are receiving
more and more attention. Any work or studies per-
formed to evaluate PGI’s (eg, functional group identifi-
cation, in silico analysis, Ames test, literature references,
etc.) should be provided. However, it should be noted
that a nonclinical consult review may be required to
evaluate in silico and toxicological data and full copies
of any study reports (ie, Ames studies, in silico analysis,
etc.) are needed in those cases. A brief discussion about
the control strategy for these impurities (ie, type of ana-
lytical procedures and sensitivity limits, in-process
tests, tests in intermediate or final drug substance
specifications, etc.) should be provided. A reference to
process development summary may be appropriate,
and the exact location of the information in S.2.6 should
be provided.

The evaluation and justification of the proposed lim-
its for an impurity with a structural alert is based on
the relevant guidance, particularly the recently

published ICH M725 and a stepwise approach can be
taken to address the concern. A computational toxicol-
ogy assessment can be performed using (quantitative)
structure-activity relationships [(Q)SAR] methodologies
that predict the outcome of a bacterial mutagenicity
assay. Two (Q)SAR prediction methodologies that
complement each other should be applied. The absence
of structural alerts from two complementary (Q)SAR
methodologies (expert rule-based and statistical) is suf-
ficient to conclude that the impurity is of no mutagenic
concern and no further genotoxicity assessments would
be necessary. If warranted, the outcome of any com-
puter system-based analysis can be reviewed using
expert knowledge to provide additional supportive
evidence on relevance of any positive, negative,
conflicting. or inconclusive prediction and provide a
rationale to support the final conclusion.

If the (Q)SAR prediction of potential mutagenicity
is positive or the (Q)SAR study is not conducted, either
adequate control measures at the threshold of toxico-
logical concern (TTC)-based limits could be applied or
a bacterial mutagenicity assay with the impurity alone
can be conducted.26,27 An appropriately conducted neg-
ative bacterial mutagenicity assay would overrule any
structure-based concern, and no further genotoxicity
assessments would be recommended. These impurities
would be considered nonmutagenic; therefore, the
impurity control can be based upon ICH Q3A(R2)
recommendations.28,29

A positive bacterial mutagenicity result would
warrant further hazard assessment and/or control
measures (TTC-based limit). If compliance with the
TTC-based limits is impossible or impractical, an
in vivo gene mutation assay should be conducted to
understand the relevance of the bacterial mutagenicity.
Results from an appropriate in vivo assay may support
setting compound specific impurity limits. In cases
where control efforts cannot reduce the level of the
mutagenic impurity to below the acceptable limit and
levels are already as low as reasonably practicable
(ALARP), a higher limit may be justified based on
a risk/benefit analysis. Conversely, the application of
ALARP is not necessary if the level of the mutagenic
impurity is below acceptable limits.

S.4 Control of Drug Substance

This section addresses the control of the drug
substance with respect to specification, analytical
procedures and their validation, batch analyses, justifi-
cation of specification, and overall control strategy.
A specification as defined in ICH Q6A30 is a list of tests,
references to analytical procedures, and appropriate
acceptance criteria for those tests, which are expressed
as numerical limits, ranges, or other criteria as applica-
ble. The drug substance must conform to this set of
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criteria in order to be considered acceptable for its
intended use. The specification is proposed and justi-
fied by the manufacturer and must be acceptable to reg-
ulatory authorities.

The drug substance manufacturer is encouraged
to include relevant controls in the specification, but
the specification is only one part of the total control
strategy. As mentioned previously, ICH Q11 discusses
an enhanced approach which focuses on the use of
“risk management and scientific knowledge to identify
and understand process parameters and unit opera-
tions that impact CQAs.” Table 39.1 is from ICH Q11;
it shows an example of an enhanced control strategy,
which may be used by a holder to justify the use of
upstream control to ensure consistent product quality.

Notice that upstream control can be a test for an
impurity in the starting material or intermediate, or an
in-process test. Upstream control may also be assured
by process development data that demonstrates the
process is able to adequately remove the impurity,
in which case there is no routine testing involved.
In either case, it is important that the manufacturer
provide adequate information to justify their proposed
control strategy. As discussed in the section S.2.4, if
upstream control is established at higher than the
acceptable limit or where control is achieved solely
through process capability, spike/purge studies at
greater than the proposed limit, and/or sufficient

batch data from drug substance manufactured from
starting material/intermediate containing the pro-
posed levels of the impurity should be supplied
to support the proposed limit. It is important that
spike/purge studies be performed in a manner repre-
sentative of the commercial process in order for the
results to be predictive. A description of the analytical
procedures used for these studies with information
about limit on detection/limit on quantification (LOD/
LOQ) should also be included.

A commonly observed issue in this section is related
to the specification justification; particularly inade-
quate justification of proposed impurity limits.31 For a
new drug substance, the impurity justification typi-
cally goes by the threshold-based approach described
in ICH Q3A. Additional justification may include the
relevant development data, test data for the batches
used in the toxicology and clinical studies, the data
from the stability studies can be referred to as well as;
reasonable variability of manufacturing process and
analytical procedure should also be considered; other
factors (eg, patient population, drug class effects,
and clinical considerations) may be considered on a
case-by-case basis.

For a drug substance subject to an ANDA, a
guidance for industry has been published on how to
appropriately justify impurity limits.32 The qualifica-
tion threshold in ICH Q3A should be the default

TABLE 39.1 Example of a Possible Control Strategy Summary

DS CQA/

Limit

Type of control

In-process controls (including
in-process testing and process

parameters)

Controls on material

attributes (raw materials/
starting materials/

intermediates)

Impact of
manufacturing

process design

Is CQA tested on drug

substance/included in
drug substance

specification?

Impurity X
(NMTa 0.15%)

Design space of the reflux unit operation composed of a
combination of %water in intermediate E and the reflux
time in step 5 that delivers intermediate F with hydrolysis
impurity # 0.30% (3.2.S.2.2)

Yes/yes

Impurity Y
(NMT 0.20%)

Process parameters step 4 (3.2.
S.2.2) p(H2) $2 barg; T ,50�C;
In-process test step 4 (3.2.S.2.4)
Impurity Y# 0.50%

Yes/yes

S-enantiomer
(NMT 0.50%)

Spec for starting
material D (3.2.S.2.3),
S-enantiomer #0.50%

Stereocenter is shown not to racemise
(3.2.S.2.6)

No/no

Toluene In-process test step 4 (3.2.S.2.4)
# 2000 ppm by GC

Process steps after step 4 are shown to
purge toluene to levels significantly
below (less than 10%) that indicated in
ICH Q3C (3.2.S.2.6)

No/nob

aNMT, not more than.
bThis approach could be acceptable as part of a control strategy when justified by submission of relevant process data that demonstrates the adequacy of the process design and
control. The manufacturing process should be periodically evaluated under the holder’s quality system to verify removal of the solvent.
Reproduced from: ICH Q11.
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starting point for a specified impurity. An impurity
is considered qualified when it meets one or more of
the following conditions:

• The observed level and proposed acceptance
criterion for the impurity do not exceed the level
observed in the reference listed drug product

• The impurity is a significant metabolite of the drug
substance, as confirmed by supporting data from
studies or literature

• The observed level and the proposed acceptance
criterion for the impurity are adequately justified by
the scientific literature

• The observed level and proposed acceptance
criterion for the impurity do not exceed the level that
has been adequately evaluated in toxicity studies

Lack of proper justification of impurity limits may
lead to RTR the application.33

Descriptions of the analytical procedures referenced in
the specification are also reported in S.4 and the QbR
companion document provides example tables that may
be useful in presenting the information. There are gener-
ally two types of analytical procedures: in-house meth-
ods, which are developed by the applicant or holder, and
compendial methods, which are contained in a mono-
graph or a general chapter. In both cases, a description of
the method should be provided. The method validation/
verification reports for these methods may be included in
this section or submitted in regional section. Full valida-
tion reports should be provided for in-house methods. If
the original method validation was done at one site, such
as a research and development (R&D) laboratory, and is
then transferred to another site for routine release testing,
a method transfer study should be conducted to verify
the receiving site is capable of performing the analytical
testing method for its intended use. When a compendial
method is available and used, method verification should
be performed. Verification under conditions of use is gen-
erally demonstrated by meeting system suitability criteria
established for the method, as well as other method para-
meters such as: demonstration of specificity, method
precision, and LOQ if applicable.34 However, there are
times when a supplemental validation of the compendial
method should be performed. For example, if a compen-
dial method is used to analyze unique in-house related
substances, then validation of all parameters with regard
to these impurities should be performed (eg, specificity,
system/method precision, accuracy, linearity/range,
robustness, etc.).

As for the batch analysis data submitted in this sec-
tion of QoS, it is commonly tabulated against the speci-
fication. When the API is manufactured at more than
one site, more data may be needed. As mentioned
under S.2.1, adequate site information should be pro-
vided along with a GMP statement for alternative
manufacturing sites. It is important to indicate when

this site has previously received a satisfactory cGMP
inspection and specify the type of manufacturing pro-
cess covered by the inspection. The inspection status is
one of the factors used to determine the post-approval
filing category if the site change/addition is part of
post-approval activity. Utilizing the same process in the
alternative site would help to minimize the potential
variation in drug substance quality, while it is acknowl-
edged that changes to accommodate the facility and
equipment difference may be necessary provided they
result in no impact to the impurity profile, physiochem-
ical properties, and control strategy. A tabulated com-
parison of the manufacturing process at each site with
discussion/justification about any variation
in equipment or process parameters is very useful in
justifying changes and assists in the evaluation of
their potential impact to drug substance quality.
A detailed comparability study in impurity profile
and physiochemical properties should be conducted
and summarized to demonstrate the equivalence of the
API manufactured at both sites. In addition, a summary
of the plans for validation at the alternative site as elabo-
rated under S.2.5, comparative data from the existing
site should be provided and API from the alternative
site should be added to the stability program.

A change in scale of the commercial batch size also
requires additional information be submitted to the
agency. A discussion about any variation in equip-
ment, procedure, or control strategy caused by the
scale change should be provided in the appropriate
sections of the submission. A scale change, as referred
to here, does not involve modification of the synthetic
process. Comparative batch data between batches
of API manufactured by the original process and
batches manufactured by the scaled process should be
provided to show that the quality is comparable.

S.5 Reference Standards

Per ICH Q6A Guideline, a reference standard, or refer-
ence material, is a substance prepared for use as the stan-
dard in an assay, identification, or purity test. Reference
standards have both quantitative and qualitative uses.
Reference standards for assay/purity tests for drug sub-
stances are for quantitative use, while reference stan-
dards for identification tests, system suitability tests, or
chromatographic peak markers are for qualitative use.
Other reference standards include performance stan-
dards and calibrators, such as dissolution calibrators,
melting point standards, particle count set standards,
chromatography calibration verification standards, etc.
The amount of tests needed to qualify a reference stan-
dard depends on its intended use. For example, tests for
the reference standards used for assay/purity tests typi-
cally include identification, assay, chromatographic
purity, water, solvents, ash, and other tests as applicable.
For primary standards the method of choice in
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computing the assigned content value is mass balance
analysis using independently determined components,
such as moisture, solvent residues, inorganic residues
(ash), chromatographic impurities, and ion contents.

If compendial reference standards are available
and used, the compendial lot numbers would be
considered sufficient. For noncompendial reference
standards, source, batch/lot number, brief description
of the preparation and qualification (characterization
and quantification) of reference standards would be
needed. The characterization data can be referenced to
the data in S.3 if applicable. Quantitation is often done
by means of mass balance. Certificate of analyses
(COAs) of the in-house reference standards should
include the storage conditions and expiry date.

The impurity reference standards, which are used in
the release of a drug substance and/or validation
of the analytical procedures, can be described in this
section as well. Similar to the drug substance reference
standards, the impurity reference standards would also
need to be qualified to demonstrate their identities and
purities/assays. Though often their purity values may
not be on par with that of a drug substance reference
standard, the impurity reference standards should
be pure enough to not compromise the analysis.
Normally, using a less-pure impurity reference stan-
dard may artificially inflate the reported impurity
amount than its actual level. Again, if compendial
impurity reference standards are available and used,
the compendial lot numbers would be sufficient.

Manufacturers often utilize secondary reference
standards (or working reference standards) for routine
analysis in order to preserve the precious primary ref-
erence standards, which may have been highly purified
and comprehensively characterized. Once identity and
assay of the primary reference standard are fully estab-
lished, the secondary reference standards can be quali-
fied against the primary reference standard with a
minimum of identity and assay tests. Qualification of a
reference standard should not be confused with release
of drug substance because the intended purpose of a
reference standard is different from drug substance.
The latter is used for manufacturing drug product,
which would ultimately be dosed to patients; and the
former is used in an analytical laboratory and
consumed or disposed during or after the physical
and chemical tests. Therefore, some tests required for
releasing drug substance lots may not necessarily apply
to the reference standard qualification; though a refer-
ence standard lot may have received a full release
testing when it is sourced from a production lot.

S.6 Container Closure System

APIs are generally solids, and the container closure
system for storage or shipment of a bulk solid APIs is
typically a drum with double low density polyethylene

(LDPE) liners that are usually heat-sealed or closed
with a twist tie. A desiccant may be placed between
the bags. The drum provides protection from light
and mechanical strength to protect the liner during
shipment and handling. The majority of the protection
from air and moisture is provided by the liner. An API
that is moisture-sensitive may need additional protec-
tion because LDPE is not a particularly good moisture
barrier. An alternative to a LDPE bag is a heat-sealable
laminate bag with a comparatively low rate of water
vapor transmission.

The container closure system for the storage or
shipment of a bulk liquid drug substance is typically
a container with a rugged, tamper-resistant closure.
Qualification of the container closure system may
include characterization for solvent and gas permeation,
light transmittance, closure integrity, ruggedness in
shipment, protection against microbial contamination
through the closure, and compatibility and safety of
the packaging components as appropriate (eg, plastic,
stainless steel, a glass-lined metal container, or an
epoxy-lined metal). More information regarding general
consideration on qualification and quality control of
packaging components is discussed in the Container
Closure Systems Guidance.35

In this section, a description of the container closure
system for the bulk API as well as the composition of
the specific components (container, closure, all liners,
inner seal, and desiccant [if any]) can be provided.
Documentation from each vendor showing compliance
for each primary packaging material with 21 CFR (174-
186) (food safety statement) is typically considered
sufficient to establish the safety of the materials
of construction.36 Source(s) and the Certificate(s) of
Analysis would demonstrate that the appropriate qual-
ification and quality control of packaging components
is in place.

A summary of how the container closure system
ensures proper product quality during shipping and
storage, based on known properties of the drug
substance (eg, hygroscopic, light or air sensitive, etc.),
should also be submitted. The summary could
include a description of how the packaging system
used during stability studies is representative of
the commercial packaging system. In addition, the
container label could capture a description of any
special storage conditions (eg, protection from light,
humidity, etc.). The storage condition is preferably a
numerical temperature range based on the stability
studies, but using USP terminology associated with
a defined temperature limit or range such as “USP
Controlled Room Temperature” is often acceptable.
Undefined general terms, such as “room temperature,”
should be avoided.

The container label is often provided in this section,
or may sometimes be cross-referenced to the executed
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batch record (EBR) or Regional Section. Among the
information on the label, it is recommended that a
retest/expiry date is included. Although the COA typi-
cally has this information, it is often stored/archived
separately from the actual container. Having the
retest/expiry date on the container label allows the
operator, auditor, and/or investigator to conveniently
verify that the material is still in the valid period for
use. ICH Q7A indicates that the retest date should
be indicated on the label and/or COA for APIs with
a retest date. The FDA Compliance Program Guidance
Manual (Program 7356.002F, Chapter 56) further stres-
ses that “Adequate expiration or retest dates should
be on the label.”37 In addition, 21 CFR 201.122 also
recommends a caution statement, such as “caution:
for manufacturing, processing, or repacking” and
prescription sign “Rx” be on the label when most of
the dosage forms in which the API may be used are
subject to prescription.38

S.7 Stability

The recent publication of the ANDA stability
guidance39 largely harmonized the stability require-
ments among the new and generic drug applications to
ICH Q1 guidelines.40 A question and answer guidance
was published in May 2014 to further clarify the FDA’s
recommendations regarding stability testing data for
ANDAs and referenced API DMFs.41 A unique situa-
tion pertaining to Type II API DMF under GDUFA
often causes some confusion to the applicants and/or
holders. To pass the CA, DMFs should include the sta-
bility protocol, commitments, and data demonstrating
that stability studies have started. The initial and one
additional time point for the accelerated studies and
long-term studies are sufficient. The CA is strictly
triggered by the GDUFA DMF fee payment even before
any ANDA submission makes reference to it. The DMF
holders are encouraged to pay the DMF fee earlier to
initiate the CA process in order to bring the DMFs to
the status of “available for reference.” If the DMF does
not meet the stability data requirement specified in the
ANDA Stability Guidance at the time of the CA,
the DMF holder should amend the DMF with updated
stability data to prepare for full scientific review.

The stability acceptance criteria is often harmonized
with the release criteria and the stability protocol design
and the choice of API storage condition aligns well with
intended storage and use condition of the drug product.
Most of the drug products in solid oral dosage forms are
stored at controlled room temperature. When the long-
term stability studies are conducted at 56 3�C and the
API is intended for storage in a refrigerator while
the corresponding drug product is or will be stored
at the common controlled room temperature, the choice
of refrigerated storage for the API should be explained.

The following questions may be used as a guide when
addressing such situations:

• Have the stability studies at room temperature
longer than 6 months (typical 6 months of data at
256 2�C/60%, RH6 5% RH (relative humidity), as
accelerated condition when long-term condition is
56 3�C) been conducted?

• Have the stability studies at elevated temperatures
(eg, 306 2�C/65% RH6 5% or 406 2�C/75%
RH6 5% RH) been conducted?

• Has any stability failure or trend been observed in
those studies?

• How can the stability of a drug substance, which
requires refrigerated conditions, be ensured in a
drug product that is stored at controlled room
temperature?

When some stability failure and/or clear trend of
increasing degradants is observed, efforts should be
made to identify and specify these degradants so that
they can be continuously monitored throughout the
product’s shelf life. Additional information regarding
these degradants as applicable may be needed to
support the control strategy for them, such as:

• The chromatograms of impurity analysis at the
failed stability time points

• The impurity profile tabulated with their RT/RRT
and % w/w

• The trend analysis of the degradants to project their
growth rate at room temperature

• Impurity characterization effort
(or semi-characterization by LC/MS)

• Inclusion of the degradants that were observed with
Out of Specification (OOS) results at room
temperature in both release and stability
specification (eg, by RRT and Mass ID if not fully
identified yet) so that the drug product
manufacturer(s) will know what to follow-up

• Qualification of the degradants(s) as needed per the
applicable guidance to demonstrate that its exposure
will not have additional risk to the patients

• In the case of the drug substance manufacturer
being different from the drug product
manufacturer, commitment to provide information
about any observed stability failure, including
results of the investigation and impurity
characterization information, to the drug product
manufacture(s)

39.5 CONCLUSION

QbR facilitates a high-quality submission with the
appropriate level of detail. It standardizes submission
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format, clarifies the FDA’s expectations, provides an
opportunity for applicants and holders to address criti-
cal questions about the product’s design, failure risk,
and manufacturing controls from both a performance
and patient usability perspective, encourages justifica-
tion for choices made throughout product develop-
ment and manufacture, and increases transparency in
the applicant’s thought processes. It may also be used
within the applicant’s organization as an internal
communication tool in preparation for the submission.
The QbR also facilitates the team-based IQA in OPQ.
It is consistent with the QbD paradigm, congruent
with risk management approaches and also acts as a
guide for assessing the level of risk associated with
the design and manufacture of the product. This helps
ensure a consistent and comprehensive quality evalua-
tion and eventually leads to more focused and efficient
review.

APPENDIX QbR QUESTIONS—DRUG
SUBSTANCE14

2.3 Introduction to the Quality Overall Summary

2.3.S.1 General Information

1. What are the nomenclature, molecular structure,
molecular formula, CAS number, molecular weight,
and pharmacological class of the drug?

2. What are the physical, chemical, biological and, if
applicable, mechanical properties including physical
description, pKa, chirality, polymorphism, aqueous
solubility as a function of pH, hygroscopicity,
melting point(s), and partition coefficient?

2.3.S.2 Manufacture

3. Who manufactures the drug substance? List each
participant and facility involved in drug substance
manufacturing/testing activities and clearly state
their function. List the date of the last FDA
inspection of each facility involved and the result
of the inspection. Has the manufacturer addressed
all concerns raised at the FDA inspection?

4. What is the flow diagram of the manufacturing
process that shows all incoming materials,
reagents, reaction conditions, and in-process
controls and, if appropriate, any reprocessing/
reworking/alternative processes?

5. If applicable, what on-line/at-line/in-line
monitoring technologies are proposed for routine
commercial production that allows for real-time
process monitoring and control? Provide a
summary of how each technology was developed.

6. What is (are) the starting material(s) for the
manufacturing process and how would changes in

starting material quality and/or synthesis/source
be controlled to minimize adverse effects on the
drug substance quality?

7. What are the starting material specifications and
how are they justified?

8. What are the specifications for reagents, solvents,
catalysts, etc.? What are the critical attributes for
these materials that impact the quality of the final
drug substance?

9. What are the critical process parameters (CPPs)
and how are they linked to drug substance
quality?

10. What are the in-process controls (IPCs)/tests
associated analytical procedures and acceptance
criteria for each control?

11. What are the specification(s) for the intermediate(s)?
12. What process validation and/or evaluation

information is provided, if any?
13. What development and scale-up information

supports the commercial process and control
strategy?

2.3.S.3 Characterization

14. How is the drug substance structure characterized?
15. What are the potential impurities (eg, related

substances, degradants, inorganic impurities,
residual solvents) in the drug substance? Which of
these impurities are potentially genotoxic?

2.3.S.4 Control of Drug Substance

16. What is the drug substance specification and what
is the justification? Does the specification include
all of the drug substance’s critical quality attributes
(CQAs)?

17. For each test in the specification, provide a
summary of the analytical procedure(s) and, if
applicable, a summary of the validation or
verification report(s).

18. How do the batch analysis results compare with
the proposed specification? Provide a summary of
the batch analysis results.

19. What is the proposed control strategy for the drug
substance manufactured at commercial scale?
What are the residual risks upon implementation
of the control strategy at commercial scale?

2.3.S.5 Reference Standards

20. How are the drug substance reference standards
obtained, certified, and/or qualified?

2.3.S.6 Container Closure System

21. What container closure system(s) is proposed for
commercial packaging of the drug substance and
how is it suitable to ensure the quality of the drug
substance during shipping and storage?
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2.3.S.7 Stability

22. What are the stability acceptance criteria? If
applicable, what is the justification for acceptance
criteria that differ from the drug substance release
specification?

23. What is the proposed retest period for the drug
substance? What drug substance stability data
support the proposed retest period and storage
conditions in the commercial container closure
system? How does statistical evaluation of the
stability data, if any, and any observed trends
support proposed the retest period?

24. What are the post-approval stability protocols and
other stability commitments for the drug substance?
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40

Modern Pharmaceutical Regulations:
Quality Assessment for Drug Products

J.A. Maguire, W. Jiang and L.X. Yu
U.S. Food and Drug Administration, Silver Spring, MD, United States

40.1 INTRODUCTION

Information on the chemistry, manufacturing, and
controls (CMC) for the drug product must be submitted
to the Food and Drug Administration to support the
approval of original new drug applications (NDAs) and
abbreviated new drug applications (ANDAs). This chap-
ter discusses assessment of the CMC information for
drug products with a focus on question-based review
(QbR). The QbR is structured to facilitate the assessment
of applications submitted in the International Conference
on Harmonization (ICH) common technical document
(CTD) format. Although QbR was initially introduced
for drug products submitted in ANDAs, its principles
apply equally well to drug products submitted in NDAs.

40.2 QbR HISTORY

In the early 2000s, pharmaceutical quality was
redefined by the FDAs Pharmaceutical Current Good
Manufacturing Practices (cGMPs) and quality-by-
design (QbD) initiatives,1 as well as ICH Q8(R2), Q9
and Q10,2�4 and in response, applicants were encour-
aged to implement QbD approaches in their drug
product development and manufacturing activities.
Accordingly, the FDA Office of Generic Drugs (OGD)
developed a new quality assessment system as a
tool to enable assessment and promotion of QbD
approaches in ANDAs (ie, QbR) (Fig. 40.1). However,
OGD was not the first office within Center for Drug
Evaluation and Research (CDER) to use a QbR assess-
ment system. The initiative built upon the positive
experiences of the Office of Clinical Pharmacology

and Biopharmaceutics (OCPB), which implemented a
standardized NDA review template in a question-based
format to improve consistency, foster good
interdisciplinary communication and teamwork, and
lead the reader logically through the thought process
used in resolving scientific, clinical, and regulatory
issues.5 QbR used by both OCPB and OGD are reflective
of good review practices (GRPs), which are documented
best practices within CDER. All GRPs share fundamen-
tal values that make them exceptional and require them
to be disseminated and adopted by review staff. These
fundamental values are quality, efficiency, clarity, trans-
parency, and consistency.6 Another impetus for the crea-
tion of QbR was feedback from other regulatory
authorities (eg, Health Canada) that use the quality
overall summary (QOS) as a foundation for the primary
chemistry review document.7 The development of QbR
followed four underlying principles8:

1. quality is built into the product and process by
design, development, and manufacture, and is
confirmed by testing;

2. risk-based approaches should be used to maximize
economy of time, effort, and resources;

3. best practices of the pre-QbR OGD review system
and organization should be preserved; and

4. best available science and open communication
with stakeholders should be utilized to facilitate
implementation.

Under the QbR system, applications are submitted
in CTD format and include a pharmaceutical develop-
ment section, as outlined in ICH Q8R2 and a QOS in
Module 2, that addresses the QbR questions. QbR
results in a minimal change for applicants generating
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multi-region submissions, so it does not impact the
detailed submission package in Module 3. The Manual
of Policies and Procedures (MaPP) 5015.10 on Chemistry
Review of Question-based Review (QbR) Submissions
clarifies how FDA reviewers should assess NDAs and
ANDAs that follow a QbR format in conjunction with
the FDA guidance for industry M4Q: The CTD—
Quality.9 Companion documents attached to MaPP
5015.10 detail the type of information expected within
a submission in response to the QbR questions.7

For CMC reviews, a well-prepared QOS written by the
sponsor provides the primary reviewer with a quick over-
view of the entire CMC package and reduces the review
time spent on documentation. Pharmaceutical develop-
ment information helps reviewers have a better under-
standing of how drug substance, formulation, and
process variables affect the performance and stability of
the drug product and supports appropriate performance-
based specifications as well as the overall control strategy.

Due to its significant benefits, QbR was well-received
by ANDA applicants and the FDA OGD chemistry
reviewers, and has both parties’ commitment. In Jul.
2007, more than 90% of ANDA submissions included
a QOS that answered the QbR questions.10 Today, 100%
of ANDA applicants utilize QbR. Details about the
impact and benefits of QbR are discussed in several
commentary papers8,11�18 and summarized in the
MaPP 5015.10 and will not be repeated here.

40.3 CURRENT STATUS OF QbR

The recently published MaPP 5016.1 Applying ICH
Q8(R2), Q9, and Q10 Principles to CMC Review
establishes a policy that CMC reviewers will consider
ICH Q8(R2), Q9, and Q10 recommendations when
reviewing applications whether or not the applications
include QbD approaches.19 Reviewers will ensure that
applications contain a quality target product profile

(QTPP), critical quality attributes (CQAs) of the drug
product, identification of those aspects of drug sub-
stances, excipients, container closure systems, and
manufacturing processes that are critical to product
quality and that support the safety and efficacy of
the drug product, information that conveys an under-
standing of the development of the drug product
and its manufacturing process, and a justified control
strategy. Reviewers will take a scientific and risk-based
approach during assessment of the application. The
MaPP applies to both innovator and generic drugs.

CDER’s quality initiative began more than a decade
ago when the agency first introduced the 21st Century
Initiative to modernize the FDA’s regulation of the
pharmaceutical quality of drugs.1 The recent reorgani-
zation at CDER and the formation of the Office of
Pharmaceutical Quality (OPQ) is a natural evolution of
the review and inspection processes that allow the
agency to better respond to an ever-changing world
with continued globalization of the pharmaceutical
industry, increasing product complexity, continued
drug shortages and recalls, and legislative commit-
ments outlined in the Prescription Drug User Fee Act
(PDUFA) and the newly implemented Generic Drug
User Fee Amendments of 2012 (GDUFA). OPQ further
enhances CDER’s quality initiative by creating a drug
quality program as robust as the programs the agency
already has in place for drug safety and efficacy. The
formation of OPQ is a major step toward the goal of
modernizing FDA regulation of drug quality and
brings the CMC review of innovator and generic drug
products into the same super office. The OPQ slogan is
“One Quality Voice.” The office integrates quality
review, inspection, and surveillance over a drug pro-
duct’s lifecycle so that both internal and external stake-
holders receive a single quality assessment capturing
OPQ’s overall recommendation on product approvabil-
ity. OPQ emphasizes:

• A lifecycle approach to drug quality
• Proactive team-based and risk-based approaches
• Consistent and scientifically-sound quality

standards for review and inspection
• Clear expectations and enforcement policies for

industry
• Modernization and efficiency of drug

manufacturing technologies

With widespread agreement that QbD and QbR
have enhanced the quality of generic drugs, a recent
initiative within OPQ focused on developing a QbR
review template with overarching questions applicable
to both innovator and generic drug products. The goals
of the initiative were to standardize the review
approach and expectations for both NDAs and
ANDAs, better capture QbD expectations, incorporate

FIGURE 40.1 The Food and Drug Administration’s cGMP initia-
tive: quality by design, and question-based review.
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feedback and lessons learned from the previous
QbR version implemented in 2007, support implemen-
tation of the integrated team-based review, which
was introduced in chapter “Modern Pharmaceutical
Regulations: Quality Assessment for Drug Substances,”
and facilitate communication among all quality stake-
holders. The QbR questions presented in this chapter
stemmed from this initiative and are covered in MaPP
5015.10 Chemistry Review of Question-based Review (QbR)
Submissions.

The questions in the QbR recognize the two parts to
a quality review that are conceptually different. Some
questions reflect the need to comply with drug
substance and drug product quality standards. These
are universal standards that are often dosage-form
based and address specific aspects of products, which
are needed to deliver clinical performance. An exam-
ple of a product standard is the expectation that all
solid oral dosage forms include uniformity of dosage
units in the drug product specification to comply
with USP ,905.. The USP acceptance criterion is a
parametric two-sided tolerance interval test that covers
91% of the population at an 84% confidence level. This
acceptance criterion ensures no more than 9% of the
population will fall below 85% or exceed 115% at an
84% confidence level (ie, there is a 16% chance that
a batch will be accepted with more than 9% out-of-
specification). Results are generated on a sample
population of up to 30 units, but batch sizes can range
up to more than a million tablets or capsules.
Therefore, it is debatable if passing results for such a
minimal sample size is enough to demonstrate content
uniformity for the entire batch. Thus, other questions
go beyond compliance with general product standards
and strive for a deeper, in depth understanding of the
formulation and process design, probe the potential
failure modes for the drug product, and focus on risk
mitigation. These questions explore how risk is miti-
gated through reducing the probability and increasing

the detectability of failures. For a low-dose drug prod-
uct with a high risk of content uniformity failure, the
focus is on minimizing segregation potential, optimiz-
ing mixing steps and demonstrating homogenous
content with justified sampling schemes. The two
parts of a quality review, product standards and risk
mitigation, are illustrated in Fig. 40.2.

40.4 QbR QUESTIONS

QbR questions are designed to assess, concretely
and practically, applicants’ implementation of concepts
and principles of QbD. At the heart of QbR are
fundamental questions that reviewers ask themselves
when assessing an application.

1. Will the product design ensure desired performance?
2. Will the applicant be able to scale-up to commercial

scale and ensure comparable quality to the
registration/exhibit batch(es)?

3. Will the applicant be able to manufacture the
product with defined quality parameters over time?

The QbR questions for drug product are introduced
next.

Introduction to the QOS

P.1 Description and Composition of the Drug Product

What is the description of the proposed commercial drug
product? What are the components and composition of the
final drug product as packaged and administered on both a
per unit dose and %w/w basis? What is (are) the function(s)
of each excipient?

The applicant should provide a descriptive summary
of each strength of the drug product including weight,
shape, dimensions, color, em/debossing, score configu-
ration, etc. Any co-packaged components (eg, device
components) should also be described. Often, a tabular

FIGURE 40.2 Conceptual dissection of a CMC review.
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summary is an effective way of presenting this
information. For generic drug products, submitting
high-resolution photographs of all strengths of both the
proposed generic and the reference listed drug (RLD)
with a reference scale is also helpful. The composition
table should be both qualitative and quantitative.
All components of the drug product should be listed
whether or not they appear in the drug product, includ-
ing fluids used for granulation and gases used as a
manufacturing aid. The subcomponents of any coating
mixtures, colors, flavors, and inks should be provided.
Where applicable, the composition table should clearly
indicate the composition of significant drug product
intermediates (eg, granules, tablet cores, beads). For
each component, the quality standard and the function
of that component in the formulation is needed. If a
formulation contains a drug substance overage, this
should be indicated in the composition table and
justified in the submission.

Does any excipient exceed the FDA inactive ingredient
database (IID) limit for this route of administration calculated
based on maximum daily dose? If so, please justify.

This question asks for a comparison of each inactive
ingredient level to the limit published in the electronic
inactive ingredient database (eIID).20 The comparison
should be based on the maximum daily dose of the
drug product and should be for the appropriate route
of administration. Applicants should also discuss any
patient safety considerations associated with the inactive
ingredients when the drug product may be adminis-
tered to special patient populations, such as pediatric or
immunocompromised patients and/or when the drug
product is meant to be administered chronically.

FDA will refuse-to-receive an ANDA if the submis-
sion proposes to use an inactive ingredient at a level
that exceeds any of the eIID listings without adequate
justification. In cases where the applicant wishes to use
an inactive ingredient at a level per unit that is higher
than what is proposed in the eIID, three options are
available to facilitate receipt of the ANDA21:

1. Submit complete pharmacology/toxicology
information

2. Cite a specific example of a CDER-approved drug
product that contains the inactive ingredient at or
above the proved level of use for the appropriate
route of administration

3. Refer to an FDA-controlled correspondence response

If applicable, what are the differences between this formu-
lation and the listed/RLD formulation?

This question applies specifically to 505(b)(2) appli-
cations for new drugs as well as 505(j) applications for
generic drugs. Some ways in which a drug product
submitted as a 505(b)(2) application may differ from
the RLD include dosage form, strength, formulation,

active ingredient, dosing regimen, or route of adminis-
tration.22 A generic drug product must be formulated
to contain the same amount of active ingredient in the
same dosage form and to meet the same compendial
or other applicable standards (ie, strength, quality,
purity, and identity) as the RLD.23 A generic drug
product should generally have the same score configu-
ration as the RLD21,24 and should be similar in size.25

It should also have the same conditions of use; how-
ever, conditions of use for which approval cannot be
granted because of exclusivity or an existing patent
may be omitted. A generic drug product may differ in
characteristics such as shape, color, and release mecha-
nism.23 With some exceptions, a generic drug product
may also differ in excipients and drug substance solid
state so long as safety and product performance will
be equivalent to the RLD.

Any differences between the proposed generic
drug product and the RLD should be justified in terms
of therapeutic equivalence. Potential differences may
include formulation, physical attributes, or design
(eg, the generic drug product is designed as an
extended-release matrix tablet, whereas the RLD is
an extended-release osmotic tablet). For modified-
release products, if a formulation with a different release
mechanism from the RLD is used, the applicant needs
to explain the differences, and provide comparative dis-
solution data between the RLD and the ANDA products
in multiple dissolution media. In addition, it is possible
for two products with very different plasma concentra-
tion profiles (such as different shapes or different Tmax)
to have equivalent AUC and Cmax. The applicant needs
to provide justification as to why the differences in
plasma concentration profiles do not affect the therapeu-
tic equivalence. Satisfactory answers to this question
demonstrate scientific understanding of the underlying
formulation design and biopharmaceutical principles.

P.2 Pharmaceutical Development

For 505(b)(1) applications, what is the rationale for
selecting the proposed dosage form for the drug product?
For 505(b)(2) and 505(j) applications, what are the charac-
teristics of the listed/RLD product? What is the QTPP of
the finished product based on the proposed indication and
patient population? How is the QTPP justified?

This question solicits the scientific rationale behind
the drug product design and encourages applicants to
begin with the end in mind. New drug applicants
should provide a brief description of the scientific and
clinical rationale for the selected dosage form. Generic
drug applicants should provide a complete characteriza-
tion of the RLD product, including information regard-
ing the clinical, pharmacokinetic, drug release, and
physicochemical properties. Pharmacokinetic informa-
tion such as AUC, Tmax, and Cmax is readily available
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from the RLD labeling. The RLD labeling also provides
critical information regarding alternative methods of
administration. For example, some tablets may be
crushed and suspended and some capsules may contain
beads that can be sprinkled over applesauce. The appli-
cant must bear these key design features in mind
when developing a generic drug product that must be
therapeutically equivalent to the RLD. Drug release
properties should be investigated in several media/
apparatus/dissolution conditions relevant to the specific
dosage form. For solid tablets, physical characterization
may include size, weight, shape, score configuration, and
strength differentiation while chemical characterization
may include dissolution profile, purity profile, stability,
content uniformity, excipient grade and amount. The
estimated composition of the RLD is usually based on
the RLD labeling, patent literature, and/or reverse
engineering. Another important consideration is the RLD
packaging characterization, which focuses on what type
of desiccant or O2 scavengers are used.

Applicants should clearly define target product
profile (TPP) and QTPP at the beginning of develop-
ment. TPP is primarily expressed in clinical terms, such
as clinical pharmacology, indications and usage, contra-
indications, warnings, precautions, adverse reactions,
drug abuse and dependence, overdosage, etc. For a
generic product, this information can be readily
obtained from the labeling section of the RLD.12

A generic drug product is therapeutically equivalent to
the RLD in terms of dosage form, strength, route of
administration, quality, performance characteristics,
safety, and intended use. Therefore, a generic version
and its RLD would be expected to have the same TPP.

The QTPP is a prospective summary of the quality
characteristics of a drug product that ideally will be
achieved to ensure the desired quality, taking
into account safety and efficacy of the drug product.4

The QTPP forms the basis of design for the develop-
ment of a product that delivers the therapeutic benefit
promised in the TPP.12 Considerations for inclusion in
the QTPP include the following4,26:

• Intended use in a clinical setting, route of
administration, dosage form, and delivery system(s)

• Dosage strength(s)
• Container closure system
• Therapeutic moiety release or delivery and

attributes affecting pharmacokinetic characteristics
(eg, dissolution and aerodynamic performance)
appropriate to the drug product dosage form being
developed

• Drug product quality criteria (eg, identity, assay,
content uniformity, purity, stability, drug release,
sterility, and physical attributes) appropriate for the
intended marketed product

Along with other available information from the
scientific literature and possibly the pharmacopeia,
the QTPP can be used to define product specifica-
tions, to some extent, even before the product is
developed. Although it seems obvious that the target
characteristics of a new product should be ade-
quately defined before any development work com-
mences, the value of predefining these target
characteristics of the drug product has often been
underestimated over the years, resulting in wasted
time and valuable resources. A recent paper by Raw
et al.27 illustrates the significance of defining the
correct QTPP before conducting any development.
In addition, QbD examples exemplify the identifica-
tion and use of QTPPs.28�30 With a clear TPP and
QTPP defined, formulation scientists can establish
strategies and keep formulation efforts focused and
efficient.

What are the quality attributes of the finished product?
Which quality attributes are considered CQAs? For each
CQA, what is the target and how is it justified?

For a solid oral dosage form, quality attributes
may include identity, assay, content uniformity,
degradation products, residual solvents, drug release
or dissolution, moisture content, microbial limits, and
physical attributes such as color, shape, size, odor,
score configuration, and friability. These attributes can
be critical or not critical. Identification of the drug
product CQAs from the list of quality attributes in
the QTPP is the next step in drug product develop-
ment. A CQA is a physical, chemical, biological,
or microbiological property or characteristic of an out-
put material including finished drug product that
should be within an appropriate limit, range, or
distribution to ensure the desired product quality.31

Criticality of an attribute is primarily based upon
the severity of harm to the patient, should the product
fall outside the acceptable range for that attribute.
Probability of occurrence, detectability, or controlla-
bility does not impact criticality of the product quality
attribute.

Drug product CQAs derived from the QTPP and/
or prior knowledge are used to guide the product
and process development. Risk assessment is used
to identify the CQAs that have a high risk of failure
based on characteristics of the drug product.
The high-risk CQAs should be thoroughly evaluated
during formulation and/or manufacturing develop-
ment. A classic example of a CQA that typically has
a high risk of failure is the content uniformity of a
low-dose drug product. On the other hand, CQAs,
such as identification, can be managed within the
applicant’s quality management system and are
not required to be studied during pharmaceutical
development because these CQAs generally have
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a low risk of being affected by formulation or
manufacturing variables.

The target for each CQA should be defined early in
development based on the properties of the drug sub-
stance, dosing instructions, intended patient population,
and characterization of the RLD product, as applicable.
The target should be quantitative, where possible, and
scientifically justified. During development, the target
established in the QTPP may be modified or adjusted
when the formulation and manufacturing process are
selected and as product and process understanding is
increased, as long as the rationale for the change
is described.

What is the approach for meeting the CQAs related to
clinical performance? If applicable, what in vitro bioperfor-
mance evaluations (ie, dissolution method, flux assay, etc.)
were used during pharmaceutical development to ensure
clinical performance?

A main goal of QbD is to achieve meaningful
product quality specifications that are based on clinical
performance. This question encourages early identifica-
tion of the CQAs that are linked to efficacy and safety
in the patient and development of in vitro tests to
ensure clinical performance. The clinical effect may be
direct or indirect depending on the pharmaceutical and
toxicological determinants of the desired therapeutic
performance. Such determinants of desired therapeutic
performance can include therapeutic index, time to
both onset and loss of clinical effect, duration of ther-
apy (ie, acute or chronic), need for dose titration, wash-
out or elimination period, pro-drug or metabolites,
presence of toxic impurities or adventitious agents,
inter and intrapatient variability, immunogenicity, and
consequences of therapeutic failure. A nonexhaustive
list of the CQAs that may be linked to these clinical
determinants includes strength, purity, content unifor-
mity, drug release or dissolution, and sterility. During
the course of product development, the applicant
should make every reasonable effort to use a dissolu-
tion test that is predictive of in vivo performance,
especially for Biopharmaceutics Classification System
(BCS) Class II (low solubility and high permeability)
immediate-release drug products and for complex dos-
age forms such as extended release formulations. An
acceptable response to this question would include a
discussion of the relevance of the bioperformance test
as a predictor of in vivo performance as well as a dis-
cussion of the method development and a description
of any pilot bioavailability or bioequivalence studies
performed to refine the method.

P.2.1 Components of the Product

The key objective of product design and under-
standing is to develop a robust product that can
deliver the desired QTPP over the product shelf life.

Product design is open-ended and may allow for
many design pathways.26 The QbR questions related
to drug product design and understanding focus on
the following key elements:

• Comprehensive characterization of the drug
substance(s)

• Identification and selection of excipient type and
grade, and knowledge of intrinsic excipient
variability

• Interactions of drug substance and excipients
• Optimization of formulation and identification of

critical material attributes (CMAs) of both drug
substance and excipients

P.2.1.1 Drug Substance

What are the physical, chemical, biological and, if appli-
cable, mechanical properties of the drug substance including
physical description, pKa, chirality, polymorphism, aqueous
solubility (as a function of pH), hygroscopicity, melting
point(s), and partition coefficient and, when available, BCS
classification?

This question is similar to a drug substance QbR
question presented in the previous chapter. With
respect to the drug product, the physicochemical,
biological, and mechanical properties of the drug
substance that can influence the performance or stability
of the drug product and its manufacturability, or the
properties specifically designed into the drug substance
(eg, solid state properties), should be identified and
discussed. Details of these properties are presented
in Table 40.1.32,34 Solid understanding and characteri-
zation of drug substance properties are crucial to the
successful development of a robust formulation and
manufacturing process. Besides collecting information
from literature and drug master file (DMF) sponsors,
applicants are strongly encouraged to perform their
own preformulation studies to obtain some key prop-
erties of drug substance, such as pH-dependant
solubility and stability profile, solid state properties
(eg, polymorphism), bulk and tapped density, etc.
The impact of pharmaceutical solid polymorphism

TABLE 40.1 Typical Drug Substance Properties32,33

Physical and
mechanical property

Color, odor, particle size distribution, shape,
crystallinity, polymorphic form,
hygroscopicity, bulk density, tapped density,
true density, surface area, electrostatic
charge, surface energy, elasticity, plasticity
(ductility), viscoelasticity, brittleness

Chemical property pKa, aqueous solubility as a function of pH,
chemical stability in solid-state and solution
state, photolytic and oxidative stability

Biological property Partition coefficient, membrane permeability,
and/or oral bioavailability
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and form transformation on product quality and
performance has received much attention in recent
years, and the findings have been presented in several
review articles.35�37 Decision trees that provide recom-
mendations on monitoring and controlling polymorphs
in drug substances and/or drug products can be
referred to the recently published guidance.38

Based on the aqueous solubility, dose, and intestinal
permeability of drug substance, the applicants may want
to determine its BCS class.34,39 With BCS class identified,
applicants can understand and identify what may be the
pertinent material attributes that can affect the drug
product development and propose reasonable formula-
tion strategies. For example, for BCS Class II drug sub-
stances, particle size reduction may be proposed as a
formulation approach to improve delivery and manufac-
turability of a dissolution-limited drug substance. For a
drug with 10 μg/mL solubility, in order for the drug
product to achieve 80% dissolution in 30 minutes, the
particle size has to be reduced to about 10 μm (assuming
log-normal distribution, sink conditions, spheres).40

Rohrs et al. published a paper to predict the effect of
particle size distribution on content uniformity.41 For a
1-mg dose, the particle size of drug substance, with very
broad distribution (eg, geometric standard deviation is
3.5), is predicted to be about 15 μm to pass the USP
,905. stage 1 content uniformity test for tablets,
whereas for monodisperse particles (eg, geometric stan-
dard deviation is 1), particles around 150 μm are able to
meet the content uniformity requirement. In these exam-
ples, particle size and distribution of drug substance are
CMAs, which must be controlled to ensure product
quality, and their specifications can be set based on
understanding how they affect product performance.

In another example, oxidative degradation of the drug
substance may require a stabilizer to be included in the
formulation. It is key to understand the oxidation
mechanisms of the drug substance, and then select appro-
priate stabilization strategies.42,43 If the drug substance
oxidation is heavy metal catalyzed, chelators such as
ethylene diamine tetraacetic acid (EDTA) and citric
acid should be used in the formulation. In cases where
peroxides are believed to be the problem, stabilization
strategies can be focused on careful selection of excipients
with lower peroxide levels, lower concentrations of
suspect excipients, and use of antioxidants.

What is the drug substance specification used to accept
the incoming drug substance batches and how is it justified?
For each test in the specification, provide a summary of
the analytical procedure(s) and, if applicable, a summary
of validation or verification report(s).

The drug substance specification should be inclusive
of all quality attributes that may impact drug product
manufacture and quality and may contain additional
tests beyond those performed by the drug substance

supplier. The specification is best presented in a tabular
format with columns for the test, the acceptance crite-
rion, the analytical method, and the full testing results
for a representative lot(s) used in the registration
batches. Although vendor qualification is the purview of
the field, the applicant should distinguish tests that will
be routinely performed by the applicant from those
where the results will be taken from supplier’s certificate
of analysis (CoA). The applicant should also indicate
what tests are performed during drug substance
retesting. If complete IUPAC impurity names are not
included in the table, then they may be presented as
a footnote to the table. A separate table listing the
impurity IUPAC name, structure and origin (process or
degradant) is also helpful.

A summary of each noncompendial method should
be provided. This can be in tabular or narrative form
and should include the critical method parameters
and the system suitability criteria. The applicant should
also include a tabular summary of the method valida-
tion/verification performed per ICH Q2 and USP
,1225. for all quantitative instrumental test methods
(ie, assay, impurities, particle size, residual solvents,
etc.) that includes the validation parameters evaluated,
acceptance criteria, and results. Validation information
is not necessary for USP methods or methods adopted
from a DMF holder, but the suitability of the methods
for their intended use should be verified (per USP
,1226.) under actual operating conditions. For
example, assay methods can be verified for specificity
and precision and impurity methods can be verified for
specificity, precision, linearity, and limit of detection
(LOD)/limit of quantitation (LOQ).

When an in-house method or method from an alter-
native compendium (eg, European Pharmacopoeia
(EP), British Pharmacopoeia (BP)) is chosen in lieu of
the USP method, the results of a cross-over study to
demonstrate that the method is equivalent or better
than the USP method are needed. The comparison of
analytical procedures is discussed in USP ,1010. .

P.2.1.2 Excipients

What evidence supports excipient�drug substance compat-
ibility and if applicable, excipient�excipient compatibility?

The inactive ingredients, or excipients, present in
a formulation are themselves chemical moieties with
functional groups that may be reactive. Sometimes
there are unintended consequences or interactions
including chemical degradation or complex formation
between drug substance and excipient, loss of
potency, degradation products with adverse events,
or unacceptable changes in dosage form appearance
or bioavailability.

QbD requires identification of mechanistic and
formulation factors that affect drug product stability.
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Acceptable finished drug product stability cannot be
accepted as evidence of excipient�drug substance or
excipient�excipient compatibility because end product
testing only demonstrates that the quality was reached
for the tested samples, but does not address how the
product is designed to achieve the quality. Based on
ICH Q8 recommendations, a drug substance/excipient
compatibility study should be evaluated as a part of
pharmaceutical development.4

Typically, a drug substance/excipient compatibility
study is performed with binary mixtures or prototype
formulations, which are prepared in the presence/
absence of added water to mimic process steps
(eg, wet granulation), stored at accelerated stability
or stress testing conditions, and then analyzed
by stability-indicating methodology, such as high-
performance liquid chromatography (HPLC) for assay
and degradation.43,44 The addition of water allows the
pH of the drug�excipient blend and the role of mois-
ture to be investigated. Alternatively, thermal analysis
methods, including differential scanning calorimetry
(DSC) and isothermal calorimetry (ITC), are used
to screen binary mixtures for their compatibility.
However, data obtained via DSC/ITC are sometimes
difficult to interpret or even misleading.43,45

A binary mixture approach is simple, but time and
resource intensive, and may differ completely from a
multicomponent system.44 Due to these concerns,
applicants can also perform drug�excipient compati-
bility studies via a prototype/trial formulation
approach, with binary systems as a diagnostic back-
up. In this complementary fashion, formulators may
select one promising prototype formulation to move
forward and identify any “culprit” excipient causing
stability issues. The sponsor should use prior knowl-
edge to justify inclusion or exclusion of certain
excipients. For example, if the drug substance is a
primary amine, and known to react with reducing
sugar, the sponsor can include this as a rationale for
not having lactose tested in the excipient compatibility
studies. In addition, design of experiments (DOE) can
be applied in the compatibility study, to determine the
chemical interactions among components.

When the generic drug product is quantitatively and
qualitatively the same as the RLD, in the absence of
known stability problems, historical data may be accept-
able in lieu of compatibility studies. However, applicants
should be cautioned that excipients of different grades or
excipients of the same grade, but sourced from different
suppliers may contain different impurities that may
interact with the drug substance. A systematic
drug�excipient compatibility study will equip the prod-
uct development scientist with a mechanistic under-
standing of formulation factors that affect drug product
stability, and reduce formulation risk, leading to a
decrease in development time and costs.

What is the rationale for the excipient selections?
Excipients can (1) aid in the processing of the

dosage form during its manufacture; (2) protect,
support, or enhance stability, bioavailability, or patient
acceptability; (3) assist in product identification; or
(4) enhance any other attribute of the overall safety,
effectiveness, or delivery of the drug during storage or
use.46 Despite the fact that excipients can alter the
stability, manufacturability, and bioavailability of drug
products and are recognized as a major source of vari-
ability, the general principles of excipient selection are
not well-defined, and excipients are often selected
ad hoc. Note that different grades of excipients have
different properties. For example, diluents may differ
in particle size distribution and density and binders
may differ in compressibility.

In this question, excipient choices are justified
with respect to functions that are critical to product or
process performance. It is important to indicate when
pharmaceutical development work has demonstrated
a functionality-related characteristic (ie, CMA, of an
excipient plays a critical role for the manufacturability
or quality attributes of the drug product). For example,
when the polymer molecular weight and particle size
are found to affect the release of a sustained release
tablet, the relevant information should be documented
in the answer. Note that compliance with USP-NF
monographs is a minimum requirement. When neces-
sary, stringent control of CMAs should be established
beyond the compendial acceptance criteria to ensure
consistent performance throughout the product life-
cycle.47 Formulators should anticipate lot-to-lot and
supplier-to-supplier variability in CMAs and should
establish specifications that will ensure consistent
excipient performance.

P.2.2 Drug Product

What aspects of the formulation were identified as
potentially high risk to the drug product performance?

Many attributes of the drug substance and excipients
could potentially impact the CQAs of the drug product
intermediates and finished drug product, making
it unrealistic that a formulation scientist could investi-
gate each identified material attribute of the drug sub-
stance and excipients during formulation development.
Therefore, risk assessment leveraging common scien-
tific knowledge, as well as the formulator’s expertise,
is valuable in prioritizing which material attributes
warrant further study. Here, the applicant should
provide a summary of the risk assessment approach
used to rank or prioritize formulation variables based
on their potential impact on drug product performance.
It is up to the applicant to pick appropriately from
a variety of recognized tools and to decide if the assess-
ment should be formal or informal. The evaluation
of the risk to quality should be based on scientific
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knowledge and ultimately link to the protection of
the patient; and the level of effort, formality, and docu-
mentation of the quality risk management process
should be commensurate with the level of risk.2

Formulation variables that have been identified
and justified as low risk are considered well under-
stood. Those ranked medium risk can be considered
acceptable based on current knowledge. Further inves-
tigation for medium-risk variables may be needed in
order to reduce the risk to a lower level. Those ranked
high risk are considered unacceptable and must be
investigated to reduce the risk.

All potentially high-risk aspects of the formulation
that could impact drug product performance should
be addressed. For example, low drug loading of the
final dosage form or key drug product intermediates
may represent a high formulation risk due to the
potential impact on content uniformity. Other formula-
tion risks may include specific levels of excipients, as
well excipient ratios. The level of rate controlling poly-
mer in extended-release tablet formulations may
impact drug release. The level of filler needed in a
formulation could impact the tablet size. Specific
excipient material attributes should also be considered
in the overall formulation risk assessment and should
tie into the rationale for excipient selection. For more
complex dosage forms, an overall risk assessment of
the formulation components (eg, IR granules, layered
beads, coated beads, extra-granular excipients) can
be performed followed by risk assessments of the vari-
ables involved to formulate each high-risk component
(eg, for layered beads: bead selection, binder type
and grade, solution viscosity, etc.). An acceptable
response to this question summarizes the outcome of
the risk assessment and provides the accompanying
justification.

What formulation development studies were conducted?
What attributes of the drug substance, excipients, and
in-process materials were identified as critical and how do
they impact the drug product CQAs?

By answering this question, applicants inform
the FDA how they designed their product to meet the
elements of the QTPP and to be safe and effective, in
the case of innovator drugs, or those therapeutically
equivalent to the RLD, in the case of generic drugs.
A generic drug development scientist usually starts
product design with studies of innovator product
intellectual property, reverse engineering of the RLD,
and preformulation. After studying the intellectual
property of the RLD, the generic applicants may elect
to go around the patent and certify that the patent is
invalid, not infringed or unenforceable, or they may
follow the patent and market the product after the
patent exclusivity has expired.

Product understanding is exemplified by the
ability to link input CMAs to output CQAs. The steps

taken to gain product understanding may include
the following26:

1. Identify all possible known input material attributes
that could impact the performance of the product

2. Use risk assessment and scientific knowledge to
identify potentially high-risk attributes

3. Establish levels or ranges of these potentially
high-risk material attributes

4. Design and conduct experiments, using DOE when
appropriate

5. Analyze the experimental data and, when possible,
apply first principle models to determine if an
attribute is critical

6. Develop a control strategy. For CMAs, define
acceptable ranges. For material attributes shown to
be noncritical, the acceptable range is the range
investigated. When more than one excipient is
involved, these defined acceptable ranges may be
termed formulation design space

Formulation development studies are conducted to
understand the impact of the potentially high-risk formu-
lation variables identified in the preceding question on
the quality of the finished drug product and to develop
an appropriate control strategy to reduce the risk. For
example, for problematic drugs, the formulation strategy
may be to overcome limitations of the drug substance
attributes such as poor solubility, poor dissolution, poor
permeability, poor stability, or short plasma duration.

For each formulation development study used to
identify which drug substance, excipient, or in-process
material attributes (eg, particle size, blend uniformity,
granulation flowability, etc.) are critical to manufactur-
ing or product performance, a brief summary should
be provided, including the objective of the study, the
design and scale of the study, the factors that were
investigated, the responses that were measured and
how they compare with the pre-established targets,
and the outcome of the study.

For complex formulations, the applicant usually
investigates multiple candidate formulations during
drug product development in order to obtain a
bioequivalent product. This question encourages the
applicant to share information on trial formulations or
alternative mechanisms with the FDA. For instance,
rapid dissolution of an immediate-release tablet may be
achieved through particle size reduction or use of
surfactant in the formulation. A controlled release
product may be formulated with both immediate-
and extended-release pellets or rather could employ a
slow-release functional coating. Failed experiments
often lead to better understanding of how formulation
changes can alter performance and can help formulators
identify the critical formulation or process variables.
This development information may be useful to assess
post-approval formulation changes, to develop
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discriminating or predictive dissolution methods, and
to set acceptance criteria on CMAs of the drug sub-
stance or excipients.

Applicants should also discuss how the final formula-
tion was optimized. An optimization study is distin-
guished from an early screening study that explores a
large range of space. An optimization study is more like
fine tuning, and evaluates relatively small variations
around a target formulation. Formulation optimization
studies are essential to developing a robust formulation
that is not on the edge of failure. Recent examples48,49

have illustrated how formulations that are not optimized
are risky because it is unknown whether any changes in
the formulation itself or in the raw material properties
would significantly impact the quality and performance
of the drug product. However, it is not the number of
optimization studies conducted, but rather the relevance
and utility of the knowledge gained that is paramount to
designing a quality drug product. As such, the QbD
does not equal DOE, but the latter could be a valuable
tool used in a QbD approach to development.26

How does the proposed commercial formulation differ
from the formulations used during bioequivalence and/or
clinical studies? What is the rationale for the formulation
change? What biopharmaceutics evaluations (comparative
dissolution, bioequivalence studies, biowaivers, etc.) support
the formulation changes and link the development formula-
tions to the proposed commercial formulation?

Applicants should summarize any planned formula-
tion or finished dosage form physical attribute changes
(eg, score configuration, shape, em/debossing, size)
between the registration batches used for bioequivalence
and/or clinical studies and the commercial batches. The
rationale for such changes should be clear. The biophar-
maceutical evaluation (eg, comparative dissolution,
bioequivalence studies, biowaivers, etc.) conducted to
support the changes should be fully described and its
relevance scientifically justified. The evaluation should
demonstrate that the proposed commercial formulation
will not adversely impact the drug product quality,
safety, and/or efficacy.

P.2.3 Manufacturing Process Development

A process is generally considered well-understood
when: (1) all critical sources of variability are identified
and explained, (2) variability is managed by the pro-
cess, and (3) product quality attributes can be
accurately and reliably predicted.50 Similar to the steps
outlined previously for product understanding, process
understanding can be achieved by26:

1. Identifying all possible known process parameters
that could impact the performance of the process

2. Using risk assessment and scientific knowledge to
identify potentially high-risk parameters

3. Establishing levels or ranges of these potentially
high-risk parameters

4. Design and conduct experiments, using DOE when
appropriate

5. Analyze the experimental data and, when possible,
determine scalability and apply first principle
models to determine if a process parameter is
critical. Link CMAs and critical process parameters
(CPPs) to CQAs when possible

6. Develop a control strategy. For CPPs, define
acceptable ranges. For process parameters shown to
be noncritical, the acceptable range is the range
investigated. When more than one process
parameter or material attribute is involved, these
defined acceptable ranges can be used to guide
design space development, provided the ranges are
identified via multivariate studies

The QbR questions next are designed to lead the
applicant through these steps.

What is the rationale for selecting this manufacturing
process for the drug product?

A pharmaceutical manufacturing process usually
consists of a series of unit operations executed in batch
mode or in a continuous manufacturing process. A unit
operation is a discrete activity that involves physical or
chemical changes, such as mixing, milling, granulation,
drying, compression, and coating. The applicant should
provide a schematic showing each unit operation
in the drug product manufacturing process sequen-
tially, including any reprocessing steps. The schematic
should indicate all points of material entry for both
raw materials and drug product intermediates and
should include all in-process controls. For NDAs, the
applicant can either provide a complete description
of the commercial-scale manufacturing process or sub-
mit the proposed master production batch record. For
ANDAs a detailed commercial-scale process description
is also encouraged, but may not be submitted in lieu of
the proposed or actual master production batch record.

For each unit operation, the process description
should be supported by development work and should
detail the following:

• batch size
• incoming raw materials (eg, excipients and

processing aids and their grade, drug product
intermediates from upstream unit operations) and
the acceptance criteria for any material attributes
known to be critical

• in-process controls and acceptance criteria
• equipment type, vendor, and model number
• process parameter settings (target and range)

Factors considered during manufacturing process
selection may include the properties of the drug
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substance, the desired characteristics of the drug
product, and the complexity and robustness of the
process. When applicable, the applicant should discuss
in-house expertise with certain platform technologies
or potential limitations, such as patent issues or facility
and equipment availability to the extent that these
scenarios guided manufacturing process selection.

Table 40.2 lists common tablet manufacturing pro-
cesses and their pros and cons.40 For example, for a drug
substance with poor flowability and high drug loading,
the granulation process may be considered to overcome
the potential processing issues associated with direct
compression. Once the process is selected, an applicant
should focus on particular steps for which there
are alternatives available (eg, selection of high-shear
granulation vs fluid-bed granulation) with an explana-
tion for the motivation behind each choice. Rationales
can include scalability, yield, formulation aspects,
expected granule characteristics, etc.51 For granules that
need to dissolve quickly, granulation techniques with
lower shear forces (eg, fluid-bed granulation through
top spray or bottom spray) can be selected. Fluid-bed
granulation produces granules that have a more open,
porous structure but are mechanically less stable.

Depending upon the product being developed, type
of process, and process knowledge the development
scientists have, it may be necessary to conduct prelimi-
nary feasibility studies prior to process development.
Although it is not necessary to investigate alternative
unit operations, if such studies were conducted to sup-
port a process choice, this information could provide
very valuable support toward a better understanding
of the final unit operations chosen to manufacture the
drug product.

What is the potential risk of each process step to impact
the drug product CQAs and how is the risk level justified?

This question is designed to connect each unit
operation to its impact on the drug product CQAs and
identify which process steps are high risk through risk

assessment and prior knowledge. It is suggested that
the applicant present the relationship between process
steps and quality attributes of the drug product in the
form of a matrix, as shown in Table 40.3.

Applicants should provide a concise summary of
the risk assessment outcome, communicating the risk
level assigned to each process step and clear justifica-
tion for that assignment, whether the risk is high,
medium, or low. The applicant should adequately
justify low-risk process steps because these steps
will not be studied extensively in the downstream
development work. When justifying risk levels, the
potential failure modes for each process step should
be explained. For instance, if a process step is not
properly controlled, the applicant should address
which CQA of the drug product is likely to be affected
and how it will be affected. For example, if the amount
of a functional enteric coating applied to a tablet is
not properly optimized, variable drug release will be
observed, which may lead to noncompliance with
the dissolution specification and ultimately a lack of
efficacy in the patient.

For each of the potentially high-risk manufacturing unit
operations:

a. What input material attributes and process parameters
were selected for study and what are the justifications for
the selection?

The previous question asks for the results of
an overall risk assessment of the manufacturing
process, which leads to the identification of high-
risk steps that may impact the CQAs of the final
drug product. For each high-risk unit operation,
it is possible to identify CQAs of the drug product
intermediate that are outputs of the unit operation
and have a potential to impact finished drug
product CQAs. Next, the process variables and
material attributes, which may impact these CQAs
of the drug product intermediate and, ultimately,
the drug product CQAs, can be listed. Part (a)
of this question focuses on the identification of

TABLE 40.2 Examples of Pros and Cons of Typical Tablet
Manufacturing Process40

Tablet

manufacturing

process Pros Cons

Direct

compression

Simplified process,

retains compactibility of

materials

Segregation, flow

Dry

granulation

Overcomes poor physical

properties of API

(particle size, shape)

Longer processing time, may

compromise compactibility

Wet

granulation

Improves uniformity,

flow, and compactibility

Physical and chemical stability,

residual solvents (nonaqueous

granulation)

TABLE 40.3 Effect of Manufacturing Processes on Quality
Attributes of the Drug Product

Pre-blending

and

lubrication

Roller

compaction Milling

Final

blending

and

lubrication Compression

Assay Medium Low Medium Low Medium

Content

uniformity

High High High Low High

Dissolution Medium High Medium High High

Purity Low Low Low Low Low
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potentially high-risk material attributes and
process parameters related to the identified
high-risk steps that need to be investigated during
development. Process parameters refer to the
input operating parameters (eg, speed and flow
rate) or process state variables (eg, temperature
and pressure) of a process step or unit operation.
Table 40.4 lists process parameters and input
material attributes that could potentially impact
the output quality attributes for typical
pharmaceutical unit operations.26 Equipment
maintenance, operator experience and training,
and standard operating procedures related to
equipment use, testing, and facility supporting
systems may link to product quality, directly or
indirectly. Risk assessment allows the list of
process parameters and material attributes to be
prioritized to the vital few that pose the highest
risk to impact the CQAs in order to focus
development efforts. These variables are then
investigated through controlled variations
(eg, multivariate DOE and/or models) in order to
better understand the process step and to develop
a control strategy to consistently manufacture
desired-quality drug product. This approach is
illustrated schematically in Fig. 40.3, and can be
used for each unit operation risk assessment.

The thought process depicted in the schematic is
applied in the following example. Content uniformity
is an element of the QTPP and is identified as a
CQA for a low-dose, immediate-release tablet
manufactured by blending and direct compression.
The overall risk assessment of the manufacturing
process identified the blending step to be high risk
due to its potential impact on the content uniformity
of the tablet. Next, blend uniformity is identified as a
CQA of the blend (ie, drug product intermediate)
because of its impact on the final tablet content
uniformity. Drug substance and excipient particle
size distribution and bulk density are material
attributes and the number of blender revolutions and
blender load level are process parameters that are
most likely to impact the blend uniformity achieved
during blending and are selected for further study
during development.

If prior knowledge is used as the justification to
fix a parameter or establish a starting point for
investigation, then less justification is expected
since experimental work will ensue. However, if
prior knowledge is used in lieu of development
studies, then more justification is expected in the
application. The source and context of the prior
knowledge, as well as its relevance to the current
process, should be clearly communicated by the
applicant.

b. What process development studies were conducted?
Provide a summary table listing batch size, process
parameter ranges, equipment type, and estimated use of
capacity.

c. What process parameters and material attributes were
identified as critical and how do they impact the drug
product CQAs?

Parts (b) and (c) of this question are closely
related. A concise summary of the conducted
development studies that follow the logical
progression of the drug product development
should be provided. For each study, the objective of
the study, the design and scale of the study, the
factors that were investigated, the responses that
were measured and how they compare with the
pre-established targets, and the outcome of the
study should be part of the answer. The summary
should also include batch size, equipment type,
equipment capacity used (or running time for
continual operating equipment), process parameter
set points, and ranges. A process parameter is
considered critical when its intended variability is
shown to have, or is likely to have, an impact on a
CQA that is practically significant and, therefore,
should be monitored or controlled to ensure the
process produces the desired quality.

Criticality can be thought of as a continuum
rather than discrete buckets (ie, critical or
noncritical). When the underlying assumptions of
the experiments used to determine criticality are
changed, the conclusion on criticality can also
change. Therefore, if future adjustments to process
parameters and material attributes go beyond the
investigated ranges discussed in the submission,
then the conclusion on criticality should be
reassessed.

At different stages of development, different
approaches may be acceptable, such as screening,
characterization, optimization, or verification
studies. Process robustness is the ability of a
process to consistently deliver acceptable drug
product quality and performance while tolerating
variability in the process and material inputs.52

The effects of variations in process parameters
and material attributes are investigated in process
robustness studies. The relationship between input
CMAs and CPPs and output CQAs is shown in
Fig. 40.4. Studies to identify CMAs, CPPs, and their
functional relationships to CQAs can be conducted
at pilot- or laboratory-scale, and do not need to be
conducted under cGMP. It is the responsibility of
the applicant to demonstrate that the process is well
understood, including how the interactions between
the process parameters and/or material attributes
impact the CQAs of the output materials, and to
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TABLE 40.4 Typical Input Material Attributes and Process Parameters That May Impact Output Quality Attributes for Typical
Pharmaceutical Unit Operations

Pharmaceutical unit operation

Input material attributes Process parameters Quality attributes

BLENDING/MIXING

• Particle size and
distribution

• Fines/oversize
• Particle shape
• Bulk/tapped/true

density
• Cohesive/adhesive

properties
• Electrostatic properties
• Moisture content

• Type and geometry of mixer
• Mixer load level
• Order of addition
• Number of revolutions (time and speed)
• Agitating bar (on/off)
• Discharge method
• Holding time
• Environment temperature and RH

• Blend uniformity
• Potency
• Particle size and distribution
• Bulk/tapped/true density
• Moisture content
• Flowability
• Cohesive/adhesive properties
• Powder segregation tendency
• Electrostatic properties

SIZE REDUCTION/COMMINUTION

• Particle/granule size
and distribution

• Fines
• Particle/granule shape
• Bulk/tapped/true

density
• Adhesive properties
• Electrostatic properties
• Hardness/plasticity
• Viscoelasticity
• Brittleness
• Elasticity
• Solid state form/

polymorph
• Moisture content
• Granule porosity/

density

Ribbon milling
• Ribbon dimensions
• Ribbon density
• Ribbon porosity/solid

fraction

Impact/cutting/screening mills
• Mill type
• Speed
• Blade configuration, type, orientation
• Screen size and type
• Feeding rate

Fluid energy mill
• Number of grinding nozzles
• Feed rate
• Nozzle pressure
• Classifier

Granule/ribbon milling
• Mill type
• Speed
• Blade configuration, type, orientation
• Screen size and type
• Feeding rate

• Particle/granule size and distribution
• Particle/granule shape
• Particle/granule shape factor (eg, aspect

ratio)
• Particle/granule density/porosity
• Bulk/tapped/true density
• Flowability
• API polymorphic form
• API crystalline morphology
• Cohesive/adhesive properties
• Electrostatic properties
• Hardness/plasticity
• Viscoelasticity
• Brittleness
• Elasticity

WET GRANULATION

• Particle size
distribution

• Fines/oversize
• Particle shape
• Bulk/tapped/true

density
• Cohesive/adhesive

properties
• Electrostatic properties
• Hardness/plasticity
• Viscoelasticity
• Brittleness
• Elasticity
• Solid state form/

polymorph
• Moisture content

High/low-shear granulation
• Type of granulator (high/low shear, top/bottom drive)
• Fill level
• Pregranulation mix time
• Granulating liquid or solvent quantity
• Impeller speed, tip speed, configuration, location, power

consumption/torque
• Chopper speed, configuration, location, power consumption
• Spray nozzle type and location
• Method of binder excipient addition (dry/wet)
• Method of granulating liquid addition (spray or pump)
• Granulating liquid temperature
• Granulating liquid addition rate and time
• Wet massing time (post-granulation mix time)
• Bowl temperature(jacket temperature)
• Product temperature
• Post mixing time
• Pump Type: Peristaltic, Gear type
• Granulating liquid vessel (eg, pressurized, heated)

Fluid bed granulation
• Type of fluid bed
• Inlet air distribution plate
• Spray nozzle (tip size, type/quantity/ pattern/configuration/

position)
• Fill level

• Endpoint measurement (eg, power
consumption, torque, etc.)

• Blend uniformity
• Potency
• Flowability
• Moisture content
• Granule size and distribution
• Granule strength and uniformity
• Bulk/tapped/true density
• API polymorphic form
• Cohesive/adhesive properties
• Electrostatic properties
• Granule brittleness
• Granule elasticity
• Solid state form/polymorph

(Continued)



TABLE 40.4 (Continued)

Pharmaceutical unit operation

Input material attributes Process parameters Quality attributes

• Bottom screen size and type
• Preheating temperature/time
• Method of binder excipient addition (dry/wet)
• Granulating liquid temperature
• Granulating liquid quantity
• Granulating liquid concentration/viscosity
• Granulating liquid holding time
• Granulating liquid delivery method
• Granulating liquid spray rate
• Inlet air, volume, temperature, dew point
• Atomization air pressure
• Product and filter pressure differentials
• Product temperature
• Exhaust air temperature, flow
• Filter shaking interval and duration
• Filter type and pore size

DRYING

• Particle size and
distribution

• Fines/oversize
• Particle shape
• Cohesive/adhesive

properties
• Electrostatic properties
• Hardness/plasticity
• Viscoelasticity
• Brittleness
• Elasticity
• Solid state form/

polymorph
• Moisture content

Fluidized bed
• Inlet air volume, temperature, dew point
• Product temperature
• Exhaust air temperature, flow
• Filter type and pore size
• Filter shaking interval and duration
• Total drying time

Tray
• Type of tray dryer
• Bed thickness/tray depth (depth of product per tray)
• Type of drying tray liner (eg, paper, plastic, synthetic fiber, etc.)
• Quantity carts and trays per chamber
• Quantity of product per tray
• Drying time and temperature
• Air flow
• Inlet dew point

Vacuum/microwave
• Jacket temperature
• Condenser temperature
• Impeller speed
• Bleed air volume
• Vacuum pressure
• Microwave power
• Electric field
• Energy supplied
• Product temperature
• Bowl and lid temperature
• Total drying time

• Granule size and distribution
• Granule strength, uniformity
• Flowability
• Bulk/tapped/true density
• Moisture content
• Residual solvents
• API polymorphic form or transition
• Purity profile
• Moisture profile (eg, product temperature

vs LOD)
• Potency
• Cohesive/adhesive properties
• Electrostatic properties

DRY GRANULATION (ROLLER COMPACTION/CHILSONATION)

• Particle size and
distribution

• Fines/oversize
• Particle shape
• Cohesive/adhesive

properties
• Electrostatic properties
• Hardness/plasticity
• Bulk/tapped/true

density
• Viscoelasticity
• Brittleness
• Elasticity
• Solid state form/

polymorph

• Type of roller compactor
• Auger (feed screw) type/design (horizontal, vertical or angular)
• Deaeration (eg, vacuum)
• Auger (feed screw) speed
• Roll shape (cylindrical or interlocking).
• Roll surface design (smooth, knurled, serrated, or pocketed)
• Roll gap width (eg, flexible or fixed)
• Roll speed
• Roll pressure
• Roller temperature
• Fines recycled (yes or no, # of cycles)

• Ribbon appearance (edge attrition,
splitting, lamination, color, etc.)

• Ribbon thickness
• Ribbon density (eg, envelop density)
• Ribbon porosity/solid fraction
• Ribbon tensile strength/breaking force
• Throughput rate
• API polymorphic form and transition

(Continued)



TABLE 40.4 (Continued)

Pharmaceutical unit operation

Input material attributes Process parameters Quality attributes

EXTRUSION-SPHERONIZATION

• Particle size,
distribution

• Fines/oversize
• Particle shape
• Cohesive/adhesive

properties
• Electrostatic properties
• Hardness/plasticity
• Bulk/tapped/true

density
• Viscoelasticity
• Brittleness
• Elasticity
• Solid state form/

polymorph

• Type of extruder (screw or basket)
• Screw length, pitch, and diameter
• Screw channel depth
• Screw blade configuration
• Number of screws (single/dual)
• Die or screen configuration (eg, radial or axial)
• Die length/diameter ratio
• Roll diameter (mm)
• Screen opening diameter (mm)
• Screw speed (rpm)
• Feeding rate (g/min)
• Type and scale of spheronizer
• Spheronizer load level
• Plate geometry and speed
• Plate groove design (spacing and pattern)
• Air flow
• Residence time

Extrudate
• Density
• Length/thickness/diameter
• Moisture content
• API polymorphic form and transition
• Content uniformity
• Throughput

Pellets after spheronization
• Pellet size and distribution
• Pellet shape factor (eg, aspect ratio)
• Bulk/tapped density
• Flowability
• Brittleness
• Elasticity
• Mechanical strength
• Friability

HOT MELT EXTRUSION

• Particle size and
distribution

• Fines/oversize
• Particle shape
• Melting point
• Density
• Solid state form/

polymorph
• Moisture content

• Screw design (twin/single)
• Screw speed
• Screw opening diameter
• Solid and liquid feed rates
• Feeder type/design
• Feed rate
• Number of zones
• Zone temperatures
• Chilling rate

• Extrudate density
• Length/thickness/diameter
• Polymorphic form and transition
• Content uniformity
• Throughput

TABLETING

• Particle/granule size
and distribution

• Fines/oversize
• Particle/granule shape
• Cohesive/adhesive

properties
• Electrostatic properties
• Hardness/plasticity
• Bulk/tapped/true

density
• Viscoelasticity
• Brittleness
• Elasticity
• Solid state form/

polymorph
• Moisture content

• Type of press (model, geometry, number of stations)
• Hopper design, height, angle, vibration
• Feeder mechanism (gravity/forced feed, shape of wheels,

direction of rotation, number of bars)
• Feed frame type and speed
• Feeder fill depth
• Tooling design (eg, dimension, score configuration, quality of

the metal)
• Maximum punch load
• Press speed/dwell time
• Pre-compression force
• Main compression force
• Punch penetration depth
• Ejection force
• Dwell time

• Tablet appearance
• Tablet weight
• Weight uniformity
• Content uniformity
• Hardness/tablet breaking force/tensile

strength
• Thickness/dimensions
• Tablet porosity/density/solid fraction
• Friability
• Tablet defects
• Moisture content
• Disintegration
• Dissolution

ENCAPSULATION

• Particle/granule size
and distribution

• Fines/oversize
• Particle/granule shape
• Cohesive/adhesive

properties
• Electrostatic properties
• Hardness/plasticity
• Bulk/tapped/true

density

• Machine type
• Machine fill speed
• Tamping force
• Number of tamps
• Auger screw design/speed
• Powder bed height

• Capsule appearance
• Capsule weight
• Weight uniformity
• Content uniformity
• Moisture content
• Slug tensile strength
• Disintegration
• Dissolution

(Continued)



TABLE 40.4 (Continued)

Pharmaceutical unit operation

Input material attributes Process parameters Quality attributes

• Viscoelasticity
• Brittleness
• Elasticity
• Solid state form/

polymorph
• Moisture content

PAN COATING

• Tablet dimensions
• Tablet defects
• Hardness/plasticity
• Density
• Porosity
• Moisture content

• Type of pan coater (conventional or side-vented)
• Pan (fully perforated or partial perforated)
• Baffle (design, number, location)
• Pan load level
• Pan rotation speed
• Spray nozzle (type, quantity, pattern, configuration, spray

pattern)
• Nozzle to bed distance
• Distance between nozzles
• Nozzle orientation
• Total preheating time
• Inlet air flow rate, volume, temperature, dew point
• Product temperature
• Individual nozzle spray rate
• Total spray rate
• Atomization air pressure
• Pattern air pressure
• Exhaust air temperature, air flow
• Total coating, curing time and drying time

• Coating efficiency
• Core tablet weight before and after

preheating
• Moisture (gain/loss) during preheating
• Environmental equivalency factor
• Coated drug product (eg, tablet or capsule)

appearance
• Percentage weight gain
• Film thickness
• Coating (polymer and/or color) uniformity
• Hardness/breaking force/tensile strength
• Friability
• Moisture (gain/loss) during overall process
• Residual solvent(s)
• Disintegration
• Dissolution
• Tablet defects
• Visual attributes

FLUID-BED COATING

• Tablet dimensions
• Tablet defects
• Hardness/plasticity
• Density/porosity
• Moisture content

• Type of fluid-bed coater
• Fluid-bed load level
• Partition column diameter
• Partition column height
• Number of partition columns
• Air distribution plate type and size
• Filter type and pore size
• Filter differential pressure
• Filter shaking interval and duration
• Spray nozzle (type, quantity, pattern, configuration)
• Nozzle port size
• Total preheating time
• Spray rate per nozzle
• Total spray rate
• Atomization air pressure
• Inlet air flow rate, volume, temperature, dew point
• Product temperature
• Exhaust air temperature, air flow
• Total coating, curing and drying time

• Coating efficiency
• Core tablet weight before and after

preheating
• Moisture (gain/loss) during preheating
• Environmental equivalency factor
• Coated drug product (eg, tablet or capsule)

appearance
• Percentage weight gain
• Film thickness
• Coating (polymer and/or color) uniformity
• Hardness/breaking force/tensile strength
• Friability
• Moisture (gain/loss) during overall process
• Residual solvent(s)
• Disintegration
• Dissolution
• Tablet defects
• Visual attributes

LASER DRILLING

• Tablet size/dimensions
• Polymer type
• Membrane thickness

• Conveyor type
• Conveyor speed
• Laser power
• Number of pulses
• Type(s) of lens(es)
• One or two sided
• Number of holes

• Opening diameter (internal and external)
• Depth
• Shape of the opening



establish limits for these CPPs (and CMAs) within
which the quality of drug product is assured.

When a DOE study is performed, the alpha level
used to judge whether a test statistic is significant
should be provided and justified if it differs from
the commonly used alpha level of 0.05. It is
important to ensure that data are analyzed
appropriately so that the conclusion is statistically
meaningful. For example, analysis of variance
(ANOVA) tables tell the overall story of the model,
investigating and modeling the relationship
between a response variable and one or more
independent variables. When center points are
included, curvature effect can be assessed and
included in the ANOVA table. The saying that a
picture is worth a thousand words really holds true
when discussing DOE results. Pareto charts and
half-normal plots are helpful when talking about
what factors are significant. Main effect plots and
interaction plots are also good visual aids. Contour
plots are useful to see how two factors jointly affect
responses and overlay plots support the selection of
process parameter ranges.

When a trial and error or one-factor-at-a-time
approach is taken, the applicant needs to explain
how factors were determined to be significant, as
well as how decisions regarding criticality were
made. Information about interactions cannot be
gained using this approach. Therefore, the applicant
has a higher burden when justifying the chosen
proven acceptable ranges.

Based on the outcome of the process
development studies, the applicant can identify the
process parameters, material attributes, and any
interactions determined to be critical and can link
these variables back to the drug product CQAs.
This discussion of CPPs and CMAs conveys the
process understanding gained throughout
development and lays the foundation for proposing
a control strategy. If no material attributes or
process parameters are found to be critical, the
range investigated is the range that should be
reflected in the control strategy.

d. How were the process parameters adjusted across lab,
pilot/registration, and commercial scale? What are the
justifications for any changes?

Most manufacturing processes, whether as simple
as making an aqueous solution of highly soluble
drug substance or as complex as coating extended-
release pellets to be used in a multiparticulate tablet
formulation, have certain scale-dependent process
parameters that will require adjustments when the
manufacturing process is transferred to larger scale.
Therefore, additional experimental work may be
needed. Prior knowledge can play a very significant
role in this regard because most pharmaceutical
companies tend to use the same manufacturing
technologies and raw materials on a regular basis.
The functional relationship between CMAs, CPPs,
and CQAs is also considered during scale-up.
Monitoring CQAs of in-process material makes
scaling less equipment-dependent as opposed to
only monitoring CPPs.

FIGURE 40.3 Schematic of the method used to identify process variables for further study.

FIGURE 40.4 Linking input critical material attributes (CMAs)
and critical process parameters (CPPs) to output critical quality
attributes (CQAs) for a pharmaceutical unit operation.
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Under part (d) of this question, the applicant
should discuss the scale-up plan that builds upon
experience obtained from development studies
and/or the production of exhibit batch(es), scientific
theory, first principles, literature references, vendor
scale-up factors, laboratory scale to exhibit scale
process transfer for this product, exhibit batch
production, dimensional analysis, and/or
mechanistic modeling. For reference to other
applications, similarity of dosage form, physical
properties of the drug and drug loading, excipients,
equipment, and change of scale should be
considered. Pharmaceutical development scientists
can also make use of computer-aided process
design (CAPD), and process simulation, such as
roller compaction simulation, and tablet simulation,
to support process development and optimization
of manufacturing.53 The increased use of CAPD and
process simulation in the pharmaceutical industry
should promise more robust processes are
developed faster, and at a lower cost, resulting in
higher quality products.

Changes made to the process parameters can be
summarized in a table. An example of scale-up
from lab-scale to pilot-scale and then to
commercial-scale based on Johanson’s model54 for a
roller compaction unit operation is summarized in
Table 40.5.

The volume occupied by the batch in the
processing equipment at each scale should be
provided along with an assessment of capacity
utilization differences on product quality and
manufacturability. This assessment should also
include the minimum and maximum recommended
capacity utilization of the corresponding equipment
at commercial scale. A similar comparison for the
run time of continuous manufacturing equipment
should also be provided to evaluate if/when a state
of control is reached.

Equipment with different geometric design
and operating principles (eg, bin blenders vs
ribbon blenders) can impact blend homogeneity.
In addition, various tumble blenders have

significantly different designs and, therefore,
operating efficiencies. For example, an
asymmetrical blender such as a slant cone can be
highly efficient in mixing when compared with a
symmetrical blender such as a V-blender. A
correlation between the two types of tumble
blenders should be established through
experimental studies if a change in equipment is
anticipated during scale-up.

It is at the applicant’s discretion to submit
scale-up data, such as actual commercial-scale
process performance qualification information in
the application for a complex drug product that
has a high risk of scale-up failure; however, in some
cases it may be requested by the FDA prior to
approval.

If applicable, what online/at line/in-line monitoring
technologies are proposed for routine commercial
production that allow for real-time process monitoring
and control? Provide a summary of how each technology
was developed.

Design space may be scale and equipment
dependent. A limitation of design space based
solely on process parameters is that the verification
burden at different scales or in different equipment
can limit the sought-after flexibility. An alternative
to a control strategy that hinges solely on process
parameter-based design space is a control strategy
that actively monitors the output CQAs of
intermediates (eg, blend uniformity) using process
analytical technology (PAT) to adaptively adjust the
input variables through feedback/feed-forward
mechanisms (eg, blending time).40

Application of PAT involves four key components26,55:

• Multivariate data acquisition and analysis, which
integrates product and process understanding into
process control to achieve CQAs

• Process analytical chemistry tools that provide
real-time and in situ data about the process status

• Process monitoring and control
• Continuous process optimization and knowledge

management

TABLE 40.5 Scale-Up of the A Roller Compaction and Integrated Milling Process

Batch size
Roller width Roller diameter Roller gap Roller pressure

Mill screen

orifice size
Scale (kg) (units) Alexanderwerk model (mm) (mm) (mm) (bar) (mm)

Lab 5.0 25,000 WP120 25 120 1.2�2.4 20�77 1.0

Pilot 50.0 250,000 WP120 40 120 1.8 50 1.0

Commercial 150.0 750,000 WP200 75 200 2.0�4.0a 31�121a 1.0

aThe range is based on the scale-up equation and needs to be verified.
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PAT can be utilized offline, at line, online, and in
line, and its implementation in different solid dose
unit operations is summarized in Table 40.6.57 For
instance, in the blending process, the use of online
near-infrared (NIR) can evaluate the mixing status of
active pharmaceutical ingredient (API) and excipients
and monitor compositional variability over the entire
blending time, rather than the traditional one-time
sampling points at the end of blending. This allows for
the evaluation of segregation or demixing potential,
and identifies the safe-zone of uniform mixing or the
most appropriate mixing time. Understanding of
critical processes, as well as justification of process
parameters and in-process specification ranges via
PAT work, provides superior control quality. Ideally,
PAT can help provide feedback to the control system,
and manufacturers have the ability to effect continuous

improvement and continuous real-time assurance of
quality. Nevertheless, there are some regulatory,
quality assurance, cGMP, and validation challenges
associated with the adoption of PAT. Pharmaceutical
industries are strongly encouraged to prepare for
the challenges, and promote drug product develop-
ment and process understanding via PAT efforts.
The FDA has approved a number of applications that
implemented PAT, including drug substance and
drug product manufacturing processes for innovator
products, generic products, and veterinary products,
demonstrating success with this initiative.

In response to this QbR question, a description of
the online/at line/in-line technology that is being
used for real-time process monitoring and control
should be provided as well as a discussion of how
the technology will be implemented and the impact
of the technology on the overall control strategy.
A summary of the method development would
suffice if the technology is being used for process
monitoring and control. However, implementing
PAT for real-time release testing (RTRT) of the drug
product would require additional supportive infor-
mation to be provided. The applicant should provide
a description of the instrument and its location, infor-
mation on the development and validation of the
calibration method, and a summary of the model
maintenance approach. Another consideration when
PAT is utilized is having a contingency plan detailing
how the process will be controlled in the event that
the PAT analyzer fails in the middle of manufactur-
ing or is not available from the very beginning of
batch manufacturing.

P.2.4 Container Closure System

What specific container closure system attributes are nec-
essary to ensure drug product integrity and performance
through the intended shelf life? If applicable, what are the
differences in the container closure system(s) between this
product and the RLD?

The applicant may give the rationale (eg, drug
product stability concerns) for selecting a particular
container closure system including light resistance,
moisture protection, or inert atmosphere. For exam-
ple, when atmospheric oxygen is the source of drug
oxidation, the formulator can select an appropriate
packaging material (material with lower oxygen
transmission rate), oxygen scavenger, and/or packag-
ing method (packaging under inert gas) to overcome
the oxidation problem.42 Controlling the oxygen
permeability and headspace oxygen in bottles is
appropriate for drug product shelf stability, but
cannot ensure drug stability after the consumer
has opened the product. Therefore, blister packaging

TABLE 40.6 Process Analytical Technology (PAT)
Implementation in Solid Oral Unit Operation and Its Benefits
in Product Development56

Unit

operation

PAT technologies

employed

Benefits in product

development

Particle size
reduction

NIR spectroscopy Design/control milling
process of API and in-
process agglomerates

Blending/
mixing

NIR spectroscopy
FT-Raman spectroscopy

Identify safe-zone and
the most appropriate
mixing time

Granulation NIR, Raman XPRD
spectroscopy
Thermal effusivity
Combination of an
image-process device and
a fuzzy control system
Acoustic emission
Stress fluctuation
spectroscopy

Justify granulation
process parameter ranges
with controlled
granulation quality

Drying NIR spectroscopy Identifying drying curve
and end point
Justify moisture content
specifications

Coating NIR spectroscopy
Raman spectroscopy

Determine coating rate
and end point with
minimized
manufacturing
variability; interpret
coating uniformity

Unit dosing
(compression
or
encapsulation)

NIR spectroscopy
Raman spectroscopy

Detect drug distribution
uniformity in finished
product.
Identify undesired
process deviation
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may need to be used for some extremely oxygen-
sensitive drugs.

Consideration should also be given to the intended
use of the drug product and the suitability of the con-
tainer closure system for shipping and handling.
When applicable, the applicant should summarize
studies illustrating that tablet breakage or delamina-
tion is minimized. Another consideration is the need
for child protection using child-resistant closures. In
some cases, data supporting that drug product quality
is not adversely impacted by temperature excursions
may be warranted.

When discussing differences in the container closure
system between the proposed generic and the RLD for a
solid oral dosage form, applicants should detail the
material of construction, container size(s) and fill count/
volume/weight, filler type, desiccant type and desiccant
configuration (sachet, canister, etc.), and quantity.

How was the container closure system(s), including bulk
containers, qualified for suitability (protection, compatibil-
ity, safety, and performance)?

There are four elements that need to be considered
when qualifying a container closure system as suitable
for its intended use: protection, compatibility, safety,
and performance.58 The system should adequately
protect the dosage form to alleviate stability concerns.
It should also be compatible with the dosage form.
Possible interactions between the product and container
or label components should be considered. The container
closure system should also be composed of materials
that are considered safe for use with the dosage form
and the route of administration. Finally, if the packaging
system has a performance feature in addition to contain-
ing the product, it should be shown to function properly
and similarly to the RLD, as applicable. If the only ratio-
nale provided for qualifying a container closure system
is that the same system was previously FDA-approved
for a different drug product in a different application,
this justification is generally inadequate to ensure the
proposed container closure system is suitable for
the current drug product under review.

P.2.5 Microbiological Attributes

When applicable, what microbiological attributes were
evaluated on the finished product?

Solid oral dosage forms represent a relatively
low microbiological risk to patients; therefore, the
microbiological controls associated with their manufac-
ture are not as stringent as those for sterile or aqueous
nonsterile products. However, microbiological control
is important in the manufacture of solid oral dosage
forms in order to prevent drug product degradation,
the introduction of microbial metabolites and/or
toxins during the manufacturing process, and patient

exposure to high numbers of harmful species of micro-
organisms. Minimally processed components derived
from certain plant and animal sources, or manufactur-
ing processes involving extended aqueous holding
times, may carry a higher overall microbiological risk.

The rationale for performing or not performing
microbial limits testing for nonsterile drug products
should be evaluated (eg, Decision Tree #8 in ICH Q6A,
USP ,1111. and USP ,1112.).59�61 Solid dosage
forms that have low water activity or are otherwise
inherently antimicrobial are excellent candidates for
reduced microbial testing for product release and stabil-
ity.59 A submission that proposes a waiver of microbial
enumeration testing on product release should include
a description of the following:

• Critical control points in the manufacturing process
that may affect the bioburden of the finished drug
product

• Monitoring schedule and acceptance criteria for the
critical control points documented in the batch
record per 21 CFR 211.188

• Microbiological testing results for stability or exhibit
batches of the drug product

• Proposed stability testing schedule

Critical control points may include establishing
bioburden limits on incoming materials, defining the
maximum processing time for any aqueous processing
steps, and justifying the maximum holding time for
any aqueous coating solutions with supporting data. If
extensive product history is available, and upstream
controls are established, it may be feasible to propose a
waiver of all microbial limits studies, including those
on stability. When a significant history of product and
process control is still being developed at the time of
application submission, microbial enumeration testing
at batch release should be proposed.

Due to the hygroscopic nature of gelatin and its
greater water activity, gelatin may be capable of
supporting the growth of some microorganisms over
the product shelf-life, even if adequate microbiolog-
ical manufacturing controls have been implemented.
Stability batches of drug products containing gelatin
should undergo microbial limits testing.

USP ,1111. provides a risk-based standard for
total aerobic microbial counts, total combined yeasts/
molds count, and specified microorganisms in nonster-
ile drug products based upon the route of
administration.

If alternate microbial limits acceptance criteria are
proposed, the applicant should provide a justification for
the change and supporting data. It is not required that
applicants utilize USP , 61. and ,62. test methods
for microbial enumeration. However, a detailed
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description of the microbial limits and specified organ-
ism detection test methods, as well as verification of the
methods suitability for the finished drug product, need
to be provided.

P.2.6 Compatibility

If applicable, what supportive data demonstrates the com-
patibility of the drug product with the means of administration
(eg, additives and/or diluents, other co-administered drugs,
dosing device)?

For some solid oral drug products, further
manipulation or preparation may be required prior
to administration. In cases such as these, appropriate
compatibility information should be submitted in the
application to support the drug product labeling. For
a generic drug product, assurance that the generic
drug meets all of the performance characteristics
of the RLD is needed. When evaluating the QTPP
for the proposed drug product, thorough consider-
ation of any alternative means of administration
should be made early in the process. This is the best
approach to ensure that the appropriate develop-
ment studies have been conducted to support all
aspects of compatibility.

Examples where supportive data to demonstrate
compatibility are required include capsules containing
beads that are labeled for “sprinkle over applesauce”
or to be dissolved in a glass of water. Some tablets
need to be crushed and suspended for administration
to patients who have difficulty swallowing or for
administration to a pediatric population. For instance,
if the labeling indicates that “the suspension is homog-
enous and can be stored for either up to 30 days at
room temperature (below 30�C/86�F) or up to 75 days
at refrigerated conditions (28�C/35�46�F) in the glass
bottle,” then stability data demonstrating that the
proposed drug product is stable when prepared and
stored according to the conditions (eg, temperature
and time) specified in the label should be provided.
Furthermore, some tablets are intended for adminis-
tration through a nasogastric tube or oral syringe.
For these tablets, applicants should demonstrate that
when the label instructions are followed, the tablet dis-
perses into granules or particles that are small enough
to ensure that the nasogastric tube or syringe used for
administration is not blocked or clogged. Similarly, the
same is true for capsules and bead size.

The previous examples are meant to be illustrative
and not exhaustive. The data required varies on a
case-by-case basis and is dependent on the means of
administration and the specifics of the drug product
and the associated labeling. All alternative routes of
administration should be fully evaluated with respect
to drug product compatibility.

P.3 Manufacture

Who manufactures the drug product? List each partici-
pant and facility involved in drug product manufacturing/
testing activities and clearly state their function. List the
date of the last FDA inspection of each facility involved and
the result of the inspection. Has the manufacturer addressed
all concerns raised at the FDA inspection?

It is imperative that the agency has a complete list
of facilities associated with the application early in
the submission process to ensure that the necessary
facility evaluations can be performed and any neces-
sary preapproval inspections scheduled to allow
timely approval. Applicants should include the name,
address, and FEI number for each site or facility
involved with commercial manufacturing, packaging,
or testing the drug product. Sites used to conduct
stability testing of the registration batches supporting
the submission should also be included if these sites
differ from those planned to be used for commercial
batches. When describing the responsibility of each
testing site, it should be clear what component is
being tested (eg, excipient, packaging component,
drug substance, drug product intermediate, drug
product), what test is being performed, and at what
stage of manufacture (eg, in-process, release, stabil-
ity). The dates of the last FDA inspection and
the outcome of the inspection should be noted. If
any concerns were raised by the FDA during the
inspection, then a summary explaining how those
concerns have been adequately addressed should be
provided.

What is the commercial batch formula and how does
it differ from the registration batch formula? Provide
justifications for any differences.

A side-by-side comparison of the registration and
commercial batch formulae should be provided.
If there are any differences between the registration
batch and the commercial batch formula, these should
be noted and discussed in terms of the rationale
for the differences as well as the potential impact on
product manufacturability and CQAs. The weight or
measure of each component of the batch formula
should be listed (as per section 2.3.P.1.). It is helpful to
also include each component on a weight percent
basis. The name of the component should include a
reference to its quality standard (eg, USP, in-house,
etc.). For excipients where a range has been justified,
the target amount and range should be included in the
batch formula.

Drug substance overages are generally discouraged;
however, if any an overage is used, it should be
made clear and justification should be provided.
Overages are added to the formulation either for a
manufacturing loss that has been demonstrated to
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be reproducible, or for stability concerns. The compo-
sition should reflect the actual quantities charged to
the batch since the overage is a part of the formula-
tion. For example, a product with 2% overage of the
drug substance should list the drug substance as 102%
in the formulation. Note that stability assessment
should be based on the actual quantity used in the
formulation (ie, 102%).

Processing agents (eg, water, solvents, and nitrogen
or other gases) that do not remain in the finished
product should be included. Any gases used during
manufacture should be listed and their purpose identi-
fied (eg, blanket formulation, fill vial headspace). An
asterisk after the ingredient name with a footnote below
the table could be used to identify components that are
removed during processing or to clarify the purpose of
inert gases used during the manufacturing process.

An excess is any inactive ingredient prepared in
addition to the overall formulation to compensate for
certain losses during manufacturing, but that does not
become part of the product formulation once manufac-
ture is completed. For example, a certain percentage
of excess coating solution is often prepared to compen-
sate for losses of the coating solution to the walls of
the equipment. Excess material can be denoted with an
asterisk and explained in a table footnote. The excess
material should be reasonable and well justified.

If a common formulation is used to produce multiple
products’ strengths, then the composition of each
strength should be provided including the total
weights/volumes as applicable. If the end product is a
result of two or more sublots, then the composition
of each sub-lot and the number of sublots should
be clear. If the registration batch is manufactured as one
lot, but the commercial scale batch will be manufactured
using sublots, then this should also be indicated.

In some instances, separately blended or formulated
materials that are later combined during manufactur-
ing should be listed separately in the batch formula.
For example, some modified-release products contain
a mixture of immediate release and extended-release
beads within a dosage unit. In this case, the composi-
tion table should present the batch formulas for the
individual subcomponents of the dosage unit.

What is the flow diagram of the manufacturing process
that shows all incoming materials, processing steps/unit
operations, and in-process controls?

The flow diagram is a schematic showing each unit
operation of the commercial manufacturing process
consecutively from first charging of materials through
packaging. It should also show each point of material
entry. The material entry into a particular unit opera-
tion may be drug substance, raw materials, or drug
product intermediates. The flow diagram should also
include the in-process controls for each unit operation.

In cases where reprocessing steps are possible, those
should be included in the diagram.

What is the detailed process description, including
process parameters, material attributes of raw materials
and intermediates, equipment type, batch size, in-process
controls, including acceptance criteria and any proposed
reprocessing?

Applicants should submit a manufacturing process
description for a representative commercial batch of the
drug product that has the level of detail comparable to a
master production batch record (NDAs) or a proposed
or actual master production batch record (ANDAs).
For each process step and proposed reprocessing step,
the narrative should detail:

• Batch size
• Incoming raw materials/drug product intermediates

and acceptance criteria for any CMAs. For raw
materials, the grade should also be specified

• In-process controls and acceptance criteria
• Equipment description (type, vendor, model

number, etc.)
• Process parameter settings (target and range),

indicating which process parameters are critical

Process parameter ranges and in-process controls
should be supported by pharmaceutical development
work discussed in 3.2.P.2.3. A risk-based approach
should be taken when establishing hold times
for drug product intermediates. Data should be pro-
vided for studies conducted in the proposed storage
container under the proposed storage conditions for
the appropriate length of time to demonstrate that
holding does not adversely affect quality.

What in-process sampling strategies and methods are
used to monitor in-process material attributes that have a
potential to affect quality?

Details about sampling for each unit operation
(eg, sample size and/or quantity, sampling frequency,
sampling location) should be provided for CQAs of drug
product intermediates. For example, details about blend
uniformity sampling in bins or drums or stratified sam-
pling of core tablets should be provided for low-dose
products that have a high segregation potential.

What are the in-process test results for each process
step of the registration batch(es)? What are the differences,
if any, in the in-process controls for the registration batch
(es) and the intended commercial batches? What are the
justifications for these differences?

It is best to present the in-process test results for
each step of the process as a tabular summary listing
the test, the acceptance criteria, and the observed
results. Those quality attributes of the drug product
intermediates that may have a significant impact on
the quality of the finished drug product should be
identified and monitored. In addition, if there are any
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differences between the tests performed and/or the
acceptance criteria between the registration batches
and proposed commercial-scale batches, the differ-
ences should be explained and well justified. It should
also be made clear if any of the tests are planned
through validation, but not as part of the commercial
manufacturing control strategy.

P.4 Control of Excipients

What are the excipient specifications and how are they
justified? How do the proposed acceptance criteria for the
material attributes of the excipients ensure the quality of the
final drug product?

USP-NF excipients should minimally comply with
the current respective monograph. In-house analytical
procedures used to test compendial excipients should
be appropriately validated. Any additional test(s)
needed for CMAs identified during development
beyond those listed in the monograph should also
be included in the specification and the response to
the QbR question should explain how the CMA
and the proposed acceptance criterion relates to
the final drug product quality. Applicants should dis-
cuss the adequacy of the specification to mitigate any
associated risks to manufacturability or drug product
performance for excipients where lot-to-lot variability is
anticipated. Specifications including analytical procedures
and method validations for the noncompendial excipients
are also expected.

Applicants should provide both in-house and
vendor full testing results for excipient lots used to
manufacture the registration batch(es) or a representa-
tive CoA for any additional lot that has been fully
tested. Note that proposals for vendor qualification
and skip-lot testing are beyond the purview of the
review divisions.

In cases where a novel excipient not previously used
in a CDER-approved product is included in the formu-
lation, information detailing the excipient manufacture,
characterization, control, and safety qualification,
or a reference to a DMF containing the previously
mentioned information should be included. Applicants
should provide bovine spongiform encephalopathy
(BSE)/transmissible spongiform encephalopathy (TSE)
certification as well as the country of origin for any
excipient of animal origin.

P.5 Control of Drug Product

What is the drug product specification, what is the justi-
fication, and how is it linked to the product performance
and patient safety? Does the specification include all the
CQAs for the drug product?

How do the batch analysis results compare with your
proposed specification? Provide a summary of the batch
analysis results.

To illustrate related concepts, these questions
are grouped together in this chapter, although they
are presented differently in the QbR assessment
system. A specification is a list of tests, references to
analytical procedures, and appropriate acceptance
criteria, which are numerical limits, ranges, or other
criteria for the tests described.59 The drug product
should conform to the specification to be considered
acceptable for its intended use. Specifications are
quality standards that are proposed and justified
by the applicant and approved by the FDA as condi-
tions of approval. The specification is part of the
total control strategy designed to ensure product
quality and consistency. To answer this question, the
applicant should present a tabular summary of
the specification including columns for the test,
analytical procedure, acceptance criteria, and repre-
sentative results for at least one registration batch of
each strength. The specification should focus on
those characteristics that are useful in ensuring the
safety and efficacy of the drug product including all
drug product CQAs necessary to ensure the identity,
strength, purity, and quality. For USP drug products,
the specification should include all tests listed in the
monograph as well as any additional tests that are
deemed necessary for the drug product. The appli-
cant should also provide justification for the chosen
acceptance criteria for each CQA as well as a discus-
sion linking the proposed control of the drug product
to in vivo performance and patient safety. In cases
where any tests of CQAs are omitted, scientific
rationale should be provided.

In some cases, it may be appropriate to measure
and control the drug product CQAs in-process in lieu
of end-product testing. Controlling certain quality
attributes upstream where the measured response
provides a timely signal to make process adjustments
is an effective strategy for ensuring product quality.
For instance, if organic solvent is used during wet
granulation, it is advantageous to control residual sol-
vents at this step when drying time can be adjusted
rather than waiting to test the compressed tablets
when the only recourse for noncompliance with the
residual solvent specification is batch failure. In addi-
tion, RTRT (formerly called parametric control) can be
employed when the model is predictive of in vivo
performance and captures the dominating factors that
contribute to variability in the CQA. As a theoretical
example, attributes relating to the properties of a tablet
granule, such as porosity, particle size, surface area, or
bulk/tapped density, if shown to have a predictive
relationship with dissolution behavior, could serve as
RTRT surrogates for dissolution testing.62 Both of these
approaches should be clearly presented and appropri-
ately validated to show that test results or product
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performance characteristics do not change from the
in-process stage to the finished product.

The applicant should discuss how the registration
batch results compare with the proposed specification.
Whenever possible, results should be presented
quantitatively rather than in general terms such as
“complies” or “meets limit.” Representative results
for one registration batch of each strength can be
presented with a hyperlink or reference to where
additional batch results can be located in Module 3.
In cases where the CQA still complies with the specifi-
cation, but is on the edge of failure (eg, low assay,
high Acceptance Value (AV) for content uniformity,
high impurity level), the applicant may wish to discuss
the root cause of the observed result and detail any
further development or optimization that is planned to
ensure that the CQAs will be achieved when the drug
product is commercialized.

For each test in the specification, provide a summary of
the analytical procedure(s) and, if applicable, a summary
of the validation or verification report(s).

Applicants should identify regulatory and alterna-
tive analytical procedures when multiple analytical
procedures can be used for a test. Note that the
analytical procedures in the USP-NF are those legally
recognized under section 501(b) of the FD&C Act
(the Act) as the regulatory analytical procedures for
compendial items and are the prevailing procedures
used for the purposes of determining compliance
with the Act. Applicants may propose to use a vali-
dated alternative analytical procedure found in other
compendia, such as the BP, the EP, or the Japanese
Pharmacopoeia (JP), instead of the regulatory analyti-
cal procedure.63 The applicant should provide a
rationale for its inclusion, as well as validation and
comparative data to show that the alternative proce-
dure performs equal to or better than the regulatory
analytical procedure.

It is not necessary to provide a summary of the ana-
lytical procedure in the QOS when the USP procedure
is followed, although the procedure details should still
be submitted in Module 3. Each noncompendial proce-
dure should be summarized in a tabular or descriptive
form. It should include the critical parameters for the
method and system suitability criteria, if applicable.
For impurity methods where impurities are not quanti-
fied using impurity standards, the relative response
factors should be provided.

Quantitative noncompendial analytical methods
such as Karl Fischer, assay, impurities, and residual
solvents should be fully validated per the recommen-
dations found in ICH Q2 Validation of Analytical
Procedures: Text and Methodology64 and a summary
table of the validation performance characteristics
should be provided. The stability-indicating

capability of assay and impurity methods should be
demonstrated through HPLC peak purity and achieve-
ment of adequate mass balance. Stress studies should
target 5�20% degradation to avoid secondary degrada-
tion. For very stable molecules that are difficult to
degrade, a justification should be provided (ie, stress
conditions that go beyond the usual) along with a
summary of forced degradation results. Applicants
should attempt to quantitate the degradants observed
for each stress condition individually by name or rela-
tive retention time. The agency expects that any loss
in the active peak is compensated by a corresponding
increase in the amount of degradants. Any failures
to obtain adequate mass balance should be fully
explained.

According to USP ,1226. , users of analytical
methods described in USP�NF are not required to
validate the accuracy and reliability of these meth-
ods, but merely verify their suitability under actual
conditions of use.65 Verification is not required for
basic compendial test procedures including, but not
limited to, loss on drying, residue on ignition, and
pH that are routinely performed unless there is an
indication that the compendial procedure is not
appropriate for the article under test. A summary
table of the verification performed for compendial
methods should be provided. Typical performance
characteristics include specificity and precision for
assay methods and specificity, precision, linearity,
and LOD/LOQ for impurity methods. In all cases,
the applicant should demonstrate that the system
suitability criteria can be achieved under actual con-
ditions of use.

The response to this question may contain a
reference or hyperlink to Module 3, the location of the
full validation or verification information.

What are the drug product degradants? For each
degradant, what is the structure, chemical name, origin,
and mechanism of formation? How are the proposed limits
justified and/or qualified for safety based on nonclinical
studies? What is the control strategy for the potential drug
product degradants?

Degradation products expected to occur during
manufacture of the commercial product or under
recommended storage conditions should be addressed
in the proposed drug product specification. These
degradants result from a chemical change in the drug
substance brought about during manufacture and/or
storage of the new drug product by the effect of, for
example, light, temperature, pH, water, or by reaction
with an excipient and/or the immediate container
closure system.66

Generally, it is not necessary to test the drug
product for quality attributes uniquely associated with
the drug substance. Thus, process impurities present
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in the drug substance need not be monitored or
specified in the drug product unless they are also deg-
radation products. If the applicant chooses to include
drug substance process impurities or synthetic precur-
sors in the drug product specification (eg, due to their
presence in chromatograms or as markers in chromato-
grams), then those impurities should be limited at
release and on stability to the same level as in the drug
substance specification.

For each identified degradation product, the structure,
chemical name(s), and origin should be provided.
The applicant should also describe any studies per-
formed to identify the degradant and its mechanism of
formation, as well as the control strategy in place to mini-
mize formation to the extent possible. When justifying
the proposed acceptance criterion for the degradants,
applicants should consider patient safety, particularly for
degradants with the potential to be genotoxic or carcino-
genic. In cases where applicants propose a degradant
level above those recommended in the current guidance
for industry for impurities in drug products and ICH
Q3B,66�68 the degradant will need to be qualified by
conducting toxicity studies, submitting relevant scientific
literature, demonstrating that the degradant is a signifi-
cant human metabolite of the drug substance, or by
showing that the RLD contains similar levels of the
degradant using the same validated, stability-indicating,
analytical procedure.

Degradants should be reported with the appropriate
number of decimal places. Below 1.0%, the results
should be reported to the number of decimal places in

the applicable reporting threshold whereas at and
above 1.0%, the results should be reported to one
decimal place.

What is the proposed control strategy for the drug
product manufactured at commercial scale? What are the
residual risks upon implementation of the control strategy at
commercial scale?

A control strategy is a planned set of controls
derived from current product and process understand-
ing that ensures process performance and product
quality.3,4 It can include, but is not limited to, input
material attributes, facility operating conditions, and
equipment operating conditions (ie, process para-
meters, in-process controls, specifications, sampling
plans, and frequency of monitoring and control).
Systematic and well-executed pharmaceutical develop-
ment studies that result in enriched product and
process understanding and identification of all CMAs
and CPPs will culminate in the design of an appropri-
ate control strategy to ensure the identity, strength,
quality, and purity of the drug substance and the
bioavailability and performance of the drug product
throughout its lifecycle. Fig. 40.5 shows pictorially the
different levels of control that are possible.

The most basic control is to have knowledge of the
operating range, as well as the proven acceptable range
of the process parameters. Proven acceptable range
is defined as a characterized range of a process param-
eter for which operation within this range, while
keeping other parameters constant, will result in pro-
ducing a material meeting the relevant quality criteria.4

FIGURE 40.5 Control strategy implementation
options.
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The operating range is within the proven acceptable
range, and is the routine control employed during
production in order to assure reproducibility. Proven
acceptable range is based on univariate experimenta-
tion and does not take into account the interaction of
multiple process parameters. Proven acceptable range
can provide some, but limited, information about the
process.

Minimally, the control strategy should include all
CMAs and CPPs; however, a more prudent approach
may be to include all variables ranked as high risk in
the initial risk assessment because the conclusion of
the experiments is dependent on the range studied
and the complex multivariate relationship between
variables. In the presence of interacting CPPs and
CMAs, a design space is a better approach to ensure
product quality, although it is not a requirement.
Design space is the multidimensional combination
and interaction of input variables (eg, material attri-
butes) and process parameters that have been demon-
strated to provide assurance of quality.4 The design
space is likely established using DOE at small-scale
batches and then verified at commercial scale. It is
best to exploit dimensionless parameters and material
attributes to define the design space because they are
scale-independent. Design space is proposed by the
applicant and is subject to regulatory assessment and
approval. Working within the FDA-approved design
space is not considered a manufacturing change.
Movement out of the design space is considered to be
a change, and would normally initiate a regulatory
post-approval change process. Control space is within
the design space, and not subject to regulatory
approval. If the control space is much smaller than
the design space, the process is then considered
robust.

By asking about the residual risks upon implemen-
tation of the control strategy at commercial scale, the
agency recognizes that in some cases, the risk of a
process step to impact the drug product CQAs may
only be mitigated from high risk to medium risk at
the time the application is submitted. For example,
an extended-release polymer-coating process can be
optimized at pilot scale. However, some variability in
process efficiency and polymer coating-layer thickness
may be observed during scale-up from pilot to
commercial scale, resulting in a slight decrease in the
theoretical polymer coating level needed to achieve the
target drug release profile. In this case, the impact of
polymer coating process variability on drug release
from tablets needs to be further monitored during
validation and routine commercial manufacturing to
gain additional knowledge and to facilitate continual
improvement. Therefore, the risk is considered accept-
able, but at a medium level in-line with current
process understanding.

The additional experience and knowledge gained
during routine manufacturing should be utilized for
refinement of the control strategy as part of the contin-
ual improvement of the drug product during its
commercial lifecycle. However, any post-approval
changes in established conditions beyond the variability
already provided in the application should be reported
to the agency in accordance with 21 CFR 314.70 and
should follow steps as outlined by guidances used for
scale-up and post-approval changes.69�74

P.6 Reference Standards or Materials

How were the drug product reference standards obtained,
certified, and/or qualified?

A reference standard is a substance prepared
for use as the standard in an assay, identification, or
purity test and should have a quality appropriate
for its use. It is often characterized and evaluated for
its intended purpose by additional procedures other
than those used in routine testing.59 In response to this
question, applicants should discuss the reference stan-
dards utilized for both drug substance and degradants.
If the same reference standards are used for the
drug substance, it may be appropriate to reference
Section 2.2.S.5. Generally, only a lot number is needed
when a compendial reference standard is used as the
primary reference standard. When an in-house stan-
dard is used, applicants should provide the source(s),
lot number, and reference to the location of the CoA
and of full characterization information in Module 3.
An in-house primary reference standard should be
qualified by elucidating its chemical structure using
pertinent methods, such as MS, NMR, IR, UV-VIS,
TGA, etc., as well as assessing its purity and should be
certified by providing a certificate that gives the value
of the specified property, its associated uncertainty
and a statement of metrological traceability. Secondary
or working standards can be qualified against primary
reference standards. When USP standards are avail-
able, secondary or working standards should be
qualified against the USP standards.

P.7 Container Closure System

What container closure system(s) is(are) proposed for
commercial packaging of the drug product? What is the
specification?

The applicant should give a description of the
proposed primary container closure system for each
strength of the drug product including the bottle, cap,
void filler, and desiccant or the blister. A description of
the label and any secondary packaging should also
be provided. The applicant may give a reference to the
location of the letters of authorization for Type III DMFs,
as well as a reference to the location of the component
specifications, technical drawings, and full testing
results. The applicant should submit both in-house and
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vendor CoAs with results for full testing performed
to qualify the suitability of the components used to
package the registration batches or a representative lot.
Applicants should also submit certification per 21 CFR
sections 174�186 to demonstrate that materials used in
the component manufacture are safe for use in direct or
indirect food contact. Note that any development studies
performed to demonstrate the suitability of the selected
container closure system should be submitted under the
QbR question in 2.3.P.2.4.

P.8 Stability

What is the stability specification? If applicable, what is
the justification for acceptance criteria that differ from the
drug product release specification?

Applicants should present the stability specification in
a side-by-side comparison table that highlights any dif-
ferences between the release and shelf-life specification
and provides justification for any differences.

What is the proposed shelf-life for the drug product? What
drug product stability studies support the proposed shelf-life
and storage conditions in the container closure system? How
does statistical evaluation of the stability data and any
observed trends support the proposed shelf-life?

Applicants may propose a shelf-life based on stability
data available at the time of submission and as
recommended in the relevant stability guidance doc-
uments.75�77 The intended storage conditions to be
included in the drug product labeling should be clear.

If the applicant chooses to use any bracketing or
matrixing designs to support the drug product stability,
then the designs should be fully explained and justified
according to the considerations detailed in the applicable
guidance documents.78 Generally, 6 months of stability
data at both the accelerated and long-term stability
conditions are expected at the time of submission to sup-
port the proposed shelf-life. The applicant should
provide a tabular summary of these data along with a
reference to the location of the full stability results in
Module 3. If there is a significant change observed in the
accelerated data, the applicant should also submit
6 months of intermediate stability data at the time of sub-
mission. These data should be updated during the
review cycle. Applicants should discuss any observed
trends or out-of-specification results in the stability data
and should perform appropriate statistical analysis of all
quantifiable attributes in order to support any proposal
for extrapolation of expiry period. Usually when signifi-
cant trends or failure to comply with the acceptance
criterion are observed during the accelerated study, the
tentative expiration date will be determined based upon
the intermediate and long-term data.

If the drug product labeling details any further
manipulation or preparation prior to administration,
the applicant may reference P.2.6 for studies con-
ducted to demonstrate compatibility. In some cases,

in-use stability studies should be conducted to demon-
strate that the drug product quality (eg, drug product
release or drug substance polymorphic form) is not
impacted by patient storage in a bathroom medicine
cabinet or pharmacy storage on shelf. Data to support
stability in bulk packs for holding periods of more
than 30 days also should be submitted. In cases
where bulk drug product is transferred to another
location for packaging, the applicant may consider
simulated shipping studies to demonstrate that the
bulk packaging is adequate to ensure the integrity of
the drug product (eg, orally disintegrating tablets).

What are the post-approval stability protocols and other
stability commitments for the drug product?

The applicant should submit a post-approval stabil-
ity protocol for review and approval by the agency. It
is a detailed plan that is used to generate and analyze
stability data to support and confirm the tentative
expiration date of the drug product. The post-approval
stability protocol should include:

• Storage conditions
• Number of batches and packaging configurations to

be entered into the stability protocol
• Testing intervals
• Tests to be performed and testing schedule

In an original submission, the applicant is also
expected to make certain commitments, which constitute
agreements that must be fulfilled after approval of the
application. The stability commitment should include:

• The number of validation batches of the drug
product, and annual production batches thereafter,
to be tested for stability in accordance with the
approved post-approval stability protocol. Each
strength of the marketed drug product and all
container closure systems should be included unless
a bracketing or matrixing design was approved.

• A commitment to submit stability data in annual
reports

• A description of how changes or deterioration in
the distributed drug product will be handled as
per 21 CFR 314.70(b)(1)(ii)

40.5 FUTURE DIRECTION

To realize the vision of OPQ, the office employs a
team-based integrated quality assessment approach to
maximize each team member’s expertise and provide
aligned patient-focused and risk-based drug quality
recommendations, inclusive of drug substance, drug
product, biopharmaceutics, microbiology, manufacturing,
and facilities. Ideally, submissions to the agency need
to be functional, meaning that they are electronic, struc-
tured, and searchable. They should also be of high quality
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and demonstrate a risk- and science-based approach to
drug product development. Although it seems contradic-
tory, submissions must be both comprehensive and
concise. The data should be presented in a cohesive man-
ner that clearly tells the development story by communi-
cating an appropriate level of detail to convey how the
product and process understanding has culminated in
a control strategy designed to ensure that the therapeutic
benefit of the drug product promised on the label
is realized by the patient. The submission should
also clearly delineate what established conditions are
proposed to ensure desired product quality. QbR goes a
long way toward facilitating the previously mentioned
needs. However, the current QbR is one-size-fits-all and
was largely developed with solid oral dosage forms in
mind. Therefore, future iterations may be more flexible
and dosage-form specific to better focus both industry
and reviewers on critical areas unique to those dosage
forms.

Although this chapter focuses on the QbR questions
developed for the assessment of drug product, there are
also QbR questions currently used for other disciplines
within OPQ, including drug substance and microbiology.
The door is open for future versions of QbR to further
refine the questions related to these disciplines and to
add additional discipline-specific questions for biophar-
maceutics and facilities. The integration of drug review,
inspection, and compliance in combination with QbR
tailored to each discipline will put CDER in a better posi-
tion to anticipate and intervene before quality problems
develop by improving the FDA’s oversight of quality
throughout the lifecycle of a pharmaceutical product and
increasing the applicant’s ability to produce high-quality
products for the American public.

40.6 CONCLUSIONS

In summary, QbR questions were designed to
embody QbD elements, including definition of the
QTPP based on desired product performance and
identification of the CQAs, systematic development
studies to facilitate product and process design and
gain product and process understanding, develop a
comprehensive control strategy, and strive for continual
improvement throughout the product lifecycle.

Quality cannot be tested into a product, but is
built by design. The adoption of QbD approaches
in the pharmaceutical industry is an evolving
process. The goal of embracing a QbD mindset is to
reduce product variability and defects, thereby
enhancing product development and manufacturing
efficiencies and post-approval change management.
It is achieved by designing a robust formulation
and manufacturing process that is understood at a

mechanistic level and establishing clinically relevant
specifications that are adequately controlled.

QbR establishes common submission and quality
expectations and has helped to transform the CMC
review into a modern, science- and risk-based pharma-
ceutical quality assessment. QbR is consistent with the
current QbD paradigm and is congruent with risk
management approaches. QbR facilitates clear commu-
nication by helping industry and the FDA speak the
same “language,” by clearly delineating submission
expectations, and by encouraging the industry to be
transparent in its thought process and to justify the
choices made throughout pharmaceutical development
and manufacture. Historically, industry has been reluc-
tant to provide additional supportive information
(eg, development data) within regulatory submissions
to the FDA because of the presumption that providing
more information will lead to more regulatory ques-
tions. From the reviewer perspective, however, the
opposite is true. When the applicant does a good job
responding to QbR, it conveys their product and
process understanding to the agency and instills
greater confidence that the drug product will meet the
QTPP and deliver the promised therapeutic benefit to
the patient throughout its lifecycle.

APPENDIX: QbR QUESTIONS

2.3 Introduction to the QOS

Proprietary name of drug product

Nonproprietary name of drug product

Nonproprietary name of drug substance

Proposed indication(s) including intended patient population

Duration of treatment

Maximum daily dose (MDD)

Alternative methods of administration

2.3.P Drug Product

2.3.P.1 Description and Composition

1. What is the description of the proposed commercial
drug product? What are the components and
composition of the final drug product as packaged
and administered on both a per unit dose and %w/w
basis? What is the function(s) of each excipient?

2. Does any excipient exceed the FDA IID limit for
this route of administration calculated based on
maximum daily dose? If so, please justify.

3. If applicable, what are the differences between this
formulation and the listed/RLD formulation?

1122 40. MODERN PHARMACEUTICAL REGULATIONS: QUALITY ASSESSMENT FOR DRUG PRODUCTS

IV. REGULATORY ASPECTS OF PRODUCT DEVELOPMENT



2.3.P.2 Pharmaceutical Development

4. For 505(b)(1) applications, what is the rationale for
selecting the proposed dosage form for the drug
product? For 505(b)(2) and 505(j) applications, what
are the characteristics of the listed/RLD product?
What is the QTPP of the finished product based on
the proposed indication and patient populations?
How is the QTPP justified?

5. What are the quality attributes of the finished
product? Which quality attributes are considered
CQAs? For each CQA, what is the target and how
is it justified?

6. What is the approach for meeting the CQAs related
to clinical performance? If applicable, what in vitro
bioperformance evaluations (ie, dissolution method,
flux assay, etc.) were used during pharmaceutical
development to ensure clinical performance?

2.3.P.2.1 Components of the Product

2.3.P.2.1.1 Drug Substance

7. What are the physical, chemical, biological and, if
applicable, mechanical properties of the drug
substance, including physical description, pKa,
chirality, polymorphism, aqueous solubility (as a
function of pH), hygroscopicity, melting point(s),
partition coefficient and, when available, BCS
classification?

8. What is the drug substance specification used to
accept the incoming drug substance batches and
how is it justified? For each test in the specification,
provide a summary of the analytical procedure(s)
and, if applicable, a summary of validation or
verification report(s).

2.3.P.2.1.2 Excipients

9. What evidence supports excipient�drug substance
compatibility and, if applicable, excipient�excipient
compatibility?

10. What is the rationale for the excipient selections?

2.3.P.2.2 Drug Product

11. What aspects of the formulation were identified as
potentially high risk to the drug product
performance?

12. What formulation development studies were
conducted? What attributes of the drug substance,
excipients, and in-process materials were identified
as critical and how do they impact the drug
product CQAs?

13. How does the proposed commercial formulation
differ from the formulations used during

bioequivalence and/or clinical studies? What is
the rationale for the formulation change? What
biopharmaceutics evaluations (comparative
dissolution, bioequivalence studies, biowaivers,
etc.) support the formulation changes and link the
development formulations to the posed
commercial formulation?

2.3.P.2.3 Manufacturing Process Development

14. What is the rationale for selecting this
manufacturing process for the drug product?

15. What is the potential risk of each process step to
impact the drug product CQAs and how is the risk
level justified?

16. For each of the potentially high-risk manufacturing
unit operations:
a. What input material attributes and process

parameters were selected for study and what are
the justifications for the selection?

b. What process development studies were
conducted? Provide a summary table listing
batch size, process parameter ranges, equipment
type, and estimated use of capacity.

c. What process parameters and material attributes
were identified as critical and how do they
impact the drug product CQAs?

d. How were the process parameters adjusted across
lab, pilot/registration, and commercial scale?
What are the justifications for any changes?

17. If applicable, what online/at line/in-line
monitoring technologies are proposed for routine
commercial production that allows for real-time
process monitoring and control? Provide a
summary of how each technology was developed.

2.3.P.2.4 Container Closure System

18. What specific container closure attributes are
necessary to ensure drug product integrity and
performance through the intended shelf life? If
applicable, what are the differences in the
container closure system(s) between this product
and the RLD?

19. How was the container closure system(s),
including bulk containers, qualified for suitability
(protection, compatibility, safety, and
performance)?

2.3.P.2.5 Microbiological Attributes

20. When applicable, what microbiological attributes
were evaluated on the finished product?
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2.3.P.2.6 Compatibility

21. If applicable, what supportive data demonstrates the
compatibility of the drug product with the means of
administration (eg, additives and/or diluents, other
co-administered drugs, dosing device)?

2.3.P.3 Manufacture

22. Who manufactures the drug product? List each
participant and facility involved in drug product
manufacturing/testing activities and clearly state
their function. List the date of the last FDA
inspection of each facility involved and the result
of the inspection. Has the manufacturer addressed
all concerns raised at the FDA inspection?

23. What is the commercial batch formula and how
does it differ from the registration batch formula?
Provide justifications for any differences.

24. What is the flow diagram of the manufacturing
process that shows all incoming materials, processing
steps/unit operations, and in-process controls?

25. What is the detailed process description, including
process parameters, material attributes of raw
materials and intermediates, equipment type, batch
size, in-process controls, including acceptance
criteria and any proposed reprocessing?

26. What in-process sampling strategies and methods
are used to monitor in-process material attributes
that have a potential to affect quality?

27. What are the in-process test results for each
process step of the registration batch(es)? What are
the differences, if any, in the in-process controls for
the registration batch(es) and the intended
commercial batches? What are the justifications for
these differences?

2.3.P.4 Control of Excipients

28. What are the excipient specifications and how
are they justified? How do the proposed acceptance
criteria for the material attributes of the excipients
ensure the quality of the final drug product?

2.3.P.5 Control of Drug Product

29. What is the drug product specification, what is the
justification, and how is it linked to the product
performance and patient safety? Does the specification
include all the CQAs for the drug product? Does it
include all the critical drug product attributes?

30. For each test in the specification, provide a
summary of the analytical procedure(s) and, if

applicable, a summary of the validation or
verification report(s).

31. How do the batch analysis results compare with
your proposed specification? Provide a summary
of the batch analysis results.

32. What are the drug product degradants? For each
degradant, what is the structure, chemical name,
origin, and mechanism of formation? How are the
proposed limits justified and/or qualified for safety
based on nonclinical studies? What is the control
strategy for the potential drug product degradants?

33. What is the proposed control strategy for the drug
product manufactured at commercial scale? What
are the residual risks upon implementation of the
control strategy at commercial scale?

2.3.P.6 Reference Standards and Materials

34. How were the drug product reference standards
obtained, certified, and/or qualified?

2.3.P.7 Container Closure System

35. What container closure system(s) is(are) proposed
for commercial packaging of the drug product?
What is the specification?

2.3.P.8 Stability

36. What is the stability specification? If applicable, what
is the justification for acceptance criteria that differ
from the drug product release specification?

37. What is the proposed shelf-life for the drug
product? What drug product stability studies
support the proposed shelf-life and storage
conditions in the container closure system?
How does statistical evaluation of the stability data
and any observed trends support the proposed
shelf-life?

38. What are the post-approval stability protocols
and other stability commitments for the drug
product?
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Biopolymers, 207
Biorelevant dissolution specification setting,

445�447
Biosimilar product development (BPD), 1070
Biosimilars, 1070
and market exclusivity, 1070

Biosimilars user fee acts (BsUFA), 1050
Biowaiver, 393�395, 440
BA, self-evident, 393
BA and BE claim based on in vitro data,

394
BE, self-evident, 393
considerations and comparison of

dissolution profiles, 374�378
for ANDAs, 374
simulated dissolution profiles, 376f
in vivo BE studies, 374�375
in vivo concentration profile, 376
in vivo profiles corresponding to in

vitro profiles, 377f
effect of Weibull parameters, 377f

Birefringence, 60�61
Bisects, 933�934, 934f
Bisoprolol fumarate, 440
BLAs. See Biologics license applications

(BLAs)
Blend homogeneity, 596
Blend uniformity (BU), 596
Blend-flow properties, 764
Blenders, 699
Blending, 243�244, 696�697, 1036�1037,

1107t
BMS-A recrystallization, 800, 800f
Boltzmann distribution, 118
Boltzmann’s constant, 119
Bond dissociation energy (BDE), 131
Bonding index (BI), 285
Bonding mechanisms, 783�784
Bottom spray, 778�779
Bovine spongiform encephalopathy (BSE),

725, 729, 1117
“Box-Tootill-Davies” designs, 135
BP. See British Pharmacopoeia (BP)
BPCI Act. See Biologics Price Competition

and Innovation Act (BPCI Act)
BPD. See Biosimilar product development

(BPD)
Brabender flexwall feeder, 851f
Bracketing approach, 618
Break line. See Bisects
Breast cancer resistant protein (BCRP), 301,

314, 351. See also Multidrug-resistant
associated proteins (MRPs)

activity disruption, 315
nomenclature, 314�315
structure, 314
substrates for, 315

Bridging, 702�703
Britest tool application in troubleshooting,

940
British Pharmacopoeia (BP), 1101
Brittle fracture, 282, 941
Brittle fracture index (BFI), 285
Brivanib, 757�758
Brivanib alaninate (BA), 155
Brooke’s expression, 269
Brunauer�Emmett�Teller (BET) equation, 237
BS-type phase diagrams, 14
BSE. See Bovine spongiform encephalopathy

(BSE)
BSEP. See Bile salt export pump (BSEP)
BsUFA. See Biosimilars user fee acts (BsUFA)
BU. See Blend uniformity (BU)
Bulk containers, 639
Bulk density, 276, 560�561, 713

test, 707
Burger�Ramberger thermodynamic rules, 99
Burn-in period, 632
Butylated hydroxy anisole (BHA), 158
Butylated hydroxy toluene (BHT), 158

C
CA. See Cellulose acetate (CA);

Completeness assessment (CA)
Caco-2 cells, 339�340, 340f

model limitations, 340�341
Calan SR tablets, 581
Calcein, 315
Calcium, 94

antagonist, 519�520
oxide, 643

Calibration of dissolution apparatus,
361�362

CAP. See Cellulose acetate phthalate (CAP)
Capability index, 573�574
CAPD. See Computer-aided process design

(CAPD)
Capping, 578, 942, 942f
Capsugel Inc., 737
Capsule, 146

capsule-filling jig, 735
printing, 729
shape, 929�931, 931f
sizes, 733, 733f
storage, 727�728

Capsule filling process, 734�740
commercial production methods, 738�740

dosator, 739�740
dosing-disk method, 739

hand-filling capsules, 735
liquid filling two-piece capsules, 735�737
PIC automated filling, 737
semiautomatic capsules-filling machine,

737�738
Capsule formulation, 744�746

disintegrants, 745
filler binders, 744�745
lubricants and flow aids, 745�746
requirements, 740�744

compressibility and compactability of
capsule plugs, 742�743

flowability, 741�742
lubricity, 743�744

surfactants, 746
Capsule shell, 725�729. See also Hard shell
additives, 728�729
gelatin cross-linking during storage, 728
mad cow disease, 729
manufacturing, 729�730

Capsules dosage form, 723�725. See also
Solid oral dosage (SOD) forms

capsule shell manufacturing, 729�730
diversity of capsule shell, 725f
gelatin and capsule shell composition,

725�729
hard shell, 731�734
multiparticulate dosing, 724f
types of fills, 724f

CAR. See Constitutive androstane receptor
(CAR)

Carbamic esters, 130
Carbide dies, 935
Carbomer, 216�217, 217f
Carbopol, 207, 216�217
Carboxy-methyl substitution, 184�185
Carboxylic acid derivatives, hydrolysis of,

129
Carboxyvinylpolymer (CP), 530
Cardizem, 519�520

Cardizem CD, 519�520
Cardizem LA, 519�520
Cardizem SR, 519�520

Carotenoids, 728�729
Carr index, 741�742
Carrier-mediated transport, 300�307, 300f

active transport, 301�305
facilitated transport, 305�307

Carver press, 883�884
Case report forms (CRFs), 1059
Cassie�Baxter equation, 234
CAT model. See Compartmental absorption

and transit (CAT) model
Catalysts and catalysis, 119�121

general acid�base catalysis, 120�121
specific acid�base catalysis, 120

Cation exchangers, 220
Cationic polymers, 218
Cationic polymethacrylate polymers, 218
Cationic salt formers, maximum daily dose

of, 95t
C-atom, 61
CBE-30/CBE-0 supplements, 1071
CBER. See Center for Biologics Evaluation

and Research (CBER)
CCF. See Cocrystal former (CCF)
CCS. See Croscarmellose sodium (CCS)
CD. See Cyclodextrins (CD)
CDER. See Center for Drug Evaluation and

Research (CDER)
cDNA. See Complementary DNA (cDNA)
CDRH. See Center for Devices and

Radiological Health (CDRH)
Cefazolin, 433
Cefuroxime axetil, 168
Cellulose, 209f. See also Synthetic polymers

and derivatives, 186, 207�216, 210t
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CA, 215, 215f
EC, 214, 214f
HEC, 213�214, 213f
HPMC, 212�213, 213f
hydroxypropyl cellulose, 211�212, 212f
MC, 214�215, 214f
NaCMC, 215
with pH-dependent solubility, 215�216
viscosity grade molecular weights for,

211t
polymers, 564, 730�731, 961

Cellulose acetate (CA), 215, 215f, 537
Cellulose acetate phthalate (CAP), 215�216,

216f, 537�538
Center for Biologics Evaluation and Research

(CBER), 1050
Center for Devices and Radiological Health

(CDRH), 1050
Center for Drug Evaluation and Research

(CDER), 1050�1051, 1095
OPQ, 1050�1051, 1051f

Center for Food Safety, 1050
Center for Study of Drug Development

(CSDD), 658�659
Center for Veterinary Medicine, 1050
Central nervous system (CNS), 297
Ceramic-lined dies, 935
Certificate of analysis (CoA), 170, 1089, 1101
Cetyl triethylammonium bromide (CTAB),

365�366
CFR. See Code of Federal Regulations

(CFR)
CFTR. See Cystic fibrosis transmembrane

conductance regulator (CFTR)
cGMP. See Current good manufacturing

practice (cGMP)
“Change control” plan, 654�655
Chelating agents, 138
Chemical calibration, 361�362
Chemical degradation of drugs
experimental approaches to, 134�140
oxidative degradation studies, 138�139
photodegradation studies, 139�140
solid-state thermal degradation studies,

137�138
solution thermal degradation studies,

134�137
Chemical reaction, diffusion and, 259
Chemical stability, 113�128, 567�568
Arrhenius equation, 118
catalysts and catalysis, 119�121
classic collision theory of reaction rates,

118�119
complex reactions, 116�118
elemental reactions, 114�115
moisture, 127�128
pH-rate profiles, 121�124
rate equations, 114
reaction mechanism, 114�115
solid-state kinetic models, 124�127

physical parameters, 127
solid-state reaction kinetics, 124
solution kinetics, 114
during storage as suspension, 814�815
topochemical reactions, 128

transition state theory, 119
typical simple order kinetics, 115�116

Chemistry, 956
Chemistry, manufacturing, and controls

(CMC), 556, 1079�1080, 1095
conceptual dissection, 1097f

Chilsonation, 1107t
Chipping, 943, 943f
Chiral drugs, 28
Chloride common-ion effect, 94
Chloroquine hydrochloride, 440
Chloroquine phosphate, 440
Chloroquine sulfate, 440
Chlorpheniramine, 533
CHMP. See Committee for Medicinal

Products for Human Use (CHMP)
Cholestyramine resin, 220
Cholic acid, 89
Chromatographic methods, method

validation parameters for, 599�605
accuracy, 601�602
DL and QL, 604�605
filter bias, 599
linearity, 603
precision, 602�603
robustness, 605
specificity, 603
stability of standard and sample solutions,

603�604
system suitability, 599�601

Chromatography, 385�386
Chromophore, 133
Chronotherapeutic Oral Drug Absorption

System (CODAS), 582�583
Chute, mass flow designs for, 717�719
CI. See Compressibility index (CI)
CICS. See Common intercept common slope

(CICS)
Cimetidine, 440
CIP system. See Clean-in-place (CIP) system
Ciprofloxacin hydrochloride, 440
Citric acid, 1101
CL. See Clearance (CL)
Cladribine, 306
Clarithromycin, 546�547, 862
Clausius-Clapeyron equation, 7, 32, 42
Clay, 643
Clean-in-place (CIP) system, 777
Cleaning test method development,

596�597
Cleaning validation and verification,

664�672
analytical methodologies, 670�671

validation, 671�672
program, 653
representative surface selection for method

validation, 667�670
swab selection, 667
swab test acceptance criteria, 666�667

Clearance (CL), 400, 428
Clinical plan, 654�655
Clinical supplies manufacturing, 653

case study
acceptance criteria, 674
example, 672�673

cleaning validation and verification,
664�672

clinical plan, 654�655
clinical supplies liaison, 655
cross-functional training, 657
GMP considerations, 660�664
lean manufacturing, 655�657
new technology, 658�660
outsourcing of manufacturing and

packaging, 658
strategy of, 653�654

Clinical trials
in new drug development, 654t
specifications for materials, 682�683
early development stage, 682
late development stage, 682�683

Clinically relevant specifications, setting, 445
Closed-loop system, 967
“Cloud point”, 195�196, 196f
Clozapine, 384
CM process. See Continuous manufacturing

(CM) process
CMAs. See Critical material attributes (CMAs)
CMC. See Chemistry, manufacturing, and

controls (CMC); Critical micellar
concentration (CMC)

CMOs. See Contract manufacturing
organizations (CMOs)

CMPs. See Critical material properties
(CMPs)

CNS. See Central nervous system (CNS)
CNT. See Concentrative nucleoside

transporter (CNT)
CoA. See Certificate of analysis (CoA)
Coalescence

kernel, 769�770
process, 955�956

Coating, 145, 1040
analysis, 980�981
characteristics, 1000
equipment, 954
continuous coating pan, 955f
fully-perforated coating pan, 955f
partially-perforated coating pan, 955f
solid coating pan, 954f

formulation
compatibility, 989
film mechanical strength, 988
film solution solids, 988�989
film-coating defects, 990�992
pigment level, 988
plasticizer level, 988
processing issues as related to

troubleshooting, 989�990
solution viscosity, 989
stability, 989
troubleshooting, 990�992

pan set-up, 975
zone, 980, 985, 997

Cocrystal former (CCF), 32
Cocrystals, 24�25, 32�34, 97�99

eutectic constant, 99
formation, 39
phase solubility curve, 98f
selection of coformer, 98�99
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CODAS. See Chronotherapeutic Oral Drug
Absorption System (CODAS)

Code of Federal Regulations (CFR), 392, 665
Codeine phosphate, 440
Codeprex, 533
Coefficient of variation (CV), 386, 416�417
Coformer selection, 98�99
Cohesive strength tests, 707�713
calculation of minimum required outlet

dimensions
to prevent arching, 709�710
to prevent ratholing, 710�711

mass flow hopper angles calculation,
712�713

test methods, 708�709
wall friction test, 711�712

Collagen, 726, 726f
changes in collagen structure, 727f

Collision theory of reaction rates, 118�119
Colloidal silica, 742
silicon dioxide, 159t

Colon, drug absorption from, 351
Colonic release, 534�535, 535f
Color, 724
Colorants, 958�960, 959t, 966
contrast ratio values, 959t
effects of pigment concentration, 960f,

960t
hiding power and influence of pigment

refractive index, 959f
photostabilization of nifedipine, 960f

Commercial IND, 1055
Commercial manufacturing, 1015�1016
Comminution, 1107t
Committee for Medicinal Products for

Human Use (CHMP), 1073
Common intercept common slope (CICS),

625
Common technical document (CTD) format,

556, 1053, 1072�1073, 1079, 1095
ANDAs, 1066
NDAs, 1059�1060, 1060f, 1061f

Compact (mechanical property)
characterization, 281�290. See also
Particle size characterization; Powder
characterization

dynamic testing, 287�290
mechanical properties, 281�283
overview of methods, 283
quasi-static testing, 283�287

Compactability of capsule plugs, 742�743
Compactibility, 289�290, 289f
Compaction, 940�941, 941f
event, 944
simulators, 948

Compartmental absorption and transit (CAT)
model, 346, 403

Compartmental approach, 427�428
Compatibility, 988�989
Compendial methods, verification of,

597�598
Compendial standards, 152
Complementary DNA (cDNA), 302�303
Complete response (CR) letter, 1062
Completeness assessment (CA), 1069

Complex reactions, 116�118
consecutive reactions, 117�118
parallel reactions, 117
reversible reactions, 116�117

Complexation
combined effect

with cosolvency, 17
with ionization, 16�17
with micellar solubilization, 17�18

constant. See Equilibrium: constant
solubilization using, 12�14
AL-type phase diagrams, 13
AP-type phase diagrams, 13�14
BS-type phase diagrams, 14

Compounds
for bioassay, 386�387
compound X, 488, 489t

Compressibility, 290
of capsule plugs, 742�743

Compressibility index (CI), 278, 278t
Compression, 145, 940�941, 941f, 1040
pharmaceutical tablets, 917
by rotary press, 917
time, 944

Computational models, 697
Computer-aided process design (CAPD),

1111�1112
Concavity standards, 929
Concentrative nucleoside transporter (CNT),

305�306
Concerta. See Methylphenidate (MPH)
Condensation, 807
Confidence interval approach,

388
Configurations, 44

entropy, 50�51
quantities, 33�34, 44
thermodynamic quantity, 71

Coni-Snap capsule shell, 731�732
Conical hopper, 700
Conjugating enzymes, 312
Consecutive reactions, 117�118
Consolidation stages, 941, 942f
Consolidation time, 944
Constitutive androstane receptor (CAR),

319�320
Contact

angle, 755
charging, 246
mechanics, 225

Contact time (CT), 78, 944�945, 945f
Container(s), 638�640

barrier thickness of Aclar film, 640t
closure system, 638, 1089, 1113, 1120
label, 1089�1090
moisture and oxygen transmission rates,

639t
moisture permeability, 640
permeability, 639

Content uniformity (CU), 596
Continual improvement, 1023�1024
Continued process verification (CPV),

1020�1028
CM process, 1028, 1028f
continual improvement, 1023�1024

monitoring key excipient material
variability, 1024�1025

PAT and RTRT, 1025�1028, 1027f
process monitoring program, 1020�1021
tools for process monitoring, 1021�1023

Continuous drug product manufacturing,
1031, 1034�1043, 1035f. See also
Pharmaceutical manufacturing

blending, 1036�1037
coating, 1040
compression, 1040
emerging technologies, 1040�1041
feeding, 1035�1036
granulation, 1037�1039
particle size reduction, 1039�1040
process
integration, 1042
monitoring and control, 1042�1043

Continuous granulation
for manufacturing extended-release

tablets, 862�864
using twin-screw extruder, 842�853

continuous wet granulation, 843�849
continuous-melt granulation, 849�850
modeling, 851�853
scale-up/scale-down considerations,

850�851
Continuous manufacturing (CM) process,

695, 698, 1028f, 1033f
adoption of emerging technology,

1032�1034
challenges
for pharmaceutical manufacturing,

1031�1032
in implementing, 1043�1044

PAT and RTRT to monitor and control,
1028

technologies, 1034�1043, 1035f
Continuous models, 780�781, 781f
Continuous processing, scale-up via, 790
Continuous wet granulation

effect of extrusion process parameters on
granulation, 847�849

effect of screw design on granulation,
844�847

granulation mechanism inside extruder,
843�844

Continuous-coating
equipment, 969, 970f
systems, 967, 968f

Continuous-melt granulation, 849�850
Contract manufacturing organizations

(CMOs), 657
Contract research organization (CRO),

487�488, 606
Control charts, 688, 690, 1021�1022, 1021f
Control strategy, 1087t, 1119�1120, 1119f

development, 1016�1017, 1016f
Controlled variables, 616�617
Controlled-release tablet dosage forms, 997
Controlling coating processes, 981�984

adequate evaporative capacity, 983�984
uniformity of product movement
baffle type/size/number, 983
batch size, 983
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pan speed, 982
tablet size and shape, 983

uniformity of spray application, 981�982
Convective-diffusion model, 264
for flow past planar surface, 265�266
for rotating disk method, 264�265
particulate dissolution model, 267�268

Conventional compartment PK modeling,
400

Convergence verification, 632
Conveying screws, 825�826, 826f, 826t, 827f,

833, 844. See also Mixing screws
Convolution and deconvolution approaches

used in level A correlation, 417�422,
418f

model-dependent deconvolution, 420�422
numerical deconvolution, 420, 421t
solution, 419�420

Copolymerization
copolymer types, 184�185
mechanical properties of copolymers,

206
thermal properties of copolymers, 205�206

Copovidone, 206
Copper (Cu), 66
Core porosity, 988
Correlation evaluation, 429�430
Cosolvency
combined effect with complexation, 17
combined effect with ionization, 16

Cosolvents
cosolvent/pH adjustment-based

formulations, 485
solubilization, 14�15, 471�472

Cotton, 645
Coulomb’s law, 897�898
Coulombian criterion, 897�898
Counterions
selection, 91�92
toxicity of, 94

Covalent (C), 231
Covera-HS tablets, 519�520, 581, 583
CP. See Carboxyvinylpolymer (CP)
CP technique. See Cross-polarization (CP)

technique
CPPs. See Critical process parameters (CPPs)
CPV. See Continued process verification

(CPV)
CQAs. See Critical quality attributes (CQAs)
CR letter. See Complete response (CR) letter
Crammer feeder, 830
CRFs. See Case report forms (CRFs)
Critical control points, 1114
Critical material attributes (CMAs), 151, 197,

366�367, 445, 566, 753, 1016, 1084,
1100�1101, 1117

Critical material properties (CMPs), 152
Critical micellar concentration (CMC), 15,

231�232
Critical pigment volume concentration, 960
Critical process parameters (CPPs), 366�367,

445, 566, 753, 938, 953�954, 1016,
1085, 1104

Critical quality attributes (CQAs), 152, 445,
512, 556�557, 677�678, 753, 790, 795,

858�859, 887, 938, 1016, 1081, 1096,
1099�1100, 1105�1106, 1117�1118

Critical water activity, 100�101
CRO. See Contract research organization

(CRO)
Croscarmellose sodium (CCS), 155, 159t
Crospovidone, 159t, 218, 567�568
Cross-functional training, 657
Cross-linked pure polymer systems, 183�184
Cross-polarization (CP) technique, 78
Crystal

defects, 240, 240f
lattices, 559

forces, 91
Crystalline, 23, 85

α-lactose monohydrate, 883
amorphous drugs, 43�52
high-throughput crystallization, 52�53
melting temperature, 196
methods of generating solids, 42�43
miniaturization in crystallization, 53
pharmaceutical relevance and

implications, 34�38
bioavailability, 35�36
dissolution rate, 35�36
hygroscopicity, 36�37
mechanical properties, 38
reactivity and chemical stability, 37�38
solubility, 35

physical properties, 35t
polymorph screening, 52
solids, 23�25, 64, 237

dispersions, 43�52
stable form screening, 52
thermodynamics and phase diagrams,

25�34
transformations among solids, 38�42

Crystallinity, 52
effect, 6�7
in solubility of solids, 8f

Crystallization, 72, 103, 468, 505, 505f, 817
additives effect in, 235�236
of amorphous drugs and dispersions,

49�52
configurational entropy, 50�51
free energy driving force, 50
molecular mobility, 49

inhibition, 51�52
miniaturization in, 53
rate, 504

CSDD. See Center for Study of Drug
Development (CSDD)

CT. See Contact time (CT)
CTAB. See Cetyl triethylammonium bromide

(CTAB)
CTD format. See Common technical

document (CTD) format
CU. See Content uniformity (CU)
Cup depth, 924
Current good manufacturing practice

(cGMP), 362, 596, 660�663, 1079, 1095
Custom Lab Software Systems, 886
Custom-built compaction simulator, 884
Cut-through bisect, 934
CV. See Coefficient of variation (CV)

Cyclodextrins (CD), 158, 460�461, 498�499,
529�530, 563�564, 800

Cycloserine, 122�123
Cyclosporin A, 322
Cyclosporine, 324
Cylinder, diffusion in, 258
CYP. See Cytochrome P450 (CYP)
Cystic fibrosis transmembrane conductance

regulator (CFTR), 314
Cystrin CR tablets, 548
Cytochrome P450 (CYP), 307�308, 341, 405
Cytoplasm, 298�299

D
D type punches, 920�923
DAA. See Diacetone alcohol (DAA)
DAD. See Diode array detector (DAD)
Danazol, 89
Data analysis

for BA studies, 389
statistical analysis for BE studies,

388�389
variables for BA/BE assessment, 387

for BE studies
statistical analysis for BE studies,

388�389
variables for BA/BE assessment, 387

Data management, test methods and,
614�615

DB capsules. See Double-blind (DB) capsules
DBD. See DNA-binding domain (DBD)
DC. See Direct compression (DC)
DCPD system. See Dibasic calcium

phosphate dihydrate (DCPD) system
DDIs. See Drug�drug interactions (DDIs)
DDT. See Dichlorodiphenyltrichloroethane

(DDT)
De-dusting, 975�976
Decompression time, 944
Deconvolution through convolution (DTC),

420, 425�427
Decoupling, 78
Define, Measure, Analyze, Improve, and

Control (DMAIC), 1024
Degradation studies, 113
Degree of polymerization (DP), 194
Degree of substitution (DS), 184�186, 210
Dehydration, 39, 70
Delayed release (DR), 519, 566�567

coatings, 963�964. See also Extended
release (ER)—coatings

materials for, 537�538
Deliquescence, 36�37
δ-ALA, 302
DEM. See Discrete element method (DEM)
Demixing. See Segregation
Density

characterization tools, 885�886
arc punch, 886
envelope density analyzer, 886, 886f
laser profilometer, 886
PAT tools, 887�889
ribbon strength characterization,

886�887
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Density (Continued)
of powder

bulk density, 276
tapped density, 276�277
true density, 276

Depakote ER tablet, 442, 863�864
Derjaguin�Muller�Toporov (DMT) model,

242
Desiccants, 643�645
dryer, 970

Design of experiment (DoE), 163, 365�366,
366f, 445, 512, 570, 786, 861�862, 905,
907, 938, 1024, 1102

design, 938
Design space establishment, 905
Desolvation, 39
Desorption methods, 261
Detection limits (DLs), 595�596, 604�605
signal-to-noise-ratio approach, 604
standard deviation of response and slope

approach, 604�605
visual evaluation, 604

Detection limits, 671
Development compound A, 547
Development compound B, 547�548
Devolatilization, 825
Dew-point temperature, 984
Dextromethorphan, 158�161
DGM. See Dynamic gastric model (DGM)
Diacetone alcohol (DAA), 803
Dibasic calcium phosphate dihydrate

(DCPD) system, 879, 881�882,
892�893

impact of lubrication on pressure for, 881f
Dicalcium phosphate, 754�755
Dichlorodiphenyltrichloroethane (DDT),

18�19
Diclofenac, 533
potassium, 440
salt, 89
sodium, 440

Die(s), 830, 928
care of, 936
die-face pelletization, 831�832
segments, 923
set, 940f
swelling, 830

Differential pressure product (dP product),
1012�1013

Differential scanning calorimetry (DSC), 38,
67, 101, 162�163, 169, 197, 477�479,
498�500, 815, 1102

applications, 68�72
characterization of amorphous phases,

71�72
characterization of hydrates, 70�71
characterization of polymorphs, 69�70
melting and phase diagram, 68�69

instrumentation, 67�68
Differential thermal analysis (DTA), 67
Diffraction, 65
Diffusion, 253, 641
boundary layer theory, 92
coefficient and determination, 259�261

lag time method, 260�261

sorption and desorption methods, 261
steady-state flux method, 260

equations, 253�254
and adsorption, 258
and chemical reaction, 259
combined with other processes, 258�259
in cylinder, 258
in finite planar systems, 256
across planar barrier, 256�257
from plane source, 254�255
in semi-infinite systems, 255�256
solutions for diffusion equations,
254�259

in sphere, 257�258
between two infinite regions, 255

layer, 264
model, 263�264

layer-based dissolution models, 93,
266�267

pharmaceutical application of diffusion
theory, 261�262

reactions controlling by, 125�126
Digoxin, 142, 324
Diltiazem, 519�520, 536

hydrochloride, 519�520
Dilution, 472
Dimensionless spray flux, 751
Dimethyl sulfoxide (DMSO), 19, 461
Dimethylacetamide (DMA), 510
Dimorphic systems, 39
Diode array detector (DAD), 595
Dipole moment, 73�74
Dipole�dipole interactions, 226
Dipyridamole, 350
Direct compression (DC), 749

curves, 874f
Direct to patient (DTP) distribution method,

658�659
Discrete element method (DEM), 572�573,

769, 771, 852, 889, 902�903
Discrete element modeling. See Discrete

element method (DEM)
Disintegrants, 745, 749�750
Disintegration, 988

testing, 685
Disodium citrate, 762�763
Dispersion

dispersion forces, thermodynamics of,
226�228

interactions, 5
model, 406
properties, 509
selection, 504

Dispersive component of surface energy, 230
Dispersive mixing, 827�828, 827f, 836
Disproportionation, 96�97

of salts, 95�97
Dissolution, 4�5, 262, 322, 402, 988

assay, 607
considerations in ASD, 505�507, 507t
dispersion interactions, 5
dissolution-limited absorption, 465
hydrogen bonding, 5
interfacial thermodynamics in, 234�235
ionic interactions, 4

method, 596
development, 365�368

number, 337
particulate dissolution, 266�270
convective-diffusion-based, 267�268
diffusion layer-based dissolution

models, 266�267
dissolution under nonsink conditions,

268
particle shape effects, 268
polydispersity effects, 268�270

planar surface dissolution, 264�266
convective-diffusion model for flow past

planar surface, 265�266
convective-diffusion model for rotating

disk, 264�265
profile comparison, 337
rate, 4, 35�36, 88�90, 465
of salts, 92�94
solid dissolution theory, 262�264
convective-diffusion model, 264
diffusion layer model, 263�264
by pure diffusion, 263
thermodynamic considerations,

262�263
specification setting, 439�440
van der Waals interactions, 4�5

Dissolution testing, 355, 685
regulatory considerations, 364�378
technology and instrumentation
automation, 363
calibration of dissolution apparatus,

361�362
noncompendial dissolution methods,

363�364
USP dissolution apparatus for oral

dosage forms, 358�359, 358f
variables during dissolution testing,

359�361, 360f
theory for solid drug products, 356�358

Dissolved drugs, 94, 297
Distal small intestine (D-SI), 350
Distribution, 404�405

coefficient, 461
Distributive mixing, 827�828, 827f, 836
Distributive mixing elements (DMEs),

844�846, 845f, 1038
Ditropan XL, 548
Divalproex sodium, 863�864, 864f
Divinyl benzene (DVB), 158�161, 220
DLs. See Detection limits (DLs)
DLS. See Dynamic light-scattering (DLS)
DLVO theory, 228
DMA. See Dimethylacetamide (DMA);

Dynamic mechanical analyzer (DMA)
DMAIC. See Define, Measure, Analyze,

Improve, and Control (DMAIC)
DMEM. See Dulbecco’s Modified Eagle

Medium (DMEM)
DMEs. See Distributive mixing elements

(DMEs); Drug-metabolizing enzymes
(DMEs)

DMFs. See Drug master files (DMFs)
DMP 754, 761
DMSO. See Dimethyl sulfoxide (DMSO)
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DMT model.
See Derjaguin�Muller�Toporov
(DMT) model

DNA-binding domain (DBD), 319
DoE. See Design of experiment (DoE)
Domed heads, 924�925, 925f
“Dominant input factor”, 879
Dosage forms, 535, 723�724, 815�817, 816t
aqueous SDD suspension formulations,

815�816
development considerations, 509
effect

of formulation and process, 816�817
of SDD loading in table, 817f

Raman results for formulations, 817f
selection and production method, 569�570
solid dosage forms, 816

Dosage uniformity, 596, 685
Dosator, 739�740, 740f, 741f
Dose, 97, 917, 949
number, 337
volume

guidance, 458t
restrictions, 458

Dosing-disk method, 739. See also Rotating
disk method

Bosch dosing-disk capsule-filling machine,
739f

spring-loaded tamping pin, 740f
Double compression method, 144
Double jeopardy theorem, 298, 316�317,

316f. See also Revolving door theorem
consequences of disruption, 316�317
mechanistic description, 316

Double-beam dispersive IR spectrophometry,
75f

Double-blind (DB) capsules, 733�734
Double-deep relief, 926�927
Down-bed region, 778�779
Doxycycline hyclate, 440
DP. See Degree of polymerization (DP); Drug

product (DP)
dP product. See Differential pressure product

(dP product)
DP/C model. See Drucker�Prager/cap

model (DP/C model)
DPIs. See Dry powder inhalers (DPIs)
DR. See Delayed release (DR)
Dried nitrogen (N2), 79�80
Droplet size, 785, 785t, 982, 1003
considerations, 1011�1012
distribution, 979�980, 979f

Drucker�Prager/cap model (DP/C model),
899

Drug, 800
administration to clinical response, 540f
binding to plasma or tissue proteins,

404�405
development, 402

application of biopharmaceutics and PK
modeling and simulation, 407�408

cost, 271
dissolution, 89, 364�365, 403
drug-excipient incompatibilities and

mitigation strategies, 174�175

evaluation
in generic, 408�409
in new, 408, 409t

and formulation considerations, 432�435
ER dosage forms, 433�435
immediate-release dosage forms,
432�433

hepatic CL, 405�406
loading, 801, 813f, 835

physical stability map, 801f
molecules, 3, 322
particles, 1001, 1001f
renal CL, 406
solubility determination, 334�335
species, 812t

Drug absorption, 35�36. See also Absorption
biological factors affecting, 323�325

food, 324
luminal enzymes, 324�325
pH, 324
transit time, 323�324

dissolution and, 356�357, 356f
pathways, 298�307

carrier-mediated transport, 300�307, 300f
paracellular diffusion, 299
passive diffusion, 299�300, 300f
potential modes of absorption, 299f

physicochemical factors affecting, 321�323
charge, 322
dissolution, 322
ionization, 322�323
lipophilicity, 322
size, 322
solubility, 322

Drug candidates, 10�18
by combination of approaches,

solubilization, 16�18
complexation and micellar
solubilization, combined effect of,
17�18

cosolvency and complexation, combined
effect of, 17

ionization and complexation, combined
effect of, 16�17

ionization and cosolvency, combined
effect of, 16

ionization and micellization, combined
effect of, 16

using complexation, solubilization, 12�14
by cosolvents, solubilization, 14�15
by pH control and salt formation,

solubilization, 11�12
by surfactants, solubilization, 15�16

Drug degradation
monitoring for, 168
pathways, 128�134

hydrolysis, 129�130
oxidative degradation, 130�132
photochemical degradation, 132�134

phase transformations
during pharmaceutical processing,
142�146

physical stability and, 140�142
studies, 113

chemical stability, 113�128

experimental approaches to chemical
degradation, 134�140

pathways of drug degradation, 128�134
Drug elimination pathways, 312�315.

See also Drug metabolism pathways
BCRP, 314�315
MRPs, 313�314
OATs, 315
P-gps, 313

Drug master files (DMFs), 1068�1069, 1080
sponsors, 1100�1101

Drug metabolism pathways, 307�312.
See also Drug elimination pathways

phase I metabolism, 307�311
phase II metabolism, 311�312

Drug Price Competition and Patent Term
Restoration Act. See Hatch-Waxman
Act

Drug product (DP), 85, 151, 646, 1031�1032
approval and US FDA, 1049�1055
CDER organization, 1050�1051
current organization of FDA, 1050
drug development process, 1054f
history and background of drug

regulations in US, 1049�1050
overview, 1054�1055
pharmaceutical quality oversight,

1051�1052
regulatory pathways and

implementation acts, 1055t
control, 1117
description and composition, 1097
development process for roller compacted

product, 906�907
operating parameter selection, 906
roll selection, 906

global perspectives on product
registration, 1072�1074

EMA and comparison to FDA,
1073�1074, 1074t

ICH harmonization in drug marketing
submissions, 1072�1073

long-term stability studies for
bracketing approach, 618
comparing stability designs, 621�624
determination of shelf life, 625�628
full and reduced designs, 618
matrixing approach, 618�619
modeling instability, 615�617
probability of future OOS stability test

results, 629�633
regulatory guidance, 613�614
RL estimation, 628�629
sample data, 634
stability design generation, 619�621
stability study, 613
test methods and data management,

614�615
new review initiatives, 1052�1054
emerging technologies, 1053�1054
QbR, 1053
team-based integrated quality

assessment, 1052�1053, 1052f, 1053t
quality criteria, 1099
technology transfer, 574�578
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Drug product (DP) (Continued)
execution, 576�578, 577t
planning, 575�576, 576t

Drug properties
in developing “fit-for-purpose”

formulation, 564�566, 565t
impact, 545�549

clarithromycin, 546�547
development compound A, 547
development compound B, 547�548
MPH HCl, 545�546
oxybutynin HCl, 548
phenylpropanolamine HCl in EOP, 548

Drug release
modification, 519, 536�538

delayed release systems, materials for,
537�538

matrix systems, materials for, 537
osmotic pump systems, materials for,

537
reservoir systems, materials for, 537

profile modulation, 528�530
modification of release kinetics, 530
pH-independent drug release, 528�529
solubility enhancement, 529�530

profiles from hydrophilic matrix, 526
Drug substance, 1100, 1100t
control, 1086
overages, 1115�1116
permeability determination, 335�337

absolute bioavailability studies, 336
intestinal permeability, 336�337
mass balance studies, 336

quality assessment for, 1081�1090
review process evolution, 1080�1081
specifications, 678�682, 679t, 1101

Drug Supply Chain Security Act (DSCSA),
660

Drug�drug interactions (DDIs), 399, 797
Drug�excipient interactions chemistry,

155�161
microenvironmental pH, 155�157
pharmaceutical excipients and reactive

impurities, 159t
reactions with excipients and impurities,

157�158
stabilizing excipients, 158�161
water, 155�157

Drug�ligand systems, 14
Drug-metabolizing enzymes (DMEs), 307
Drug-polymer phase diagram, 837, 837f
Drug-rich polymer colloids, 809�810, 811f
Dry
coating, 244�245
desiccants, 643
dispersion techniques, 275
granulation, 144, 749, 777, 1039, 1107t
method, 275

Dry powder inhalers (DPIs), 225
Drying, 142�144, 239�241, 240f, 806, 1039,

1107t
capacity, 1011
development of an anhydrous form

during dehydration, 241f
process, 782�783

DS. See Degree of substitution (DS)
DSC. See Differential scanning calorimetry

(DSC)
DSCSA. See Drug Supply Chain Security Act

(DSCSA)
D-SI. See Distal small intestine (D-SI)
DTA. See Differential thermal analysis (DTA)
DTC. See Deconvolution through

convolution (DTC)
DTP distribution method. See Direct to

patient (DTP) distribution method
Dual pH-dilution method, 482f
Ductile fracture, 282
Dulbecco’s Modified Eagle Medium

(DMEM), 339
Duromine, 533
Dusting segregation, 705, 707f
DVB. See Divinyl benzene (DVB)
Dwell time, 925, 925f, 944�945, 945f, 946f,

950t
Dynamic gastric model (DGM), 364
Dynamic light-scattering (DLS), 812
Dynamic mechanical analyzer (DMA), 437
Dynamic moisture sorption gravimetric

analysis, 137�138
Dynamic optimization methodologies, 1044
Dynamic testing, 280�281, 283, 287�290.

See also Quasi-static testing
application to formulation development,

288�290
compactibility, 289�290, 289f
compressibility, 290
Heckel plot, 287�288, 287f
manufacturability, 290
tabletability, 290

E
E chemistry. See Hydroxypropyl

methylcellulose (HPMC):
Hypromellose 2910

EBR. See Executed batch record (EBR)
EC. See Ethyl cellulose (EC); European

Commission (EC)
Economic globalization, 1072
eCTD. See Electronic CTD (eCTD)
EDTA. See Ethylene diamine tetraacetic acid

(EDTA)
EEA. See European Economic Area (EEA)
Efavirenz, 440
Efflux transporters, 298, 315�319. See also

Organic anion transporters (OATs)
double jeopardy theorem, 316�317, 316f
enteric and enterohepatic recycling,

318�319
revolving door theorem, 316�317, 317f

EFPIA. See European Federation of
Pharmaceutical Industries and
Associations (EFPIA)

EFTA. See European Free Trade Association
(EFTA)

EGTA. See Ethyleneglycol tetraacetic acid
(EGTA)

eIID. See Electronic inactive ingredient
database (eIID)

Einstein equation, 259
Ejection time, 944
Elastic deformation, 281�282
Electromagnetic wave, 60�61
Electron

electron-transfer process, 131
microscopy, 62�63, 62f
transfer process, 133�134

Electronic CTD (eCTD), 1079
Electronic inactive ingredient database

(eIID), 1098
Electrophotography, 246
Elemental reactions, 114�115
Elementary osmotic pump (EOP), 531

phenylpropanolamine HCl in, 548
Elementary reaction, 114
ELISA. See Enzyme-linked immunosorbent

assay (ELISA)
EMA. See European Medicines Agency

(EMA); European regulatory
authorities (EMA)

Emergency-use INDs, 1055
Emerging technologies

adoption to pharmaceutical manufacturing
challenges, 1032�1034

for continuous drug product production,
1040�1041

DP, 1053�1054
Emerging Technology Team (ETT),

1053�1054
Empirical tests, 697, 707
Emulsification processes, 225
Enabling formulations, 485�486
Enantiotropy, 25�26, 26f
Encapsulation, 145, 1107t
Energetic surface heterogeneity, mapping of,

237�238
Energy density, 8�9
Enteric coatings, 963�964, 963f, 964t
Enteric recycling, 317�319, 318f, 319f
Enteric release, 534, 535f
Enterohepatic circulation, 318�319
Enterohepatic recycling, 317�319, 318f, 319f
Enthalpy of mixing, 5, 46
Entropy of mixing, 5�6, 46
ENTs. See Equilibrative nucleoside

transporters (ENTs)
Envelope density, 885�886

analyzer, 886, 886f
Environmental controls, 687
Enzyme-linked immunosorbent assay

(ELISA), 385�386
Enzymes

by CAR, 321
coupling, 315�319
double jeopardy theorem, 316�317, 316f
enteric and enterohepatic recycling,

318�319
revolving door theorem, 316�317, 317f

kinetics, 406
by NRs, 321
by PXR, 320

EOP. See Elementary osmotic pump (EOP)
Equilibrative nucleoside transporters (ENTs),

305�306
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Equilibrium
constant, 13, 30
determination, 20
magnetization, 77

Equipment
design techniques, 716�722

funnel flow design, 716�717
mass flow designs for bin, chute, and

press hopper, 717�719
minimizing adverse two-phase flow

effects, 719�720
minimizing segregation in blender-to-

press transfer steps, 720�722
maintenance issues, 989
molecular weights, 188
spherical diameter of particle, 272�273

ER. See Extended release (ER)
Erosion, 200�201
Erratic flow, 703
Erythromycin, 433
Esomeprazole magnesium, 724
Ester hydrolysis chemical equation using

aspirin, 311f
Estradiol, 142
Ethambutol dihydrochloride, 440
Ethyl cellulose (EC), 203, 205, 207, 214, 214f,

861�862
Ethylene diamine tetraacetic acid (EDTA),

158�161, 342, 1101
Ethylene vinyl alcohol (EVOH), 640
Ethyleneglycol tetraacetic acid (EGTA),

158�161, 342
ETT. See Emerging Technology Team (ETT)
EU type punches, 920�923
“EU” standard, 920
“EU” tooling standard. See “EU” standard
Eudragit, 510
“Euronorm”. See “EU” standard
European Commission (EC), 1073
European Economic Area (EEA), 1073
European Federation of Pharmaceutical

Industries and Associations (EFPIA),
1072

European Free Trade Association (EFTA),
1072

European key. See Flat key
European Medicines Agency (EMA), 400,

539, 666, 1072
and comparison to FDA, 1073�1074, 1074t

European Pharmacopeia (Ph.Eur), 152, 1101
European Pharmacopoeia (EP). See European

Pharmacopeia (Ph.Eur.)
European regulatory authorities (EMA), 415
European style bisect. See Cut-through bisect
“Eurostandard”. See “EU” standard
Eutectic fusion data, 28
Eutectic point, 98�99
Evaporation rate, 1004�1005
Everted gut sac technique, 342�343, 342f
EVOH. See Ethylene vinyl alcohol (EVOH)
Excipients, 151, 473, 761, 1101, 1113. See also

Capsule
choice, 509
compatibility

current practices, 161�169

drug-excipient interactions chemistry,
155�161

experimental design, 163�165
modalities of compatibility testing, 164f
sample analysis and data interpretation,
168�169

sample preparation and storage,
165�168

studies, 151
control, 1117
drug-excipient compatibility data, 152
functionality, 152�155

CMAs identification, 154�155
compendial standards, 152
FRCs determination, 152�154
functional categories and properties/
characteristics, 153t

and impurities, 157�158, 163f
incompatibility, 151
material properties, 154t
risk assessment, 174�175
selection, 473�475, 474t
USP-NF, 1117
variability, 169�174

controlled experiments, 173�174
identification of critical excipients, 170
mechanistic basis of functional role,
170�171

with range of MAs, 171�173
range of variability of excipient
attributes, 171

Executed batch record (EBR), 1089�1090
Exhaust temperature, 984
Expedited approval pathways, 1063�1064,

1064t
Experimental fixed variables, 615�616
Experimental random variables, 616
“Extended head flat”, 925
Extended release (ER), 359, 405, 415, 519,

566�567
coatings, 964�966. See also Delayed release

(DR)—coatings
aqueous extended-release coating
systems, 965t

examples of materials, 965t
examples of multiparticulates, 965f
typical drug release profile, 965f

dosage forms, 433�435, 822
formulation design of Verapamil,
581�584, 582f

systems, 532�534
tablets, 1024

Extrudate swelling. See Die swelling
Extrusion process, 821�835, 1037�1038
design, 832�835, 832f, 832t
barrel temperature, 834�835
feed rate, 832�833
screw speed, 833�834

parameters effect on granulation, 847�849
agglomerate formation mechanisms in
melt agglomeration, 849f

scale-up, 853�857
classic scale-up strategies, 854�857
geometric similarity, 854

Extrusion-spheronization, 1107t

F
f2 index, 375
f2 similarity region, 376
Facilitated transport, 305�307

nucleoside transporters, 305�307
Failure mode and effects analysis (FMEA),

938
Farnesoid X receptor (FXR), 319
FaSSIF. See Fluid and simulated intestinal

fluid under fasted (FaSSIF)
Fast crystallizers, formulation for, 477�479
Fast-scan DSC technique. See HyperDSC

technique
FBG. See Fluid-bed granulation (FBG)
FBRM. See Focused-beam reflectance

microscopy (FBRM)
FBS. See Fetal bovine serum (FBS)
FDA. See Food and Drug Administration

(FDA); US Food and Drug
Administration (FDA)

FDA Amendments Act (FDAAA), 1064
FDA Modernization Act (FDAMA), 1064
FDA Safety and Innovation Act (FDASIA),

1050
FDCA. See Food, Drug, and Cosmetic Act

(FDCA)
FEA. See Finite element analysis (FEA)
Feasibility study, 540�543
Fed simulated intestinal fluid under fasted

(FeSSIF), 89
Feeding, 1035�1036

feed rate, 832�833, 841�842
conceptual representation of melt

extrusion design space, 833f
time, 944

Felodipine, 324, 498�499
FEM. See Finite element method (FEM)
FeSSIF. See Fed simulated intestinal fluid

under fasted (FeSSIF)
Fetal bovine serum (FBS), 339
Fexofenadine, 324
ff. See Flow factor (ff)
FF. See Flow function (FF)
FFBE. See Flat-face bevel edge (FFBE)
FFRE. See Flat-face radius-edge (FFRE)
Fick’s first law, 253, 647

second law, 254
Fickian diffusion model, 807�808
FIH. See First in Human (FIH)
Filing

in ANDA, 1066�1068
in NDA, 1060

Fillers, 643�645
binders, 744�745

Film
mechanical strength, 198�199, 988
model, 263
solution solids, 988�989
tablet, 929�931

Film coating, 953
application, 976
basis, 953
defects, 990�992
design and development, 966�986
batch coating systems, 966�967, 967f
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Film coating (Continued)
characteristics of pharmaceutical coating

process, 975�977
coating processes and equipment, 966
continuous-coating systems, 967, 968f
controlling coating processes, 981�984
process thermodynamics, 977�979
scale-up, 984�986
spray dynamics, 979�981
system components, 967�974

formulations
for immediate-release applications,

961�962
materials, 956�961
for modified-release applications, 963�966
types, 954�956

tablet coating defects and suggested
corrective actions, 991t

Filter bias, 599
Fine particle coating, case studies for,

1005�1009
dissolution profile, 1009f
in-process data, 1005f, 1006f
sieve analysis, 1007t, 1008t
uncoated acetaminophen, 1006f, 1007f

Finished containers, 639
Finite element analysis (FEA), 830, 856
software, 935�936

Finite element method (FEM), 572�573, 882,
889, 899�903. See also Slab analysis

comparison to Johanson’s theory, 901�903
FEM-based roller compaction models, 899
finite element mesh for roller compaction,

900f
Finite planar systems, diffusion in, 256
FIP. See International Pharmaceutical

Federation (FIP)
First in Human (FIH), 594
First-order drug absorption, 348
First-order reactions, 115
First-pass intestinal metabolism, 405
First-pass metabolism, 317�318
Fischer’s work, 228�229
“Fit-for-purpose” formulation developing,

drug properties in, 564�566, 565t
Fixed batch case, 626�627
Fixed variables, 615�616
Flat key, 927
Flat-face bevel edge (FFBE), 929
Flat-face radius-edge (FFRE), 929
Flooding, 703
Flory�Huggins
equation, 837
lattice model, 46
model, 46
parameter, 46�47

FloVitro approach, 364
Flow, 702�707
aids, 745�746, 749�750
patterns, 704�705
of powder, 277�281

additional shear testers, 280
angle of repose and flow through

orifice, 278
CI and HR, 278, 278t

dynamic test methods, 280�281
shear cell methods, 278�280

problems, 702�704
Flow factor (ff), 710
Flow function (FF), 243, 708
Flowability, 243, 696, 741�742
Fluconazole, 440
Fluid and simulated intestinal fluid under

fasted (FaSSIF), 89
Fluid bed

coating, 966, 1107t
drying, 750�751
hydrodynamics

moisture mass balance during fluid-bed
process, 781�783, 782f

product temperature and moisture
content profiles, 781

Fluid-bed granulation (FBG), 561, 584, 584f,
749, 777

application of quality-by-design, 790
equipment design

batchwise models, 777�779
continuous models, 780�781, 781f
semicontinuous design, 779�780, 779f

fluid-bed hydrodynamics, 781�783
formulation and process variables and

control, 784�786
mechanisms of agglomeration, 783�784
scale-up considerations, 786�790

Fluidization
pattern, 1002�1003

partition height as function of substrate,
1003t

segregation, 705�706, 707f
test method, 715�716

Fluorescence, 133
Fluoropyridinyl, 157
5-Flurouracil, 122�123
FMEA. See Failure mode and effects analysis

(FMEA)
FMO. See Frontal molecular orbital (FMO)
Focused-beam reflectance microscopy

(FBRM), 768
Food, 324

effects on drug intestinal absorption,
348�350

food�drug interactions in GI, 348
GI physiological changes under fed state,

348�349
Food, Drug, and Cosmetic Act (FDCA), 1049,

1054
Food and Drug Administration (FDA), 91,

308, 332, 356, 382, 391�392, 400, 415,
519, 556, 593, 618, 729, 908,
1015�1016, 1064

cGMPs and QbD initiatives, 1095, 1096f
FDA-sponsor communications, 1062
guidance on Biowaivers, 332�337
comparison of dissolution profile, 337
determination of drug solubility,
334�335

determination of drug substance
permeability, 335�337

guidance on food-effect bioavailability and
bioequivalence studies, 349�350

Forced degradation studies, 113, 598�599.
See also Drug degradation—studies

Formaldehyde, 158
N-Formamide, 158
Formulation, 749�750, 755�756, 771
characterization and selection, 475�476
design impact, 545�549
clarithromycin, 546�547
development compound A, 547
development compound B, 547�548
MPH HCl, 545�546
oxybutynin HCl, 548
phenylpropanolamine HCl in EOP, 548

development, 475
strategies, 962
through suspension of salt, 469�471
variables, 784

Formycin B, 306
Forward configuration, 845
Fosinopril sodium, 158
Fourier series, 256
Fourier transformation, 68
Fourier-transformed infrared (FTIR), 70, 107,

595
Fraction converted quantity, 124
Fractional conversion. See Fraction converted

quantity
FRCs. See Functionality-related

characteristics (FRCs)
Free base solubility, 91
Free energy

driving force, 50
of mixing, 6, 46�47

Free induction decay, 78
Free radical process, 133�134
Free volume theory, 44
Freeze-drying, 144
Freundlich equation, 466
Friability, 987
Frontal molecular orbital (FMO),

131�132
Froude number, 766�767
FTIR. See Fourier-transformed infrared

(FTIR)
Full-factorial design, 618
Functional excipients, 170
Functional groups, 132
Functionality-related characteristics (FRCs),

152
determination, 152�154

Funnel flow, 704
bin, 710�711
design, 716�717

Furosemide, 433, 440
FXR. See Farnesoid X receptor (FXR)

G
GAO. See Government Accountability Office

(GAO)
“Garrett” design, 135
Gas

absorbers
desiccants and fillers, 643�645
oxygen scavenger, 645�646
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adsorption method, 755
pycnometry, 276
solids generation through, 42�43

Gas chromatography (GC), 597�598,
678�679, 803

Gastric fluid, 332
Gastric residence time, 332
Gastrointestinal tract (GIT), 10�11, 35�36,

297, 382, 399, 423, 430, 504, 519�520,
559, 724�725, 794

anatomy and physiology, 331�332
apparent drug absorption from, 430�431

Gastrointestine (GI)
fluid, 356
physiological changes under fed state,

348�349
reflex, 323
regional drug absorption along, 350�352

advance in estimation of human in vivo
regional intestinal permeability,
351�352

from colon, 351
from small intestine, 350�351
from stomach, 350

residence time, 457
GastroPlus, 88, 402, 408
Gastroretentive technologies, 534
Gaussian distribution, 237�238
GC. See Gas chromatography (GC)
GCPs. See Good clinical practices (GCPs)
GDUFA. See Generic Drug User Fee Act of

2012 (GDUFA)
GEA Niro Pharma systems, 780
Gel permeation chromatography, 956
Gelatin, 725�729
capsule shell additives, 728�729
capsule storage, 727�728
cross-linking during storage, 728
gelatin cross-linking during storage, 728
mad cow disease, 729

Gellan gum, 731
General acid�base catalysis, 120�121
General solubility equation (GSE), 10
Generally regarded as safe (GRAS), 730
Generic Drug User Fee Act of 2012

(GDUFA), 1050, 1080, 1096
review performance goals, 1067t

Generic Drug User Fee Amendments.
See Generic Drug User Fee Act of 2012
(GDUFA)

Geometric similarity, 854
Geometry of kneading block elements,

827�828, 828f
Gerteis roller compactors, 876
GI-Sim, 408
Gibbs free energy, 99, 100f, 262, 836
equation, 229

Gibbs phase rule, 98�99
Gibbs sampling process, 631
Girifalco�Good equation, 230
GIT. See Gastrointestinal tract (GIT)
Glass, 33
glassy state, 33
transition, 33, 71

temperature, 33, 200, 957, 958f

Glatt MultiCell, 779�780
GLP. See Good laboratory practices (GLP)
Glucuronidation, 311

reaction scheme, 312f
Glutaric acid, 98
Glutathione transferases (GSTs), 312
Glycine, 28
P-Glycoprotein (P-gp), 298, 313, 339, 408.

See also Breast cancer resistant protein
(BCRP); Multidrug-resistant
associated proteins (MRPs)

activity disruption, 313
nomenclature of ABC transporters, 313
P-glycoprotein 1, 351
structure, 313
substrates for, 313

GMP. See Good manufacturing practice
(GMP)

Gold tube shields, 139
Good clinical practices (GCPs), 653�654,

1059
Good laboratory practices (GLP), 455, 594,

1058
Good manufacturing practice (GMP), 362,

677, 733�734, 1082
considerations on manufacturing clinical

supplies, 660�664
cGMP considerations, 660�663
risk-based approach, 663�664

Good review practices (GRPs), 1095
Gordon�Taylor equation, 47�49
Government Accountability Office (GAO),

568
Granulating liquid properties

surface tension, 757
viscosity, 756�757

Granulation, 764�765, 842
dry granulation, 1039
inside extruder, 843�844
extrusion process parameters effect,

847�849
granulation/size enlargement, 142�144

dry granulation, 144
drying, 142�144
freeze-drying, 144
melt granulation, 144
spray drying, 144
wet granulation, 142�144

milling/sizing and blending, 144�145
effect of screw design, 844�847
wet granulation, 1037�1039, 1038f

Granule
compactability, 870, 872�873
erosion, 763
growth

under drier conditions, 786
phases in, 783
under wetter conditions, 786

liquid saturation, 752
porosity, 560�561

Graphical techniques, 135
GRAS. See Generally regarded as safe

(GRAS)
Gravimetric

analysis, 21

control, 1035�1036
feeding, 830

Griseofulvin-PEG-dispersion, 563�564
Gross chain topology, 183
Grotthuss�Draper law, 132
GRPs. See Good review practices (GRPs)
GSE. See General solubility equation (GSE)
GSTs. See Glutathione transferases (GSTs)
Gustav Schlick Company, 1003

H
H&H machines. See Harro Hofliger machines

(H&H machines)
H&K. See Hofliger�Karg (H&K)
H1-dependent peptide cotransport system,

301�302
Half-moon key. See Woodruff key
Hamaker’s approach, 226�227, 227f
Hand-filling capsules, 735
Hard gelatin capsule, 723
Hard shell, 731�734. See also Capsule shell

animal testing, 734
capsule shells, 732f
capsule sizes, 733, 733f
preclinical and clinical studies, 733�734

Hard�soft acid�base theory,
230�231

“Harden particles”, 873
Hardness, 987
Hardness/friability testing, 685
Harro Hofliger machines (H&H machines),

739
Hatch�Waxman Act, 382, 1049�1050
Hausner ratio (HR), 278, 278t, 741�742
HB. See Hybridizer (HB)
H-bond. See Hydrogen bonding (H-bond)
Head pitting, 924�925
Heat

of fusion data, 26�27
of fusion rule, 29
polymorphic transformation induced by,

38�39
cocrystal formation, 39
dehydration/desolvation, 39
polymorphic transitions, 38�39, 39f
thermal events, 40t

of solution data, 29
transfer scale-up, 856
of transition rule, 29�30

Heat flow DSC (hf-DSC), 67, 67f
Heating, 42
HEC. See Hydroxyethyl cellulose (HEC)
Heckel equation, 288
Henderson�Hasselbalch equation, 90
Henry’s law, 28, 35
HEPA filter. See High-efficiency particulate

air (HEPA) filter
Hepatic barrier, 298
Hepatic CL, 405�406

drug hepatic CL, 405�406
Hess cycle for polymorphic transition, 26f, 28t
Heterogeneous adsorption, 236�238

mapping of energetic surface
heterogeneity, 237�238
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hf-DSC. See Heat flow DSC (hf-DSC)
High mass flow, 1006�1008
High-density polyethylene (HDPE), 638�639
High-efficiency particulate air (HEPA) filter,

971
High-performance liquid chromatography

(HPLC), 165, 385�386, 462, 595,
670�671, 678�679, 1102

coelution peak evaluation, 598
High-shear mixing, 244�245
High-shear wet granulation (HSWG), 749,

750f, 852, 852t
design of pharmaceutical wet granulation

process, 757�760
fluidized bed drying, 750�751
material properties in wet granulation,

753�757
modeling and simulation in, 769�772

combined PBM/DEM approach, 771�772
DEM, 771
PBM, 769�771

quality attributes of wet granulated
products, 760�764

rate processes in wet granulation, 751�753
scale-up, 764�769

High-throughput (HT)
crystallization, 52�53
solubility screening methods, 461

High-throughput screening (HTS), 103�104,
460

Higher�order reactions, 126
Highest occupied molecular orbital

(HOMO), 131�132
Highly variable (HV) drugs, 382
BE evaluation for, 390�392

Higuchi equations, 261�262, 522�523
HIV. See Human immunodeficiency virus

(HIV)
HME. See Hot melt extrusion (HME)
HMI. See Human machine interface (HMI)
Hofliger�Karg (H&K), 742
HOMO. See Highest occupied molecular

orbital (HOMO)
Homopolymers, 184�185
Hopper angles for mass flow, 711�712
Hot melt, 836
Hot melt extrusion (HME), 508f, 795, 821,

835�842, 853f, 857f, 1034�1035, 1040,
1107t

ASD formulation consideration, 836�839
formation mechanisms of ASD, 835�836

Hot spray drying processes, 804�805, 805f
HP. See Hydroxypropyl (HP)
HPC. See Hydroxypropyl cellulose (HPC)
hPepT1. See Human dipeptide/tripeptide

transporter (hPepT1)
HPLC. See High-performance liquid

chromatography (HPLC)
HPMC. See Hydroxypropyl methylcellulose

(HPMC)
HPMCAS. See Hydroxypropyl

methylcellulose acetate succinate
(HPMCAS)

HPMCP. See Hydroxypropyl methylcellulose
phthalate (HPMCP)

HR. See Hausner ratio (HR)
HRM. See Human resource management

(HRM)
HS Wurster

coater, 1000
considerations, 999�1000, 1001f, 1005f

HSWG. See High-shear wet granulation
(HSWG)

HTS. See High-throughput screening (HTS)
Human dipeptide/tripeptide transporter

(hPepT1), 351
Human immunodeficiency virus (HIV),

1073
Human in vivo regional intestinal

permeability, 351�352
Human machine interface (HMI), 822
Human resource management (HRM),

656�657
Humidity, 166�167, 977�978
HV drugs. See Highly variable (HV) drugs
Hybrid continuous models, 1031
Hybridizer (HB), 244
Hydrates, 24, 30�32, 35, 70�71, 99�101
Hydration, 134
Hydraulic spray guns, 972�973
Hydrazide hydrolysis chemical equation

using isoniazid, 311f
Hydrochloric acid (HCl), 157, 510, 726�727
Hydrochloride, 440
Hydrochlorothiazide, 433
Hydrocodone, 533
Hydrocortisones, 37
Hydrogen

bond, 226
ions, 120
peroxide, 138

Hydrogen bonding (H-bond), 5, 70
Hydrolysis, 129�130, 463

necessity, 310
substrates, 310�311
of zileuton, 120

Hydroperoxides, 138
Hydrophilic matrix systems, 522f, 524�528
Hydrophobic drug, 802

drugs, 15
lubricants, 745�746
matrix systems, 522�524, 522f

Hydroscopic materials, 725
Hydroxyethyl cellulose (HEC), 193, 213�214,

213f
Hydroxyl ions, 120
Hydroxylation, 307, 309�310
5-Hydroxymethyl-2-furfuraldehyde, 158
Hydroxypropyl (HP), 1024�1025
Hydroxypropyl cellulose (HPC), 159t, 186,

207, 477�478, 749�750, 849�850,
860�861

Hydroxypropyl cellulose.
See Hydroxypropyl methylcellulose
(HPMC)

Hydroxypropyl methylcellulose (HPMC), 51,
153�154, 207, 211�213, 212f, 213f,
441�442, 477�478, 500�501, 525, 564,
728�730, 757, 784, 799, 861�862, 961,
1024, 1024f, 1025f, 1026f

g-HPMC, 731
Hypromellose 2208, 213
Hypromellose 2910, 213

Hydroxypropyl methylcellulose acetate
succinate (HPMCAS), 51, 207, 215,
216f, 477�478, 500�501, 799, 800f,
815f, 837�838

Hydroxypropyl methylcellulose phthalate
(HPMCP), 207, 510, 537�538, 841

Hydroxypropylcellulose, 784
2-Hydroxypyridine, 259, 259f
Hygroscopic solvent, 19
Hygroscopicity, 36�37, 87�88, 561
HyperDSC technique, 106
Hypertension, 519�520
Hyphenated techniques, 59, 81�82
Hypromellose. See Hydroxypropyl

methylcellulose (HPMC)
Hypromellose acetate succinate.

See Hydroxypropyl methylcellulose
acetate succinate (HPMCAS)

I
IBC. See Intermediate bulk containers (IBC)
Ibuprofen, 440
Ibuprofen formulations, 942
IC. See Informed consent (IC)
Iceberglike structure, 9
ICH. See International Conference on

Harmonization (ICH)
Ideal solutions, 6
Identification

and analysis of forms, 105�107
single-crystal and PXRD, 105�106
spectroscopic techniques, 107
thermal techniques, 106�107

methods, 683
testing, 678�679, 684

IDRs. See Intrinsic dissolution rates (IDRs)
IGC. See Inverse gas chromatography (IGC)
IID. See Inactive ingredient database (IID)
ILQ. See Interlaboratory qualification (ILQ)
Ima Comprima, 923
IMC. See Isothermal microcalorimetry (IMC)
IME. See Initial manufacture estimate (IME)
Immediate release (IR), 332, 356, 415, 519

coatings, 956
dosage forms, 432�433, 562, 723�724, 822
formulations, 685

Immediate-release applications, film-coating
formulations used for, 962f. See also
Modified-release applications, film
coatings used for

formulation strategies, 962
polymers
characteristics, 961
examples of types, 961�962

IMPDs. See Investigational medicinal
product dossiers (IMPDs)

IMPs. See Investigational medicinal products
(IMPs)

Impurities, 595�596, 680, 684�685
classification, 680t
reference standards, 1089
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testing, 597�598, 1084
thresholds, 680t

In process control (IPC), 858
In silico methods, 346�347
PBPK modeling, 347
QSAR, 346
QSPR, 346�347

In situ intestinal perfusion in rat, 343�345,
344f

In vitro data, BA and BE claim based on, 394
In vitro dissolution
evaluating formulation performance,

482�486
author-created illustration of estimating

free drug concentration, 486t
designing in vitro dissolution, 483
diffusive flux vs concentration profiles,

484f
dual pH-dilution method, 482f
enabling formulations, 485�486
free drug concentration determination,

484�485
LLPS-based dissolution method, 486
LLPS-based in vitro dissolution method,

485f
prediction of formulation performance

in vivo, 483
testing, 394, 811�814

dissolution performance of SDDs, 813f
dissolution test results showing impact

of larger particle, 813f
purposes of typical dissolution tests,

uses, and outputs, 814t
In vitro parameters, 423
In vitro test considerations, 430�432
apparent drug absorption from GI tract,

430�431
in vitro test method, 431�432

In vitro�in vivo correlation (IVIVC), 338,
355, 365, 415�416, 538, 596

applications and limitations, 439�441
limitations and additional

considerations, 440�441
setting dissolution specifications,

439�440
supporting waiver of in vivo

bioavailability study, 440
biorelevant dissolution specification,

445�447
clinically relevant specifications, 445
development, 430�439

and assessment, 416�430
design of predictive in vitro test,

436�439, 437f
drug and formulation considerations,

432�435
evaluation of correlation, 429�430
in vivo absorption vs in vitro test

considerations, 430�432
predictive in vitro test, 442�444
strategy and approach, 435�436
study design and general

considerations, 416�417
influence of API solubility on IVIVC,

441�442

modeling, 417�428
convolution and deconvolution
approaches, 417�422, 418f

establishment of level A IVIVC model,
423�428

establishment of level C IVIVC model,
428

mean time parameters, 422�423
summary parameters, 423

optimal dissolution specification, 444�445
of oral solid products, 415
and product development, 416

In vitro/in vivo relationship (IVIVR), 415,
538

In vivo absorption, 430�432. See also Oral
absorption

apparent drug absorption from GI tract,
430�431

in vitro test method, 431�432
In vivo bioavailability study, waiver

supporting of, 440
In vivo methods to determining oral drug

absorption
mass balance study to determine drug

absorption, 347
rate of oral drug absorption into systemic

circulation, 347�348, 348f
In vivo parameters, 422�423
In vivo product performance, clinical need

and definition of target, 539�540
In-bin blending, 721
In-process analytical characterization tools,

877�889
density characterization tools, 885�886
instrumented roll, 878�882, 878f
uniaxial compaction to simulate roller

compaction, 882�885
In-process control (IPC), 569�570, 1084
In-process material tests, 687

and quality attributes, 688
Inactive excipients, 753�754
Inactive ingredient database (IID), 1098
Incompatibility, 151
IND. See Indomethacin (IND);

Investigational new drugs (IND)
Indirect filling process, 734�735
Individual BE, 388�389
Indoles, 138
Indomethacin (IND), 841
Indomethacin-crospovidone solid

dispersions, 834�835
Information requests (IR), 1060
Informed consent (IC), 1059
Infrared (IR), 499�500, 786, 802�803, 1086

dosage forms, 566�567
spectroscopy, 73�75, 107, 169. See also

Vibrational spectroscopy
double-beam dispersive, 75f
interferometer, 75f
Raman spectroscopy vs, 76t

spectrum, 678�679
Initial manufacture estimate (IME), 575�576
Inlet air conditions, 785
Inorganic impurities, 595�596, 680�681
Inserted dies, 935

Instability, statistical model for, 617
Installation qualification (IQ), 1017�1018,

1085
Instantizing, 778
Institutional Review Boards (IRBs), 653�654,

1059
Instron testing system, 886�887
Instrumentation, 79�80
Instrumented roll, 878�882, 878f, 892�893.

See also Slab analysis
mechanistic understanding, 878�882
modeling contributions, 882
ribbon solid fraction, 879f
stress distributions, 880f

Integrated formulation and process design,
558�570

drug properties in developing “fit-for-
purpose” formulation, 564�566, 565t

manufacturing considerations, 568�569
material property consideration, 558�564
product quality and performance

considerations, 566�568
selection of dosage form and production

method, 569�570
Integrated milling process, scale-up of, 1112t
Integrated quality assessment (IQA),

1052�1053, 1080�1081
Integrated summary of effectiveness (ISE),

1059
Integrated summary of risk�benefit (ISRB),

1059
Integrated summary of safety (ISS), 1059
Intellectual property (IP), 587�588
IntelliCap system, 541�543
Inter-batch, heightened level of monitoring

and testing, 1019�1020
Interfaces, 225
Interfacial phenomena

fundamental intermolecular forces,
226�228

future directions, 246�247
interfaces, 225
solid�solid, 241�246
solid�vapor interface, 236�241
surface tension and surface energy,

229�232, 229f
thermodynamics
of particles in electrolyte solutions,

228�229
of wetting, 232�236

Interfacial thermodynamics in dissolution,
234�235

Interferometer, 75f
Interlaboratory precision, 602�603
Interlaboratory qualification (ILQ), 606
Intermediate bulk containers (IBC), 572�573,

698, 700�702, 786�787
feed from press hopper to die cavity, 702
transfer from IBC to press/encapsulator,

701
Intermediate precision, 602, 672
Intermolecular forces, 226�228

thermodynamics of dispersion forces,
226�228

Van der Waals forces, 226, 226f
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Internal conversion, 133
Internal pressure. See Energy density
International Conference on Harmonization

(ICH), 166, 362, 480, 556, 593,
613�614, 637, 664�665, 1059�1060,
1079, 1095

harmonization in drug marketing
submissions, 1072�1073

M4Q, 1079, 1082, 1084�1085
Q1 guidelines, 1090
Q3A, 1087�1088
Q6A guideline, 1086�1089
Q7A, 1084�1085, 1090
Q11 guideline, 1081, 1083�1085, 1087

International Council on Harmonization
(ICH). See International Conference on
Harmonization (ICH)

International Pharmaceutical Federation
(FIP), 362, 440

International Society for Pharmaceutical
Engineering (ISPE), 574, 688�689,
1018�1019

International Union of Pure and Applied
Chemistry (IUPAC), 236

Intersystem crossing, 133
Intestinal barrier, 298
Intestinal peptide transporters, 302
Intestinal perfusion in humans, 345, 345f,

346f
Intestinal permeability, 336�337
cultured cells, 338�342

Caco-2 cells, 339�340, 340f
cultured cells commonly used for

permeability assessment, 339t
limitations of Caco-2 cell model,

340�341
MDCK cells, 341
other cells, 341�342

ex vivo
everted gut sac technique, 342�343, 342f
intestinal perfusion in humans, 345,

345f, 346f
in situ intestinal perfusion in rat,

343�345, 344f
Ussing chamber technique, 343

Intestinal tract, 298
Intra-batch, heightened level of monitoring

and testing, 1019�1020
Intravenous bolus (IV bolus), 455
Intrinsic dissolution rates (IDRs), 89,

264�265
Intrinsic rate, 89
Inverse gas chromatography (IGC), 238
Investigational medicinal product dossiers

(IMPDs), 440, 593
Investigational medicinal products (IMPs),

661
Investigational new drugs (IND), 332�334,

408, 440, 593
application, 1054�1056

content and regulatory source
documents, 1056t

mapping, 1061f
“Investigator” IND, 1055
Iodine, 81

Ion�dipole interaction, 51
Ion-exchange resins, 220
Ionic adduct, 24�25
Ionic interactions, 4
Ionization, 322�323

and complexation, combined effect of,
16�17

and cosolvency, combined effect of, 16
and micellization, combined effect of, 16

IP. See Intellectual property (IP)
IPA. See Isopropyl alcohol (IPA)
IPC. See In process control (IPC); In-process

control (IPC)
IQ. See Installation qualification (IQ)
IQA. See Integrated quality assessment (IQA)
IR. See Immediate release (IR); Information

requests (IR); Infrared (IR)
IRBs. See Institutional Review Boards (IRBs)
Iron protoporphyrin IX, 308
ISE. See Integrated summary of effectiveness

(ISE)
Isoconversional conditions, 137
Isoniazid, 440
Isopropyl alcohol (IPA), 596�597
Isoptin SR, 581
Isotherm, 644
Isothermal calorimetry (ITC), 1102
Isothermal microcalorimetry (IMC), 72, 137,

162�163
Isothermal stress testing (IST), 166
ISPE. See International Society for

Pharmaceutical Engineering (ISPE)
ISRB. See Integrated summary of

risk�benefit (ISRB)
ISS. See Integrated summary of safety (ISS)
IST. See Isothermal stress testing (IST)
ITC. See Isothermal calorimetry (ITC)
Itraconazole, 89
IUPAC. See International Union of Pure and

Applied Chemistry (IUPAC)
IV bolus. See Intravenous bolus (IV bolus)
Ivacaftor-HPMCAS, 563�564
IVIVC. See In vitro�in vivo correlation

(IVIVC)
IVIVR. See In vitro/in vivo relationship

(IVIVR)

J
“J Hook”, 931, 937
Japan Pharmaceutical Manufacturers

Association (JPMA), 1072
Japanese Ministry of Health, Labor, and

Welfare (MHLW), 1072
Japanese Pharmacopeia (JP), 358
Jenike Direct Shear Test method, 708�709
Jenike shear cell tester, 280
Jenike Shear Tester, 280
Jenike�Shield yield criterion, 889�890, 890f
JIT. See Just-in-time (JIT)
JKR model. See Johnson�Kendall�Roberts

(JKR) model
Johanson’s rolling theory for granular solids,

889�893. See also Slab analysis
criticisms, 891�892

FEM comparison to, 901�903
input parameters, 891t
input parameters, 894t
modified approaches to, 893�896
Johanson’s model comparisons with

experimental data, 895�896
nip angle determination, 892f
solid fractions, 895f

Johnson�Kendall�Roberts (JKR) model, 242
JP. See Japanese Pharmacopeia (JP)
JPMA. See Japan Pharmaceutical

Manufacturers Association (JPMA)
Just-in-time (JIT), 656

K
K chemistry. See Hydroxypropyl

methylcellulose (HPMC):
Hypromellose 2208

Kaletra, 514�515
Kappa-carrageenan, 731
Karl Fischer method, 598

Karl Fischer titration, 81
Kauzmann paradox, 33�34, 71
Kauzmann temperature, 33�34
Kelvin equation, 239
Ketals hydrolysis, 129�130
Ketoconazole, 350
Ketoprofen, 440
Key process parameters (KPP), 953
Key process variables, 784�785

granule growth
under drier conditions, 786
under wetter conditions, 786

inlet air conditions, 785
spray rate, droplet size, and spray pattern,

785, 785t
Key types and positions, 927, 928f
Kilian design, 923
“Kilogram size batches”, 271
Kiloponds (kp), 987
Kinetica (Adept Scientific), 400
Kirchhoff’s law, 7
KlucelTM Pharm HPC molecular-weight, 201f
Kneading block, 847�848
Kneading elements, 844�845, 844f, 1038
kp. See Kiloponds (kp)
KPP. See Key process parameters (KPP)
Krebs�Ringer bicarbonate (KRB) buffer,

343

L
Label claim (LC), 602
Labeling, 1062
Lactose, 158, 159t, 744�745, 962
Lactose-polyvinylpyrrolidone granules, 825
Lag time, 257

method, 260�261
Lamination, 938, 939f, 942, 942f
Lamivudine, 440
Langer equation, 261�262
Large-scale design space, 908�909
Larmor frequency, 77�78
Laser drilling, 1107t
Laser profilometer, 886
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Lauryl dimethylamine-oxide (LDAO),
365�366

Layering, 752
case studies for, 1005�1009

LBD. See Ligand-binding domain (LBD)
LC. See Label claim (LC); Liquid

chromatography (LC)
LCL. See Lower SPC limit (LCL)
LD. See Light diffraction (LD)
L/D. See Length/diameter (L/D)
LDAO. See Lauryl dimethylamine-oxide

(LDAO)
LDPE. See Low-density polyethylene (LDPE)
Lean manufacturing, 655�657

implementation, 656f
relationship of clinical trial phases, 657f
system, 656f

Leeson�Mattocks model, 37�38, 128
Leistritz Micro extruder, 848�849
Length/diameter (L/D), 854
Levetiracetam, 440
Levofloxacin, 440
Lewis lung carcinoma-porcine kidney 1

(LLC-PK1) cell, 341
Lialda, 519�520
Lifecycle approach, 1015�1017
Lifecycle management, 1054
Kaletra, 514�515
of test procedure, 606

Ligand-binding domain (LBD), 319
Light, 132
absorption, 132�133
excitation, 132�133
microscopy, 273
scattering technique, 908

Light diffraction (LD), 272�275
Limit of detection (LOD), 670�671, 1087, 1101
Limit of quantitation (LOQ), 671, 1087, 1101
Linear defects, 240
Linear regression (LR), 616
Linear speed, 945, 946f
Linear time-invariant (LTI), 417, 417f
Linearity, 603, 671�672
Linking packaging property with drug

property, 646�649
modeling of moisture uptake by packaged

products, 647�649
MVTR per unit product for container

comparison, 647
Lipid and surfactant-based formulations,

472�476
drug delivery systems, 472�473
excipients, 473
formulation

characterization and selection, 475�476
development, 475

selection of excipients, 473�475, 474t
Lipid/surfactant-based formulations, 486
Lipinski’s Rule, 322
Lipophilic drugs, 300�301, 794, 800�801
Lipophilicity, 322, 461
Liquid, 225
crystalline materials, 23
filling two-piece capsules, 735�737
PEGs, 219

solids generation through, 43
solutes, 7

Liquid chromatography (LC), 461
Liquid-glass transition, 196�197
Liquid-to-solid ratio (L/S ratio), 847
Liquid�liquid extraction (LLE), 385�386
Liquid�liquid phase separation (LLPS), 477,

483
dissolution method, 486
in vitro dissolution method, 485�486, 485f

Liver, 405�406
Liver X receptors α and β (LXR), 319
LIW feeders. See Loss-in-weight (LIW)

feeders
LLC-PK1 cell. See Lewis lung carcinoma-

porcine kidney 1 (LLC-PK1) cell
LLE. See Liquid�liquid extraction (LLE)
LLPS. See Liquid�liquid phase separation

(LLPS)
LOD. See Limit of detection (LOD); Loss on

drying (LOD)
Lodotra, 536
Logo design, 988
London forces. See Dispersion interactions
Long-term stability studies for drug

products
determination of shelf life, 625�628
long-term stability study design

bracketing approach, 618
comparing stability designs, 621�624
full and reduced designs, 618
matrixing approach, 618�619
stability design generation, 619�621

modeling instability, 615�617
probability of future OOS stability test

results, 629�633
regulatory guidance, 613�614
RL estimation, 628�629
sample data, 634
stability study, 613
test methods and data management,

614�615
Long-term strategic planning, 654�655
Lopinavir, 515

plasma concentration, 515f
LOQ. See Limit of quantitation (LOQ)
“Loss of compactability”, 873
Loss on drying (LOD), 81, 790
Loss-in-weight (LIW) feeders, 1035

feeding systems, 850�851, 851f
Low aqueous solubility, 465
Low-density polyethylene (LDPE), 639, 1089
Low-shear process, 749
Lower regulatory limits (LRL), 686
Lower SPC limit (LCL), 1021
Lowest unoccupied molecular orbital

(LUMO), 131�132
LR. See Linear regression (LR)
LRL. See Lower regulatory limits (LRL)
L/S ratio. See Liquid-to-solid ratio (L/S ratio)
LTI. See Linear time-invariant (LTI)
Lubricants, 745�746, 749�750
Lubricity, 743�744
Ludovic, 856�857, 857f
Luminal enzymes, 324�325

LUMO. See Lowest unoccupied molecular
orbital (LUMO)

LXR. See Liver X receptors α and β (LXR)
LY333531 drug, 108
Lyophilization, 43

M
Mad cow disease. See Bovine spongiform

encephalopathy (BSE)
Madin�Darby canine kidney (MDCK), 341
Magic angle, 78
Magic angle spinning (MAS), 78
Magnesium, 94
Magnesium stearate (MgSt), 154, 159t, 244
Magnetic assisted impaction coater (MAIC),

244
Magnetic moment, 76
Magnetic resonance imaging (MRI), 437
MAIC. See Magnetic assisted impaction

coater (MAIC)
Maillard browning reaction, 134
Maillard reaction, 168
Malonic acid, 98
Maltodextrin, 962
“Manesty B3B”, 920
“Manesty D3a”, 920
Manesty punch, 920
Manifold tubing, 972
Mannitol, 28, 146
Manual of Policies and Procedures (MAPP),

556�557, 1095�1096
Manual screens, 104�105
Manufacturability, 290
Manufacture, 678, 691, 1082, 1115

considerations, 568�569
control
of critical steps and intermediates, 1084
of materials, 1083

manufacturer, 1082, 1089
methods of ASD, 507�509
process
and controls description, 1082
development, 1085
validation and/or evaluation, 1084

MAPP. See Manual of Policies and
Procedures (MAPP)

Market exclusivity
in ANDA, 1068
in BLAs, 1070

Mark�Houwink equation, 197�198
Markov chain Monte-Carlo techniques, 629
MAS. See Magic angle spinning (MAS)
MAs. See Material attributes (MAs)
Mass

balance
equation, 401
studies, 336, 347, 394

transport process, 262
effects, 1014

Mass flow, 705. See also Powder flow
bin, 709�710
designs for bin, chute, and press hopper,

717�719
hopper angles calculation, 712�713
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Mass spectroscopy (MS), 81�82, 595, 598,
678�679, 1086

Master production batch record, 1116
MAT. See Mean absorption time (MAT)
Material assessment for RC, 903�905
roll selection, 904
roller compaction parameter optimization

establishing design space, 905
output characterization, 905
targeting ribbon solid fraction, 904�905

Material attributes (MAs), 152
controlled experiments, 173�174
excipients with range of MAs, 171�173
storage conditions to modifying, 172�173

Material of construction (MOC), 667
Material property consideration, 558�564
biopharmaceutical properties, 562�564
physicochemical properties, 558�560
powder and bulk properties, 560�562

Material-sparing
approach, 882�883
characterization methods, 272t
paradigm, 271
particle characterization techniques, 272t
sieving, 274

MATLAB, 402, 408
Matrix forming agent (MFA), 445
Matrix forming enhancing agent (MEA), 445
Matrix systems, 521�530, 522f. See also Oral

modified-release systems
extended-release systems, 532�534
hydrophilic matrix systems, 522f, 524�528
hydrophobic matrix systems, 522�524,

522f
materials for, 537
modulation of drug release profile,

528�530
osmotic pump systems, 531�532, 532t,

533f
reservoir polymeric systems, 530�531

Matrixing approach, 618�619
on both time points and other variables,

621
on time points, 619�621

Maximum tolerated dose (MTD), 455
MBP. See Microprecipitated bulk powders

(MBP)
MC. See Methyl cellulose (MC)
MCC. See Microcrystalline cellulose (MCC)
MDCK. See Madin�Darby canine kidney

(MDCK)
MDR. See Multidrug resistance (MDR)
MDR protein 1 (MDR 1), 351
mDSC. See Modulated DSC (mDSC)
MDT. See Mean dissolution time (MDT)
MEA. See Matrix forming enhancing agent

(MEA)
Mean absorption time (MAT), 422�423
Mean arrival time, 422�423
Mean dissolution time (MDT), 422
Mean input time, 422�423
Mean residence time (MRT), 416, 422
Mean time parameters
in level B correlation, 422�423
in vitro parameters, 423

in vivo parameters, 422�423
MEC. See Minimum effective concentration

(MEC)
Mechanical calibration, 361�362
Mechanical stress, 167

induced by, 42
Mechanism of dissolution, 357�358
Mechanism of reaction, 114�115
Mechanofusion, 244
Medical dictionary for adverse event

reporting and coding of clinical trial
data (MeDRA), 1072�1073

Mefloquine hydrochloride, 440
Melt extrusion, 507�508
Melt granulation (MG), 144, 860�861
Melt index, 200
Melt transitions, 141
Melting and phase diagram, 68�69
Melting point, 200
MEM. See Modified Eagle Medium (MEM)
Membrane-spanning domains (MSDs), 302
Memory effects, 46
MeO. See Methoxy (MeO)
Mesalamine, 519�520
Mesityl oxide (MO), 803
Metabolites, 298
Metformin, 860�861, 861f, 861t
Methacrylic acid—methyl methacrylate

copolymer, 217f
Methanol, 81
Method transfers, 606�607

dissolution/release assay, 607
potency assays, 606�607
QL/DL, 606
related substance assay, 607
residual solvent assay, 607
validation process, 606

Methotrexate, 433
Methoxy (MeO), 1024�1025
Methyl cellulose (MC), 207, 214�215, 214f,

530
5-Methyl-2-[(2-nitrophenyl)amino]-3-

thiophenecarbonitrile. See ROY
p-Methylcinnamic acid, 37
Methylene (�CH2�), 132
Methylphenidate (MPH), 445�446, 519�520,

536, 545, 587�588
Methyne, 132
Metoclopramide hydrochloride, 440
Metronidazole, 440
MFA. See Matrix forming agent (MFA)
MFFT. See Minimum film-forming

temperature (MFFT)
MG. See Melt granulation (MG)
MgSt. See Magnesium stearate (MgSt)
MHLW. See Japanese Ministry of Health,

Labor, and Welfare (MHLW)
MIC. See Minimum inhibitory concentration

(MIC)
Micellar solubilization, 15�16

and complexation, combined effect of, 17�18
Micelles, 15, 812
Micellization and ionization, combined effect

of, 16
Michaelis�Menton equation, 406

Micro tablets, tool configuration, 927�928,
928f

tapered dies, 928, 929f
Microbial limits, 682
Microbial testing, 595, 685
Microcalorimetry, 72, 107
Microcentrifuge test, 811�812
Microcrystalline cellulose (MCC), 154, 159t,

207�209, 744�745, 764, 816�817, 871,
881�882, 892�893

impact of lubrication on pressure for, 881f
Microenvironmental pH, 92, 95�96, 155�157
Microprecipitated bulk powders (MBP), 510,

510f
Microscopy, 60�64

crystalline polymorphs of ROY, 61f
electron microscopy, 62�63, 62f
optical microscopy, 60�62
probe microscopy, 63�64

Microvilli, projections, 323
Microwave resonance technology (MRT), 584
Microwave resonance tools, 888
Migrating motor complex (MMC), 332
Miller indices, 65
Milling, 245
Mini-formulations, 165
Miniaturization in crystallization, 53
Minimum effective concentration (MEC),

392, 539
Minimum film-forming temperature (MFFT),

956
Minimum inhibitory concentration (MIC),

539
Minimum toxic concentration (MTC), 392,

539
Mirror-finished heads, 926
Miscibility, 498�499
Mixed salts, 24
Mixed-scaling approach, 392
Mixed-water-solvent systems, 104�105
Mixing, 243�244, 1107t
Mixing screws, 827�830. See also Conveying

screws
characteristics of kneading blocks, 829t
examples of special mixing elements, 829f
forward and reverse kneading blocks, 829f

MK-0869, 350
MMC. See Migrating motor complex (MMC)
MO. See Mesityl oxide (MO)
MOC. See Material of construction (MOC)
Model pruning, 625�626

ANCOVA for fixed batch case, 625�626
fixed batch case, 626�627
more complex studies, 626
random batch case, 627�628

Model-dependent deconvolution, 420�422
Model-fitting approaches, 126�127
Model-free approaches, 126�127
Modeling and simulation

approaches for biopharmaceutics and PK,
400�406

conventional compartment PK
modeling, 400

PBPK modeling, 400�406, 401f, 401t
popPK modeling, 400
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in drug development, application of
biopharmaceutics and PK, 407�408

in high-shear wet granulation, 769�772
combined PBM/DEM approach,

771�772
DEM, 771
PBM, 769�771

in regulatory activities, application of
biopharmaceutics and PK, 408�409

Modeling instability
stability study variables, 615�617

controlled variables, 616�617
experimental fixed variables, 615�616
experimental random variables, 616
response variable, 615
variable transformations, 616

statistical model for instability, 617
Modeling method, 644�645, 648�649
of moisture uptake by packaged products,

647�649
Modern pharmaceutical regulations
drug substance review process evolution,

1080�1081
QbR, 1080

current status, 1096�1097
future direction, 1121�1122
history, 1095�1096
questions, 1097�1121

QOS, 1095, 1122�1124
container closure system, 1113, 1120
control of drug product, 1117
control of excipients, 1117
description and composition of drug

product, 1097
manufacture, 1115
pharmaceutical development, 1098
reference standards or materials, 1120
stability, 1121

quality assessment for drug substances,
1081�1090

Modernizing manufacturing technology,
1031

Modified Eagle Medium (MEM), 341
Modified release (MR), 356, 416, 519. See also

Drug release profile modulation
coatings, 956
dosage forms, 430�431, 559

developing and manufacturing, 570
rational design of systems, 538�549

clinical need and definition of target in
vivo product performance, 539�540

impact of drug property and
formulation design, 545�549

feasibility study, 540�543
selecting MR system and testing system

design, 543�545, 544t
Modified-Bingham number, 895
Modified-release applications, film coatings

used for, 963�966. See also Immediate-
release applications, film-coating
formulations used for

DR coatings, 963�964
ER coatings, 964�966

Modulated DSC (mDSC), 499�500
Moisture, 127�128

adsorption isotherms, 643
content in solid-state materials, 239

sorption desorption isotherms for
different hysteresis cases, 239f

mass balance during fluid-bed process,
781�783, 782f

drying process, 782�783
prediction of moisture profile, 783
wet-granulation process, 783

sorption, 79�81
isotherms, 644

uptake, 37
Moisture vapor transmission rate (MVTR),

513�514, 639
determination of container, 640�643

MVTR and moisture permeability, 643t
simulated weight gain curves, 642f
weight gain profiles of HDPE bottles, 642f

Molar substitution (MS), 186, 210
Molecular adduct, 24�25
Molecular complexes, 25
Molecular mobility, 49

amorphous solid dispersions, 47�48
Molecular sieve, 643�644
Molecular weight, 187�189, 956, 957f

on gel strength, 200�201
glass transition temperature, 200
on mechanical and thermoplastic

properties, 198
mechanical strength

of films, 198�199
of tablets, 199

melt index, 200
melting point, 200
on solution viscosity, 197�198

Molecularity of elementary reaction, 114
Molten polymer matrix, 836
Monobasic compound, 16
Monolix, 400
Monotropy, 25�26, 26f

weak acid, 16�17
Monte Carlo simulation, 444�445, 445t,

770�771
Morphologi G3, 908
Moving Range chart (MRchart), 1022
MPH. See Methylphenidate (MPH)
MR. See Modified release (MR)
MRchart. See Moving Range chart (MRchart)
MRD. See Multiple rising dose (MRD)
MRI. See Magnetic resonance imaging (MRI)
MRPs. See Multidrug-resistant associated

proteins (MRPs)
MRT. See Mean residence time (MRT);

Microwave resonance technology
(MRT)

MS. See Mass spectroscopy (MS); Molar
substitution (MS)

MSDs. See Membrane-spanning domains
(MSDs)

MSPC. See Multivariate statistical process
control (MSPC)

MTC. See Minimum toxic concentration
(MTC)

MTD. See Maximum tolerated dose (MTD)
Multicomponent system, 97f, 163�165

Multidrug resistance (MDR), 301, 313, 343
Multidrug-resistant associated proteins

(MRPs), 301, 313. See also Breast
cancer resistant protein (BCRP)

activity disruption, 314
MRP2, 351
nomenclature, 314
structure, 314
substrates for, 314

Multiparticulate beads, 723�724
multiparticulate dosing of morphine

sulfate, 724f
Multiple rising dose (MRD), 565�566
Multitip tooling, 935, 935f
Multivariate data analysis (MVDA), 584
Multivariate statistical process control

(MSPC), 1022, 1042�1043
MVDA. See Multivariate data analysis

(MVDA)
MVTR. See Moisture vapor transmission rate

(MVTR)

N
n�1 design, 165
Nabilone-PVP, 563�564
NaCMC. See Sodium carboxymethyl

cellulose (NaCMC)
NADPH. See Nicotinamide adenine

dinucleotide phosphate (NADPH)
Narrow therapeutic indexes (NTIs), 382
National Institute for Standard and

Technology (NIST), 598
National Institutes of Health (NIH),

1055
Natural polymers, 207
NBDs. See Nucleotide-binding domains

(NBDs)
NBMPR. See Nitrobenzylthioinosine

(NBMPR)
NCE. See New chemical entity (NCE)
NDAs. See New drug applications (NDAs)
Near infrared (NIR) spectroscopy, 107, 169,

595, 691, 768, 789, 858�859, 876�877,
888

Near-infrared chemical imaging (NIR-CI),
888�889

Neat liquid, solids generation through, 43
Neckless 441 design, 926
Neomycin, 433
Nernst’s diffusion layer model, 264
Nernst�Brunner equations, 357�358
Neural networks, 903
Neutral polymers, 218
New chemical entity (NCE), 564, 653
New drug applications (NDAs), 332�334,

355, 381, 408, 439, 677�678, 1049,
1054�1064, 1079, 1095. See also
Abbreviated new drug applications
(ANDAs); Biologics license
applications (BLAs)

approval pathways for NDAs/BLAs
expedited approval pathways,

1063�1064, 1064t
orphan drug designation program, 1064
pediatric exclusivity, 1064
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New drug applications (NDAs) (Continued)
CTD format, 1059�1060
format and content, 1056�1059, 1057t
INDs, 1055�1056
mapping, 1061f
postapproval activities and life cycle

management, 1071�1072
annual reports, 1072
changes, 1071
PAS, 1071

presubmission, 1055�1056
review practice

advisory committee, 1062�1063
FDA-sponsor communications, 1062
filing, 1060
labeling, 1062
review, 1060�1062, 1063f

New molecular entities (NMEs), 1051�1052
Newton power number, 768�769
Newtonian fluids, 190
Newtonian liquids, 190
Newtonian plateau, 190�191
Newtonian solvent, 190�191
Newtons (N), 987
Nexium, 587�588, 724
Nicotinamide, 98
Nicotinamide adenine dinucleotide

phosphate (NADPH), 310
Nifedipine (NP), 324, 440�442, 519�520, 536,

587�588, 841
NIH. See National Institutes of Health (NIH)
NIR spectroscopy. See Near infrared (NIR)

spectroscopy
NIR-CI. See Near-infrared chemical imaging

(NIR-CI)
Nisoldpine, 324
NIST. See National Institute for Standard and

Technology (NIST)
Nitrendipine, 324
Nitriles, 132
Nitrobenzylthioinosine (NBMPR), 306
Nitrofurantoin, 169
NLT. See Not less than (NLT)
NMEs. See New molecular entities (NMEs)
NMR spectroscopy. See Nuclear magnetic

resonance (NMR) spectroscopy
Nonchromatographic method validation,

605
Nonclinical safety assessment studies, 456
Nonclinical test species, 457
Noncompendial dissolution methods,

363�364
Nonideal solutions, 7�8
Nonionizable drugs, 85�86
NONMEM software tools, 400
Nonpolar drugs, 15
Nonreducing sugar, 158
Nonsolvent methods, 104
Nonspecific van der Waals interaction, 70
Nontopochemical reactions, 37�38
Norvir, 514
Not less than (NLT), 369
Noxafil, 860
Noyes�Whitney equation, 4, 29, 35�36, 264,

357�358, 403

Nozzle
considerations, 1011�1012
port size, 1004
type, 1008

NP. See Nifedipine (NP)
Nrf2. See Nuclear factor erythroid 2-related

factor 2 (Nrf2)
NRs. See Nuclear receptors (NRs)
nth�order reactions, 126
NTI drugs, BE evaluation for, 392�393
NTIs. See Narrow therapeutic indexes (NTIs)
Nuclear factor erythroid 2-related factor 2

(Nrf2), 321
Nuclear magnetic resonance (NMR)

spectroscopy, 76, 478, 1086
Nuclear receptors (NRs), 319

enzymes by, 321
signaling, 320f

Nuclear spin, 76
Nucleation, 124, 751
Nucleophilic/electrophilic processes, 131
Nucleoside transporters, 305�307
Nucleotide-binding domains (NBDs), 313
Numerical deconvolution, 420, 421t
Nylon, 640

O
OATs. See Organic anion transporters

(OATs)
OBP. See Office of Biotechnology Products

(OBP)
OCPB. See Office of Clinical Pharmacology

and Biopharmaceutics (OCPB)
Octanol�water partition coefficient, 10
OCTN2-mediated transport, 305
OCTs. See Organic cation transporters

(OCTs)
Oestratiol, 564
Office of Biotechnology Products (OBP),

1051�1052
Office of Clinical Pharmacology and

Biopharmaceutics (OCPB), 1095
Office of Generic Drugs (OGD), 556, 1053,

1095
Office of Lifecycle Drug Products (OLDP),

1051�1052
Office of New Drug Products (ONDP),

1051�1052
Office of New Drugs (OND), 1053
Office of Pharmaceutical Quality (OPQ),

556�557, 1050�1052, 1051f, 1080, 1096
Office of Policy for Pharmaceutical Quality

(OPPQ), 1051�1052
Office of Process and Facilities (OPF),

1051�1052
Office of Program and Regulatory

Operations (OPRO), 1051�1052
Office of Regulatory Affairs (ORA), 1050,

1052
Office of Surveillance (OS), 1051�1052
Office of Technology Assessment (OTA), 382
Office of Testing and Research (OTR),

1051�1052
OGD. See Office of Generic Drugs (OGD)

OLDP. See Office of Lifecycle Drug Products
(OLDP)

Olsalazine, 534�535
Omega-3 fatty acids, 735�736
OND. See Office of New Drugs (OND)
ONDP. See Office of New Drug Products

(ONDP)
One Quality Voice (OPQ), 1052, 1080�1081
Online particle size options, 908
OOS. See Out of Specification (OOS)
Operating parameters, 687

selection, 906
Operational qualification (OQ), 1017�1018,

1085
OPF. See Office of Process and Facilities

(OPF)
OPPQ. See Office of Policy for

Pharmaceutical Quality (OPPQ)
OPQ. See Office of Pharmaceutical Quality

(OPQ); One Quality Voice (OPQ)
OPRO. See Office of Program and Regulatory

Operations (OPRO)
Optical microscopy, 60�62
Optimal dissolution specification on IVIVC,

444�445, 445t
Optimal particle size distribution, 870
OQ. See Operational qualification (OQ)
ORA. See Office of Regulatory Affairs (ORA)
Oral absorption, 399

barriers to oral drug delivery, 297�298
biological factors affecting drug

absorption, 323�325
CAR, 319�320
coupling of enzymes, 315�319
efflux transporters, 315�319
NRs, 319
pathways
of drug absorption, 298�307
of drug elimination, 312�315
of drug metabolism, 307�312

physicochemical factors affecting drug
absorption, 321�323

PXR, 319�320
regulation of transporters and enzymes
by CAR, 321
by NRs, 321
by PXR, 320

of salts, 92�94
Oral administration, system definitions for,

419t
Oral bioavailability, 331
Oral drug absorption, 331, 402

anatomy and physiology of GI tract,
331�332

BCS, 332�338
food effects on drug intestinal absorption,

348�350
future trends, 352
intestinal permeability evaluation
cultured cells, 338�342
ex vivo, 342�345

regional drug absorption along GI,
350�352

in silico methods, 346�347
in vivo methods to determining, 347�348
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Oral drug delivery
barriers to, 297�298
hepatic barrier, 298
intestinal barrier, 298

Oral extended-release systems, 521�534, 521t
materials used for modifying drug release,

536�538
matrix systems, 521�530, 522f
oral extended release technologies,

comparison, 544t
oral modified-release systems, 534�536

Oral formulations, 382
API properties to guide formulation

design, 460�463
for BCS

class I/III compounds, 463�465
class II/IV compounds using enabling

technologies, 465�482
crystallization tendency assessment,

488�489
designing formulations for preclinical

species, 456�459
development

of amorphous solid dispersions,
489�490

of lipid/surfactant-based formulations,
489

of salt suspension, 489
evaluating formulation performance by in

vitro dissolution, 482�486
model compound properties, 488
preclinical formulation, 455
preclinical in vivo studies, 455
for preclinical studies, 455
rationale selection of formulations,

486�488, 487t
in vivo comparison of different

formulations, 490�491, 491f
Oral modified-release systems, 534�536.

See also Matrix systems
bimodal release, 536
colonic release, 534�535, 535f
enteric release, 534, 535f
pulsatile release, 535�536

Oral MR drug delivery systems, 521, 542t
compounds for MR delivery, 521
oral extended-release systems, 521�534,

521t
oral modified release profiles, 520f
rational design of MR systems, 538�549

Oral route of administration, 323
Oral solid dosages, 699
Oral solid products, IVIVC of, 415
Organic anion transporters (OATs), 301,

304�305, 315, 340. See also Efflux
transporters

activity disruption, 315
nomenclature, 315
OATs

OAT1, 315
peptides, 304�305

structure, 315
substrates, 315

Organic cation transporters (OCTs),
304�305, 340

Organic compounds, 43
Organic cosolvents, 138
Organic impurities, 595�596, 680
Orifice, 972

plate, 997�998, 999f
Orphan Drug Act, 1064
Orphan drug designation program, 1064
OS. See Office of Surveillance (OS)
Osmotic pump systems, 531�532, 532t, 533f,

537
Ossein, 726�727
Ostwald’s Rule of Stages, 144
OTA. See Office of Technology Assessment

(OTA)
OTC. See Over-the-counter (OTC)
OTR. See Office of Testing and Research

(OTR); Oxygen transmission rate
(OTR)

Out of Specification (OOS), 1090
probability of future OOS stability test

results, 629�633
Bayesian prediction using SAS proc
MIXED, 633

prior distributions for model
parameters, 630

implementation in WinBUGS, 630�632
predicted quantities of interest, 630
random batch model for prediction,
629�630

results, 632�633
test, 625

Over-the-counter (OTC), 548�549,
1050�1051

Overall length (O.L), 924
Overall reaction, 114
Oxalic acid, 98
Oxidation, 133�134, 167�168, 463
screens, 138

Oxidative degradation, 128�132. See also
Photochemical degradation

functional groups, 132
mechanisms of oxidation, 130�131
oxidative stability, 131�132
studies, 138�139

Oxidative metabolism, 307�310
catalytic cycle for cytochrome P450-

mediated oxidation, 308f
CYP enzymes, 307�308
hydroxylation, 309�310
nomenclature of CYP, 308�309

Oxidative stability, 131�132
Oxidative stress, 167�168
Oxybutynin HCl, 548
Oxygen, 307

scavenger, 645�646
symmetrical stretching of, 74f

Oxygen transmission rate (OTR), 639
Oxytrol, 548

P
PAA. See Phenylpropanolamine (PAA)
Packaging

component, 638
selection for SOD forms

containers, 638�640
determination of container MVTR,

640�643
drug products, 646
FDA guidance, 638
gas absorbers, 643�646
general considerations, 638
linking packaging property with drug

property, 646�649
material considerations, 638�646
postapproval packaging changes,

649�650
Paclitaxel, 63
PACPAC. See Postapproval changes to

packaging materials (PACPAC)
PAE. See Post-Antibiotic Effect (PAE)
PAI. See Pre-approval inspection (PAI)
PAMPA. See Parallel artificial membrane

permeation assay (PAMPA)
Pan coating, 966�967, 1107t. See also Wurster

coating
application of systematic and statistical

tools, 993�995
basis of film coating, 953
coating equipment introduction, 954
coating formulation, 988�992
consideration of product substrate,

987�988
design and development of film-coating

processes, 966�986
evolution of pharmaceutical-coating

technology development, 953�954
film-coating formulations, 954�966
troubleshooting, 986�987

Pan speed, 982, 984�985
Pan units

comparison of batch-type coating pans,
968�969

comparison of continuous-coating
equipment, 969, 970f

Paracellular diffusion, 299
Paracellular pathway, 297
Parallel artificial membrane permeation

assay (PAMPA), 340
Parallel reactions, 117
Parallel-tube model, 406
Parameter-based process scale-up strategies,

766�768
impeller speed, 766�767
spray-related parameters, 767�768
water amount, 766
wet massing time, 767

PARs. See Proven acceptable ranges (PARs)
Partial area under curves (pAUCs), 382

BE studies requiring, 389�390
Partial least squares (PLS), 584

regression, 888
Partial least squares analysis (PLA), 858�859
Partial replication, 385
Partially stabilized zirconia (PSZ),

935
Particle consolidation mechanisms, 941, 941t
Particle shape effects, 268
Particle size, 36, 754�755

reduction, 1039�1040
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Particle size characterization, 271�275.
See also Compact (mechanical
property) characterization; Powder
characterization

importance/impact, 275
LD, 274�275
light microscopy, 273
material-sparing

characterization methods, 272t
particle characterization techniques, 272t

particle shape parameters, 273f
SEM, 273�274
sieving, 274

Particle size distribution (PSD), 273, 445,
584�585, 587f, 696, 843�844

Particle�particle
bonding mechanisms, 783
interactions, 281

Particulate dissolution, 266�270
convective-diffusion-based, 267�268
diffusion layer-based dissolution models,

266�267
dissolution under nonsink conditions, 268
particle shape effects, 268
polydispersity effects, 268�270

Partition coefficient, 461
Parts per million (ppm), 666
PAS. See Prior-approval supplements (PAS)
p-ASA. See p-Aminosalicylic acid (p-ASA)
Passive diffusion, 299�300, 300f
Passive permeability, 402
PAT. See Process analytical technology (PAT)
pAUCs. See Partial area under curves

(pAUCs)
PB. See Phenobarbital (PB)
PBM. See Population balance modeling

(PBM)
PBPK. See Physiologically based

pharmacokinetic (PBPK)
PBPK modeling approach, 408
PBREM. See Phenobarbital responsive

element module (PBREM)
pc-DSC. See Power compensation DSC (pc-

DSC)
PCA. See Principal component analysis

(PCA)
PCTFE. See Polychloro-trifluoroethylene

(PCTFE)
PD. See Pharmacodynamics (PD)
PDG. See Pharmacopoeia Discussion Group

(PDG)
PDMS. See Polydimethylsiloxane (PDMS)
PDPA. See Phase Doppler particle analyzer

(PDPA)
PDUFA. See Prescription Drug User Fee Act

(PDUFA)
PDUFA V “program”, 1060, 1062
PE. See Polyethylene (PE); Prediction error

(PE)
Peak offset time, 944
Peak share rate, 833
Peak shear stress, 833
Pediatric exclusivity, 1064
PEG. See Polyethylene glycol (PEG)
Pellet coating, 1002, 1013

Pelletization, 831�832
Pellicle, 728
Pendulum impact device (PID), 284�285,

285f
Pentasa, 519�520
PEO. See Polyethylene oxide (PEO)
PEO�PCL. See Polyethylene glycol-co-

polycaprolactone (PEO�PCL)
Peptide transporters, 301�302
Peptide/histidine transporter 1 (PHT1),

302
Percolation segregation. See Sifting

segregation
Performance index, 573�574
Performance qualification (PQ), 1017�1018,

1085
Performance verification testing (PVT),

361�362
Permeability, 338�339, 707, 713�714

for active transport, 402
rate-limited kinetics, 401�402

Permeability ratio (PR), 343
Permeation process, 642
Peroxides, 138
Peroxisome proliferator-activated receptors

(PPARs), 321
α, β/δ, and γ, 319

PET. See Polyethylene terephthalate (PET)
PETG. See Polyethylene terephthalate G

(PETG)
Pexacerfont formulation, 758
PF. See Pharmacopeial Forum (PF)
PFMECA. See Process failure mode, effects,

and criticality analysis (PFMECA)
PG. See Propylene glycol (PG)
PGIs. See Potential genotoxic impurities

(PGIs)
P-gp. See P-Glycoprotein (P-gp)
pH, 324, 460�461, 460f

control, 11�12
pH-dependent solubility, 215�216
pH-independent drug release, 528�529
pH�rate profiles, 121�124

bell-shaped, 123
complicated, 123�124, 124f
sigmoidal, 121�123
truncated, 121
U-shaped, 121
V-shaped, 121

pH-solubility profile, 11�12, 90�91
pH-stability profile. See pH: pH-rate

profiles
solubility measurements, 462
solubilization by changing solution,

467�469, 469f
Ph.Eur. See European Pharmacopeia

(Ph.Eur.)
Pharmaceutical alternatives, 383
Pharmaceutical application of diffusion

theory, 261�262
Pharmaceutical coating process

characteristics, 975�977
application of film coating, 976
application of seal/barrier coat, 976
coating pan set-up, 975

gloss coat, 976
loading/charging, 975
preheat/de-dusting, 975�976
product discharge, 976�977
wax addition, 976

Pharmaceutical development, 1098
compatibility, 1115
components of product, 1100
drug product, 1102
input material attributes and process

parameters, 1107t
manufacturing process development, 1104
microbiological attributes, 1114

Pharmaceutical dosage form development
program, 555

Pharmaceutical equivalents, 383
Pharmaceutical implications, 243�246

blending, 243�244
flowability, 243
high-shear mixing, 244�245
milling, 245
tableting, 245�246
triboelectrification, 246

Pharmaceutical industry standard roller
compactors, 878

Pharmaceutical manufacturing, 1031�1032.
See also Continuous drug product
manufacturing

adoption of emerging technology,
1032�1034

Pharmaceutical polymers, 837�838
Pharmaceutical powder’s particle size,

shape, and distribution, 275
Pharmaceutical quality oversight, 1051�1052
Pharmaceutical quality-by-design initiatives,

1095, 1100�1102
Pharmaceutical Research and Manufacturers

of America (PhRMA), 1072
Pharmaceutical scale-up, 907�908
Pharmaceutical solids, 23, 24f
Pharmaceutical-coating technology

development, 953�954
Pharmacodynamics (PD), 399, 455, 528
Pharmacokinetics (PK), 382, 399, 455, 528

data, 355
endpoints, 385
modeling and simulation application
in drug development, 407�408
in regulatory activities, 408�409

modeling and simulation approaches for,
400�406

conventional compartment PK
modeling, 400

PBPK modeling, 400�406, 401f, 401t
popPK modeling, 400

parameter ratios, 383
Pharmacopeial Forum (PF), 597�598
Pharmacopoeia Discussion Group (PDG),

362
Pharmacopoeial methods, 139
Pharsight Phoenix NLME (Pharsight), 400
Phase boundaries, 126
Phase diagrams

amorphous solids, 33�34
cocrystals, 32�33
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polymorphs, 25�30
solvates/hydrates, 30�32
thermodynamics and, 25�34

Phase Doppler particle analyzer (PDPA),
806, 806f

Phase I metabolism, 307�311
hydrolysis, 310�311
oxidative metabolism, 307�310
reductive metabolism, 310

Phase II metabolism, 311�312
conjugating enzymes, 312
GSTs, 312
SULTs, 311�312
UGTs, 311

Phase miscibility, 46�49
Phase purity, 105�106
Phase separation, 20�21
Phase transformations
mechanisms of, 141�142, 141t
during pharmaceutical processing,

142�146
anticipating and preventing phase

transformations, 145�146
solid dosage forms preparation,

142�145
types of, 140, 140t

Phase-separation model. See Two-phase
model

Phase-solubility technique, 19
Phenacetin (PHE), 530
Phenobarbital (PB), 321
Phenobarbital responsive element module

(PBREM), 321
Phenols, 132
Phenylephrine, 168
Phenylpropanolamine (PAA), 548�549
Phenytoin, 89, 564
Phospholipids, 498�499
Phosphorescence, 133
Photochemical degradation, 132�134. See also

Oxidative degradation
degradation pathways, 134
light, 132
light absorption, excitation, and

photochemical reactions, 132�133
photooxidation, 133�134

Photochemical instability, 139
Photochemical reactions, 132�133
Photodegradation studies, 139�140
Photooxidation, 133�134
Photophysical radiative process, 133
Photosensitization, 133�134
Photosensitized oxidation, 133�134
Photostability testing, 139
PHPMA. See Poly[N-(2-hydroxypropyl)

methacrylate] (PHPMA)
PhRMA. See Pharmaceutical Research and

Manufacturers of America (PhRMA)
PHS Act. See Public Health Service Act (PHS

Act)
PHT1. See Peptide/histidine transporter 1

(PHT1)
Physical aging, 33, 45
Physical characterization techniques, 497
Physical instability, 463

Physical stability, 140, 501, 504, 568
of dispersion, 509
phase transformations

mechanisms of, 141�142, 141t
types of, 140, 140t

QbD study on, 512�513
during storage as suspension, 814�815
testing, 504

Physician quality reporting initiative (PQRI),
993

Physician’s Labeling Rule (PLR), 1057
Physicochemical factors

affecting drug absorption, 321�323
charge, 322
dissolution, 322
ionization, 322�323
lipophilicity, 322
size, 322
solubility, 322

Physicochemical properties, 558�560
API, 460

Physicochemical tests, 682
Physiologically based pharmacokinetic

(PBPK), 88, 346�347
absorption, 402�404

in development of solid oral dosage
formulation, 407t

components in, 401t
concentration profile of drug, 401
distribution, 404�405
first-pass intestinal metabolism, 405
hepatic and renal CL, 405�406
modeling, 400�406, 401f

Physisorption, 239
PIC method. See Powder-in-capsule (PIC)

method
PID. See Pendulum impact device (PID)
Pigments, 728�729, 988
Piping. See Ratholing
Piroxicam, 440
Pitch, 825, 827t
PK. See Pharmacokinetics (PK)
PKSim platform, 402, 408
PLA. See Partial least squares analysis (PLA)
“Placebo” component, 287
Plackett�Burman design, 165
Planar barrier, diffusion across, 256�257
Planar defects, 240
Planar surface, convective-diffusion model

for flow past, 265�266
Planar surface dissolution, 264�266

convective-diffusion model
for flow past planar surface, 265�266
for rotating disk, 264�265

Plank’s constant, 119
Plasma concentration

plasma concentration-time Profile of MPH,
546f

profiles, 549f
Plastic deformation, 282
Plasticizer(s), 838�839, 957�958, 958t, 959t,

966
level, 988
mechanical properties, 958f
propylene glycol in HPMC films, 958f

PLC. See Programmable logic controller
(PLC)

PLGA. See Poly(lactic-co-glycolic acid)
(PLGA)

PLM. See Polarized light microscopy (PLM)
PLR. See Physician’s Labeling Rule (PLR)
PLS. See Partial least squares (PLS)
Plugging, 702�703
PMA. See Polymethylacrylate (PMA)
Pneumatic spray guns, 972�973, 972f
Point defects, 240
Polar surface area (PSA), 346
Polarized cells, 306
Polarized light microscopy (PLM), 61,

461�462, 812�813
Polarizer, 60�61
Poloxamer, 763�764
Poly lactide-co-glycolide. See Poly(lactic-co-

glycolic acid) (PLGA)
Poly(ethylacrylate-co-methyl methacrylate-

co-trimethylammonioethyl
methacrylate chloride), 217f

Poly(lactic-co-glycolic acid) (PLGA), 207, 849
Poly(methyl acrylate-co-methyl

methacrylate-co-methacrylic acid),
217f

Poly[N-(2-hydroxypropyl) methacrylate]
(PHPMA), 802

Polyacrylates, 207
Polyacrylic acid, 216�217
Polychloro-trifluoroethylene (PCTFE),

639
Polydextrose, 962
Polydimethylsiloxane (PDMS), 259
Polydispersity, 268�270, 957, 957f
Polyelectrolyte, 192
Polyethylene (PE), 207, 639
Polyethylene glycol (PEG), 134, 158, 207, 219,

219f, 458, 507�508, 562�563, 745�746,
849�850, 962

Polyethylene glycol-co-polycaprolactone
(PEO�PCL), 841

Polyethylene oxide (PEO), 219�220, 219f,
800�801

Polyethylene terephthalate (PET), 638�639
Polyethylene terephthalate G (PETG), 639
Polyflow, 856
Polymer excipients, 181

for oral dosage forms, 208t
in solid oral products, 206�220
cellulose and cellulose derivatives,

207�216
synthetic polymers, 216�220

Polymer(s), 181, 498�499, 798�800, 798t, 802,
814f, 837, 956�957, 962t, 963t

AB type copolymers, 182f
blisters, 639
bulk cross-linked systems, 184f
carriers, 51
characteristics, 961
characterization of polymeric materials,

185�206
molecular weight, 187�189
rheological properties, 189�194
shear-thinning behavior, 191f
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Polymer(s) (Continued)
structure�property relationships,

197�206
composition, 185�187
copolymers types, 184�185
in dispersion screen, 503t
examples of types, 961�962
films, 198�199
gelling agents, 731
homopolymers types, 184�185
materials, 181
morphology and physical properties,

196�197
polymer-induced liquid phase, 235
prototype chain architectures, 183f
selection consideration, 836�838
sodium carboxymethyl cellulose, 184f
in solution, 194�196
structure, and nomenclature, 182�184
systems, 193f

Polymethacrylate, 217�218, 217f
Polymethacrylic acid, cation-exchange resin

based on, 220f
Polymethylacrylate (PMA), 799
Polymorph(s), 23�24, 99�101
characterization, 69�70
enantiotropy, 25�26, 26f
forms, 681�682
monotropy, 25�26, 26f
qualitative methods, 29�30
quantitative methods, 26�29
screening, 52
stability relationships between

polymorphs, 26�30
system, 103
transformation, 70
transitions, 19, 38�39, 39f

Polymorphism, 23�24, 559�560, 1085
Polypropylene (PP), 638�639
Polytetrafluoroethylene (PTFE), 599
Polyvinyl alcohol (PVA), 173, 207, 219, 219f,

849, 962
Polyvinyl chloride (PVC), 638�639
Polyvinylidene chloride (PVDC), 638�639
Polyvinylpyrrolidone (PVP), 152�153,

206�207, 218f, 477�478, 498�499, 564,
749�750, 784, 799, 849

crospovidone, 218
povidone, 218
PVP-VA, 799, 800f

Poorly water-soluble
pharmaceutical compounds, 466
salts of, 469

popPK modeling. See Population
pharmacokinetic (popPK) modeling

Population
approach, 427�428
BE, 388�389

Population balance modeling (PBM), 769, 852
Population pharmacokinetic (popPK)

modeling, 400, 427�428, 428f
Porosity, 872
Posaconazole, 860, 860f
Positive catalysis, 119
Post-Antibiotic Effect (PAE), 539

Postapproval changes to packaging materials
(PACPAC), 649

Postapproval meetings, 1062
Postapproval packaging changes, 649�650
Potassium, 94
Potassium clavulanate, 168
Potency assay, 595, 606�607
Potential genotoxic impurities (PGIs), 1086
Povidone, 159t, 206, 218, 567�568
Powder

blending uniformity, 688�690
and bulk properties, 560�562
handling equipment, 698�702

discharge from blender/processing
vessel, 699�700

final blending, 699�700
IBC, 700�702
processing steps, 698�699

properties
contact angle, 755
particle size, 754�755
solubility, 755�756
surface area, 755

Powder characterization. See also Compact
(mechanical property)
characterization; Particle size
characterization

density
bulk density, 276
tapped density, 276�277
true density, 276

flow, 277�281
additional shear testers, 280
angle of repose and flow through
orifice, 278

CI and HR, 278, 278t
dynamic test methods, 280�281
shear cell methods, 278�280

Powder flow, 869. See also Mass flow
blending process, 696�697
equipment design techniques, 716�722

funnel flow design, 716�717
mass flow designs for bin, chute, and
press hopper, 717�719

minimizing adverse two-phase flow
effects, 719�720

minimizing segregation in blender-to-
press transfer steps, 720�722

flowability, 696
measurement of flow properties, 707�716

bulk density, 713
cohesive strength tests, 708�713
permeability, 713�714
segregation tests, 714�716

powder handling equipment, 698�702
and product uniformity, 695
and segregation, 697, 702�707

flow patterns, 704�705
flow problems, 702�704
segregation mechanisms, 705�707

Powder X-ray diffraction (PXRD), 59, 64�67,
87�88, 169, 461�462, 595, 812�813

pattern of prototype ASD, 490f
Powder-in-capsule (PIC) method, 737

automated filling, 737

Power compensation DSC (pc-DSC), 67, 67f
Power law, 191�193
Power scale-up, 854�856
Power-based approach, 768�769
PP. See Polypropylene (PP)
PPARs. See Peroxisome proliferator-activated

receptors (PPARs)
ppm. See Parts per million (ppm)
PPQ. See Process performance qualification

(PPQ)
PQ. See Performance qualification (PQ)
PQRI. See Physician quality reporting

initiative (PQRI)
PR. See Permeability ratio (PR)
Pre-approval inspection (PAI), 1059
Pre-picked style, 932, 933f
Precession, 77�78
Precision, 602�603

intermediate precision, 602
repeatability, 602
reproducibility, 602�603

Preclinical formulation, 455
Preclinical species, designing formulations

for
complexities
caused by high exposure requirement,

456�457
due to use-limit of excipients, 458�459,

459t
in dosing preclinical species, 457�458

type and requirements of nonclinical
safety assessment studies, 456

Preclinical studies, 455. See also Oral
formulations

Precompression method, 144
Predicted quantities of interest, 630
Prediction, 344

and mechanistic interpretation, 346
PAMPA prediction equation, 346

Prediction error (PE), 427, 429
Predictive in vitro test design, 436�439, 437f
Predictors, 616
Prednisolone, 37, 440
Prednisone, 440
Pregnane X receptor (PXR), 319�320, 320t

enzymes by, 320
Preheat, 975�976
Prescription Drug User Fee Act (PDUFA),

1050, 1096
Press hopper

feed from press hopper to die cavity,
702

mass flow designs for, 717�719
Press speed, 942
Press wear, 937

deflection of punches indicates excessive
wear, 937f

Pressed-in key. See Woodruff key
Presster, 948, 949f
Pressure

gradient, 890
nozzles, 805

Presubmission, 1055�1056
Primaquine diphosphate, 440
Primary amines, 134
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Principal component analysis (PCA), 584,
858�859, 888

Prior distributions for model parameters, 630
Prior-approval supplements (PAS), 1071
Probe microscopy, 63�64
Probe substrate, 308
Procardia XL, 519�520
Process
capability indices, 1022�1023, 1022t
characteristics, 1000
control, 1034�1035, 1042

in-process material tests and quality
attributes, 688

PAT and in-process controls,
691

powder blending uniformity, 688�690
for solid oral drug products, 687�691
statistical methodology for, 690�691

design, 1016�1017
integration, 1042
monitoring and control, 1042�1043
monitoring program, 1020�1021
optimization, application of systematic

and statistical tools, 993�995
parameters, 173�174
performance indices, 1022�1023, 1022t
processing agents, 1116
qualification, 1017�1020

design of facility and qualification,
1017�1018

heightened level, 1019�1020
number of PPQ batches, 1018�1019

scale-up, 853�859, 1017�1020
extrusion process scale-up, 853�857
and optimization, 572�574, 573f
product and process understanding,

control strategy, and PAT, 858�859
tests, 687
thermodynamics

adequate evaporative rate, 977
air, 977�979

understanding, 570�572, 1100, 1104, 1119
validation, 1015�1016
variability, 690
variables

air pressure and volume, 1003�1004,
1003f, 1004f

batch size, 1002
evaporation rate, 1004�1005
fluidization pattern, 1002�1003
nozzle port size, 1004
product temperature, 1005

Process air, 977�979
equipment, 970�972
temperature, 1014
volume, 983, 1012�1014, 1012f, 1013f

Process analytical technology (PAT), 654,
664, 678, 789, 858�859, 859f,
1032�1033, 1083, 1111�1112, 1113t

CM process, 1028f
and in-process controls, 691
to monitor and control traditional batch

manufacturing process, 1025�1028,
1027f

tools, 887�889, 1015�1016

Process failure mode, effects, and criticality
analysis (PFMECA), 1018

Process performance qualification (PPQ),
1017�1019, 1020f

Product accumulation, 807
Product and process development

product and process understanding,
570�572

of solid oral dosage forms
development of solid dosage forms,
556�574

formulation design of ER dosage forms
of Verapamil, 581�584, 582f

improving process robustness and
capability, 584�587

IP considerations, 587�588
material properties and processing
conditions, 578�581

technology transfer, 574�578
Product discharge, 976�977
Product expiration date, 687
Product quality, 1015�1016

continued process verification, 1020�1028
control, dissolution in, 364�365
and performance considerations, 566�568
process design, understanding, and

control strategy development,
1016�1017

process qualification, 1017�1020
process scale-up, 1017�1020
technology transfer, 1017�1020

Product stability, 637, 687
Product substrate, 987�988

compatibility, 988
core porosity, 988
disintegration, 988
dissolution, 988
hardness/friability, 987
logo design, 988
shape, 988
stability, 987�988
weight variation, 987

Product temperature, 984, 1005, 1014
Product understanding, 570�572, 1100, 1103,

1119
Programmable logic controller (PLC), 974
Promethazine, 168
Propranolol, 533
Propranolol hydrochloride, 440
Propylene glycol (PG), 471
Prototype ASD formulations, 479�481, 480f
Prout�Tompkins equation, 125
Proven acceptable ranges (PARs), 688
Proximal small intestine (P-SI), 350
PSA. See Polar surface area (PSA)
PSD. See Particle size distribution (PSD)
Pseudo-first-order reactions, 136
Pseudo-zero-order reactions, 136
Pseudopolymorph(s), 70, 99
P-SI. See Proximal small intestine (P-SI)
PSZ. See Partially stabilized zirconia (PSZ)
PTFE. See Polytetrafluoroethylene (PTFE)
Public Health Service Act (PHS Act),

1049�1050
Pulsatile release, 535�536

Punch(es)
care of, 936, 940f
head flats, 925�926
punch-and-die roll arrangement, 876
punch-barrel chamfers, 927
punch-tip pressure guide, 935�936
punch-to-die binding, 931

Pure diffusion, dissolution by, 263
Push-Stick system, 532
PVA. See Polyvinyl alcohol (PVA)
PVC. See Polyvinyl chloride (PVC)
PVDC. See Polyvinylidene chloride (PVDC)
PVP. See Polyvinylpyrrolidone (PVP)
PVT. See Performance verification testing

(PVT)
PXR. See Pregnane X receptor (PXR)
PXRD. See Powder X-ray diffraction (PXRD)
Pyrazinamide, 440
Pyrroles, 132, 138

Q
Q10 rule, 118
QA. See Quality assurance (QA); Quality

attributes (QA)
QbD. See Quality by design (QbD)
QbR. See Question-based review (QbR)
QC. See Quality control (QC)
QICPIC technique, 908
QLs. See Quantitation limits (QLs)
QOS. See Quality overall summary (QOS)
QSAR. See Quantitative structure�activity

relationship (QSAR)
QSPR. See Quantitative structure�property

relationship (QSPR)
QTPP. See Quality target product profile

(QTPP)
Qualicaps, 732�733
Qualification process, 681

of container closure system, 1089
of reference standard, 1089

Qualitative methods, 26, 29
heat of fusion rule, 29
heat of transition rule, 29�30

Quality assessment for drug substances,
1081�1090

characterization, 1086
container closure system, 1089
control of drug substance, 1086
control strategy summary, 1087t
manufacturing, 1082
control of critical steps and

intermediates, 1084
control of materials, 1083
manufacturer, 1082, 1089
manufacturing process development,

1085
process and controls description, 1082
process validation and/or evaluation,

1084
reference standards, 1088
stability, 1090

Quality assurance (QA), 654
Quality attributes (QA), 151

of wet granulated products, 760�764
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Quality attributes (QA) (Continued)
chemical stability, 761�763
compaction and flow properties, 764
dissolution and bioavailability, 763�764
solid state form, 760�761

Quality by design (QbD), 155, 197, 512, 556,
858, 858f, 1034, 1053

application to fluid-bed granulation, 790
approaches, 637
paradigm, 871
process scale-up and optimization, 572
program, 986
and tools application

application of britest tool in
troubleshooting, 940

conclusions, 938�939
DOE design, 938
methods, 938
objective, 938
results, 938

Quality control (QC), 594, 654
dissolution tests for, 357

Quality overall summary (QOS), 1053, 1079,
1095, 1122�1124

container closure system, 1113, 1120
control of drug product, 1117
control of excipients, 1117
description and composition of drug

product, 1097
manufacturing, 1115
pharmaceutical development, 1098

compatibility, 1115
components of product, 1100
drug product, 1102
input material attributes and process

parameters, 1107t
manufacturing process development,

1104
microbiological attributes, 1114

reference standards or materials, 1120
stability, 1121

Quality target product profile (QTPP),
557�558, 858, 1016, 1096, 1099

Quantitation
procedure, 685
of reference standard, 1089

Quantitation limits (QLs), 595�596, 604�605,
671

signal-to-noise-ratio approach, 604
standard deviation of response and slope

approach, 604�605
visual evaluation, 604

Quantitative methods, 26
eutectic fusion data, 28
heat of fusion data, 26�27
quantitative analyses for PK variables, 387
quantitative noncompendial analytical

methods, 1118
solubility/intrinsic dissolution rate

data, 28�29
and heat of solution data, 29

Quantitative structure�activity relationship
(QSAR), 346, 1086

Quantitative structure�property relationship
(QSPR), 346�347

Quantitative test methods, 614
Quasi-static testing, 283�287. See also

Dynamic testing
application to formulation development,

286�287
BFI, 285
bonding index, 285
dynamic hardness and tensile strength,

285f
microcrystalline cellulose and lactose

spray process, 286f
PID, 284�285, 285f
SF importance, 284
tableting indices, 285
tensile strength determination, 284
test specimen preparation, 284
viscoelastic index, 286

Quencher, 133�134
Question-based review (QbR), 556, 1053,

1079
current status, 1096�1097
future direction, 1121�1122
history, 1095�1096
origin, 1080
questions, 1097�1124

Quinidine sulfate, 440
Quinine sulfate, 440

R
R language, implementation in,

624
R&D. See Research and design (R&D);

Research and development (R&D)
Radial acceleration method, 788
Radial mixing, 1036
Radial velocity method, 788
Radiofrequency region (rf region), 76
Ram extruder, 822�824
Raman spectroscopy, 75�76, 107, 500�501

IR spectroscopy vs, 76t
Ramped engraving style, 932
Random batch

case, 627�628
model for prediction, 629�630

Random variables, 616
Range, 672
Ranitidine, 433
Ranitidine hydrochloride, 440
Raoult’s law, 46
Rate constant, 114
Rate equations, 114
Rate of oral drug absorption into systemic

circulation, 347�348, 348f
first-order drug absorption, 348
zero-order drug absorption, 348

Rate-determining step of reaction, 115
Rate�pH profile. See pH: pH�rate profiles
Ratholing, 702�703
Ratio of API, 502
Rational design of MR systems, 538�549

clinical need and definition of target in
vivo product performance, 539�540

impact of drug property and formulation
design, 545�549

feasibility study, 540�543
selecting MR system and testing system

design, 543�545, 544t
Rational scale-up, 789
Rayleigh scattering, 75
Razaxaban, 757�758
RBPM. See Regulatory business project

manager (RBPM)
RC. See Roller compaction (RC)
Reaction mechanism, 114�115
Reactive solvent addition, 43
Reactivity and chemical stability, 37�38

nontopochemical reactions, 37�38
topochemical reactions, 37

Real solutions. See Nonideal solutions
Real-time release testing (RTRT), 821�822,

1042, 1117�1118
CM process, 1028f
to monitoring and control traditional batch

manufacturing process, 1025�1028, 1027f
strategies, 1015�1016, 1027t

Receding contact angle, 233
Recovery, 672
Recrystallization, 52
Rectangular-shaped tooling, 884
Reducing sugars, 158
“Reduction in strength”, 873
Reductive metabolism, 310, 310f. See also

Oxidative metabolism
Reference listed drug (RLD), 373�374,

1049�1050, 1064, 1097�1099
Reference standards, 598, 1088, 1120
Reflected electron, 62�63
Refuse-to-file (RTF) letter, 1060
Refuse-to-receive (RTR), 1066�1067, 1083
Regional absorption, 541
Regular solution theory, 8�9
Regulation of transporters, 321
Regulatory acceptance criteria

box plots for dissolution data, 372f
case of dissolution performance, 373f
case of three-stage dissolution, 370f
dissolution
methods, 374
profiles of bioequivalent batches, 369f

for dissolution testing, 368�374
ER products, 372
mean and variability of dissolution data,

370f, 371f
quality control tool for ANDAs, 373�374
scheme for, 374f
steps, 371

Regulatory activities
in generic drug evaluation, 408�409
in new drug evaluation, 408, 409t

Regulatory business project manager
(RBPM), 1052, 1081

Regulatory considerations
biowaiver considerations and comparison

of dissolution profiles, 374�378
dissolution
method development, 365�368
in product quality control, 364�365

regulatory acceptance criteria for
dissolution testing, 368�374
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Regulatory guidance, 613�614
Regulatory specification, 678. See also

Specification(s)
Regulatory submissions, 1122
Related substance assay, 607
Related substances, 595�596
Relative BA, 383
Relative humidity (RH), 40, 86�87, 151, 234,

499, 616�617
Relative molecular weights, 188
Relative retention time (RRT), 599�600
Relative standard deviation (RSD), 599�600,

671
Relaxation time, 944
Release assay, 607
Release kinetics modification, 530
Release limit (RL), 628�629
Renal CL, 405�406
Repeatability, 602
Reproducibility, 602�603
Research and design (R&D), 918
Research and development (R&D), 571, 593,

647, 654
R&D laboratory, 1088

Research IND, 1055
Reservoir polymeric systems, 530�531
Reservoir systems, materials for, 537
Residence time distribution (RTD),

1036�1037, 1042
Residual peroxides, 158
Residual solvents, 595�596
assay, 607

Resolution factor (R factor), 601
Resolving power, 273
Response variable, 615
Retardation, 75
Retention volume, 238
Retinoid X receptor (RXR), 319�320
Reverse configuration, 845
Reverse-phase liquid chromatography, 3
Reversible reactions, 116�117
Review practice
ANDAs

filing, 1066�1067
review, 1067�1068, 1068f

BLAs, 1069�1070
NDAs

advisory committee, 1062�1063
FDA-sponsor communications, 1062
filing, 1060
labeling, 1062
review, 1060�1062, 1063f

Revolving door theorem, 298. See also Double
jeopardy theorem

consequences of disruption, 318
mechanistic description, 317�318

Rezulin, 860
rf Region. See Radiofrequency region (rf

region)
RFT. See Right first-time (RFT)
RH. See Relative humidity (RH)
Rheological properties, 189�194
Ribavirin, 440
Ribbon solid fraction, 872�873, 873f, 879f,

904�905

Ribbon tensile strength, 873
Riboflavin, 315
Rifampicin, 440
Right first-time (RFT), 938, 938f
Ring shear testers, 279�280
Risk-based approach, 663�664, 688�689
Ritalin, 519�520

LA, 445�446, 519�520
LA capsule, 535�536
SR, 519�520

Ritanovir, 515
Ritonavir-copovidone, 563�564
RL. See Release limit (RL)
RLD. See Reference listed drug (RLD)
Roll gap and ribbon thickness, 873
Roll selection, 904, 906
Roller compaction (RC), 869, 870f, 871f, 891f,

1107t
anisotropic density distribution, 877f
approach to scaling-up, 909�912

experimental design, 909�910
results, 910�912

benefits, 870
challenges and mitigation approaches, 911t
curves, 874f, 875f
drug product development process for

roller compacted product, 906�907
equipment, 874�877, 1039
feed system orientations, 876f
in-process analytical characterization tools,

877�889
materials and operation, 870�877

key operating parameters and product
attributes, 871�873, 872t

material considerations, 871
operating principles, 873�874

models, 889�903, 890t
artificial intelligence approaches, 903
FEM, 899�903
Johanson’s rolling theory for granular
solids, 889�893

modified approaches to Johanson’s
theory, 893�896

neural networks, 903
slab analysis, 896�899

process development approaches,
903�905, 904f

properties of ideal roller compaction
material, 872t

rectangular tooling for simulation, 883f
roll design options, 877f
scale-up, 907�909, 909t, 1112t
tools and tests, 877t
trouble-shooting, 912

Roller compactor(s), 873, 875f
compaction zone, 894f
roll, 878f
simulation using uniaxial compaction, 883f

Room temperature (RT), 510
Rotary disk speed scale-up, 788�789, 788t,

789t
Rotary press, compression by, 917
Rotary tablet press, 917, 918f
Rotating disk method, 265. See also Dosing-

disk method

convective-diffusion model for, 264�265
Rotating heads, 926, 926f
Rotating punch head, 926
Rotating-disk system, 89
ROY, 61, 61f
RPM, 949, 950t, 1062
RPR111423 drug, 107�108
RRT. See Relative retention time (RRT)
RSD. See Relative standard deviation (RSD)
RT. See Room temperature (RT)
RTD. See Residence time distribution (RTD)
RTF letter. See Refuse-to-file (RTF) letter
RTR. See Refuse-to-receive (RTR)
RTRT. See Real-time release testing (RTRT)
Rubber liquid, 33
Rubber-glass transition, 196�197
Rumpf equation, 754
RXR. See Retinoid X receptor (RXR)

S
Saccharin, 98
Safety studies, 455�456, 458, 464, 486�488
Salbutamol sulfate (SS), 244
Salicylic acid, 98
Salt(s), 24, 90�97

acids and bases as salt formers, 92t
chemical stability considerations, 94�95
disproportionation of, 95�97
dissolution and oral absorption of, 92�94
dosage form consideration, 97
formation, 11�12, 85�86, 91�92, 469
maximum daily dose
of anionic salt formers, 95t
of cationic salt formers, 95t

Miconazole free base and salts, 93t
pH-solubility profile, 90�91
selection of counterions, 91�92
solubility, 90�91
toxicity of counterions, 94

Sample
analysis and data interpretation, 168�169
preparation, 165�166
humidity, 166�167
mechanical stress, 167
oxidative stress, 167�168
robustness on, 605
and storage, 165�168
thermal stresses, 166
water content, 166�167

sampling process, 689�690
size, 632
stability, 672

SAS MIXED procedure, 627, 629
SAS proc MIXED, Bayesian prediction using,

633
Saw-tooth compression profile, 287
Scale-down considerations, 850�851
Scale-up, 803�809

airflow-to-spray ratio, 986
ASD formulations, 481�482
atomization, 806�807
batch size, 984
batch size and equipment selection, 787
bearding, 807
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Scale-up (Continued)
brabender flexwall feeder, 851f
coating zone, 985
considerations, 786�790, 806�807, 809,

850�851
for RC, 907�909, 909t

via continuous, 790
via continuous processing, 790
of high-shear wet granulation process,

764�769
attribute-based process scale-up,

768�769
challenges in, 764�766
parameter-based process, 766�768
scale-up principles, 766�769

options, 1034
pan speed, 984�985
product accumulation, 807
rational scale-up, 789
rotary disk speed scale-up, 788�789, 788t
scaling-up RC process, 909�912

experimental design, 909�910
results, 910�912

via semicontinuous, 789�790
spray rate scale-up, 787�788, 788t
spray-rate-to-pan-speed ratio, 985
strategies, 854�857

heat transfer scale-up, 856
power scale-up, 854�856
simulation-assisted scale-up strategies,

856�857
volumetric scale-up, 854

of Wurster processing, 1009�1014
batch size, 1011
droplet size and nozzle considerations,

1011�1012
HS Wurster coater, 1010f
mass effects, 1014
process air and product temperatures,

1014
process air volume, 1012�1014, 1012f,

1013f
spray rate, 1011

Scale-up and postapproval changes
(SUPACs), 355, 375

Scale-up of compression, 940�950
compaction, 940�941, 941f

event, 944
dwell time and contact time, 945
tableting

factors, 943
failure, 942�943
geometry, 945�947
scale-up, 948�950
time definitions, 944�945, 948t

Scanning electron microscopy (SEM), 62,
242�243, 273�274, 510, 808�809, 1001

Scanning tunneling microscope (STM), 63
Scattering, 65
Schiff base, 163f
Schulze ring shear tester, 279�280
Scintillation counter, 66
Score. See Bisects
SCOT. See Single Composition Osmotic

Tablet (SCOT)

Screening
of amorphous solid dispersions, 501�504,

502f
solid-forms of API, 102�105

alternate screens, 105
crystallization composition and
processing variables, 103t

HTS, 103�104
integrated strategy for form screening
and selection, 102f

manual screens, 104�105
screening techniques, 103

techniques, 103
Screw

configuration, 846�847, 863f
design, 854, 855f

conveying, 844
DMEs, 845�846
effect on granulation, 844�847
kneading element, 844�845
screw configuration, 846�847
screw mixing element, 846

elements, 825�830, 825f, 826f
auxiliary systems, 830�832
conveying screws, 825�826, 826f, 826t
dies, 830
mixing screws, 827�830

extruder, 822�824
mixing element, 846
pictures of cutter, 847f
speed, 833�834, 840f

SCU. See Strong Cobb Units (SCU)
SDDs. See Spray dried dispersions (SDDs)
SDS. See Sodium docusate (SDS)
SDs. See Standard deviations (SDs)
Seal coat application, 976
SEC. See Size exclusion chromatography

(SEC)
Second-order reactions, 115
Secondary amines, 134
SEDDS. See Self-emulsified drug delivery

systems (SEDDS)
Seeding, 104
Segregation, 244, 697, 702�707, 1037

dusting segregation, 706�707
fluidization segregation, 706
material properties affect segregation,

705�706
sifting segregation, 706
tests, 707, 714�716

fluidization segregation test method,
715�716

sifting segregation test method, 715
Selectivity, 386
Self-correcting hydrophilic matrix, 529
Self-emulsified drug delivery systems

(SEDDS), 462, 563�564
Self-evident

BA, 393
BE, 393

SEM. See Scanning electron microscopy
(SEM)

Semi-infinite systems, diffusion in, 255�256
Semiautomatic capsules-filling machine,

737�738

Semicontinuous
design, 779�780, 779f
process, 821�822
scale-up via, 789�790

Semicrystalline, 196
Semidilute concentration regime, 191�192
Separates intercept common slope (SICS),

625
Separates intercept separate slope (SISS), 625
Separation, 3
Serum, 385
Sessile drop

contact angle, 232�233
measurements, 233�234

SF. See Solid fraction (SF)
SFV. See Spatial filter velocimetry (SFV)
SGF. See Simulated gastric fluid (SGF)
“Shake-flask” method, 462
Shakers and containers, 20
Shape, 988
Shear cell methods, 278�280

physical and mechanical properties and
environmental factors, 279t

shear cell flow property names and
definitions, 280t

Shear rate, 833
Shear testers, 280
Shelf life, 625�628

estimation in complex studies, 628
model pruning, 625�626
OOS test, 625

Shelf life, 637
Short lower punch tip straight, 927
SICS. See Separates intercept common slope

(SICS)
Side-chain substitution effects, 201�205

extent of side-chain substitution,
203

on amorphous solid dispersion
properties, 203�204

on mechanical properties, 204�205
on solubility, 203

matrix tablet swelling and erosion
behavior, 203f

side-chain structure, 202�203
Sieving, 274
SIF. See Simulated intestinal fluid (SIF)
Sifting segregation, 705�706, 706f, 715
Sigmoidal pH-rate profiles, 121�123, 123f
Signal-to-noise ratio (SNR), 571, 604
Silica gel, 643
Silicified microcrystalline cellulose (SMCC),

209
Silicon dioxide, 158
Simcyp software, 402, 404, 408
Simple order kinetics, 115�116
Simple triaxial press, 284f
Simulated gastric fluid (SGF), 811
Simulated intestinal fluid (SIF), 811
Simulation-assisted scale-up strategies,

856�857
Simulations Plus Inc., 402
Simvastatin, 467�468
Simvastatin hydroxyacid, 468f
Simvastatin lactone, 468f
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Single Composition Osmotic Tablet (SCOT),
532

Single rising dose (SRD), 565�566
Single-crystal and PXRD, 105�106
Single-screw extrusion (SSE), 821
Single-stage approach, 425�427
Singlet oxygen, 139
Singlet�singlet emission (S1-S0 emission),

133
Sink conditions, 256�257, 642�643
SISS. See Separates intercept separate slope

(SISS)
Size exclusion chromatography (SEC),

187�188
Size reduction, 142, 1107t
Skinning process, 806
S�L interactions. See Solid�liquid

interactions (S�L interactions)
Slab analysis, 896�899. See also Finite

element method (FEM); Instrumented
roll

force balance on slab element, 897f
ratio of maximum measured pressure, 899f
slab model comparisons, 898�899

Slow crystallizers, formulation for, 479
SLS. See Sodium lauryl sulfate (SLS)
Small intestine, drug absorption from,

350�351
Small tablets, tool configuration for, 927�928
Small-scale compaction techniques, 905
SMCC. See Silicified microcrystalline

cellulose (SMCC)
SME. See Specific mechanical energy (SME)
Smith�Topley effect, 41
Smoothed particle hydrodynamics (SPH)

method, 852
SMPT. See Solution-mediated phase

transformation (SMPT)
SNR. See Signal-to-noise ratio (SNR)
SOD forms. See Solid oral dosage (SOD)

forms
Sodium, 94
Sodium carboxymethyl cellulose (NaCMC),

184�185, 184f, 193, 202, 204, 215
Sodium chloride (NaCl), 879�880
Sodium docusate (SDS), 746
Sodium glycolate, 158
Sodium lauryl sulfate (SLS), 729, 746,

800�801
Sodium polystyrene sulfonate, 220
Sodium starch glycolate, 159t
Sodium taurocholate, 89
Soft sensors, 1017
Soft structures, fundamentals of self-

assembly, 231�232, 232f
Softshells, 723
Software output, 856
Solid, 225
blending process, 696
considerations for forms, 90�102
amorphous forms, 99�101
cocrystals, 97�99
hydrates, 99�101
multicomponent system, 97f
polymorphs, 99�101

salts, 90�97
solvates, 99�101

definitions and categorization, 23�25
dispersions, 43�52
dissolution theory, 262�264

convective-diffusion model, 264
diffusion layer model, 263�264
by pure diffusion, 263
thermodynamic considerations, 262�263

forms, 37
evolution, 463

methods of generating, 42�43
through gas, 42�43
through liquid, 43
through solid, 43

oral products, polymer excipients in,
206�220

PEGs, 219
physicochemical property considerations

hygroscopicity, 87�88
solid-form stability, 86�87
solubility, dissolution rate, and
bioavailability, 88�90

polymer layer, 953
S�S interactions, 225
solid-based methods, 104
solid-form selection considerations,

86�102
solid-form stability, 86�87
solid-state

moisture content in materials, 239
molecular complexes, 39
oxidative screen, 139
properties, 460
reaction kinetics, 124, 125t
reactions, 37
thermal degradation studies, 137�138
transitions, 141

solid-state characterization and techniques
hyphenated techniques, 81�82
microscopy, 60�64
moisture sorption, 79�81
pharmaceutical solids, 59
PXRD, 64�67
thermal analysis, 67�72
vibrational spectroscopy, 72�79

solid-state kinetic models, 124�127
Avrami�Erofeev equation, 124�125
Bawn kinetics, 126
model-fitting vs model-free approaches,
126�127

nth�order reactions, 126
nucleation, 124
phase boundaries, 126
Prout�Tompkins equation, 125
reactions controlling by diffusion,
125�126

solid�water interactions, 36
solid�solid interfacial phenomena

experimental techniques, 242�243
fundamental thermodynamics, 241�242
pharmaceutical implications, 243�246

solid�vapor interface, 236�241
adsorption fundamentals, 236
drying, 239�241

gaseous molecules, 236
heterogeneous adsorption, 236�238
IGC, 238
moisture content in solid-state materials,

239
state form, 760�761
transformations, 38�42
elementary steps of SMPT, 42t
induced by heat, 38�39
induced by mechanical stresses, 42
induced by solvents, 41�42
induced by vapor, 40�41

Solid dosage form(s), 555�556, 816
comparison of approach, 557t
development, 556�574
integrated formulation and process design,

558�570
preparation, 142�145, 143f
coating, 145
compression, 145
encapsulation, 145
granulation milling/sizing and

blending, 144�145
granulation/size enlargement, 142�144
size reduction, 142

process scale-up and optimization,
572�574, 573f

product and process understanding,
570�572

rational development approach, 557�558,
557f

Solid drug products
dissolution
and drug absorption, 356�357, 356f
test for quality control, 357
test theory for, 356�358

mechanism of dissolution, 357�358
Solid fraction (SF), 276, 284, 872, 873f
Solid oral dosage (SOD) forms, 637. See also

Capsules dosage form
analytical development and validation,

593�594
analytical method validation,

597�606
case studies, 607�610
category of analytical method and method

development, 595�597
method transfers, 606�607
packaging selection for
FDA guidance, 638
general considerations, 638
linking packaging property with drug

property, 646�649
material considerations, 638�646
postapproval packaging changes,

649�650
Solid oral drug products

analytical procedures, 691�692
GMP, 677
PAT, 678
process control for, 687�691
specifications
for clinical trial materials, 682�683
for commercial drug products, 684�687
for drug substance, 678�682
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Solid phase extraction (SPE), 385�386
Solid-state nuclear magnetic resonance

(SSNMR) spectroscopy, 73, 76�79,
107, 499, 501, 802�803

of adamantine, 79f
Solidification
point, 954�955
time, 944

Solid�liquid interactions (S-L interactions),
225

effect of additives in crystallization,
235�236

interfacial thermodynamics in dissolution,
234�235

surfactant enhanced wetting, 235
Solubility, 4�5, 35, 88�90, 322, 402, 460�461,

755�756
aqueous solution theory, 9
considerations, ASD, 505�507, 507t
effect of crystallinity, 6�7
crystallinity in solubility of solids, 8f
dispersion interactions, 5
in dosage form development, 3�4
enhancement, 529�530, 793
factors impacting, 460
GSE, 10
hydrogen bonding, 5
ideal solutions, 6
information, formulation design with, 462
ionic interactions, 4
lipophilicity, 461
nonideal solutions, 7�8
parameter, 8�9
pH and pKa, 460�461, 460f
in polymeric matrix, 48�49
prediction, 461
regular solution theory, 8�9
screen and measurement methods,

461�462
screen in vehicles, 462
solid-state properties, 460
solubility/intrinsic dissolution rate data,

28�29
theoretical estimation of, 6�10
van der Waals interactions, 4�5

Solubility of pharmaceutical solids
dissolution, 4�5
dosage form development, solubility in, 3�4
experimental determination of solubility,

18�21
determination of equilibrium, 20
determination of solute content, 21
experimental conditions, 21
phase separation, 20�21
presence of excess undissolved solute,

20
shakers and containers, 20
stability of solute and solvent, 19�20

solubilization of drug candidates, 10�18
theoretical estimation of solubility, 6�10
thermodynamics of solutions, 5�6

Solubilization, 505�506
by changing solution pH, 467�469
through cosolvents, 471�472
solubilizing capacity of surfactant, 15

Soluplus, 837�838
Solute content determination, 21
Solution

delivery pump, 973
kinetics, 114
transitions, 141
viscosity, 197�198, 989

Solution-mediated phase transformation
(SMPT), 35, 468

Solution-mediated transitions, 141�142
Solvates, 24, 30�32, 99�101
Solvation process, 262
Solvent(s), 4, 960�961, 960t, 961t

evaporation, 43
induced by, 41�42
solvent-based methods, 103�104

Sorption, 48, 261
“Spaghetti” model, 525
Spatial filter velocimetry (SFV), 790
SPC tools. See Statistical process control

(SPC) tools
SPE. See Solid phase extraction (SPE)
Specific acid-base catalysis, 120
Specific mechanical energy (SME), 833,

854�855
Specific rate constant, 114
Specific thermal energy (STE), 854�855
Specification(s)

for clinical trial materials, 682�683
for commercial drug products, 684�687

in-house release and regulatory
specification, 686t

product in-house release specifications
and regulatory specifications, 686�687

product stability and expiration date,
687

thresholds for degradation products,
684t

setting process, 678
for drug substance, 678�682

Specificity, 603, 671
Spectrophotometry, 21
Spectroscopy, 72�73

method, 678�679
techniques, 107

SPH method. See Smoothed particle
hydrodynamics (SPH) method

Sphere, diffusion in, 257�258
Sphingomonas elodea, 731
Spiking to modifying MAs, 172�173
Spin lattice relaxation time, 77
Spin state, 133
Spinodal curve, 837
Spironolactone, 142
SPL. See Structured product labeling (SPL)
Spray dried dispersions (SDDs), 793, 795f,

796t, 802t. See also Amorphous solid
dispersions (ASDs)

bioavailability enhancement, 812f
characterization, 809�815, 810t

physical characteristics, 809
physical/chemical stability during
storage as suspension, 814�815

speciation testing, 809�811
in vitro dissolution testing, 811�814

formulation composition, 795�803
additional excipients, 800�801
API properties, 797�798, 797f
drug loading, 801
polymer choice, 798�800, 798t
spray solvent, 802�803

key considerations, 795
process considerations, 803�809

atomization and drying of spray
solutions, 805�807

process and impact on bulk material
properties, 808�809

scale-up considerations, 809
secondary drying, 807�808, 807f
effect of spray-drying conditions, 808f
effect of spray-drying scale and solids

content, 809f
spray-solution preparation, 804
warm and hot spray drying processes,

804�805, 805f
Spray drying, 43, 144, 508�509, 1040�1041
Spray dynamics

coating analysis, 980�981
coating zone/pattern, 980
droplet size distribution, 979�980, 979f
spray rate, 979

Spray gun(s), 972, 973t
angle, 982
design, 981�982
number of, 982
spray gun-to-tablet-bed distance, 984

Spray nozzle, 998�999, 999f
Spray pattern, 785
Spray rate, 785, 979, 983�984, 1011

scale-up, 787�788, 788t
Spray solvent, 802�803
Spray systems, 972�974

comparison of different spray guns, 972
delivery control, 973�974
hydraulic spray guns, 973
pneumatic spray guns, 972�973, 973t
solution delivery pump, 973
system controls, 974

Spray-application system, 972
atomization air volume/droplet size,

982
number of spray guns, 982
spray gun angle, 982
spray gun design, 981�982
uniform gun-to-gun solution delivery,

982
Spray-congealing process, 144
Spray-dried lactose, 883
Spray-drying

ASD
applicability, 793�795
dosage form considerations, 815�817,

816t
formulation composition, 795�803
key considerations, 795
process considerations, 803�809
SDD, 795f, 796t

griseofulvin, 802
parameters, 512
process, 508f, 803f
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Spray-rate-to-pan-speed ratio, 985
Spray-solution preparation and

considerations, 804
“Spring-and-parachute” effect, 799
SRD. See Single rising dose (SRD)
SS. See Salbutamol sulfate (SS)
SSE. See Single-screw extrusion (SSE)
SSNMR spectroscopy. See Solid-state nuclear

magnetic resonance (SSNMR)
spectroscopy

Stability, 462�463, 987�989, 1090, 1121
comparing stability designs, 621�624

implementation in R language, 624
power to detecting slope differences, 623
preliminary statistical concepts review,

621�623
probability of shelf-life claim, 623�624

considerations, ASD, 504�505, 504f
generation, 619�621

matrixing on both time points and other
variables, 621

matrixing on time points, 619�621
in GI tract, 394�395
implication to formulation design, 463
stability study, 613, 637

variables, 615�617
stability-indicating method, 598
testing of drug product, 509

Stability constant. See Equilibrium: constant
Stable form screening, 52
Stainless steel, 667�670
Standard deviations (SDs), 360
of response and slope approach, 604�605

Standard stability, 672
Starch, 159t
Starve-fed extruder, 833, 841�842
Statistical analysis for BE studies
average BE, 388
population BE and individual BE, 388�389

Statistical DoE studies, 173�174
Statistical methodology for process control,

690�691
Statistical model for instability, 617
Statistical process control (SPC) tools, 1021
Statistical tool application, 993�995
case study, 994

Statistical tools, 688
Stavudine, 440
STE. See Specific thermal energy (STE)
Steady state, 257
flux method, 260

Stearic acid, 159t
Steel types, 934
maximum compression, 934t

STELLA software tools, 402, 408
Steric stabilization of particles, 228�229

interactions between polymers and
particles, 228f

STM. See Scanning tunneling microscope
(STM)

Stokes deformation number (Stdef), 756�757
Stokes�Raman scattering, 76
Stomach, drug absorption from, 350
Strain rate sensitivity, 941
Stress studies, 598�599

Stress�strain
behavior of slab element, 897�898
curve, 282f

Strong Cobb Units (SCU), 987
Structured product labeling (SPL), 1057
Structure�property relationships, 197�206

copolymerization, 205�206
molecular weight effects, 197�201
side-chain substitution effects, 201�205

Subject-by-formulation variance, 389
Substituent type, 202�203
Succinic acid, 98
Succinylsulfathiazole, 35�36
Sugar(s), 28

coating, 953
Sulfasalazine, 534�535
Sulfathiazole, 564
Sulfation, 311
Sulfobutylether-cyclodextrin, 531�532
Sulfonamides, 130
Sulfonylureas, 130
Sulfotransferases (SULTs), 311�312, 405�406
Sulfur dioxide, 81
SULTs. See Sulfotransferases (SULTs)
Summary parameters in level C correlation,

423
SUPACs. See Scale-up and postapproval

changes (SUPACs)
Super disintegrants, 745
SUPERCELL coater, 780, 780f
Supercooled liquid, 33
Supersaturation, 20, 103
Superspreading, 235
Supplements, 1054�1055
Surface area, 755
Surface energy

acid�base interactions, 230�231
components, 230�231
fundamentals, 229�230
of self-assembly of soft structures,

231�232
Surface roughness effects, 234
Surface tension, 229f, 757

fundamentals, 229�230
of self-assembly of soft structures,

231�232
Surfactant(s), 746, 749�750
enhanced wetting, 235
selection considerations, 838�839
solubilization by, 15�16

Suspension
formulations, 464�465
method, 43

Swab
selection, 667
swabbing technique, 672
test acceptance criteria, 666�667

Synthetic copolymers, 185�186
Synthetic polymers, 207. See also Cellulose
acrylic acid polymers, 216�218
ion-exchange resins, 220
PEG, 219�220
PEO, 219�220
polyvinylpyrrolidone, 218
PVA, 219

System components, 967�974
pan units, 968�969
process air equipment, 970�972
spray systems, 972�974

System controls, 974
System drift, 601
System suitability, 599�601

check standard, 600�601
injection repeatability, 600
resolution, 601
system drift, 601
tailing factor, 601
theoretical plate number, 601

Systematic tool application, 993�995

T
Tablet compression

application of quality by design and tools,
938�940

care of punches and dies, 936
operation principles of compression,

917
press wear, 937
purchasing tablet compression tooling,

937�938
scale-up of compression, 940�950
tablet designs, 929�936
tooling
consideration, 938
inspection, 936�937
reworking, 937
tool design, 917�928

Tablet Specification Manual (TSM), 918�920,
932f

punches, 920�923
Tablet(s), 1001, 1001f. See also Capsule

bisects, 933�934, 934f
capping, material properties and

processing conditions on, 578�581
designs, 929�936
examples of tooling standards, 930t
face configurations, 931
identification, 931�933
engraving cut angles, 935f
poor font choice vs good font choice,

932f
raised embossing in panels, 932f

inserted dies, 935
mechanical strength of, 199
multitip tooling, 935, 935f
presses, 1040
technology, 923�924

punch-tip pressure guide, 935�936
radius cup designs, 930f
shapes, 929�931, 930f
size and shape, 983
steel types, 934
undesirable shapes, 931, 932f

Tabletability, 290
Tableting, 245�246, 1107t
factors, 943
larger hardness for larger roll diameter,

943t
traces of UC, 943f
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Tableting (Continued)
failure, 942�943

crack on upper side of tablets, 942f
geometry, 945�947

compaction time events, 947f, 947t
indices, 285
scale-up, 948�950

comparison of Ts1Td, 950t
manesty betapress, 950t
Riva Compacta, 950t
Ts and Td for Riva Piccola, 950t

time definitions, 944�945, 948t
Tablets per minute (TPM), 917
Tailing factor (T factor), 599�601
Tangential spray, 777, 778f, 779
Tapered dies, 928
Tapered peninsula. See Ramped engraving

style
Tapered-tip nozzle design, 847�848, 848f
Tapped density, 276�277
Tapping, 274
Target product profile (TPP), 753, 795, 1099
Tazofelone, 28
TC-7 cell, 341
TE. See Therapeutic equivalents (TE)
Team-based integrated quality assessment,

1052�1053, 1081
high-level illustration, 1052f
team structure, 1053t

Technology transfer, 574, 1017�1020
of drug product, 574�578
planning, 575�576, 576t

TEER. See Transepithelial electrical resistance
(TEER)

Telaprevir, 512�514, 512f, 513t
TEM. See Transmission electron microscopes

(TEM)
Temperature gradient, 43
Temperature-modulated DSC (TMDSC), 68
Temperatures, 978�979
Tensile strength determination, 284
Terahertz pulsed spectroscopy (TPS), 105
Terahertz time-domain spectroscopy (THz-

TDS), 105
Terbinafine, 168
Termolecular of elementary reaction, 114
tg-HPMC. See Thermal gelation-HPMC (tg-

HPMC)
TGA. See Thermogravimetric analysis (TGA)
Theoretical plate number, 601
Therapeutic equivalents (TE), 383
codes, 374

Thermal analysis, 67�72
DSC, 67�72
microcalorimetry, 72
TGA analysis, 72

Thermal gelation-HPMC (tg-HPMC), 731
Thermal methods, 168�169
Thermal stresses, 166
Thermal techniques, 106�107
Thermodynamic(s), 229, 241�242
analyses, 46�49
of dispersion forces, 226�228

Hamaker’s approach, 226�227, 227f
Lifshitz’s approach, 227�228

of particles in electrolyte solutions
DLVO theory, 228
steric stabilization of particles, 228�229

and phase diagrams, 25�34
amorphous solids, 33�34
cocrystals, 32�33
polymorphs, 25�30
solvates/hydrates, 30�32

solubility, 4
of solutions, 5�6

enthalpy of mixing, 5
entropy of mixing, 5�6
free energy of mixing, 6
volume of mixing, 5

of wetting, 232
experimental techniques, 232�234
solid�liquid interfaces, 234�236

Thermogravimetric analysis (TGA), 39, 72,
106�107, 137�138

Thermolytic degradation, 128�129
Thin layer chromatography (TLC), 595
Thioethers, 132, 138
Thiol(s), 132, 138
Thixotropy, 192�193
Three-point bending flexural test, 886�887,

887f
Threshold of toxicological concern (TTC),

666
THz-TDS. See Terahertz time-domain

spectroscopy (THz-TDS)
Tight containers, 646�647
TIM. See TNO intestinal model (TIM)
Time of flight (TOF), 578, 579f
Titanium dioxide (TiO2), 728�729
Titrimetric methods, 597�598
TLC. See Thin layer chromatography (TLC)
TMDs. See Transmembrane domains

(TMDs)
TMDSC. See Temperature-modulated DSC

(TMDSC)
TNO intestinal model (TIM), 364
TOC. See Total organic carbon (TOC)
Tocopheryl polyethylene glycol 1000

succinate (TPGS), 800�801
TOF. See Time of flight (TOF)
Tool design, 917�928

configuration for small and micro tablets,
927�928, 928f

cup depth, O. L, and W. L, 924
EU, TSM, B, and D type punches, 920�923
recent innovations, 923�924
terminology, 918, 920t, 922f
tooling options, 924�927

consideration, 938
domed heads, 924�925, 925f
double-deep relief, 926�927
inspection, 936�937
key types and positions, 927
mirror-finished heads, 926
punch head flats, 925�926
punch-barrel chamfers, 927
reworking, 937
rotating heads, 926
short lower punch tip straight, 927
standards, 918�920, 919t

tools for process monitoring, 1021�1023,
1023f

control chart, 1021�1022, 1021f
process capability and process

performance indices, 1022�1023, 1022t
Top spray, 778
Top-down approach, 400
Topochemical reactions, 37, 128
Torque density, 855�856
TOST. See Two one-sided tests (TOST)
Total organic carbon (TOC), 670�671
Total productive maintenance (TPM), 656
Total quality management (TQM), 656�657
Total time, 944
TPGS. See Tocopheryl polyethylene glycol

1000 succinate (TPGS)
TPM. See Tablets per minute (TPM); Total

productive maintenance (TPM)
TPP. See Target product profile (TPP)
TPS. See Terahertz pulsed spectroscopy (TPS)
TQM. See Total quality management (TQM)
Traceability resource unit (TRU), 1042
Transcellular pathway, 297
Transepithelial cationic amino acid transport,

304
Transepithelial electrical resistance (TEER),

340
Transit time, 323�324
Transition state theory, 119
Transmembrane domains (TMDs), 302
Transmissible spongiform encephalopathy

(TSE), 1117
Transmission electron microscopes

(TEM), 62
Transport screws, 851f
Treatment INDs, 1055
Triboelectrification, 246
Tricor (fenofibrate), 587�588
Triplet�singlet emission (T1-S0 emission),

133
Troubleshooting, 912, 986, 990�992

application of systematic and statistical
tools, 993�995

equipment maintenance issues, 989
process adjustment, 989�990
up-front approaches, 986�987

TRU. See Traceability resource unit (TRU)
True density, 276
TSE. See Transmissible spongiform

encephalopathy (TSE); Twin-screw
extrusion (TSE)

TSM. See Tablet Specification Manual (TSM)
TTC. See Threshold of toxicological concern

(TTC)
Tumble blenders, 699
Twin-screw extruder, 822�835, 831f,

862�864
continuous granulation using, 842�853
extruder design and components,

822�832
barrels, 824�825, 824f
screw elements, 825�830, 825f

Twin-screw extrusion (TSE), 821, 840f
case studies, 860�864
API surface, 860�862
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continuous granulation for
manufacturing extended-release
tablets, 862�864

extended-release opioid tablets, 864
improving bioavailability of BCS class II

drugs, 860
commercial drug products manufacturing

using, 823t
continuous granulation using twin-screw

extruder, 842�853
HME, 835�842
process scale-up, 853�859
twin-screw extruder and extrusion

process, 822�835, 831f
types of extruders, 822f

Twin-screw granulator, 1038
Two one-sided tests (TOST), 388
Two-component system, 6, 163�165
Two-phase model, 15
Two-stage approach, 424�425, 424f
Tylenol 8-hour, 536
Type A gelatin, 726
Type B gelatin, 726

U
UCL. See Upper SPC limit (UCL)
UDP-glucuronic acid (UDP-GA), 311
UFAs. See User fee acts (UFAs)
UGT. See Uridine 50-diphosphate-

glucoronosyltranferase (UGT)
Ultra-performance liquid chromatography

(UPLC), 462, 599
Ultrasonic, 972
nozzles, 805
spray guns, 973

Ultraviolet (UV), 65, 161, 670�671, 678�679,
1086

spectroscopy, 3, 598
visible light, 113

Undissolved solute, 20
Uniaxial compaction, 882�885
Uniform gun-to-gun solution delivery, 982
Uniformity of dosage unit. See Dosage

uniformity
Unimolecular of elementary reaction, 114
United States Package Insert (USPI), 1074
United States Pharmacopeia (USP), 152, 355,

394, 415, 482�483, 506, 595, 688�689,
728, 1081�1082

dissolution apparatus for oral dosage
forms, 358�359, 358f

United States Pharmacopeia and National
Formulary (USP�NF), 334�335

excipients, 1117
United States Pharmacopoeia. See United

States Pharmacopeia (USP)
Universal gas constant, 118
Up-bed region, 778�779
Up-front approaches to avoid

troubleshooting issues, 986�987
UPLC. See Ultra-performance liquid

chromatography (UPLC)
Upper regulatory limits (URL), 686
Upper SPC limit (UCL), 1021

Uridine 50-diphosphate-
glucoronosyltranferase (UGT), 311,
405

URL. See Upper regulatory limits (URL)
US Department of Agriculture (USDA), 1049
US Food and Drug Administration (FDA),

1031, 1049
Center for Drug Evaluation and Research,

1050f
current organization, 1050
drug product approval and, 1049�1055
EMA and comparison to, 1073�1074, 1074t

US Pharmacopeial. See United States
Pharmacopeia (USP)

USDA. See US Department of Agriculture
(USDA)

User fee acts (UFAs), 1050
U-shaped pH-rate profiles, 121
USP. See United States Pharmacopeia (USP)
USPI. See United States Package Insert

(USPI)
USP�NF. See United States Pharmacopeia

and National Formulary (USP�NF)
Ussing chamber technique, 343
UV. See Ultraviolet (UV)
UV-Vis spectroscopy (UV spectroscopy), 461

V
van der Waals

equation of state, 226
forces, 226, 226f
interactions, 4�5, 46

Van Oss-Chaudury-Good (vOCG) method,
230

van’t Hoff
equation, 28, 31�32
expression, 7
isochore. See van’t Hoff equation

Vapor, 225
deposition, 42
diffusion method, 43
induced by, 40�41
pressure, 42
pressure osmometry, 189
sorption, 79

Variable transformations, 616
VE. See Viscoelastic index (VE)
Vehicles, 960�961
Vemurafenib, 510�512, 510f, 513t

Vemurafanib-HPMCAS, 563�564
Vented barrel, 825
Verapamil, 519�520, 536

ER dosage forms formulation design of,
581�584, 582f

HCL, 529
Verapamil hydrochloride, 440
Verelan, 581

PM capsules, 519�520, 581
Vibrational spectroscopy, 72�79

IR spectroscopy, 73�75
IR vs Raman spectroscopy, 76t
Raman spectroscopy, 75�76
regions of electromagnetic spectrum, 73f
SSNMR spectroscopy, 76�79

Villi, projections, 323, 332
Vinca, 324
Vincristine, 314
Vinyl acetate, 206
Vinyl alcohol polymers, 962
Vinyl pyrrolidone polymers, 962
Vinylpyrrolidone, 206
Vinylpyrrolidone and vinyl acetate (VP�VA

copolymer), 206
Viscoelastic

materials, 941
properties, 282�283

Viscoelastic index (VE), 286
Viscosity, 756�757, 834
Viscous Stokes number, 756
Visible light, 73
Visual evaluation, 604
Vitamin E TPGS, 763�764
vOCG method. See Van Oss-Chaudury-Good

(vOCG) method
Vogel�Tammann�Fulcher (VTF) equation,

45, 71
“Voice of process”. See Control chart
Volume/volumetric, 977, 1003�1004

feeders, 830
of mixing, 5
scale-up, 854, 856f
titration, 81

VP�VA copolymer. See Vinylpyrrolidone
and vinyl acetate (VP�VA copolymer)

V-shaped pH-rate profiles, 121
VTF equation. See Vogel�Tammann�Fulcher

(VTF) equation

W
Wagner�Nelson equation, 420�422
Waiver of in vivo bioavailability study, 440
Walden’s rule, 7
Wall friction test, 707, 711�712
Wall yield locus, 711�712
Warm spray drying processes, 804�805
Water, 155�157

activity, 79
adsorption, 166�167
content, 166�167, 682
molecules, 36
water-insoluble membrane, 728
water-soluble
binders, 744�745
core, 1001, 1001f

water�solid interactions, 36�37
Water vapor transmission rate (WVTR),

639
Wax addition, 976
Weight variation, 987
Well-closed containers, 646�647
Western Electric Rules, 1022
Wet granulation (WG) processes, 142�144,

155, 749, 777, 860�861, 1037�1039,
1038f, 1107t

design of pharmaceutical, 757�760
granulating liquid, 758
impeller and chopper speeds, 757�758
process duration, 758�760
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Wet granulation (WG) processes (Continued)
material properties in, 753�757

granulating liquid properties, 756�757
powder properties, 754�756

quality attributes of wet granulated
products, 760�764

chemical stability, 761�763
compaction and flow properties, 764
dissolution and bioavailability, 763�764
solid state form, 760�761

rate processes in, 751�753
attrition and breakage, 753
coalescence and growth, 752�753
consolidation, 752
liquid distribution and nucleation,

751�752
scale-up of high-shear, 764�769, 765f

Wet massing, 750, 758�759
Wet method, 275
Wetting, thermodynamics of, 232�236
WG processes. See Wet granulation (WG)

processes
WHO. SeeWorld Health Organization (WHO)
WinBUGS, 629�632
burn-in period, sample size, and

convergence verification, 632
data, 631

initial values, 631�632
model, 630�631

Within-run precision, 386
WL. See Working length (WL)
Woodruff key, 927
Work hardening, 873
Working length (WL), 924, 924f
World Health Organization (WHO), 440
Worst-case scenario, 172
Wurster coating, 997�999. See also Pan

coating
case studies for layering and fine particle

coating, 1005�1009
coating and process characteristics, 1000
Glatt model GPCG-60 fluid-bed processor,

998f
HS Wurster

considerations, 999�1000
process, 998f

process variables, 1002�1005
processing examples, 1000�1001
scale-up of wurster processing, 1009�1014
spray nozzle, 998f
spray pattern, 998f
Wurster process, 997

WVTR. See Water vapor transmission rate
(WVTR)

X
Xcelodose system, 735
Xenobiotic response elements (XREs),

320
X-ray diffraction (XRD), 64, 85�86, 834, 1086
X-ray powder diffraction (XRPD), 499

Y
Yield locus

and Mohr stress circle diagram, 281�282,
282f

test, 278�279
Young’s equation, 232�233, 233f
Young’s modulus of elasticity, 282

Z
Zeeman splitting, 77
Zeolite, 643�644
Zero-dimensional models (0-D models), 856
Zero-order

drug absorption, 348
reactions, 115

Zidovudine. See 30-Azido-30-deoxythymidine
Zolpidem, 536

tartrate. See Ambien CR
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