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PREFACE

Since its inception six years ago, federal R&D investment in the national
nanotechnology initiative focused on exploring the “inner space” has been
well over $6.5 billion, matched by about the same amount from private indus-
try. It is an impressive budget, but one that still pales in comparison to the
hundreds of billions of dollars spent on outer-space exploration, our most
visible science project. In terms of rewards, however, the few billions spent
have opened the portals of nanoscale phenomena to hundreds if not thousands
of researchers worldwide (as opposed to the few fortunate astronauts who trod
the lunar soil or enjoyed the breathtaking view of Earth from outer space.)
In terms of pure science and educational dividends, the investment is
already a resounding success. In Feynman’s words, there certainly
“is plenty of room at the bottom” to accommodate all those curious minds
and those yet to follow. Rewards in terms of products reaching the market-
place, however, have been slower to come. The relatively young nanotech-
nogy effort appears to be paying off in terms of the emerging nano-enabled
products already entering the marketplace. If the projections are correct, the
estimated market value of “nano-goods” resulting from the R&D effort in
the near future is indeed staggering. The National Science Foundation esti-
mates a market of US$240 billion per year for nanomaterials. If there were
unambiguous definitions of what constitutes “nano” or “nano-enabled,”
then one might even be able to count and trend these technologies. Therein
lies a fundamental and very practical question: what constitutes a nano-
material and specifically a nanofiber?

One can conveniently invoke the familiar and accepted technical criterion:
“nano” being 1029th of a meter, an object that is 100nm or smaller in at least
one of its dimensions is a nanomaterial. It is an arbitrary size range in any
event, and reliable techniques to even assess if a particle is slightly over or
under this limit do not exist. Real-world materials with particle sizes that
are several hundred nanometers, a micron, or even several microns are
loosely referred to as “nanomaterials.” Textile fibers that are as large as
500nm in diameter are by convention referred to as nanofibers in the industry.
The marketplace boasts of hundreds of nanomaterials and nano-products

xiii



ranging from the familiar inorganic reinforcing fillers, composites, and coat-
ings to the exotic quantum dots. A less-rigorous working definition of what
constitutes a nanomaterial can be particularly useful given the wide range
of products in the marketplace claiming to be nano-enabled. Also, there is
the issue of macro-scale objects carrying nanoscale features that provide
them with functionality (nanoporous polymer foams); certainly they are
nano-enabled materials, but are they distinct from nanomaterials?

Going by the restrictive scientific definition, one can envision classes of
nanomaterials based on their dimensionality, counting the non-nanoscale
dimensions associated with an object. A nanoparticle such as a quantum
dot where all dimensions fall within a defined nano regime (say ,100nm
for the sake of discussion) is clearly a zero-dimension (0-D) nanomaterial.
A material where two of the dimensions are not nanoscale (only a single
nano-dimension) will then be a two-dimensional (2-D) nanomaterial, and
would include ultrathin coatings or plate-like fillers. Nanofibers or nanowires
where a single dimension falls outside the nano regime will be classified as
one-dimensional (1-D) material according to this scheme. Electrospun
nanofibers are 1-D nanomaterials based on this taxonomy. However, in the
electrospinning literature, nanofibers (along with nanorods, nanowires, and
nanobelts) are sometimes referred to as 2-D structures. This is based on the
alternative convention of counting only the nanoscale dimensions of a
material. The length scale of 1-D nano-object can take any value outside
the nano regime and therefore includes fibers, nanotubes, most nanoribbons,
and high-aspect-ratio particles.

Reducing the size of a particle will eventually force its characteristics to
change. The classical paradigms that apply in macro-world will cease to
describe its behavior and will need to be replaced by quantum mechanical
descriptions. The size scale where the gradual change from the classical to
quantum behavior occurs encompasses classical nanomaterials, with their
unexpected, unusual characteristics. Even at dimensions where classical
rules continue to apply, particle size reduction and the ensuing increased frac-
tion of atoms at the interface (based on dimensionality) will bring about dra-
matic changes in material properties. It is the exploitation of these two sets of
tunable materials characteristics that the nanotechnologists typically work
with. The so-called “molecular Lego set” of nano-engineering is nothing
more than an exceptionally economical, bottom-up approach to engineering
design that replaces the convention of turning out devices (and waste) from
large chunks of materials.

Nature was the first nanomaterials foundry, producing nanoparticles in
natural geological phenomena, mainly in volcanic eruptions and in forest
fires. As the human population density increased along with their increasingly
energy-intensive lifestyles, nanoparticles from the burning of fossil fuel, dust
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from industrial processes, and fines exhausted into the environment from
transportation also increased. Ultrafines and their negative impact were identi-
fied as far back as the mid-1970s with an appreciation of the particularly
damaging effects of the smallest of these ultrafine particles. The PM-10,
PM 2.5, and PM-1 program focus by the United States Environmental
Protection Agency (USEPA) in the 1980s and 1990s did not quite encompass
the nano regime, but that was mainly because of limitations in the available
monitoring equipment at the time.

THE PRESENT

Interest in producing smaller-diameter textile fibers came about long before
interest in engineered nanomaterials surfaced in recent years. The first micro-
denier fibers (denier ,1) in the United States were spun in 1989 by the
DuPont Company. Several ingenious textile techniques such as the spinning
of bicomponent polymer fibers through islands-in-the-sea dies followed by
extraction of the soluble component, melt-spinning of splittable bicompo-
nents, and melt-blowing have since been used to obtain fibers with average
diameters in the range of hundreds of nanometers (even sub-100nm fibers
have been claimed) and commercial fibers that are considerably finer than
silk. Electrospinning, however, introduces a new level of versatility and a
wider range of materials into the micro/nanofiber range. An old technology
rediscovered, refined, and expanded into nontextile applications in recent
years, electrospinning is unique among nanofiber fabrication techniques in
terms of process control, materials combinations, and the potential for
scale-up. This has led to it being recognized as a key platform technology
that will yield products for a broad range of uses including electronics,
drug delivery, chemical sensors, tissue scaffolding, filtration, and solid-state
lighting applications.

This renaissance is partly a result of the availability of key tools such as
scanning probe microscopy and high-resolution electron microscopy to
enable facile exploration of the size-scale involved. However, it is mainly
the rediscovery of the nanoscale nature of electrospun fiber and an
appreciation of the unique behavior typical of nanomaterials that has spear-
headed the resurgence of electrospinning. It is this same expectation that
encourages research on nanofibers in nontextile uses (as the process is
hardly cost competitive with conventional spinning in comfort-fiber appli-
cations) such as in sensors, scaffolds, and electronic devices. High-value
applications, mainly biomedical applications, account for the majority of
patents associated with the technology. A consideration in scaling up the
process comprises the environmental and safety attributes of electrospinning.
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With the solvent-electrospun mats (as opposed to the melt-electrospun fibers)
having more controllable and finer morphologies, the environmental issues
of scaled-up electrospinning in a textile setting can be as prohibitive as
with conventional dry spinning. In nontextile applications, however, the
volumes of material processed can be small by comparison and the same con-
cerns can be better addressed. In filter applications, for instance, commercial
electrospinning operations processing moderate volumes of nanofiber are
already in commercial operation; for example, multiple-needle spin heads
for pilot plant and scale-up operations are beginning to be advertised. The
sole high-volume application for nanofibers at the present time is in the
area of air filtration. With the present emphasis on homeland security,
effective filtration is indeed a critical application.

Ultimately, however, the value of the technology lies in the smallest fiber
diameters that can be fabricated and manipulated under practical conditions.
Research literature claims 1–2nm nanofibers electrospun from solution.1

These, however, are very small samples, which can be imaged microscopi-
cally, but these cannot as yet be consistently electrospun as large homo-
geneous mats of fiber to be used in practical applications. The high degree
of process and material control needed to fabricate these is not compatible
with high-speed manufacturing environments. Yet, mats comprising nano-
fibers that are a few hundred nanometers in diameter and of consistent
variability appear to be achievable even in large-scale electrospinning.
With improvements in rapid characterization technologies for mats, more
robust stable power supplies and tighter process control, innovative scale-
up possibilities for the technology should definitely increase.

THE FUTURE

Future advancements in nanofiber technology will be fueled primarily by
(1) improvements in electrospinning technology and process control to
allow consistent production of nanofiber mats with single-digit fiber
diameters, and (2) the potential to combine several physical, chemical, and
biological functionalities into a single fiber to make multipurpose fiber
mats and smart materials a reality. The functionalities considered need to
move well beyond the simple passive effects of biocidal effectiveness (for
instance by incorporating nanosilver), superhydrophobicity by surface

1Nanofibers that are only 1.6nm diameter, electrospun from nylon-4,6 in 99% formic acid (2%
nylon with 0.44% pyridine) have been reported (Huang, C. B., et al. 2006a). A 1.2-nm diameter
cylinder theoretically accommodates only 6–7 nylon molecules!
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texturing, or simple breathable biodegradable wound dressings. Future
nanofibers are likely to deliver far more advanced multiple functionalities,
and will likely be active devices that perhaps enable impressive disruptive
technologies. These will include fabric-based computing/communications
capabilities (integration of circuitry and transponders into nanofibers), dispo-
sable physiology/environment monitoring in apparel (disposable sensors,
alarms, and on-demand countermeasures integrated into fabric), rapid physio-
logical testing arrays (automated or on-demand bedside clinical testing),
fibrous photovoltaic technologies (solar sails for space exploration and bat-
teries in nanofiber geometry); they will also provide tunable highly efficient
photo- and electroluminescent solid-state illumination. The enabling base
technologies for all these are already on the horizon as far as material
choices go, but design, integration, and productization has yet to be carried
out. Refinements in electrospinning technology that will support these inno-
vations broadly fall into two categories: innovations in process/materials and
the recognition of new cross-disciplinary applications for electrospun
materials.

Recent electrospinning of phospholipids, genetic materials, and biomi-
metic proteins into electrospun fibers, as well as the potential of nanofibers
as controlled delivery vehicles for plasmid DNA or large protein drugs,
and, autologous stem-cell scaffolding studies also suggest exciting directions
for future advances. Recent fiber-level innovations include core–shell bicom-
ponent fibers that can be used in drug delivery, nanoparticle-reinforced nano-
scale fibers for composite applications, nanofibrous scaffolding for complex
tissue replacement, and the development of inorganic oxide nanofibers for
efficient sensors or catalysis. Also, the adoption of nanofibers as composites
containing quantum dots, the fabrication of semiconductor “quantum fibers,”
the use of conducting polymer nanofibers with quantum confinement proper-
ties (see FET studies2), and nanowire circuitry show great future promise. A
significant breakthrough that will overcome the limitations in temperature
sensitivity and aging issues in organic polymers is the recent advancement
in sol–gel spinning to yield inorganic nanofibers. Catalysis and some mech-
anical application often require the nanofibers to be exposed to high tempera-
tures and solvents, which affect the organic polymer nanofibers.

As an integral and key component of the nanomaterials revolution, organic
and inorganic nanofibers remain an increasingly versatile class of nano-
materials that promises to touch upon and improve different aspects of the

2The fabrication of an electrospun regio-regular poly(3-hexylthiophene-2,5-diyl) nanofiber-
based field effect transistor (FET) was reported (González and Pinto 2005).
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human condition, from the improvement human health to playing a key role in
the drive for energy production.

ANTHONY L. ANDRADY PHD

Research Triangle Institute

March 2008
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1

INTRODUCTION

Fueled by the promise of lucrative returns, nanotechnology has enjoyed
unprecedented global research and development support over the last few
years. Among the many facets of this unique technology, nanomaterials
appear to be the first, albeit relatively low-technology, product to have
reached commercialization. Nanomaterials enjoy the advantage of an existing
sophisticated microscale technology for producing bulk micropowders, fibers,
and thin film in enhancing their utility as high-performance smart materials
in a myriad of applications. Their unusual physicochemical characteristics
are primarily governed by their very high surface area to volume ratio (or
the ratio of surface atoms to the interior atoms in the cluster). Material charac-
teristics that determine catalysis, optical properties, certain mechanical
properties, and even biological phenomena generally have a length scale in
the 100nm range. Nanomaterials can have very different geometries —
they might be nanoparticles or clusters, nanolayers or nanofilms, nanowires,
and nanodots. Building on existing robust fine-powder technology, nanopar-
ticle materials have been among the first nanoscale products to be commercia-
lized and are already creating a significant impact in diverse industries. These
include their use in catalytic converters, oxides in sunscreens, nanoclay
reinforcing fillers, abrasion-resistant oxides (e.g., alumina or zirconia-based
oxides) coatings, ferrofluids, and conductive inks.

Furthermore, those materials that fall into the strict nano-regime (where
one of their dimensions is ,100 nm) may display unique and controllable

Science and Technology of Polymer Nanofibers. By Anthony L. Andrady
Copyright # 2008 John Wiley & Sons, Inc.

1



properties governed by quantum constraint effects (He, J. H., et al. 2007b).
For instance, nanoparticles of semiconductor CdSe behave as pseudo-atoms
with molecular orbitals delocalized over the entire cluster. The associated
quantized energy levels1 allow these (quantum dots) to display, on excitation,
well-defined size-dependent fluorescence emissions at visible wavelengths.
The bandgaps of the semiconductor nanoparticles vary with particle size.
As the particle sizes of the quantum dots vary from 2 nm to 6 nm, the
emission wavelength changes from blue to red when excited at l ¼ 290
nm. Other properties such as the ionization potential, melting temperature,
catalytic activity, glass transition temperature, magnetic susceptibility are
all size-dependent properties of nanomaterials.

Nanofibers, especially organic nanofibers, constitute a particularly interest-
ing and versatile class of one-dimensional (1-D) nanomaterial. The more
exotic of the conventional textile fiber technologies include “microdenier
fibers” (0.2–1.5 denier per filament), produced using multistep fabri-
cation techniques such as melt spinning using “islands at sea” type extrusion
dies. Further refinement of these textile industry techniques to obtain
nanoscale fibers (that are several orders of magnitude smaller in diameter)
is not practical, cost-effective, or scalable. Several techniques unrelated
to electrospinning were reported in early literature for the laboratory prep-
aration of nanofibers. Self-assembly of polymers under certain conditions
and drawing of polymer melts can produce small samples of polymer
nanofibers.

Electrostatic spinning or electrospinning, however, remains the most
convenient and scalable technique for nanofiber production. The process
has been successfully scaled up and is already used in the production of
industrial products such as air filter media. Fibers with a diameter in the
range d ¼ 50–900 nm can readily be electrospun into mats; at d � 50 nm
about 10,000 polymer chains, each up to a length of 100 mm, pass through
the cross-section of the nanofiber (Reneker and Chun 1996). Electrospun
nanofibers are orders of magnitude smaller in diameter compared to synthetic
textile fibers and common natural fibers (Table 1.1). Electrospun nanofibers
with diameters as small as 3–5 nm have been reported (Zhou et al. 2003);
however, these cannot be generated consistently in quantity, even at the
laboratory scale. The smallest of the nanofibers, with diameters of only
several nanometers, can be selected for imaging from an ensemble of nano-
fibers electrospun usually from dilute solutions of a high-molecular-weight
polymer under carefully controlled conditions.

1Small nanoparticles with quantized energy levels are sometimes referred to as “artificial
atoms.” Although there is no central nucleus holding the electrons, a parabolic potential
well holds the electrons, which can move in a two-dimensional plane in the well.
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1.1 HISTORICAL BACKGROUND

The first documented accounts of electrostatic spinning of a polymer solution
into nanofibers were described in 1902 by J. F. Cooley and by W. J. Morton
(see Table 1.2). Figure 1.1 shows Cooley’s diagram of the electrospinning
equipment as it appears in his 1902 U.S. patent # 692,631 (note that the

TABLE 1.1 Comparison of natural and textile fibers

Fiber
Diameter
(mm)

Coefficient of
Variation (%)

Spider silk 3.57 14.8
Bombyx mori silk 12.9 24.8
Merino wool 25.5 25.6
Human hair 89.3 17.0
Cotton 10–27 2.5
Polyester 12–25 4–5
Nylon 16–24 3–6

TABLE 1.2 Chronological development of electrospinning patents

Year Persons Description

1902 Cooley, J. F. U.S. pat. # 692,631
1902 Morton, W. J. U.S. pat. # 705,691
1903 Cooley, J. F. U.S. pat. # 745,276
1934–1944 Formhals, A. U.S. pat. #s 1,975,504; 2,077,373;

2,109,333; 2,116,942; 2,123,992;
2,158,415; 2,158,416; 2,160,962;
2,187,306; 2,323,025; 2,349,950

1929 Hagiwara, K. U.S. pat. # 1,699,615
1936 Norton, C. L. U.S. pat. # 2,048,651
1939 Gladding, E. K. U.S. pat. # 2,168,027
1943 Manning, F. W. U.S. pat. # 2,336,745
1966 Simons, H. L. U.S. pat. # 3,280,229
1976 Simm, W., et al. U.S. pat. # 3,944,258
1977/1978 Martin, G. E., et al. U.S. pat. # 4,043,331; 4,044,404; 4,127,706
1978 Simm, W., et al. U.S. pat. # 4,069,026
1980 Fine, J., et al. U.S. pat. # 4,223,101
1980/1981 Guignard, C. U.S. pat. # 4,230,650; 4,287,139
1982 Bornat, A. U.S. pat. # 4,323,525
1985 How, T. V. U.S. pat. # 4,552,707
1987 Bornat, A. U.S. pat. # 4,689,186
1989 Martin, G. E., et al. U.S. pat. # 4,878,908
1991 Berry, J. P. U.S. pat. # 5,024,789
2000 Scardino, F. L. and

Balonis, R. J.
U.S. pat. # 6,106,913

2004 Chu, B., et al. U.S. pat. # 6,713,011
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static electricity generator connected to the electrodes is not shown).2 These
patents teach the deposition of a viscous polymer solution on a positively
charged electrode (a roughened brass sphere) held close to an electrode of
opposite charge to obtain electrostatic spinning. The spun fibers were col-
lected as “a cob-web like mass” on the negatively charged electrode. The
process was described as being the result of “electrical disruption of the
fluid.” A closely related patent issued a year later in 1903 to Cooley also
addressed electrospinning. The claims in the latter patent included the intro-
duction of the viscous polymer solution near the terminus of a charged elec-
trode, but not necessarily in contact with it, to yield electrospun fibers. These
early patents emphasize the need for the polymer solution to be of adequate
viscosity and used, as a specific example, the electrospinning of nitrocellu-
lose. Interestingly, the fundamental features of the process, as described in
these century-old patents, have changed little with time.

Anton Formhals, a quarter century later in 1934, patented an improved
version of the electrospinning process and apparatus. His first patents on elec-
trospinning of cellulose acetate from acetone used a fiber collection system
that could be moved, allowing some degree of fiber orientation during spinning.
He recognized the importance of adequate drying of the fibers prior to the
nanofibers being collected on a grounded surface. By 1944, he had filed four
more patents on improved processes and claimed methods to electrospin
even multi-component webs that contained more than one type of nanofiber.

Figure 1.1 A solution of polymer (e.g., collodion or cellulose nitrate in ether or
acetone) delivered into the high-voltage direct current (DC) electric field via tube B
to form electrospun nanofibers collected on a drum F. (Source: Cooley 1902, Fig. 5
of U.S. patent 692, 631.)

2The first reported electrostatic spraying of a liquid was described by Jean-Antoine Nollet in
1750, long before the term electrospraying was even coined.
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In 1936, C. L. Norton (see Table 1.2) used a plate collector electrode
in conjunction with a static electricity generator in his design to provide a
“transverse intermittent electromotive force” to improve fiber quality and
collection.

Sir Geoffrey Taylor’s contribution in the 1960s towards the fundamental
understanding of the behavior of droplets placed in an electric field helped
further develop the technique (Taylor 1964, 1969). In 1966, H. L. Simons
(see Table 1.2) described the production of nonwoven nanofiber mats of
a variety of thermoplastics including polycarbonate and polyurethane
using metal grids to obtain a variety of patterned mats with uneven fiber
density. His patent identifies viscosity, dielectric constant, conductivity, and
volatility of the solvent as the key process parameters. His work explicitly
identified the role of viscosity of the polymer solution in obtaining finer
continuous fibers. Peter Baumgarten, working with an acrylic copolymer/
dimethylformamide (DMF) system, described the dependence of fiber diam-
eter on viscosity (and hence on concentration) of the solution as well as on
the magnitude of the electric field (Baumgarten 1971). His experiment
included a high-voltage power supply as well as a positive displacement pump.

Similar data for electrospinning polyolefins in the melt were reported by
Larrondo and St. John Manley (1981a, 1981b, 1981c), with obtained fiber
diameters being somewhat larger than those of solvent-spun nanofibers.
Increasing the melt temperature and therefore decreasing melt viscosity
resulted in smaller fiber diameters. Melt electrospinning can be an important
approach, especially with common thermoplastics such as polyethylene (PE),
polypropylene (PP), poly(ethylene terephthalate) (PET), and nylon (PA),
which do not dissolve in common solvents (Dalton et al. 2006; Larrondo
and St. John Manley 1981a, 1981b, 1981c; Lyons et al. 2004). Melt spinning,
however, has to be carried out at high temperatures (usually .2008C),
requires larger electric fields (compared to electrospinning solutions), and is
usually carried out in a vacuum.

Although this early work laid down the basic technique of electrostatic
spinning, the present understanding of the process is mainly due to more
recent work, especially that carried out within the last 10–15 years. Recent
contributions towards understanding fluid dynamics (Hohman et al. 2001a,
2001b) and electrostatics (Shin et al. 2001a, 2001b; Spivak and Dzenis
1999) associated with electrospinning were fundamental to the resurgence
of interest in the technique. Doshi and Reneker (1995), Jaeger et al. (1998)
and Reneker et al. (2000) in the 1990s quantified the reduction in electrospun
jet diameter as a function of distance away from the Taylor’s cone
for poly(ethylene oxide) (PEO) in water. In a systematic study, Doshi and
Reneker (1995) established a viscosity window for successful electrospinning
of PEO solutions (applicable of course to the particular average molecular
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weight of polymer used). Hayati et al. (1987) recognized the relationship
between the solution conductivity and the whipping instability (as well as
the likelihood of electrospray behavior). Early attempts at electrospinning poly-
mers were beset with experimental difficulties, the most important among
them being “bead” formation. Deitzel et al. (2001a), as well as Doshi and
Reneker (1995), studied bead formation in nanofibers, relating their frequency
of occurrence to the applied voltage and recognizing the influence of the
changes in shape of droplet with electric field in yielding beaded fibers.

Present-day laboratory electrospinning equipment is quite similar to that
used in the approaches described above. The basic hardware components
remain the same, especially in research electrospinning apparatus.
However, the availability of more stable power supply units and pulse-free
pumps to regulate the delivery of polymer solution to the charged electrodes
now allows for better nanofiber quality. Minor modifications to the basic
experimental setup have been described. Controlling the nonlinear whipping
instability during electrospinning by modifying the geometry of the applied
electric fields has been attempted. Warner et al. (1999) and others
(Shin et al. 2001a, 2001b), for instance, claimed to improve the uniformity
of the electric field by using a disc electrode of about the same diameter
as the collector at the capillary tip resulting in a parallel-plate electrode
design. Others have used a second ring electrode (Jaeger et al. 1998) or auxili-
ary plate electrodes to control and focus the electrospun fiber on the collector
plate. Using a ring electrode at the same potential as the main electrode
improved stability in the initial part of the jet (close to the droplet);
however, the whipping instability, which occurs closer to the fiber collection
region, was not substantially improved. Most of these innovations, however,
can be traced back to aspects of the very early disclosures on the technique;
auxiliary electrodes and rotating collectors, and solid tips were all featured in
the very earliest patents on electrospinning. For example, several early patents
such as U.S. patents # 4,043,331 (1977, Martin, G. E., et al.), # 4,127,706
(1978, Martin, G. E., et al.), # 4,878,908 (1989, Martin, G. E., et al.) and
# 3,994,258 (1976, Simm, W., et al.) described rotating or moving-belt
type collectors for the electrospun fiber mats.

The bulk of the reported early research on electrospinning focused
on a limited number of polymer/solvent combinations. Naturally, these
were the polymers that were easy to electrospin under laboratory conditions.
These likely included those polymers that dissolved in common solvents
that are “good solvents” for the polymer, where the chain-like polymer
molecules adopt open, extended macromolecular conformations (as
opposed to compact globular geometries) that allow adequate entanglement
of polymer chains. With potential for future scale-up in mind, solvents that
are both economical and also environmentally acceptable were preferred.
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These considerations encouraged water-soluble polymers such as PEO to be
popularly studied in early research on electrospinning. Only limited work
on electrospinning of polymers such as polyamides was reported in the
early literature because of the requirement for expensive and/or hazardous
solvents (e.g., formic acid for nylon-6,6).

1.2 BASIC EXPERIMENTAL APPROACH

The minimum equipment requirements for demonstration of simple electro-
spinning in the laboratory are as follows:

1. A viscous polymer solution or a melt.
2. An electrode (hollow tubular or solid) that is maintained in contact with

the polymer solution.
3. A high-voltage DC generator connected to the electrode.3

4. A grounded or oppositely charged surface to collect the nanofibers.

Figure 1.2 is a schematic representation of the equipment generally used in
laboratory electrospinning of polymer solutions.

A simple experimental setup may consist of a glass pipette drawn into a
capillary at one end, carrying a few milliliters of a viscous solution of a high
polymer (for example a 20% w/w solution of polystyrene (PS) dissolved in
methylene chloride). The viscosity of the solution is high enough to prevent
it dripping from the vertical pipette under gravity. The tube is mounted verti-
cally a few inches (6–10 inches) above a grounded metal (e.g., aluminum)
plate or drum. A metal wire electrode that dips into the solution in the tube
is connected to the positive terminal of a high-voltage DC power supply unit.4

The power is switched on and the voltage increased to 10–20 kV using
the controls on the power supply. At a certain threshold voltage (depending
on a number of factors to be discussed later), a droplet of the liquid is
drawn out of the tube into a cone-shaped terminus and sprays downwards

3Alternating current (AC) potentials can also be used in electrospinning. He and colleagues
developed a mathematical model for electrospinning using an AC potential (He and Gong
2003; He, J.-H., et al. 2005a). A comparison of PEO mats spun from DC and AC potentials
showed the latter to suppress whipping of the jet and result in better alignment of the nanofibers
(Kessick et al. 2004). The charge build-up on the collector is likely to be less of a problem with
AC voltage compared to DC voltage.
4All that is needed is a strong enough electric field, not necessarily an electrode in contact with
the polymer solution. Electrospinning an 8 wt% solution of poly(acrylonitrile) (PAN) in
dimethylformamide (DMF) using ionized field charging with a noncontacting ring electrode
was recently reported (Kalayci et al. 2005).
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as a jet towards the grounded plate as a barely visible nanoscale fiber. The
high charge density on the surface of the fine jet leads to electrical instability
of the electrospinning fiber, making it whip about rapidly. This splaying of
the nanofiber often gives the appearance of a multiplicity of nanofibers
being sprayed from the single droplet suspended from the capillary tip of
the glass tube. High-speed photography, however, has demonstrated that, in
general, a single nanofiber is spun out of the droplet, and its rapid movement
generates the appearance of a multiplicity of fibers (Reneker et al. 2000).
Consistent with this observation, one rarely observes fiber ends in high-
resolution microscopic images of the nanofiber mats collected on the
grounded surface. The mat is generally composed of a single long fiber
arranged randomly on the collector surface. The solvent, which often
accounts for more than 80% of the solution, evaporates rapidly from the
surface of the spinning jet. It is desirable to select a solvent, gap distance,
and temperature that would ensure that the electrospun fiber is completely
dry by the time it reaches the grounded plate. Any residual surface charge
on the nanofiber is rapidly dissipated on contact with the grounded metal
plate, and the nanofiber mat can be peeled off it. Samples of nanofiber for
microscopic examination are conveniently obtained by placing a sample
collection stub over the grounded surface.

Shenoy et al. (2005a) pointed out the similarities between conventional
pressure-driven dry spinning and electrospinning. Although both fiber-
forming processes use polymer solutions and rely on rapid removal of the
solvent to generate the fiber, the mechanisms responsible for the initial
formation of the cylindrical fiber geometry and the subsequent “drawing”
or thinning of the fiber are too different in the two processes to consider

Figure 1.2 A schematic of a simple electrospinning experiment. Reprinted with
permission from J.-S. Kim and Reneker (1999b). Copyright 1999. John Wiley & Sons.
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electrospinning a special case of dry spinning. The quality of nanofibers pro-
duced in any electrospinning experiment is affected by a variety of material
and process variables. From a practical standpoint, two such sets of variables
might be identified — equipment-related and material-related variables. Each
set includes a number of different and interrelated variables. These
include the solution (or melt) temperature, concentration of solution, feed
rate, electric field applied, volatility of solvent, gaseous environment about
the spinning fiber, solvent vapor pressure, dielectric properties of the system,
conductivity of the solution, surface tension of the solution, and the molecular
weight of the polymer. These will be discussed in some detail in Chapter 4.
Changing any of these can not only change fiber morphology and mat
structure of the nanofiber formed, but in some instances can even determine
if electrospinning occurs at all. Comprehensive predictive models that
encompass all pertinent variables have not been developed as yet. Only
qualitative general guidelines are available on the effect of these on fiber or
mat quality, making electrospinning as much an art as it is a science.

Figure 1.3 shows a scanning electron microscopy (SEM) image of electro-
spun nanofibers of poly(methyl methacrylate) (PMMA) on a human hair.

1.3 DESCRIPTION OF ELECTROSTATIC SPINNING

The main features of the electrospraying process are common to electrospin-
ning, and the former has been studied in some detail over several decades.

Figure 1.3 SEM image comparing the diameter of a human hair with that of PMMA
nanofibers electrospun from DMF solution. (Courtesy of RTI International.)
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The differences between the two processes center on chain entanglement and
the resulting elongational viscous forces that operate in polymer solutions
undergoing electrospinning. This results in the extraction of a fiber, as
opposed to the production of droplets, from the coulomb explosion of a super-
charged drop of solution at the end of the tip or a capillary.5 When either a
dilute solution of a polymer or solutions of a low-molecular-weight polymer
are electrospun, it is common to obtain a mix of electrosprayed particles
along with malformed uneven short nanofibers. Reneker and Fong (2006)
separated the electrospinning process into several key stages for convenience
of description: launching of the jet; elongation of the straight segment;
development of whipping instability; and solidification into a fiber. The
same is used here for ease of description but with the first stage subdivided
into a droplet generation stage and a Taylor’s cone formation stage.

1.3.1 Droplet Generation

Variants of electrospinning that do not rely on droplets being produced at the
capillary or the end of a needle are known. In most laboratory studies,
however, the charging of a droplet of polymer solution is the initial step in
electrospinning. Typically, a polymer solution is pumped at a low flow rate
into a capillary tip. In the absence of an applied electric field, the droplets
form at the end of the capillary6 and fall off under the influence of gravity.
Assuming the surface tension of the liquid, g, and the gravitational force,
FG, to be the only two forces acting on the meniscus of the droplet, the
radius of the droplet, r0, produced by the capillary of internal radius R is

r0 ¼ (3Rg=2rg)1=3, (1:1)

where r is the density of the liquid and g is the gravitational constant.
This “dripping” regime may continue even in the presence of low electric

fields. When a high enough voltage is applied and the liquid has finite
conductivity, the electric force FE, as well as the gravitational force, will
work against the capillary surface forces (i.e., Fg ¼ FE þ FG) and the
sustainable droplet size at the capillary tip will be reduced to r (r, r0).

In laboratory electrostatic spraying or spinning, where a capillary6 carrying
a positive voltage V is held at a distance L from a grounded metal surface,

5The term “capillary” or “tip” is preferred over the term “spinneret,” as the latter can be con-
fused with spinnerets encountered in the spinning of textile fibers in conventional fiber
manufacture.
6A hollow needle-like capillary is not essential for electrospinning — a droplet on a solid elec-
trode behaves similarly. Ultrafine droplets picked up by an atomic force microscopy (AFM) tip,
nanofabricated microfluidic channels (Kameoka and Craighead 2003), or by a dip-pen type tip
(Sun et al. 2006) have been electrospun successfully.
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FE for the system can be expressed as in equation (1.2) (Bugarski et al. 1994;
DeShon and Carson 1968; Lee 2003). The expression is based on that for an
electric field at the tip of a metal point and a grounded plate as proposed by
Loeb et al. (1941):

FE ¼ (4p1V2)=[ln(4L=R)2], (1:2)

where 1 is the permittivity of the medium (air in most experiments) and V is
the applied voltage. Bugarski et al. (1994) obtained the droplet radius r for
such a system as

r ¼ f(3=2rg)[Rg� (21V2)=(ln(4L=R))]g1=3 (1:3)

As V increases, r becomes progressively smaller until droplet instability sets
in at a value of the electric field V ¼ VC, and electrostatic spraying occurs.

Due to the electric field, charge separation will take place in a droplet that
is electrically conductive. Where the capillary is positively charged, for
instance, the positively charged species migrate to the surface of the droplet
and the negatively charged species accumulate in its interior until the electric
field within the liquid droplet is zero. Charge separation will generate a force
that is countered by the surface tension within the droplet. The velocity at
which these ionic species move through the liquid is determined by the
magnitude of the electric field and the ionic mobility of the species. For an
electric field of �105 V/m typical of electrospinning, the drift velocity has
been estimated to be �0.15 m/s (Reneker and Chun 1996). However, the
velocity achieved by the jet itself in electrospinning tends to be much
higher, reaching values of 10 m/s in typical runs. Ionic species therefore
must move at comparable velocities and in the direction of the jet.

The stability of an electrically charged droplet at the end of a capillary
requires the inward surface tension forces to exceed the outward repulsion
forces of like charges accumulating on the droplet surface:

FE � gr[(r2=b)� V], (1:4)

where g is the gravitational constant, V is the volume of the droplet, r is the
density of the liquid, and b is the shape factor for the droplet.

However, the maximum surface charge QR that the surface of a
droplet can accommodate in vacuum is limited by the Rayleigh condition
(Rayleigh 1882):

QR ¼ 8p(1gr3)1=2 (1:5)
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At |Q | . QR the droplet first deforms and then explodes into a number of
smaller droplets due to coulombic repulsion of positive surface charges
crowded on its surface. In practice, the limit can be reached by either gradu-
ally increasing the electric field or by allowing the liquid droplet under a
constant electric field to reduce its diameter via evaporation. Evaporation of
a charged droplet does not discernibly reduce its surface charge (Abbas and
Latham 1967). However, charge transfer to ambient moisture in the spinning
environment cannot be ruled out (Kalayci et al. 2005).

With low-molecular weight liquids, this build-up of electrical pressure
results in primary asymmetric fission of the droplet, giving rise to smaller
highly charged sibling droplets (note, spherical shape minimizes the
surface) that in turn subdivide again with continued evaporation (Fig. 1.4).
In the absence of long-chain polymer molecules that are long enough
to undergo entanglement,7 break-up of the jet into individual droplets is
inevitable. Under proper conditions the process may even continue until
single ions result (soft electrospray ionization used in mass spectrometry
and ion mobility spectrometry relies on this process to generate individual
analyte ions). Negatively charged droplets will continue to disintegrate to a
size where spontaneous electron emission occurs (10–100 nm depending
on the value of g). Except under very high electric fields, positive ion
emission is unlikely and positively charged droplets might be expected to
disintegrate down only to molecular dimensions. In addition to this fission
mechanism (Dole et al. 1968), direct ion evaporation from a supercharged

Figure 1.4 Schematic representation of the explosion of charged droplets.

7There are situations where other nonbonded interactions between molecules or aggregates of
molecules such as micelles are strong enough to obtain electrospinning into nanofibers
of solutions where no polymer is present. For example, lecithin electrospun from 35 wt%
solutions in CHCl3/DMF (70/30) was shown to yield nanofibers (McKee et al. 2006b).
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droplet (Iribarne and Thompson 1976) has also been proposed. Although
both mechanisms are feasible, their relative importance under various exper-
imental conditions is not clear.

1.3.2 Taylor’s Cone Formation

Deformation of relatively small charged droplets under an electric field, from a
sphere to an ellipsoid, is well known (Macky 1931). The effect diminishes as r
increases, because the electric field just outside the droplet varies inversely
with r2. For droplets of water, such deformation has been observed at fields
exceeding 5000 V/cm. The elongated droplet assumes a cone-like shape and
a narrow jet of liquid is ejected from its point (Taylor 1964, 1969; Melcher
1972). This “Taylors cone” is formed at the critical voltage VC applied to a
droplet at the end of a capillary of length h and radius R (Taylor 1969):

V2
C ¼ (2L=h)2(ln (2h=R) – 1:5)(0:117pRT): (1:6)

Observing the process in a range of different liquids, Taylor determined the
equilibrium between surface tension and electrostatic forces to be achieved
when the half angle of the cone was 49.38, a value verified later by others
(Larrondo and St. John Manley 1981a, 1981b). This value can, however,
be different for different polymer solutions and melts. For instance, with
molten PP, a half angle of 37.58 has been observed (Rangkupan and
Reneker 2003). It is the change in shape of the droplet into this conical
shape that defines the onset of extensional force initiating droplet/fibril for-
mation that eventually leads to electrostatic spraying and spinning. At the
minimum spraying voltage some liquids display a pulsation of the droplet,
with spray being associated with these pulses. With high-viscosity liquids
such as polymer solutions, a smooth transition to a Taylor’s cone geometry
is generally obtained. This cone-like shape is not necessarily maintained
throughout the electrospinning process — it can change depending on
the ratio of the feed rate to the mass transfer rate away from the droplet
(Wang, Z.-G., et al. 2006). Zeleny (1935), following the work of Rayleigh,
studied electrospraying from a glass capillary where the liquid was electrified
(using a set of 15 Leyden jars as the generator) via an electrode. He reported
multiple jets emanating from a single droplet under certain conditions. Recent
high-speed imaging observations of levitated ethylene glycol droplets in an
electric field showed deformation and disintegration into fine jets (often
called Rayleigh jets), as predicted by Rayleigh (Duft et al. 2003). The jets
disintegrated into fine droplets amounting to about 0.3% of the mass, and
carrying about one-third of the total charge of the mother droplet.

Equation (1.6) suggests high-surface-tension liquids to require high electric
fields VC for electrostatic processing that may possibly lead to corona
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discharge. However, neither the conductivity nor the viscosity of the liquid
that forms the droplet is taken into account in the above equation or other
similar expressions for VC (Hendricks et al. 1964). In practice, however,
both parameters heavily influence cone formation in electrostatic spraying
and spinning and can be readily varied using additives. Although this descrip-
tion is based on droplet geometry, electrospinning can also occur from an
essentially flat surface of liquid subjected to a strong enough electric field
(Yarin and Zussman 2004).

Kalayci et al. (2005) recently described the charging process in the electro-
spinning solution. The mobility of an ion in the viscous solution depends
upon the electrostatic force FE ¼ qE and the viscous drag force Fd ¼

6phr 0mE, which work against each other (r 0 is the hydrodynamic radius
of the ion, q is the ionic charge, h is the solution viscosity, m is the
ionic mobility, and E is the electric field strength). Their expression for
the sum of electrostatic forces can be reduced to the following (Kalayci
et al. 2005):

X
F(electrostatic) ¼ (n1qE)� (n16phr

0
þmþE)� [n1(1� y)qE]

þ [n1(1� y)6phr–m�E], (1:7)

where n1 is the number of ions in a solution of mass m, (12y) is the fraction
of negative ions in the droplet, and the subscripts þ and – refer to values for
the positive and negative ions. The geometric representation of the jet in the
Taylor’s cone area from Kalayci et al. (2005) is reproduced in Fig. 1.5. V1 and
V2 refer to the volume of the conical frustum and the volume of the space
in which the jet is contained, respectively. They assumed V1 ¼ 2/3 V in
their analysis.

1.3.3 Launching of the Jet

Due to copious entanglement of polymer chains in concentrated solution, the
(outward) force available to a droplet via coulombic repulsion will generally
be insufficient to explode it. However, the surface area has somehow to be
increased to accommodate the charge build-up on the jet surface, and this
occurs through the formation of fibers. A slender fibril emanates from the
cone to create additional surface area needed to accommodate surface
charges, and it initially travels directly towards the grounded collector. The
effect of charge repulsion is not unlike the mechanical stretching experienced
by a jet in conventional fiber spinning (Burger et al. 2006; Shenoy et al.
2005a). Studying the mobility of particles in electrospinning jets, Deitzel
et al. (2006) suggested this jet initiation to occur from the surface layers of
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the cone. This is partly due to surface shear forces generated by the potential
difference between the base and the tip of the Taylor’s cone. Quasi-stable
multiple jets emanating from the same droplet have been observed with
some systems (Figs. 1.6 and 1.7). The tendency is for one of these to
become stable while the others die off, without affecting the total current
flow in the system (Koombhongse et al. 2001). Electrospinning a segmented
polyurethane urea from DMF solutions (2.5–17%w/w) using an electric
field of 6 kV/cm, Demir et al. (2002) reported as many as six jets emanating
from a single droplet at low concentrations of polymer, the average number

Figure 1.5 Geometric model of the Taylor’s cone region. Reprinted with permission
from Kalayci et al. (2005). Copyright 2005. Elsevier.

Figure 1.6 (a) Optical image of the Taylor’s cone and tapering linear segment of a
jet emanating from a microfabricated silicon tip. Reprinted with permission from
Kameoka et al. (2003). Copyright 2005. American Institute of Physics. (b) Diagram
of different geometries of Taylor’s cone obtained in practice.
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of jets increasing linearly with the electric field (kV/cm). Figure 1.6 illustrates
the Taylor’s cone.

Once launched, the jet can be described by considering the conservation of
mass in the system:

Feed rate ¼ (pd2ru)=4, (1:8)

where d ¼ 2r is the diameter of the jet, r is the density, and u its velocity.
Similarly, the conservation of charge for the jet yields the following (He,
J.-H., et al. 2005a, 2005b):

pdQuþ (kpd2E)=4 ¼ I, (1:9)

where E is the applied electric field, I the current flowing through the jet, k the
dimensionless conductivity of the solution, and Q is the surface charge.

1.3.4 Elongation of Straight Segment

Jet initiation occurs almost instantaneously on application of a voltage exceed-
ing VC to the polymer solution. The coulombic repulsion of surface charges on
the jet has an axial component that elongates the jet in its passage towards the
collector. Laser doppler velocimetry experiments (Buer et al. 2001) reveal the
velocity of the jet as well as the variance in jet velocity to increase with the dis-
tance away from the Taylor’s cone. As a result, the jet diameter decreases
rapidly due to both extension and evaporation of the solvent. The initially
straight jet tapers down as it accelerates towards the collector, and the tapering
is pronounced in the region below the Taylor’s cone. As the jet thins, the

Figure 1.7 (a) Taylor’s cone and straight jet formed during electrospinning of a 10wt%
solution of PLA in methylene chloride at an applied field of 1.2 kV/cm. Reprinted with
permission from Larsen et al. (2004b). Copyright 2004. John Wiley & Sons. (b) Branching
of jet during electrospinning captured in a high-speed photograph. Reprinted with
permission from Yarin et al. (2005). Copyright 2005. American Institute of Physics.
(c) Multiple jets emanating from a single elongated droplet at 1.2 kV/cm, but without N2

flow coaxial to the jet. Reprinted with permission from Larsen et al. (2004b). Copyright
2004. John Wiley & Sons.
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surface area per unit mass of jet material increases while the surface charge per
unit area decreases. Loss of charge by adventitious discharges due to air-borne
charged species and ions, which neutralize the surface charge on the fibers,
become increasingly likely as the surface area increases. However, solvent
evaporation continually increases the surface charge per unit area, driving the
increase in surface area through extension.

It is the extensional modulus of the rapidly drying jet (due to chain entan-
glement) that prevents the onset of capillary instability and yields a stable jet.
Recent work on electrospinning of PEO solutions containing low-molecular-
weight poly(ethylene glycol) (PEG) emphasizes the role of elasticity of the jet
in obtaining electrospinning (Yu et al. 2006). For these systems the ratio of
the fluid relaxation time to the time for growth of instabilities (the Deborah
number) was shown to correlate with arrest of Raleigh instability and with
electrospinning. Bunyan et al. (2006) reported the length of the linear jet to
increase when the electric field was changed by increasing the diameter of
the collector disc electrode used at the spinneret.

Xu and Reneker (2006) measured the diameter of spinning jet at different
points below the Taylor’s cone using interference colors generated when a
beam of light impinges on the jet. The technique allows diameters in the
range of 500 nm to 15 mm to be conveniently measured in real time using
a single camera and a light source. The diameters can also be measured by
laser velocimetry (Warner et al. 1999) or by optical imaging near the
Taylor’s cone (Deitzel et al. 2006), but the procedure becomes increasingly
difficult when nanofiber diameters taper down to dimensions close to the
wavelengths of light. As the jet diameters dip below 100 nm, very significant
chain orientation (made evident by changes in birefringence) occurs. The
relative modulus at the surface of electrospun nanofibers was recently
measured using scanning probe microscopy (SPM) techniques (Ji et al.
2006b), and was found to increase with the decrease in fiber diameter. This
is likely due to the shear-induced orientation of chains (Jaeger et al. 1996).
The length of the linear portion of the jet, as well as the rate at which its
diameter is reduced due to drawing, is determined by the solution feed rate
and the strength of the electric field. It is useful to learn the composition of
the jet at different distances from the Taylor’s cone to be able to quantify
the drying rate of the jet. Raman spectroscopy has been successfully used
(although only on relatively thick jets) to obtain a polymer : solvent ratio in
the electrospinning jet (Stephens et al. 2001).

Modeling the behavior of a jet in this linear regime, before the onset of
whipping, appears to be relatively straightforward and has been attempted
(Feng 2003). Experimental results appear to be in reasonable agreement
with the models. The simpler one-dimensional models that assume the
solution to be a leaky dielectric provide good numerical dimensions of
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the jet in this region (Hohman et al. 2001a, 2001b). Recently, J. H. He et al.
(2005a, 2005b) used a simple approach based on Cauchy’s inequality to
model the straight region of the jet and to predict the length L of the jet
segment.

1.3.5 Whipping Instability Region

The initially straight jet segment invariably becomes unstable and displays
bending, undulating movements during its passage towards the collector.
Early-stage varicose instability that promotes jet extension to accommodate
surface charges can be modeled reasonably well. Bending of the jet invariably
increases surface area and therefore tends to reduce the density of charges.
Theoretical studies on electrically forced jets by Hohman et al. (2001b),
Reneker et al. (2000), Yarin et al. (2001a, 2001b), and others (Spivak and
Dzenis 1998; Spivak et al. 2000) modeled the whipping jet as being the
result of competition between several different modes of instability. These
modes of instability (that incidentally also occur in nonviscoelastic solutions)
are Raleigh instability, axissymmetric instability, and bending mode instabil-
ity (Shin et al. 2001a, 2001b). The mode of instability obtained is dependent
on the electric field, with stronger fields favoring whipping instability. The jet
in this region exhibits components of electrostatic repulsive forces that are not
predominantly axial (Hohman et al. 2001b). As a result, it whips about within
a conical envelope, still symmetrically arranged about the axis of its straight
segment. Figure 1.8 shows an image of the whipping region of a jet and also
illustrates two modes of instability in the jet. It is the whipping instability that
dramatically increases the surface area of the jet and rapidly lowers the surface
charge density.

High-speed imaging studies of the jet by Reneker et al. (2000) concluded
the jet to be invariably thrown into a series of loops of increasing diameter,
spiraling down towards the collector. The cone-shaped envelope of the
unstable jet typical of electrospinning is created by the rapid symmetric move-
ment of a single jet. The axis of the straight jet is maintained and the
additional envelope volume that contributes to the loops of larger diameter is
generated via extension of the jet along the perimeter of the loops. Reneker’s
images of larger loops closer to the collector show higher order bending instabil-
ity where the jet being looped forms right- and left-handed coils (Reneker et al.
2000). Both the rate of increase in surface area during whipping instability and
the solvent evaporation rate are high in this regime, further reducing the jet
diameter. Interplay between the increasing charge density on the one hand,
and the viscous and surface tension forces that resist elongation on the other
determines the intricacies of the instability obtained. Even more complicated
modes of whipping instability resulting in particularly complex curved
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trajectories of electrospinning jets have been observed in practice (Reneker
et al. 2002).

From the above description it is clear that whipping instability is the
primary mechanism responsible for reducing nanofiber dimensions during
electrospinning. However, as Dzenis (2004) pointed out recently, suppress-
ing this instability using either a secondary electric field or a short gap
distance (between the tip of the needle and the collector) did not result in sub-
stantially thick nanofibers being generated. Understanding of the process is
incomplete, and all the factors that govern fiber formation are not well
understood.

Whipping instability is a rapid process and it is possible for surface charges
to be nonuniformly distributed and to result in sections with high local charge
density. This may give rise to secondary jet initiation, resulting in the forma-
tion of somewhat less frequent branched nanofibers (see Fig. 1.7b) (Yarin
et al. 2005). Branching allows a means of rapidly increasing surface area to
accommodate local concentrations of charges. Initiation of such splaying
(Deitzel et al. 2001a; Fang and Reneker 1997; Hsu and Shivkumar 2004a,
2004b) and the presence of branched fibers in mats have been observed in
practice (Koombhongse et al. 2001; Krishnappa et al. 2003). Inducing splay-
ing by using co-solvents of higher conductivity and/or dielectric constant can
therefore result in smaller average fiber diameters as observed for poly(1-
caprolactone) (PCL) in CHCl3/DMF system (Hsu and Shivkumar 2004b;
Lee et al. 2003b).

Figure 1.8 (a) Image illustrating the whipping region of a typical electrospinning jet
(Reneker et al. 2000). (b) Axisymmetric instability and (c) bending instability in a fluid
jet carrying a surface charge, placed in an electric field. Reprinted with permission
from Shin et al. (2001b). Copyright 2001. Elsevier. Ds denotes the perturbation of
the surface charge density and arrows indicate the direction of local torque
responsible for bending.
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Deitzel et al. (2001a) attributed the presence of smaller-diameter nano-
fibers in the bimodal distribution of fibers from electrospinning PEO in
water solutions to splaying of the jet.

It is useful to review the different forces acting on the whipping charged jet
during electrospinning (Wannatong et al. 2004):

1. Gravitational force FG (towards the collector plate in a vertically
arranged apparatus). The force is dependent on density of solution
(usually ignored in models). FG ¼ rpr2g, where r is the density of
the liquid and g is the acceleration due to gravity.

2. The electrostatic force FE, which extends the jet and propels it towards
the grounded collector. The force is determined by the applied electric
field and material characteristics. FE / E.

3. Coulombic repulsion forces FC on the surface of the jet, which
introduce instability and whipping motions. The magnitude of FC is
dependent on the characteristics of the polymer and solvent.

4. Viscoelastic forces, which work against elongation of the jet in the
electric field. This depends on the polymer molecular weight, the
solvent, and the type of polymer.

5. Surface tension forces, which work against the stretching of the jet. This
depends on solvent type, polymer, and additives.

6. Frictional forces between the surface of the jet and the surrounding air
or gas.

The interplay of these different forces (a simple expression is the sum of
these forces) determines the diameter of the jet. Some of these change very
rapidly in time due to solvent evaporation and charge dissipation, making
any quantitative description of the process particularly difficult. Conse-
quently, no entirely satisfactory mathematical models describing jets under-
going whipping instability are available.

Models that are applicable to the onset of instability in the linear instability
region are available and primarily interpret instability in terms of surface
charge density, viscosity, and inertia. Particularly interesting would be
models that accurately predict the envelope of the undulating or whipping
nanofiber as well as its change in diameter with time. Fridrikh et al. (2003,
2006) developed a model of the nonlinear behavior of jets in electrospinning
of non-Newtonian fluids. Their model takes strain-hardening also into
account and suggests that during the later stages a terminal amplitude for
the instability and a corresponding terminal jet radius, hf, are reached by
the jet (provided the gap length is sufficiently large). Despite approximations
used in their model to account for drying of the jet, agreement between exper-
imental data (on electrospinning PCL solutions) and model predictions on the
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dependence of hf on the inverse charge density of the jet, S
21, are impressive.

The scaling hf � S–2/3 appears to hold, at least for the narrow range of fiber
diameters for which data are available. Figure 1.9 shows the complex jet tra-
jectories obtained in whipping instability.

The high strain rate experienced by the jet results in a degree of polymer
chain orientation in the nanofibers. High axial strain rates of about 105/s
expected (Reneker et al. 2000) in electrospinning should be sufficient to
extend the conformations of polymers with even the shortest relaxation
times. Although this elongation of the jet is sufficient to induce a considerable
degree of chain orientation in the polymer nanofiber, it is generally not
expected to result in any chemical degradation by chain scission. Gel per-
meation chromatographic (GPC) studies on PS before and after electrospin-
ning from tetrahydrofuran (THF) solutions did not show a significant
difference in molecular weight (Casper et al. 2004).

Often, the jet dries too rapidly to allow extensive crystallization, but some
orientation can still result. With PEO electrospun from a 10 wt% water
solution, X-ray studies (WAXD pattern) shows broad diffused peaks as
opposed to characteristic powder patterns for the polymer (Deitzel et al.
2001b, 2001c). The effect of macromolecular strain on the secondary structure
of the nanofiber is particularly important in processing biological polymers.
Changes in secondary and tertiary structure in biopolymers can result in cor-
responding loss of activity. Nylon-6 and nylon-12 electrospun from 15 wt%

Figure 1.9 Complicated trajectories of the jet in thewhipping instability region during
the electrospinning of PCL in 15 wt% acetone solution (applied voltage is 5 kV and gap
distance is 14 cm). Reprinted with permission from Reneker et al. (2002). Copyright
2002. Elsevier.
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HFP solutions when investigated using Raman spectroscopy showed evi-
dence of changes in macromolecular conformation due to electrospinning
(see also Chapter 6). In the case of nylon-6, the crystalline structure
changed from the a-form to the g-form, implying high strain on the fibers
during their formation (Stephens et al. 2004). The conformation of macromol-
ecules and the type of crystallinity obtained in electrospun fibers are therefore
different from those in cast films of identical material (Stephens et al. 2005).

1.3.6 Solidification into Nanofiber

The duration available to the jet to undergo whipping instability is also gov-
erned by the rate of evaporation of the solvent, which occurs at increasing
rates on a mass basis as the jet area dramatically increases during whipping.
With a solvent of high vapor pressure, the elongational viscosity of the jet
may reach levels too high to achieve any further deformation quite early in
the whipping instability stage, yielding thick nanofibers. Solvent volatility
is therefore a key consideration in controlling fiber diameter. With appropriate
selection of solvents and process parameters, extremely fine nanofibers8 can
be electrospun. For instance, increasing the volume fraction of the less volatile
DMF in a THF/DMF solvent mixture yielded decreasing nanofiber diameters
for electrospinning of PVC solutions (Lee, K. H., et al. 2002). As reported for
the case of PS (Megelski et al. 2002) and PC/polybutadiene blends electro-
spun from THF/DMF (Wei et al. 2006a), the microstructure of the nanofibers
and hence their mechanical integrity is also governed by the volatility charac-
teristics of the solvent mixture. A quasi-one-dimensional model that describes

Figure 1.10 (a) Scanning electron micrograph of PS nanofibers electrospun from a
22.5 wt% solution in DMF using a 0.15-mm diameter Teflon tube as the capillary tip.
Scale bar is 2mm. (b) Nanofiber diameter distribution derived from the image.
(Courtesy of RTI International.)

8Nanofibers with diameters in the 1–2 nm range have been electrospun from solutions of nylon
(Huang, C. B., et al. 2006a). Burger et al. (2006) estimated that a nanofiber 100 nm in
diameter stretched from the Earth to the Moon (a distance of 380,000 km) would have a
mass of only �3 g.
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the volume change in the jet and incorporates evaporation has been proposed
(Yarin et al. 2001a). However, the models presently available do not fully take
into account the kinetics of drying of the nanofiber and the consequent
changes in rheology that affect the finer dimensions and deposit patterns.

The fibers obtained under the best electrospinning conditions are generally
of circular cross-section, continuous, and bead free. However, the literature on
electrospinning reports other geometries of nanofibers (Koombhongse et al.
2001; Larsen et al. 2004a; Reneker et al. 2002). Figure 1.10 show defect-
free nanofibers of PS electrospun from methylene chloride solution.

1.4 NANOFIBER APPLICATION AREAS

Nanofiber-related publications and patents appear to have grown in number
rapidly over recent years. An analysis of patent activity in particular allows
an overall summary of the commercial potential of electrospun nanofibers
and affords the identification of application areas where the technology
might play a key role. A large majority of the patents issued on the technology
are U.S. patents, with about two-thirds being related to biological or medical
application of nanofibers. The second largest group deals with application
of nanofibers in filtration, followed by other applications such as sensors,
composites, and catalysis. Figure 1.11 by Huang et al. (2003) illustrates the
diversity of applications where nanofibers might be used.

Figure 1.11 The diversity of applications proposed for polymer nanofibers.
Redrawn with permission from Huang et al. (2003). Copyright 2003. Elsevier.
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The following discussion identifies the major application areas for nanofibers
reported in the literature. However, numerous examples of other possible
applications such as magnetoresponsive fiber materials (Li, D., et al. 2003a;
Tan, S. T., et al. 2005;Wang,M., et al. 2004b; Zhu et al. 2006b), electrical appli-
cations such as carbon nanofiber-based supercapacitors (Kim and Yang 2003;
Kim, C. et al. 2004a, 2004c, 2004e; Kim, C., 2005), nanofiber photovoltaic
devices (Drew et al. 2002; Onozuka et al. 2006; Tomer et al. 2005), catalysis
applications (Demir et al. 2004; He and Gong 2003; Li, D., et al. 2004b;
Wang, Z.-G., et al. 2006), and superhydrophobic surfaces (Acatay et al. 2004;
Jiang, L., et al. 2004; Ma, M. L., et al. 2005a, 2005b; Singh et al. 2005; Ying
et al. 2006; Zhu et al. 2006c) have been reported in the literature.

1.4.1 Filtration and Protective Apparel

As the efficiency of particle capture in an air filter increases with decreasing
fiber diameter in a mat, using nanofiber filters for air or gas filtration (Liu and
Rubow 1986; Park and Park 2005; Qin and Wang 2006) as well as in liquid
filtration (Shin et al. 2005; Wang, X. F., et al. 2005; Yoon et al. 2006) are
promising applications. The very low resistance to air flow afforded by nano-
fiber mats makes them especially good candidates as filter media. Commercial
air-filter manufacturers such as Donaldson Inc. (Minneapolis, MN) have
developed the technology for well over two decades. In recent years,
several key patents claiming constructs where nanofibers are integrated with
conventional filter media have been issued to Donaldson Inc. Using nano-
fibers in conjunction with (e.g., formed on the surface of) conventional
filter media as described in these patents offers a practical advantage
because of the relative fragility and difficulty of handling unsupported
polymer nanofibers. Donaldson’s Ultra-Webw nanofiber filters, commercia-
lized in 1981, are used in industrial air cleaning. With the U.S. air-filter
market alone estimated at $7.5 billion (estimate by the McIlvaine Company,
November 2005), there is continued corporate interest in filtration applications.
The need for low-cost, high-efficiency particulate air filters (HEPA-grade) for
the homeland security and military markets also contributes to the growth of
nanofibers filter development now and in the coming years.

Demand for light-weight protective apparel for military personnel has
helped the development of nanofiber materials for future textile applications
(Gibson and Schreuder-Gibson 2000, 2006; Schreuder-Gibson et al. 2002;
Tsai et al. 2002). These require high permeability to moisture and gases to
ensure the breathability of the fabric, and should be able to effectively filter
out biological particles and ultrafines in air. Nanofibers may in principle be
used alone or in combination with other nonwoven materials for protective
garments. High-strength and high-temperature nanofibers will be particularly
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appealing in this particular application (Huang, C. B., et al. 2006b). Also of
interest will be reactive textile fibers that carry specific additives that interact
with chemical threat agents in air [e.g., the nanosized MgO filler to remove
organophosphorous agents (Ramaseshan et al. 2006)]. These may offer a
substitute for the currently used garments based on charcoal absorption
technology. Nanocrystalline (magnesium oxide–PEO) composite nanofibers
have been reported by Ramkumar and colleagues (Subbiah et al. 2005) to be
effective against nerve agents (Sarin, Soman, and VX agents) as well as
organophosphorous agents. Nanocrystalline magnesium oxide is particularly
effective as a destructive adsorbent, breaking P–O and P–F bonds and
immobilizing the resultant fragments (Gibson et al. 1999; Hussain et al.
2005). Poly(vinyl pyrrolidone) (PVP) nanofibers filled with oxides of tung-
sten and molybdenum have been investigated as gas sensor elements
(Sawicka et al. 2005). Highly porous nanofiber mats and their potential for
chemical modification via their high surface area therefore make them particu-
larly good candidates for the application (see also Chapter 8).

1.4.2 Tissue Scaffolding and Drug Delivery

There is a growing need for bioresorbable three-dimensional tissue scaffolding
matrices (Murugan and Ramakrishna 2006; Yoshimoto et al. 2003; Zhang,
Y. Z., et al. 2005a; Zong et al. 2005), for artificial organ design (Venugopal
and Ramakrishna 2005; Zhong et al. 2006), and as drug delivery platforms for
therapeutic agents (Luu et al. 2003; Zeng et al. 2003b; Zhang, C. X., et al.
2005a) such as peptides and nucleic acids. Both application areas find the very
high specific surface area of nanofibers to be an advantage in designing the
next generation of devices. The finding that biodegradable polymers can be
electrospun into nanofibers and that different cell types have been shown to
adhere andproliferate on thefibrous scaffolding encourages applications research
in this area. Particularly exciting is the finding thatmammalian stem cells survive
and proliferate on the nanofiber surfaces (see also Chapter 7).

1.4.3 Nanocomposites

The use of reinforcing fillers and fibers in polymers to improve their
mechanical properties is commonly encountered in polymer technology.
Conventional fibers such as carbon fibers, glass fibers, gel-spun polyethylene
fibers, and aramids are routinely used in composites of a range of different
polymers (Chronakis 2005). The improvement in modulus and strength
achieved by using even low levels of a reinforcing fiber in a composite
is impressive. Some of this improvement is due to the properties at the
fiber/matrix interface and therefore dependent on the surface area of the
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interface. Nanofibers, with their very high specific surface area, should
therefore deliver particularly good composite characteristics. For instance
(poly(2,20(m-phenylene)-5,50-dibenzimidazole)) (PBI) electrospun nanofiber
filler in epoxy EPON 828 (Shell Chemical Company) and rubber matrices
has been studied by Kim and Reneker (1999a). Even at the 10 phr level,
the nanofibers increased the modulus of styrene-butadiene rubber (SBR)
tenfold! Nanofibers of nylon-4,6 used in an epoxy matrix that yielded a
transparent composite have also been reported (Bergshoef and Vancso
1999). This book does not include a detailed discussion of nanofiber-filled
polymer composites; most of the published work on the topic appears to
deal with the use of carbon nanofibers and nanotubes as fillers. However,
Chapter 6 discusses composite nanofibers (electrospun or post-treated to
yield nanofibers made up of polymer/filler materials).

1.4.4 Sensor Applications

Nanofibers are attractive sensor materials because their high specific area
allows them to sorb and/or react rapidly with low levels of analytes in the
air (Aussawasathien et al. 2005; Dersch et al. 2005; Ding et al. 2005b;
Virji et al. 2004). It is reasonable to therefore expect better performance
from nanofiber sensors. Examples of chemical sensors based on a change
in electrical resistance have recently been reported. For instance, using nano-
fibers (�100 nm) of polyaniline (PANI), several workers were able to detect
NH3 levels down to 0.5 ppm (Liu et al. 2004). Generally, the nanofiber
geometry appears to improve sensitivity as well as the response time of
chemical sensors compared to similar chemistries used in thin-film
geometries (see also Chapter 8).
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2

INTRODUCTION TO
POLYMER SOLUTIONS

A solid polymer generally consists of a collection of randomly oriented
macromolecular chains held together by strong intermolecular attractive
forces. It is this long chain-like molecular geometry and the van der Waals
attractive forces between them that are primarily responsible for the superior
and often unique mechanical properties of polymer materials. Where their
chemical structure and methods of synthesis permit, the morphology of poly-
mers may include chain branching, partial crystallinity, and even crosslinking,
which further contribute to their superior mechanical attributes.

When placed in a good solvent for the polymer, the solvent molecules
interact with the repeat units of the polymer chain, first swelling the material,
and ultimately dissolving it into a homogeneous solution. Qualitatively, the
polymer–solvent interactions in solution needs to be stronger relative to the
polymer–polymer interactions in the solid phase, to facilitate solvation.
The ease with which this is achieved and the time needed for dissolution
depend on a number of factors including the choice of solvent, the average
molecular weight of the polymer, and the temperature. Where the polymer
is crosslinked, however, the dissolution is precluded by the presence of
covalent linkages between the chains (ideally, the crosslinked polymer is a
single giant reticular molecule.) Crosslinked polymers will merely swell
even in the best of solvents without dissolving and therefore cannot be elec-
trospun. Crosslinked (or thermoset) polymer nanofibers may be fabricated via
crosslinking post-treatment of the electrospun nanofibers (Zeng et al. 2005b;
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Zhang, Y. Z., et al. 2006c). It is also possible to carry out photocrosslinking of
nanofibers concurrently with electrospinning (in reactive-mode electrospin-
ning) (Kim, S. H., et al. 2005). Polymers with a high degree of partial crystal-
linity also similarly resist dissolution, as most solvents cannot access the
crystalline regions to solvate the chain segments within them. Dissolution
is generally promoted at higher solvent temperatures as the entropy of the
system increases allowing the polymer chains to assume a wider range of con-
figurations. Polyethylene, with a crystalline melting point Tm of 1358C, for
instance, will only dissolve in hot solvents (such as trichloroethane at
878C). The presence of a sorbed solvent lowers the melting point of the
polymer crystallites. A polymer, particularly a semicrystalline polymer in
poor or moderate solvents, may display partial solubility, yielding a soft
swollen gel, but such a gel cannot be electrospun.

As intermolecular interactions invariably depend on the chain length,
higher molecular weight linear polymers generally have unusual and interest-
ing solution properties. Often, these are obtained only when the average mol-
ecular weight exceeds a threshold value. This is true of electrospinning as
well. As elaborated in Chapter 3, at a given concentration a critical molecular
weight needs to be exceeded to obtain a polymer solution that is amenable to
electrospinning as opposed to electrospraying.

2.1 AVERAGE MOLECULAR WEIGHT

The key solution properties of polymers are for the most part determined by
the length of the macromolecular chain or by the number of repeat units com-
prising the chain-like molecule. Depending on the chemical route used in its
synthesis, the polymer consists of a mix of chains of different chain lengths.
Although the chemical structure of each repeat unit in all such chain mol-
ecules (in a pure sample of the polymer) is the same, the number of such
units per chain and therefore the chain length will be variable. Two conse-
quences of this polydisperse chain-like composition of polymers (that do
not apply to most other organic compounds) are therefore (1) the lack of a
unique molecular weight for a given type of polymer and (2) the need to
describe polymer molecular weights in statistical terms. For instance,
samples of linear polyethylene may consist of polymer chains made up of
repeat units having the chemical structure 22(22CH222CH222)22 with a
repeat unit molecular weight of Mo ¼ 28. Molecular weight Mn of a single
polyethylene chain, for example, is Mn ¼ Moxn where xn is the “degree of
polymerization” (DP) (or the number of repeat units in the chain).
However, a single sample of synthetic polymer will have a statistical distri-
bution of chain lengths (all polymer chains in the sample will not have the
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same length). Therefore, the molecular weight of a sample of the polymer can
only be described in terms of an average value M (g/mol). The numerical
value of the average molecular weight M will then depend on the type of
average used to compute it. Assuming a statistical distribution function for
the DP of chains, average molecular weights can be calculated.1

The number average molecular weight designated Mn and the weight
average molecular weight designated Mw are the most commonly used
averages (Fig. 2.1). A viscosity average molecular weight Mv is also some-
times quoted in the literature and can be useful in understanding solution
properties of the polymer. These averages for a single polymer sample can
have very different numerical values depending on the breadth and symmetry
of the length distribution of polymer chains. Values of Mn correlate well with
those solution properties that vary with the number of macromolecules in
solution, such as the concentration of end-groups or the osmotic pressure of
solutions. The Mw values correlate well with those characteristics such as
light scattering in solutions that depend on the size of the polymer molecules
in the system. Viscosity average molecular weight Mv is mostly used in

Figure 2.1 Molecular weight distribution plot of a polymer illustrating the different
averages.

1Adopting a binomial distribution model where p is the probability that a randomly selected
repeat unit is linked to the next one (or has reacted with it), average xn is given by xn ¼P1

x¼1 p
x�1(1� p) ¼ 1=(1� p) and Mn ¼ Mo=(1� p): Similarly, Mw ¼Moxw can be also

expressed as xw ¼
P1

x¼1 xwx ¼
P1

x¼1 x
2px�1(1� p)2 ¼ (1þ p)=(1�p) and Mw ¼Mo [(1þp)=

(1�p)]:
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discussions of the solution rheology of polymers. For an ensemble of chains
where Mi is the molecular weight and Ni is the number of chains with a mol-
ecular weight of Mi, the molecular weight averages are defined as follows.

Number average molecular weight:

Mn ¼
P

NiMiP
Ni

(2:1)

Weight average molecular weight

Mw ¼
P

NiM2
iP

NiMi
¼

P
wiMiP
wi

, (2:2)

wherewi is the weight concentration of molecules with a molecular weightMi.
Viscosity average molecular weight

Mv ¼
P

NiM
1þa
iP

NiMi

� �1=a
, (2:3)

where a is a constant.
If a polymer sample did comprise of macromolecular chains of equal

length, it can be shown that Mn ¼ Mw ¼ Mv. In real polymer samples,
however, Mn , Mv , Mw:

It is the average molecular weight that determines the physical character-
istics of polymers both in solid phase and in solutions. For example, polyethy-
lene, with an average molecular weight Mw of 3000 (g/mol), is a soft waxy
material used as a lubricant, but the ultra-high molecular weight grade of
polyethylene (UHMW-PE) with identical repeat unit chemistry but with an
average molecular weight of 3–6 million (g/mol) is an exceptionally
strong tough polymer.2 Bulk properties as well as solution properties of poly-
mers are also influenced by the breadth of the molecular weight distribution.
A convenient measure of the latter is the polydispersity index P ¼ Mw=Mn.
Polydispersity is determined by the synthetic route used in manufacturing.
Condensation polymerization, for instance, generally yields a narrow distri-
bution, but free-radical polymerization yields a broad distribution of chain
lengths. The kinetic features of the polymerization process are generally

2UHMW-PE has the highest abrasion resistance of any thermoplastic polymer and excellent
impact strength under a wide range of temperatures.
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controlled in manufacture to obtain polymers of the desired average molecular
weight and polydispersity.

2.2 SELECTING SOLVENTS: SOLUBILITY PARAMETER

A convenient practical measure of the intermolecular forces between polymer
chains that might be used in selecting solvents for specific polymers is the
solubility parameter. Solubility parameter d is related to the heat of vaporiza-
tion, DHvap (cal/cm3), also a measure of the same intermolecular attractive
force.3 The cohesive energy density c of a liquid is the energy needed to over-
come intermolecular forces to separate the molecules from each other and is
given by the expression

c ¼ (DHvap � RT)=Vm (2:4)

where Vm is the molar volume, R is the gas constant, and T is the temperature.
The Hilderbrand solubility parameter d, which quantifies the tendency
towards solubility, is defined in terms of the cohesive energy density c:

d ¼
ffiffiffi
c

p
(cal=cm3)1=2: (2:5)

Conversion to SI units yields d (MPa)1/2 ¼ 2.0455d (cal/cm3)1/2.
Common solvents can be ranked using the Hilderbrand solubility para-

meter d to reflect their solvent effectiveness. It correlates reasonably well
with other solubility scales (such as the Kauri–Butanol value) used in prac-
tice. In general, a polymer with a given value of d will readily dissolve in a
solvent that also has about the same value of d. In the case of solvent mix-
tures, the components contribute to d (mixture) according to their volume
fraction in the mixture. A limitation of this simple single-parameter
measure is that it is based solely on the dispersive forces due to induced
dipoles (London or van der Waals forces) and ignores specific interactions
such as hydrogen bonding and the polarity of solvent. Although in simple
polymers such as polyethylene the dispersive forces in fact solely determine
solubility characteristics, the same is not true for polymers of greater struc-
tural complexity. Polymers such as nylons, polyalcohols, and poly(carboxylic
acids), for instance, have strong hydrogen-bonded interactions. Hansen
(1967a, 1967b) proposed the more comprehensive three-parameter expression

3As polymers cannot be vaporized the DH values are measured indirectly using equilibrium
swelling or cloud point measurements.
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for the solubility parameter to also take into account these intermolecular
interactions in polar and hydrogen-bonding systems:

(dT)
2 ¼ (dD)

2 þ (dP)
2 þ (dH)

2, (2:6)

where the subscripts D, P, and H refer to dispersive, polar, and hydrogen-
bonded contributions to the total Hansen solubility parameter, dT. This form-
alism is particularly useful with mixed solvents. The values are determined
empirically based on experimental observations. Often in electrospinning
experiments a mixture of solvents are used to dissolve the polymer as the
nature of solvent determines ease of electrospinnability.

It is convenient to express components of dT as fractional contributions of,

fD ¼ dD=(dD þ dP þ dH) (2:7a)

fP ¼ dP=(dD þ dP þ dH) (2:7b)

fH ¼ dH=(dD þ dP þ dH) (2:7c)

and

( fD þ fP þ fH) ¼ 1: (2:7d)

These contributions are empirically determined, and the corresponding values
of dT obtained should in theory be the same as the Hilderbrand parameter d.
Table 2.1 lists solubility parameters for common solvents and for selected
polymers. Although it is an improvement on the single-parameter values of
d, the Hansen dT also fails to accurately and completely describe the solution
thermodynamics of a significant number of the polymer-solvent systems.

A given solvent might then be uniquely defined in terms of the three frac-
tional values (equations 2.7a–d) on a triangular plot (referred to as a Teas
plot; Teas 1968) as shown in Fig. 2.2. The data points on the plot represent
the values for different solvents (Burke 1984). If a series of solubility tests
are carried out in each of these solvents with a given polymer at a constant
temperature and concentration, a region within the Teas plot where the
polymer is soluble might be demarcated by an area as shown in the figure.
Solvents that fall within the circular region in the plot will therefore dissolve
the polymer, but those at or near the envelope only swell the polymer.
Nonsolvents for the polymer will lie well outside the circle. The plot is essen-
tially a convenient means of presenting empirical solubility data. Despite the
lack of an adequate theoretical justification for their use, Teas plots offer a

32 INTRODUCTION TO POLYMER SOLUTIONS



convenient and useful means of describing solubility relationships in poly-
mers. The representation does not of course work well with all polymer or
solvent systems. With solvents such as alkanes, their positions on the graph
are not in line with the empirical data.

The plots (or their simpler two-dimensional form, which is a plot of fH vs
fP, in effect assuming fD to be invariant) have considerable practical utility in
solvent selection (Burke 1984). The solubility of a polymer is often achieved
using a mixture of solvents. As a general rule, a mixture of solvents will dis-
solve a polymer if the solubility parameter of that mixture lies close to that of
a known good solvent for the polymer. In designing mixed solvent systems
the Teas plot allows the solubility characteristics of solvent mixtures to be pre-
dicted to some extent. In Fig. 2.3, the solvents carbon tetrachloride (CCl4) and
methanol (CH3OH) are clearly nonsolvents for poly(methyl methacrylate)

TABLE 2.1 Hansen solubility parameters of representative
polymers and solvents

Polymer or
Solvent

dD
(MPa)1/2

dP
(MPa)1/2

dH
(MPa)1/2

dT
(MPa)1/2 Reference

Polymers

Polyamide 66 18.62 5.11 12.28 22.87 Rigbi (1978)
Poly(acrylonitrile) 18.21 16.16 6.75 25.27
Poly(ethylene
terephthalate)

19.44 3.48 8.59 21.54

Poly(vinyl chloride) 18.82 10.03 3.07 21.54
Poly(methacrylic acid) 17.39 12.48 15.69 26.8 Ho et al.

(1991)
Poly(methacrylonitrile) 18.00 15.96 7.98 25.37
Poly(methacrylonitrile-
co-methacrylic acid)

17.39 14.32 12.28 25.78

Poly(4-acetoxy styrene) 17.8 9.00 8.39 21.69 Arichi and
Himuro
(1989)

Poly(4-hydroxy
styrene)

17.6 10.03 13.71 24.55

Common Solvents

Acetone 15.5 10.4 7.0 20.1 Zeng (2007)
Chloroform 17.8 3.1 5.7 19.0
Cyclohexanol 17.4 4.1 13.5 22.5
Ethyl acetate 15.8 5.3 7.2 18.2
Methanol 15.1 12.3 22.3 29.7
Dimethylformamide 17.4 13.7 11.3 24.8
Methylene chloride 18.2 6.3 6.1 20.3
Carbon tetrachloride 17.8 0 0.6 17.8
Tetrahydrofuran 16.8 5.7 8.0 19.4
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(PMMA), as they lie outside the region of solubility for the polymer.
However, specific mixtures of the two nonsolvents (that lie on the line con-
necting the data points on the plot) do fall within the circular region and
should therefore dissolve PMMA; this agrees with experimental observations
for this particular polymer/solvents system (Deb and Palit 1973). Similarly,
mixtures of diethyl ether and acetone dissolve polystyrene (average molecular
weight 110,000, tested at 08C), although each separately is a nonsolvent
for the polymer (Wolf and Molinari 1973).4 Using a second solvent affects
the conformation of polymer chains dissolved in the mixture and alters the
solution properties such as the surface tension or the dielectric properties
that influence ease of electrospinning. These effects also need to be
considered in developing mixed solvents for electrospinning.

High-surface-area nanofibers are sometimesmade via selective dissolution of
one polymer component from a bicomponent polymer nanofiber mat (Li and
Hsieh 2006; You et al. 2006b; Zhang, Y. Z., et al. 2006a) (see Chapter 9).
Selecting a solvent mixture that dissolves away just the one polymer component

Figure 2.2 Representation of solvents in terms of the fractional contribution to
Hansen solubility parameter on a Teas plot. Dots represent different solvents and
the asterisk the polymer. The circle is an idealized area on the plot where solvents
within it dissolve the polymer.

4Interestingly, it is also possible to have the opposite phenomenon. Polystyrene dissolves well
in dimethylformamide (DMF) and in cyclohexane (CH) solvents, but does not dissolve in some
mixtures of the pair of solvents (Wolf and Willms 1978).
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is relatively easy using a Teas plot. However, it is important to appreciate that
the solubility of polymers also depends on the average molecular weight and
the concentration range, as the entropy term will depend on the number of mol-
ecules dispersed in solution. Therefore, solubility (and Teas plots) at one concen-
tration (say 10 wt%)maynot guarantee solubility at a lowerconcentration. This is
because at the lower concentrations the entropy of the dissolved polymer in
solvent may decrease to an extent where the polymer may phase separate. The
fractionation of a polymer into samples of different average molecular weight
can be carried out using its solubility in solvent mixtures.

2.3 THERMODYNAMIC CRITERION FOR SOLUBILITY

The change in Gibbs free energy of mixing, DG, of a polymer dissolved in a
solvent is given by the simple relationship that includes the change in
enthalpy of mixing (DHmix) and the change in entropy (DSmix) on mixing,
at a temperature T:

DGmix ¼ DHmix � TDSmix: (2:8)

Solubility is achieved only if DGmix , 0; the starting components
(polymer and solvent) should have a higher free energy relative to that of

Figure 2.3 Representation on a Teas plot of a mixture of nonsolvents for PMMA
that dissolves the polymer.
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the solution. Both T and DSmix are positive quantities (as the molecules of any
solute will be far more disordered after dissolution). In general, increasing
T, and therefore TDSmix, will help dissolution. The condition DGmix , 0
generally implies a homogeneous (single-phase) solution of the polymer at
temperature T to be more stable than the polymer and solvent taken alone.
However, phase separation cannot be necessarily ruled out at DGmix , 0,
as a two-phase system can sometimes be more stable than the single-phase
homogeneous solution. An additional criteria for miscibility is that
(@2DGmix)=@x21 . 0 (i.e., the plot of Gmix vs x1 be concave upwards if the
components are miscible).

If a nonsolvent such as methanol is gradually added to a homogeneous
solution of a polymer in a good solvent (such as polystyrene in chloroform)
the negative value of DG will decrease correspondingly, until the special
situation of DG ¼ 0 (i.e., DHmix ¼ TDSmix), called the (theta) u-condition,
is reached. Under such conditions DSmix is minimized and the magnitude
of polymer–polymer and polymer–solvent interactions become equal.
The u-condition for a polymer can be achieved by carefully adjusting the
composition of a mixed solvent system, the molecular weight of the
polymer, or the temperature. The temperature at which the u-state is
reached (at constant concentration) is called the u-temperature or the Flory
temperature for a given polymer solution. Alternatively, at a given tempera-
ture, a solvent or a mix of solvents (called the u-solvent) can be identified
where the system will be in the u-state.

At the macromolecular level, u-temperature can be understood in terms of
polymer chain configurations. Statistically averaged configurations of
polymer chains in a solvent are invariably dictated by both short-range and
long-range interactions. Short-range interactions are those between neighbor-
ing repeat units on the same polymer chain; long-range interactions occur
between segments that are spatially close to each other but well separated
on the polymer chain. Under u-conditions, the average configuration of the
chain will be dictated solely by the short-range interactions.

To determine DGmix of a polymer/solvent mixture, expressions for the
change in entropy, DSmix, and change in enthalpy, DHmix, need to be derived.

2.3.1 Change in Entropy

The Boltzmann equation is generally used to obtain an expression for DS of
simple mixtures (mixtures of solvent–solvent or solvent–simple solute mol-
ecules) from the number of different arrangements V (or the thermodynamic
probabilities) of the solute and solvent molecules in the system. For simple
systems, the volume elements of solution are modeled by a three-dimensional
lattice, where solute or solvent molecules can occupy any cell within the
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lattice (see Fig. 2.4). From the Boltzmann equation,

DSmix ¼ k[ln V12 � (ln V1 þ ln V2)] ¼ k ln(V12=V1V2), (2:9)

where V1, V2, and V12 are respectively the total numbers of distinguishable
spatial arrangements of the molecules in pure solvent 1, pure solvent 2, and in
an ideal mixture of the two solvents. As for a pure solvent V1 ¼ V2 ¼ 1, it
can be easily shown that5

DSmix ¼ k lnV12 ¼ �R[n1ln x1 þ n2 ln x2], (2:10)

where k is the Boltzmann constant, x1 ¼ n1/(n1 þ n2) and x2 ¼ n2/(n1 þ n2)
and x1 and x2 are the mole fraction of one solvent (i.e., x1 þ x2 ¼ 1), and
n ¼ (n1 þ n2) is the total moles in the system. The above treatment
assumes comparable molecular sizes for solvents 1 and 2.

A polymer solution might also be similarly treated. The chain-like polymer
molecules, however, are very much larger in size than solute molecules and
the assumption of comparable molecular size is not a realistic one.
Assigning a single repeat unit of the polymer to each lattice site or cell occu-
pied by polymer species, however, yields a convenient approximation.6 A
mixture that has N1 solvent molecules and N2 polymer molecules will there-
fore occupy (N1 þ N2X ) lattice sites, where X is the number of segments in
the polymer chain. The Flory–Huggins model allows the estimation of
V12, the number of arrangements of the components in such a mixture,
assuming DHmix ¼ 0 (i.e., the intermolecular interactions between solvent–
solvent and solvent–polymer segment are the same).

An equation corresponding to equation (2.10) can be written for the
polymer solution:

DSmix ¼ k ln(V12=V2): (2:11)

As the polymer can take many different conformations, V2 . 1; both V12

and V2 have to be evaluated in order to determine DSmix.
Consider the two-dimensional lattice shown in Fig. 2.4, where the cells

within it can be occupied either by a single repeat unit of the polymer mole-
cule or by a solvent molecule. The first segment of a polymer chain can
be placed at any of the (N1 þ N2X ) lattice positions. The second segment

5Note that V12 ¼ (N1 þ N2)!/(N1! N2!), and Stirling’s approximation (i.e., ln N! ¼ N ln N–N
for large values of N ) is used in deriving equation (2.10).
6The “segment” of the polymer chain used in the lattice theory is strictly the section of a
polymer chain that occupies the same volume as a solute molecule, and need not be the
same as a monomeric unit.
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of the chain, however, being covalently linked to the first, will be restricted to
the Z adjacent lattice points (Z being the lattice coordination number). The
third and subsequent segments will have a choice of (Z 2 1) lattice points
and so on. The total number of arrangements, y1, available to a single
polymer chain within the lattice, can be shown to be equal to

y1 ¼ (N1 þ N2X) Z(Z � 1)X�21X�4
j , (2:12)

where 1j � [N1 þ X(N2 � j)]=(N1 þ N2X) computed for the chain. Similar
expressions can be written for a second and subsequent polymer chains intro-
duced into the lattice.

In general, for the ( j þ 1)th chain in the system,

y jþ1 ¼ [N1 þ (N2 � j)X]Z(Z � 1)X�21X�1
j : (2:13)

Approximating Z � Z 2 1, the above can be rearranged to obtain a simple
expression for V12 for the polymer/solvent mixture:

V12 ¼
(N1 þ N2X)!

N1!N2!
[(Z � 1)=(N1 þ N2X)]

N2(X�1) (2:14)

Figure 2.4 Arrangement of a polymer chain on a two-dimensional lattice.
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For the pure polymer,

V2 ¼ [(XN2)!=N2!][(Z � 1)=XN2]
N2(X–1): (2:15)

For the pure solvent,

V1 ¼ (N1)!=N1!0!) ¼ 1 and DSsolvent ¼ 0

DSmix ¼ Smix � (Ssolvent þ Spolymer) ¼ k[ln V12 � (ln V1 þ ln V2)]: (2:16)

Substituting for quantities in equation (2.16), it can be shown that

DSmix ¼ �k(N1 ln f1 þ N2 ln f2), (2:17)

where f1 and f2 (f1 þ f2 ¼ 1) are the volume fractions of the polymer and
of solvent in the mixture, f1 ¼ (XN2)/(N1 þ XN2) and f2 ¼ N1/(N1 þ XN2).

Despite its rather tedious derivation, equation (2.17) for DSmix of the
polymer–solute mixture is of the same form as that for two solvents (in
equation 2.10), except that the value is decreased by a factor of 1/X (to
account for the decreased entropy due to connectivity of X segments into a
single molecule). As X, the number of segments per chain, is large, this
amounts to a significant reduction. It implies that the higher the molecular
weight of the polymer, the smaller will be the value of DS (and therefore
the smaller the likelihood of dissolution).

2.3.2 Change in Enthalpy (DHmix)

Change in enthalpy allows the derivation of an expression for the intermole-
cular interactions in solution. During the dissolution process, cohesive
interactions between the repeat segments of polymer P and between
the solvent molecules S are replaced by cross-interaction between the two
species (P–S).

[P–P] þ [S–S] . . . . . . . . . 2 [P–S]

Using the same lattice model, the change in enthalpy DHmix, for replacing
one species by the other in adjacent cells might be derived. The van der Waals
type interactions involved may arise from permanent or induced dipole–
dipole and dispersion mechanisms.
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Three types of short-range interactions are possible between a solvent
molecule and a segment on the polymer chain. The corresponding change
in energy of interaction, DW, is given by

DW12 ¼ W12 � (W11 þW22)=2: (2:18)

where the subscript 1 and 2 refer to the polymer and solvent respectively.
Each polymer segment in the lattice is surrounded by Zf2 polymer seg-

ments and Zf1 solvent molecules. The total number of solvent–segment
(or 1–2) contacts possible in solution, p1–2, depends on Z, the coordination
number of the lattice, and is given as

p1�2 ¼ N2 XZf1 ¼ N1f2Z: (2:19)

The value of DH for the solution is then given by

DHmix ¼ N1f2ZDW12: (2:20)

Setting (ZDW12) ¼ x kT, where x is the Flory–Huggins interaction
parameter,

DHmix ¼ N1f2x kT (2:21)

where x is a dimensionless quantity that characterizes the interaction energy
per solvent molecule divided by kT. Combining equations (2.17) and (2.21)
and simplifying, the Flory–Huggins equation for the change in Gibbs free
energy on mixing, DG, for the polymer–solvent system is obtained as
follows (the numbers of segments and molecules have been converted back
to mole fractions n1 and n2):

DGmix ¼ DHmix � TDSmix ¼ RT(n1f2xþ n1 ln f1 þ n2 ln f2): (2:22)

The first term on the right-hand side of the equation is the enthalpic con-
tribution to the free energy. Because of approximations used in its derivation
the equation is strictly applicable to moderately concentrated solutions of
monodisperse, flexible polymer chain where the mixing of components is
random. Also, any concentration-dependence of x was ignored.

As might be expected, the Flory–Huggins parameter x is related to the
Hilderbrand solubility parameter d. From solution theory,

DHmix ¼ Vf1f2(d1 – d2)
2, (2:23)
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where V is the volume of the segment. Therefore

x ¼ (Vm=RT)(d1 � d2)
2, (2:24)

where Vm is the molar volume of the solvent.
Thus for complete solubility at all compositions (i.e., x � 0.5)

(d1 � d2)
2 ¼ xRT=Vm ¼ [(0:5)(8:3 Jmol=K) 298K]=[Vm m3=mol]: (2:25)

This works out to (d12d2) � 3MPa and suggests that the smaller the mag-
nitude of difference (d1 – d2), the better will be the solvent; this is indeed
found to be reasonable, as seen from Table 2.1. A difference of less than 2
or 3 generally yields solubility.

The solubility parameter x indicates the quality of the solvent; x, 0.5
indicates a good solvent, x. 0.5 indicates a poor solvent, and x ¼ 0.5 indi-
cates a Q-solvent and the smaller the value of x, the better will be the solvent
in general, (negative values of x generally indicate a strong polar interaction
between the polymer and solvent). However, x is not an inherent property of a
solvent, but decreases with temperature and increases with the concentration
of the polymer in solution. It is not significantly affected by changing the mol-
ecular weight of the polymer. Typical values of the polymer–solvent inter-
action parameter are given in Table 2.2. A fairly comprehensive collection
of values was tabulated by Orwall and Arnold (2007).

2.4 MACROMOLECULAR MODELS

The simplest representation of the dimension of an unperturbed polymer chain
molecule in solution or in the melt is given by its mean square end-to-end dis-
tance kr2l. This value, the square of the vector sum of the end-to-end distance
averaged over all possible configurations of the chain, is always smaller than
the contour length of the chain. Provided the chain is long enough, the
value of kr2l for an ideal chain7 is obtained by adopting a model for the
polymer chain. The simplest such model is the “freely jointed” chain
(Fig. 2.5) of backbone bonds consisting on n bonds linked by fully flexible
joints. The angle between two adjacent bonds, u, can take any value (i.e.,
21. cos u. 1). The statistics of the freely jointed chain can be described
by the random walk expression, which yields an unrealistic but simple

7There is no unique value of the end-to-end distance that can be assigned to a chain, as its con-
formations change due to bond rotation over time. The k l enclosing r2 indicates that the value is
averaged over time. The quantity kr2 l1/2 (the root-mean-square end-to-end distance) is the
quantity that best describes the dimension in statistical mechanics.
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expression for kr2lf (the subscript denotes freely-jointed chain). However, it
turns out to be a particularly good approximation for a polymer solvated
under Q-conditions or one that is in the melt state. Assuming a chain of n
links, each of length l and therefore of contour length of nl, the distribution
of krl in an ensemble of polymer chains is given by

krlf ¼
ð1

0
r2w(r)4pr2 � dr ¼ nl 2, (2:26)

where w(r) is the probability density function for a Markov chain,

w(r) ¼ 3
2pnl 2

� �3=2
exp

�3r 2

2nl 2

� �
:

TABLE 2.2 Typical values of polymer–solvent interaction parameter

Polymer Acetone T (8C) Chloroform T (8C) Toluene T (8C)

Poly (1-caprolactone) 0.46–0.54 100–120 –0.40
to –0.22

100–120 0.08 100

Polyethylene — — 0.41 135 0.34 120–145
Poly(ethylene oxide) 0.47 100 20.55 100 0.26 100
Poly(isobutylene) 1.90 100 0.78 100 0.60 100
Poly(methyl acrylate) 0.40 100 20.10 100 0.53 100
Polystyrene 1.08 40 0.13 40 0.19 40
Poly(tetramethylene
oxide)

0.73 100 20.38 100 0.04 100

Poly(vinyl acetate) 0.31–0.39 30–50 20.09
to 20.17

80–135 0.40–0.56 80–140

Poly(vinyl methyl ether) 0.75 40 20.92 40 0.14 40
Poly(vinyl chloride) 0.53–0.77 125–140 0.91 120 0.41–0.45 125–140

Source: Orwall and Arnold 2007.

Figure 2.5 Representation of the freely-rotating chain.
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This probability monotonically decreases with increasing values of the end
to end distance r for a chain fixed at the origin and extending out into space.
The random walk model, however, does not recognize the physical nature of
polymer segments. Real polymer molecules also have geometric restrictions
due to the fixed bond angle between the backbone bonds in the chain. This
excludes a large fraction of the conformations counted in the freely jointed
chain model. Restricting the freely jointed chain by introducing a fixed
bond angle u (e.g., 109.58 for C22C22C and cos u � 20.33 for carbon–
carbon bonds in vinyl polymers) in the chain improves the model and
changes the equation (2.26) into the form shown in equation (2.27).8 A
given bond (or chain segment), however, can still freely rotate about the
atom (usually a carbon atom) where it is attached to its neighbor despite
this angular constraint on the bonds (Fig. 2.4). This improvement (i.e., result-
ing in the values of [kr2l]restricted bond angle . [kr2l]freely jointed, gives

kr2l fu ¼ nl 2
1� cos u
1þ cos u

, (2:27)

where u is the skeletal bond angle. Depending on the structure of polymer, the
right-hand side of the equation may be multiplied by a parameter to take steric
effects into consideration. Clearly, kr2lfu . kr2lf, as the angle u generally lies
between 908 and 1808. Introducing the concept of the torsional or dihedral
angle f is also therefore critical as it allows the polymer chain to be three-
dimensional. As shown in Fig. 2.5, the bonds are still able to rotate about
the carbon atom maintaining the skeletal bond angle. The expression can
be further refined as follows by restricting the value of this torsional angle
f, by recognizing that all values of f are not equally probable because of
different functional groups attached to the chain (or because of steric
effects). This yields the following

kr2lo ¼ nl 2
1� cos u
1þ cos u

� 1þ cosf
1� cosf

¼ C1nl
2: (2:28)

If all torsional angles were assumed to be equally probable, cos f ¼ 0 and
the equation (2.28) reduces to equation (2.27). The characteristic ratio C1

therefore takes into account all local or short-range steric interactions and is
a measure of the flexibility of the polymer chain. Very flexible chains will
have values of C1 close to unity. Typical values of C1 are 6.7 for polyethy-
lene, 10.2 for polystyrene, and about 600 for DNA — much higher than the

8Some texts define u as the complement of the skeletal or bond angle (instead of the bond angle
as used here). Using that convention the equation comes out to be kr2lfu ¼
nl 2½(1þ cos u)=(1� cos u)�:
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value of unity expected of an ideal chain. The rotational isomeric state (RIS)
theory accounting for rotation of adjacent bonds yields calculated values of
C1 that are close to the experimentally determined values.9

A second useful measure of the size of polymer molecule in solution (irre-
spective of the shape) is the radius of gyration ks2l. This is the average dis-
tance from the center of gravity of the chain to the chain segment10 and, as
with kr2l, its value also depends on the solvent in which the polymer is dis-
solved. Unlike the value of kr2l the value of ks2l can be easily measured
experimentally by techniques such as light scattering or gel permeation
chromatography.11 For a long enough Gaussian chain the two quantities are
related as follows (equation (2.29); where both values are experimentally
available, equation (2.29) might also be used to test if Gaussian statistics
might be used to describe the system:

ks2lo=kr
2lo ¼ 1=6: (2:29)

The foregoing introductory discussion applies to any polymer chain
regardless of its chemical structure or how the polymer interacts with the
solvent. With real polymer chains, however, the effects of physical volume
of the chain segments (referred to as the excluded volume), must be taken
into account; those physically impossible conformations where a segment
occupying a volume element already occupied by another segment has to
be excluded (this restriction did not apply to freely jointed models). A
convenient means of including these long-range interactions into the
equations is to adopt an empirical factor a with a numerical value that
depends on the average molecular weight of the polymer, to take the
excluded-volume effects into account:

kr2l ¼ a2kr2lo: (2:30)

An important determinant of kr2l in real polymer solutions is the quality of
the solvent (Fig. 2.6). With a very good solvent the solvent–repeat unit inter-
actions are maximized, resulting in a relatively expanded free-draining
polymer chain. Conversely, in a very poor solvent the polymer chains are
close to their most compact average conformation, behaving similarly to
rigid spheres suspended in solution. Both the expanded and contracted

9Even all the sterically allowed bond torsional angles may not be available to a polymer chain
because of long-range interference due to neighboring chain segments.
10s2 ¼ (1=n)

Pn
i¼1 (~ri �~ro)2 where~ro is the center of mass of the polymer chain and~ri is the

coordinate of the ith monomer unit.
11Values of kr2l can be obtained from the hydrodynamic radius values obtained from intrinsic
viscosity measurements.
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chains, however, behave very differently from ideal chains and the excluded-
volume effects change with the solvent. A convenient way to characterize the
solvent effects is to simply define a as the effective excluded volume of the
system. The effect of solvent quality (accounting for the excluded volume
effects) is quantified by introducing a solvent quality parameter a2 into
equation (2.28):

kr2l ¼ C1a
2nl 2 and a2 ¼ {kr2l=kr2lQ}

2: (2:31)

The expression in equation (2.31) reduces to that given by the random-
walk model when a2 ¼ 1 in equation (2.28).

2.5 VISCOSITY OF DILUTE POLYMER SOLUTIONS

Dissolving even a small quantity of a high molecular weight polymer in a good
solvent results in a marked increase in solution viscosity. Solution viscosity
depends on the nature of polymer, its molecular weight, concentration of the
solution, and the temperature. Viscometry is therefore a convenient practical
experimental method to determine an average molecular weight (Mv) of

Figure 2.6 Illustration of the effect of solvent quality parameter on chain geometry.
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polymers. Despite the experimental simplicity of viscometry, the viscosity-
average molecular weight Mv is invariably solvent dependent. It is therefore
less precise than the averages, Mn or Mw, determined by other methods.
Most polymers are reported to be electrospun from solution — a solution of
high enough viscosity is essential to obtain continuous electrostatic spinning
(as opposed to electrospraying). An introductory discussion of solution vis-
cosity and nomenclature is therefore pertinent here. A detailed quantitative dis-
cussion, however, is outside the scope of this chapter and the reader is referred
to other excellent reviews (Bird et al. 1987; Kulicke and Clasen 2004).

The basic notion of solution viscosity is illustrated in Fig. 2.7 of a volume
of fluid in a shear field (for instance a film of polymer solution confined
between parallel plates where one is stationary and the other is moving in
the x-direction at a constant velocity v). Assuming no slippage between the
liquid and the plate, the force per unit area applied on the volume, the
shear stress t, results in a rate of deformation or a strain rate ġ where

t ¼ F=A, g ¼ dv=dy, and _g ¼ dg=dt ¼ dv=dy: (2:32)

The viscosity h of the fluid and the quantities t and ġ are related as follows:

t ¼ h _g; (2:33)

where h is expressed in poise (P) ¼ g/(cm . s).
The viscosity of water at 208C is about 1.00 cP whereas that of olive oil is

about 10,000 cP at the same temperature.
For simple low-molecular-weight liquids, viscosity h is usually indepen-

dent of the shear rate (i.e., the linear equation (2.33) applies at constant

Figure 2.7 A volume of liquid subjected to an applied shear stress.
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temperature). Polymer solutions generally do not fall into this category of
Newtonian liquids. At moderate shear rates polymer solutions generally
show reduced viscosity or undergo shear-thinning. Figure 2.8 compares
the shear-rate dependence of viscosity for a Newtonian liquid and a non-
Newtonian polymer solution. At very high shear rates, however, a non-
Newtonian liquid may revert to Newtonian behavior.

The viscosity h of a polymer solution (at a concentration c) in a solvent of
viscosity ho is conveniently expressed by its relative viscosity hr and several
other common measures:

Relative viscosity (or the viscosity ratio)

hr ¼ h=ho

Specific viscosity

hsp ¼
h� ho

c

Reduced viscosity (or the viscosity number)

hred ¼
1
c

h

ho
� 1

� �

Figure 2.8 Dependence of viscosity on the shear rate for a Newtonian liquid and a
non-Newtonian pseudoplastic polymer solution.
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Inherent viscosity (or the logarithmic viscosity number)

hI ¼
1
c
lnhr:

Intrinsic viscosity (or the limiting viscosity number)

[h] ¼ lim
c!0

(hsp=c):

Note that hsp is essentially the incremental increase in h due to the dissolved
solute (polymer). Both hsp or hI are concentration dependent, and extrapolat-
ing the linear plots of either of these versus the concentration to zero concen-
tration yields the intrinsic viscosity [h], which is related to the dimensions of
an isolated polymer chain in solution.

For dilute polymer solutions a simple approximate expression for specific
viscosity can be derived from Einstein’s equation for a dilute suspension of
hard (incompressible) spheres in a liquid. The viscosity of a suspension of
N spheres, each with a hydrodynamic volume Ve in a total volume V of a
liquid, is given by

hsp ¼ 2:5N(Ve=V ) (2:34)
and

[h] ¼ 2:5N Ve=Mv:

These equations (which strictly do not hold for nanoscale particles) can be
used to obtain the following expression for a monodisperse polymer of
molecular weight Mv dissolved in a solution of concentration c (where n
moles of polymer is dissolved in a volume V ), as follows:

hsp ¼
2:5 nNAVe

V
¼ 2:5 cNAVe

Mv
, (2:35)

where Ve is the macromolecular volume of the random coil and NA is
Avogadro’s number. Substituting for Ve in equation (2.34), the average mole-
cular weight can be introduced into the equation.

Equation (2.35) indicates that, ideally, hsp/c is independent of concen-
tration. Assuming a spherical geometry for the polymer molecules, and that
Ve1 kr2l3/2, the above expression can also be written as follows, where the
various constants are combined into a single constant, F. This yields the
Flory–Fox equation:

[h] ¼ F{kr2l=M}3=2M1=2 ¼ F{kr2lo=M}3=2M1=2a3: (2:36)

In Q-solvents a3 ¼ 1 and since (kr2l/M) is a constant,

[h]Q ¼ F{kr2l =M}3=2M1=2 ¼ KM1=2: (2:37)
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The constant K combines quantities such as NA, molecular mass of the
repeat unit mo, bond length, and the characteristic ratio. Also kr2l is pro-
portional to (but not equal to) the frictional radius of the macromolecular
sphere; an additional constant to take this into account is also included in it.

In non Q-solvents the exponent is not 1=2 and a more general form of the
above expression (referred to as the Mark–Houwink equation) is obtained.
The constant F has a value of �2 � 1023, provided kr2l is expressed in
cm and [h] in dL per g. For non-Q conditions the above equation is general-
ized into

[h] ¼ KMa
v , (2:38)

where K and a are constants and Mv is the viscosity-average molecular
weight. The relationship is called the Mark–Houwink–Staudinger–
Sakurada (MHSS) equation. The MHSS constants can be experimentally
evaluated from a log–log plot of [h] vsMv and can be useful in understanding
the average conformational state of the polymer in solution. Generally, Mn �
Mv � Mw, but when a ¼ 1, Mv ¼ Mw. Value of the temperature-dependent
MHSS constant a depends on the polymer/solvent pair and generally
ranges from 0.5 (for near-Q conditions) to about 0.8 for flexible linear poly-
mers. Less flexible polymers generally have a value of a . 0.8.

Recalling the expression for the characteristic ratio C1 in equations (2.27)
and (2.36), equation (2.38) can also be expressed as follows:

C1 ¼ (K=F)3=2(Mo=l
2), (2:39)

where Mo is the mean molecular weight of a repeat unit in the polymer chain,
l is the average bond length per skeletal bond of the chain, and C1 is the
characteristic ratio in the limit of infinite molecular weight. The approach
has significant limitations. The treatment, based on a theoretical model for
solid impenetrable spheres, does not take into account any thermodynamic
interactions between the polymer and solvent. Also, the solutions are
assumed to be dilute and the intrinsic viscosity relations employed apply
only at zero shear rate.

The Huggins equation relates (hsp/c) to the concentration c in dilute
polymer solutions ([h]c � 1) and can also be used in viscometric determi-
nation of the molecular weight of polymers:

(hsp=c) ¼ [h]þ k0[h]2c: (2:40)

The Huggins constant k0 is independent of the molecular weight but depends
on the specific polymer/solvent pair and temperature. The value of k0 is about
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1/3 for common polymers in good solvents. The higher terms of this expan-
sion are usually left out as most polymers show (hsp/c) to be a linear function
of c at low concentrations.

2.6 CONCENTRATED POLYMER SOLUTIONS

Polymer molecules under Q-conditions can be represented by an approxi-
mately spherical domain with the chain conformations fitted snugly within
it. With good solvents these domains will tend to be larger (or “swollen”)
and relatively more deformable (or “squishy”). In ideal dilute solutions,
contact between the spheres, and therefore the intermolecular interactions,
tend to be short-lived and minimal. However, as the concentration is
increased, such interactions become increasingly important and the
rheological properties of polymer solutions deviate from the semi-
quantitative descriptions of the low-concentration regime discussed above.
Electrospinning generally involves fairly viscous solutions of high
polymer concentration and viscosity in nondilute systems are therefore of
particular interest.

A requirement for topological interaction between polymer chains in con-
centrated solution is that the average chain length of the polymer exceeds a
certain threshold value. The corresponding molecular weight, Mc, is referred
to as the critical molecular weight or the entanglement molecular weight.
Experimental observations of the dependence of zero-shear melt viscosity
ho of a polymer on its weight-average molecular weight Mw illustrate the
dependence of chain entanglement on molecular weight. At about Mw ¼

Mc, chain entanglements become a significant contributor to melt and sol-
ution viscosity. At Mw , Mc, ho varies with Mw

1.0, but at Mw . Mc, the
dependence changes somewhat abruptly to Mw

3.4. This enhanced viscosity is
attributed to interchain overlap. As the molecular weight exceeds Mc, the

TABLE 2.3 Values of Mc and Ment for selected polymers

Polymer Mc Ment Mc/Ment

Polyethylene 3480 980 3.5
Poly(ethylene oxide) 2000 5870 2.9
Poly(vinyl acetate) (atactic) 9100 24,500 2.7
Poly(methyl methacrylate) (atactic) 13,600 29,500 2.2
Polystyrene (atactic) 18,100 31,200 1.7
Poly(dimethylsiloxane) 12,000 24,500 2.0
Poly(isobutylene) 10,500 17,000 1.6

Source: Fetters et al. 2007.
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melt will include increasing amounts of topological constraints or entangle-
ments that tend to act very similarly to chemical crosslinks in their ability
to constrain bulk deformation of the material. The average molecular
weight between a pair of such entanglements is Ment, the “entanglement mol-
ecular weight” of the polymer. This again can be experimentally obtained, for
instance from the plateau modulus and the density of polymer at a given
temperature. At the onset of deviation in the ho vs Mw curve, the value of
Mc/Ment � 2–3 for most polymers as seen from Table 2.3. Concentrated
solutions also exhibit parallel behavior to melts, with a corresponding
(Ment)soln and an (Mc)soln value (McKee et al. 2004b, 2006a). The experimen-
tally determined ratio (Ment)soln/(Mc)soln � 2. Table 2.3 gives typical values
of Mc and Ment for common polymers.

Graessley identified five concentration regimes for polymers dissolved in
thermodynamically good solvents (Graessley et al. 1967):

A Ideal dilute particle solution
B Semi-dilute particle solution fconcentration regime c, c	g
C Semi-dilute network solution fconcentration regime c. c	g
D Concentrated particle solution
E Concentrated network solution

Solutions in regime A and B are of little interest in electrospinning. The
change over from solution B to C occurs at a critical concentration c	 that
depends on both the average molecular weight of polymer and the nature
of the solvent. On further increasing concentration, a second critical concen-
tration (which is independent of the molecular weight of the polymer) is
reached when the solution transitions from regime C to D. The value of c	

is more relevant to electrospinning and is readily determined by viscometry
or by light-scattering studies.

Recently, de Gennes recognized the analogy between the behavior of
polymer solutions and magnetic critical phenomena,12 allowing the latter
analysis to be applied to model concentrated solutions. After de Gennes,
three concentration regimes can be identified for high-polymer solutions:

† Dilute (c , c	)
† Semi-dilute (c. c	)
† Concentrated solutions (c . c00)

12For studies on magnetic critical and tricritical phenomena and the renormalization group
theory adopted in the de Gennes approach, see Wilson (1971a, 1971b).
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At c � c	, crossover phenomena between the domains result in initial overlap
of polymer chains and introduces a degree of order into the solution.
Essentially the polymer molecules in solution begin to touch at their bound-
aries. Above the critical concentration, c	, macromolecules in solution begin
to display overlap with adjacent macromolecular domains.13 Above this con-
centration the polymer chains are no longer distributed completely randomly in
solution. The loose-chain network resulting from this entanglement is described
by a mesh parameter j (this refers to the average distance between two entangle-
ment points in the loose network). Previously separated randomly arranged
spherical chain domains at c, c	 are now arranged as chains of connected,
yet individually distinguishable domains. The high-concentration regime c00 is
reached when j, 2r, usually at very high concentrations the mesh parameter
approaches unity or the dimensions of monomer units.

The crossover concentration c	 scales with the total number of monomer
units N in the system as the individual polymer chains are indistinguishable
from each other at these higher concentrations. Thus, measures such as kr2l
and even Mn become irrelevant for the system and are in effect replaced by
the mesh parameter j:

c	 � N1�vd � 1=[h], (2:41)

where v is the excluded volume exponent and d is dimensionality. In this con-
centration regime j scales with c –3/4 (Wiltzius et al., 1983). Unlike in the
dilute regime where solution viscosity scales with concentration (h � c),
when c. c	, a power law dependence of the following form is expected
(de Gennes 1979):

h ¼ ho(c=c
	)3=(3v–1), (2:42)

where ho is the solvent viscosity and the exponent v ¼ 0.6 for good solvents.
The concentration exponent using single-parameter scaling is about 3.75, and
that based on two parameters predicted h � c4.5, closer to the experimentally
observed values (Colby et al. 1991).

Recent work has suggested the existence of polymer solutions where c . c	

and therefore have finite overlap, but as yet no significant entanglement
(Bordi et al. 2002; Colby and Rubinstein 1990; Krause et al. 1999).
They assume a gradual statistical chain entanglement process yielding signifi-
cant entanglements only at a concentration ce where c. ce . c	. This allows
for two concentrated solution regimes commonly identified as where polymer
chains “overlap with no entanglement” and “overlap with entanglement.”

13Depending on how c	 may be defined (e.g., c	 ¼ 3N/4p kg2l3/2 or c	 ¼ N/kr2l1/2) it can
have different values even at the same molecular weight.
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The Power Law equation (hsp/c) relates to the concentration c in dilute
polymer solutions and can be used in viscometric determination of the
molecular weight of polymers:

hsp=c ¼ [h]þ k0[h]cþ k00[h]3c2 þ � � � (2:43)

Commonly used equations such as the Huggins equation (eqn 2.40) and the
Kramer equation can be derived from (2.43). The Huggins constant k0 is inde-
pendent of the molecular weight but depends on the polymer/solvent pair and
the temperature. Higher-order terms in the series are generally ignored, as
(hsp/c) vs c for moderately concentrated polymer solutions shows a high
degree of linearity. The value of k0 is about 1/3 for common polymers in
good solvents but can be as high as 0.5 for polymers in poor solvents.
Equation (2.44) (Martin 1951), which can be derived from the Huggins
equation to describe the dependence of viscosity [h] on concentration for
concentrated polymer solutions is as follows

ln(hsp=c) ¼ ln[h]þ Kmc[h]: (2:44)

The magnitude of Km, the Martin’s constant,14 is indicative of the relative
level of interaction between polymer and solvent, with smaller values
suggesting a more “open” conformation in solution. Son et al. (2004d)
used the constant Km to interpret their data on electrospinning poly(ethylene
oxide) (PEO) from several solvents.

This rather limited introductory discussion into polymer solutions is
intended as a prelude to the particular discussion of solution characteristics
that influence electrospinning to be discussed in the following chapters.
The concept of solvent quality leading to extended average conformations
of dissolved macromolecules and the critical concentrations above which
such molecules tend to overlap or entangle, determine the electrospinnability
of a solution. This results in electrospinning being typically associated with
specific concentration regimes, usually the concentrated solutions. However,
as discussed in Chapter 4, properties unrelated to solubility of polymers
such as solvent dielectric properties, need to be also taken into account in
designing polymer solutions for electrospinning.

14Transforming equation (2.43) into the logarithmic form and using the approximation
ln(1þ x) ¼ x yields the version of Martin’s equation shown in (2.44).
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3

ELECTROSPINNING BASICS

Based on the discussion of the physics of jet formation (in Chapter 1), some
basic requirements for electrostatic spinning might be readily anticipated.
A primary such requirement is linear macromolecularity — in other words,
a polymer having both a sufficiently high average molecular weight as well
as an open chain-like geometry1 in solution to allow the development of a
degree of jet elasticity via chain entanglement. Protein polymers such as
casein, for instance, have a high enough molecular weight (M � 25,000 g/
mol) and good solubility, but are difficult to electrospin because of their glob-
ular compact molecular structure due to strong intramolecular hydrogen
bonding (Xie and Hsieh 2003). Similarly, dendritic or hyperbranched poly-
mers of higher generations (with high enough Mw values) do not electrospin
even from concentrated solutions. Although the present discussion is limited
to polymer solutions, as already alluded to elsewhere, polymers can also be
electrospun from melts to obtain uniform nanofibers. Common polyolefins,
nylon-12, poly(ethylene terephthalate) (PET) and poly(ethylene naphthenate)
(PEN) do not dissolve in common solvents at ambient temperature but can
be electrospun from melt (Larrondo and St. John Manley 1981a, 1981c).
Electrospinning polymer melts might potentially be scaled up using a modi-
fication of conventional processing equipment as recently illustrated by the

Science and Technology of Polymer Nanofibers. By Anthony L. Andrady
Copyright # 2008 John Wiley & Sons, Inc.

1Most polymers have chain-like molecular geometry and are referred to as linear polymers.
However, other geometries such as highly branched polymers, comb-like polymers, cross-
linked polymers, and dendritic polymers also exist.
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use of a Brabender extruder to electrospin micrometer-scale polypropylene
fibers. The required electric field of 6–15 kV/cm was about an order of mag-
nitude higher than that used in solution electrospinning (Lyons et al. 2004).

Experimentally, an electrospinning apparatus consists of three basic
components:

† A polymer of adequate average molecular weight dissolved at a high
enough concentration in a good solvent having suitable conductivity,
surface tension, and vapor pressure.

† A device for electrically charging the polymer solution to obtain a stable jet.
† A gap between the capillary tip (or the charged droplet) and a grounded
collecting surface that is set at a suitable distance from the tip carrying
the polymer solution.

The principle variables that govern nanofiber quality (or determine if
electrospinning will occur at all) are the average molecular weight of the
polymer, the nature of the solvent, and the magnitude of the electric field
used to induce electrospinning.

3.1 MOLECULAR WEIGHT EFFECTS

Generally, electrospinning can only occur with moderately concentrated
solutions, as the process of jet formation relies on the entanglement of
polymer chains (McKee et al. 2004b, 2005; Shenoy et al. 2005b).
Conventional measures of the extent of chain overlap and entanglement in sol-
ution can therefore be useful metrics in describing the amenability of a given
polymer solution to electrospinning.Thesemeasuresusually involve the quantity
Mc, the critical molecular weight at which chain entanglements in solution
become significant (seeChapter 2). Two approaches that address the relationship
between the concentration regime and electrospinnability of polymer solutions
have been proposed. Both can potentially identify concentration regimes
where defect-free continuous nanofibers can be electrospun.

3.1.1 The Simha–Frisch Parameter, [h]c

One of the approaches uses the first term of the Huggins expression for
concentration dependence of viscosity in polymer solutions:

hsp ¼ [h]cþ k0[h]2c2 þ � � � (3:1)
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In Simha’s early model (Simha and Zakin 1962), transition from a dilute to a
concentrated polymer solution was envisioned as being due to interpenetra-
tion of polymer chains that occurs when concentration lies somewhere in
the region 1� [h]c � 10. This transition is evident from the change in the con-
centration dependence of viscosity in polymer solutions. The quantity [h]c, the
Simha–Frisch parameter (Frisch and Simha 1956), also sometimes called the
Berry number (Gupta et al. 2005), is therefore a reasonable measure of chain
overlap in solution. As Shenoy et al. (2005b), however, correctly point out, the
dependency, being ultimatelybasedon the equivalent hard sphere hydrodynamic
model, is strictly applicable only at low polymer concentrations.

It is convenient to visualize the structure of polymer solutions in terms of
critical or crossover concentrations. In dilute solutions with no significant
chain overlap or interaction and [h]c , 1, the chains exist as separate entities
or “blobs” in solution. With increasing concentration, however, interaction
between the polymer chains also needs to be taken into account. As illustrated
schematically in Fig. 3.1, at a critical crossover concentration of c¼ c�, chains
begin to overlap and the blobs begin to touch each other at their boundaries.
At this concentration the solution is homogeneous at the molecular level
(i.e., the chain concentration inside a blob is the same as that of the bulk solu-
tion). At higher concentrations (c . c�), the number of chain entanglements
will be proportional to c. The value of c� will depend on the average molecu-
lar weight, polymer chain flexibility (or the chemical structure of the
polymer), temperature, and the nature of the solvent. Also, recalling the dis-
cussion in Chapter 2, 1/[h] and therefore c� can also be calculated from the
root-mean-square end-to-end distance kr2l and the average molecular weight
M of the polymer using Avogadro’s number NA (for solutions in good

Figure 3.1 Diagrammatic representation of a polymer solution in different
concentration regimes.
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solvents, the radius of gyration, ks2l or if available, the hydrodynamic radius
might be substituted in place of kr2l (Gupta et al. 2005)).

c� ¼ 3M

4pkr2l3=2NA

(3:2)

It is convenient to also express c� in terms of intrinsic viscosity rather than the
chain dimension, using the relationship

[h] ¼ Fkr3l=M, (3:3)

where F ¼ 2.5 � 1023 (c.g.s. units). This yields the relationship

c� �1=[h], (3:4)

which allows c� to be conveniently determined experimentally from intrinsic
viscosity measurements. Solution viscosity expressed as a function of the nor-
malized concentration (c/c�) is expected to show different dependencies in
different concentration regimes. Note that c� is directly proportional to M;
the longer the chain lengths, the lower will be the concentration needed to
effect chain overlap. Chain overlap is the dominant interaction mechanism
in the concentration regime 1, c[h], 10. Figure 3.1 schematically rep-
resents the behavior of solvated chains in solution in the three different con-
centration regimes.

Increasing the concentration beyond c. c� further increases the degree of
chain overlap and finally, at a concentration c ¼ c00 an entanglement regime
where the chains begin to topologically constrain each other is reached.
Essentially the “open” conformations of the polymer chains in solution
becomes increasingly compact at these higher concentrations; this contraction
of polymer chains in solution can theoretically proceed until the unperturbed
dimension for the chain kr2lQ is reached at about c ¼ c00 (Graessley 1980).
Above this concentration the blob structure ceases to exist and individual
chains can no longer be discerned in the bulk of the solution. The dependence
of viscosity on concentration again changes in this regime. At c[h] �10, the
expansion ratio a2 ¼ 1 and entanglements dominate the solution properties:

c00 ¼ c�{kr2l=kr2lQ}
4: (3:5)

Therefore c00 will be essentially independent of molecular weight.
Figure 3.2 from Gupta et al. (2005) shows the combined zero-shear visco-

sity for seven poly(methyl methacrylate) (PMMA) samples ranging in Mw

from 12,470 to 365,700 (g/mol) dissolved in dimethylformamide (DMF)
illustrating this dependence. A change in the gradient of the plot occurs at a
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concentration where the system changes from semi-dilute f1, (c�/c) , 3g to
the entangled f(c�/c) . 3g regime. The experimental values of the exponents
are, however, somewhat different from the theoretical expectations (Colby et al.
2001)

{1 , (c=c�) , 3} {(c=c�) . 3}

expected exponent ¼ 1:25 expected exponent ¼ 4:25� 4:5
experimental value ¼ 0:65 experimental value ¼ 5:3

Colby and colleagues identified four concentration regimes (instead of the
three by de Gennes (1979)), subdividing the semi-dilute regime into “semi-
dilute unentangled” and “semi-dilute entangled” regimes, defining an entan-
glement concentration ce as the boundary concentration

2 between the regimes
(Colby et al. 2001). Significantly, this concentration was also shown to be the
minimum concentration at which continuous, bead-free nanofibers could be
electrospun (McKee et al. 2004b, 2005).

As chain overlap and/or entanglements in solution appear to be critical to
achieve bead-free nanofibers (McKee et al. 2004b, 2005; Shenoy et al. 2005b)

Figure 3.2 A plot of zero-shear viscosity as a function of reduced concentration
(c/c�) for PMMA samples of different average molecular weights. Reprinted with
permission from Gupta et al. (2005). Copyright 2005. Elsevier.

2McKee et al. (2004b) reported that the fiber diameter d for electrospinning of poly(ethylene
terephthalate-co-ethylene isophthalate) copolymers from CHCl3/DMF (70/30) scaled with
the ratio c/ce (d � (c/ce)

2.6).
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these different concentration regimes must also be reflected in the electrospin-
ning behavior of the polymer solutions. Data reported byGupta et al. (2005) for
PMMA solutions in DMF illustrate this relationship (see Table 3.1) and can be
conveniently interpreted in terms of normalized concentration (c/c�) or values
of c[h]. At lower concentrations, polymers of different average molecular
weights yielded either only droplets or a mix of droplets and short pieces of
poorly formed nanofibers in the electrospinning experiments. Bead-free nano-
fibers were obtained when (c/c�).6 or only in the so-called “semidilute
entangled” regime (values of c� for these polymers were estimated from
published Mark–Houwink coefficients, and these agreed well with those
obtained experimentally from light-scattering measurements). At (c/c�) �
3.9–4.0, continuous fibers (but still with some beads) were obtained, then too
only with polymer samples of higher average molecular weight. Also, the
yield of defect-free nanofibers in electrospinningwas also found to be influenced
by the polydispersityP of the samples (P ¼Mw/Mn).Whereas all samples with
narrowmolecularweight distributions (P �1.03–1.35) yieldeduniformfibers at
(c/c�) � 6, with samples having a broader distribution (where P �1.62 and
2.12), uniform bead-free fibers were obtained in quantity only at the much
higher concentration of (c/c�) ¼ 9.7 and 10.1, respectively.

Even within the concentration regime that obtains electrospinning,
the quality of nanofibers electrospun can be quite variable. Koski et al.
(2004), electrospinning poly(vinyl alcohol) (PVA) in aqueous solution at

TABLE 3.1 Electrospinning behavior of poly(methyl methacrylates)
at different (c/c*) values

Molecular Weight
(g/mol) c�(exp.)a c/c� Electrospun Productb

12,470 10.2 2.9 Droplets and beads
3.9 Beads and a few fibers
7.2 Continuous fiber

34,070 6.4 0.8 Droplets and beads
125,900 3.3 0.8 Droplets and beads

2.6 Beads and small fiber
4.0 Continuous fiber
6.8 Continuous fiber

205,800 2.5 0.8 Droplets and beads
2.9 Fibers with numerous beads
3.9 Continuous nanofiber
6.8 Continuous nanofiber

365,700 1.9 0.8 Droplets and beads with fibrils

aFrom light-scattering measurements of hydrodynamic size (expressed in wt%).
bDescriptions based on scanning electron microscopy (SEM) images of electrospun material.
Source: Gupta et al. 2005.
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[h]c � 7.5 (well above the limiting concentration of [h]c � 5), obtained con-
tinuous nanofibers from samples of PVA of different average molecular
weights (range of Mw ¼ 9000–186,000 g/mol). They varied [h] and c of
the solutions independently, maintaining a constant value of [h]c � 7.5 by
using different molecular weights of the polymer. Although all solutions
yielded continuous nanofibers (as expected, since [h]c.5), the quality of
the nanofibers varied widely with the composition of solutions. As the con-
centration was decreased from 35% to 6% (switching to progressively
higher molecular weight polymer to maintain [h]c � 7.5 constant for all
solutions), the fiber quality deteriorated progressively, resulting also in a
broader distribution of fiber diameters.

In recent research on electrospinning polystyrene (PS) from tetrahydro-
furan (THF) solutions, however, continuous nanofibers were obtained only
at a value of [h]c. 13 (Casper et al. 2006). The very low molecular
weight PS (Mw � 36,000 g/mol) could not be electrospun from solutions at
normalized concentrations as high as c/c� � 7 (of 35wt% in THF).
However, uniform (relatively thicker) fibers could be electrospun at the
even higher concentration of [h]c ¼16, corresponding to 80 wt% of PS in
solution. In electrospinning poly(1-caprolactone) (PCL; Mw ¼ 40,000g/
mol) solutions in CHCl3, nanofibers were obtained at concentrations exceed-
ing 4wt%, corresponding to a dimensionless viscosity of [h]c � 3–4.
However, the best fibers were still obtained only at [h]c � 4.5 (Hsu and
Shivkumar 2004a). Although a useful guideline to electrospinnability, the
critical values of [h]c tend to vary widely with the polymer/solvent system
considered, limiting its predictive value. In general, a minimum average
molecular weight needs to be exceeded even at high enough [h]c values to
obtain quality continuous nanofibers.

This observed system-dependence of the value of [h]c is to be expected,
because the average chain conformations, and therefore the entanglement
of chains, depends on solvent quality. Poly(ethylene glycol) (PEG) electro-
spun from solutions of [h]c � 10 but made up in different solvents yielded
very different average fiber diameters, partly because the solvent charac-
teristics also play a role in determining fiber quality (Son et al. 2004d).

The approach does not take into account any polymer–polymer inter-
actions in solution. In poly(methyl methacrylate-co-methacrylic acid) copoly-
mers [P(MA-co-MAc), 5% MAc], the pendent carboxylic acid group in
methacrylic acid (MA) entities may undergo hydrogen-bonded interactions.
Yet, the electrospinning behavior of these polymers was found to be
similar to that of the higher molecular weight unfunctionalized PMMA
(McKee et al. 2004a). The value of the critical concentration for
entanglement (�6 wt%) was independent of solvent composition and the
nanofiber diameter d was reported to vary with normalized concentration
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(d ¼ 0.18(c/c�)2.7) — the same as for nonassociating fibers. The hydrogen-
bonded interactions in the copolymer, in this instance, appear to be too
weak to influence electrospinning behavior. However, when a self-compli-
mentary multiple hydrogen-bonding side group was introduced (in �5% of
the repeat units) into the MA units, the solution viscosity dramatically
increased and the value of c� decreased3. Evidently, copious hydrogen-
bonded interactions in this system act very much like chain entanglements,
lowering the critical concentration of the polymer needed to allow electro-
spinning. Polyacrylamide (molecular weight 9 �106g/mol) also undergoes
hydrogen bonding in aqueous solutions. Y. Y. Zhao et al. (2005) studied
the electrospun nanofiber morphology of this polymer in the concentration
range of 0.3–3.0 wt% in water. Bead-free continuous nanofibers were
obtained at concentrations as low as c/c� . �2.5. This value is low com-
pared to that for other polymer solutions. Hydrogen bonding likely provided
the additional chain interactions to facilitate electrospinning in this system.

Branched polymers in solution also show concentration-dependent transi-
tions in viscosity. Copolymers of poly(ethylene terephthalate-co-ethylene
isophthalate) (P(ET-co-EI)) were prepared by the polycondensation reaction
of an equimolar mixture of dimethyl terephthalate (DMT) and dimethyl iso-
phthalate (DMI) in the presence of a 100% excess of ethylene glycol (EG)
(Scheme 3.1). Chain branching was introduced into the polymer using a tri-
functional anhydride or a tricarboxylate at a level of 1–1.5 molar percent. The
concentration dependence of viscosity for these polymers were hsp � c1.39,
hsp � c2.73, and hsp � c3.7 for the semi-dilute unentangled, semi-dilute
entangled, and concentrated regimes, respectively (McKee et al. 2004b,
2005). Again, these values differ from the theoretically expected values, in
this case primarily because of chain branching. Successful electrospinning
of branched copolymer from mixed solvents in CHCl3/DMF (70/30 w/w)
was possible at unexpectedly low values of (c/c�). 1 to obtain bead-free
continuous fibers at (c/c�). 2–2.5. Fiber diameters scaled with the

Scheme 3.1

3Chain entanglement concentration, Ce for the polymer decreased by about 33 percent in
DMF/CHCl3 (80/20 v/v) solution and about 25 percent in DMF/CHCl3 (60/40 v/v) sol-
ution, relative to that for the PMMA-co-PMAA polymer (McKee et al. 2004a).
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normalized concentration to the 2.6th power. In highly branched polymers the
potential for chain entanglement appears to be higher than that for a linear
chain of the same average molecular weight.

Nonpolymeric materials that can form aggregates where physical inter-
actions effectively substitute for chain entanglements can sometimes be
electrospun. Lecithin is not a high polymer, but due to its amphiphilic mol-
ecular structure, it forms reverse micelles in nonaqueous solutions. Micellar
geometry is concentration dependent and assumes a cylindrical, worm-like
shape at high enough concentrations. Above the critical concentration of
c� � 35%, these worm-like domains yielded entangled associated regimes
and the system can be electrospun (from chloroform/DMF 70 : 30 solution)
into nanofibers (McKee et al. 2004b).

In polyelectrolyte solutions, such as in poly(2-(dimethylamino)ethyl
methacrylate hydrochloride) [P(DMAEMA HCl)], electrospinnability can
be achieved without changing the solution concentration, but by altering
the ionic strength of the solution. In P(DMAEMA HCl) dissolved in
80/20w/w% in water/methanol mixtures, the concentration of chain entan-
glements increased with NaCl concentration. The minimum concentration
required for fiber formation therefore decreased as the level of NaCl is
increased, due to ionic screening of the repulsive electrostatic interactions
between charged repeating units that serve to stabilize the jet (McKee et al.
2006a). As the salt concentration increased from 0 to 50%, the minimum con-
centration that yielded continuous bead-free fibers decreased by about 66%
for the aqueous P(DMAEMA HCl) system.

3.1.2 Solution Entanglement Number ne

The zero-shear melt viscosity vs the average molecular weight curve
abruptly changes its gradient (from M to M3.4) at the critical molecular
weight Mc for the onset of chain entanglement. Provided M . Mc, the
average molecular weight between entanglements in the melt, Me is
also a good measure of the extent of such entanglements. The ratio
(ne)melt ¼ {Mc=Me} corresponds to the number of entanglements and has an
expected value of (ne)melt � 2 (experimentally determined values are also
close to 2.0). The same might be extended to concentrated polymer solutions
where (Me)soln ¼ Me=f, wheref is the volume fraction of polymer in solution.
Corresponding to the behavior of melts, polymer solutions similarly show a
marked deviation in their viscosity vs molecular weight plots at a value of
about (ne)soln � 2 (i.e., at a number of entanglements per chain of �1). At
concentrations c. c�, the following expression applies

(ne)soln ¼ (fMw)=Me: (3:7)
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As values ofMe for different polymers are well known, the expression allows
the calculation of (ne)soln values for polymer solutions at different
concentrations. As the value of f increases, (Me)soln will decrease but
(ne)soln will increase, according to equation (3.7).

Shenoy et al. (2005b) used this quantity as a semi-empirical measure of
chain overlap and entanglement in polymer solutions used in electrospinning.
Figure 3.3 (taken from their paper) shows a plot of calculated values of (ne)soln
vs concentration for PS solutions for several values of Mw. For the sample of
molecular weight 190,000g/mol, the dotted line indicates the value of
(ne)soln ¼ 2 for transition from beads to (fibers þ beads) in electrospinning.
The dashed line indicates (ne)soln ¼ 3.5 for the transition to continuous
fibers. The transitions in practice might not be as sharply defined as indicated
in the diagram, but concentration dependence in electrospinning behavior is
evident in the data. As with values of c�, those of Me can be theoretically
estimated using the proportionality between Me and (C1)

–3. Their study

Figure 3.3 The entanglement number (ne)soln calculatedasa functionofconcentration
for the PS/THF system. The dotted lines show the entanglement regime that allows
electrospinning of continuous nanofibers. Each solid line is calculated for a different
value of average Mw. Reprinted with permission from Shenoy et al. (2005b). Copyright
2005. Elsevier.
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included other polymer/solvent systems (e.g., polylactide (PLA)/CH2Cl2,
PLA/DMF, PEO/H2O, and poly(vinyl pyridine) (PVP)/EtOH) (Shenoy
et al. 2005b). The utility of this methodology to predict fiber formation a
priori in electrospinning the solutions (in the absence of other intermolecular
interactions) has been studied. Table 3.2 includes some of the data from
Shenoy and colleagues to illustrate the relationship between the value of
(ne)soln and electrospinnability.

Data on electrospinning solutions of PS in several different solvents,
reported by Megelski et al. (2002), might be used to further illustrate this
approach. Using PS of Mw ¼ 190,000g/mol, attempts at electrospinning
obtained only bead formation at (ne)soln, 2. Short nanofibers intermixed
with beads started appearing at (ne)soln � 2–3 (corresponding to about 20–
25 wt% concentration of PS). Fully formed bead-free fibers were obtained
only with solutions where (ne)soln. 3 (corresponding to 30 wt% concen-
tration of the polymer). The transition from beads to fibers þ beads or to
fibers occurs gradually.

Based on experimental observations, concentrations where fMw, 2Me are
anticipated to yield only droplets and short fibers, and concentrations where
fMw.(3–4)Me will generally yield well-defined bead-free nanofibers. The
treatment, however, assumes negligible polymer–polymer interactions in sol-
ution and applies to only good solvents where entanglements provide the
primary mechanism for stabilization of an electrospinning jet. Specific
polymer–solvent interactions were also not considered in arriving at equation
(3.7), in effect assuming that the concentrations of interest are very high
(c�c�). Thisdiscussion also assumes theupturn in the viscosityvs concentration
curve to be solely due to chain entanglement effects (Shenoy et al. 2005b).

TABLE 3.2 Expected and experimentally-observed concentrations at which
fiber initiation [at (ne)soln � 2] and continuous fiber formation [at (ne)soln � 3.5]
occur in several polymer/solvent systems

Initiation of Fiber/Beads Continuous Fiber

System
Mw

(g/mol)
Expected
(wt%)

Actual
(wt%)

Expected
(wt%)

Actual
(wt%)

PS/THF 190,000 20 18 34 30–35
PDLA/DMF 109,000 18.5 ,20 32 30–35
PLLA/C2H2Cl4 670,000 1.9 ,3 3.4 .4
PLLA/CH2Cl2 670,000 2.3 ,1 4 3
PVP/EtOH 1,300,000 4 3 7.5 7.9

aPDLA ¼ poly(D,L-lactide). PLLA ¼ poly(L-lactide). PVP ¼ poly(vinyl pyridine).
Source: Adapted from Shenoy et al. 2005b.
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Other interactions, as already pointed out, change these relationships signifi-
cantly. The presence of hydrogen bonding in the polymer (as in the case of
electrospinning PVA (Koski et al. 2004), where fibers were obtained even
at (ne)soln,1), phase separation (either solid–liquid or liquid–liquid) in the
system (Kenawy et al. 2003), and gelation due to the formation of thermo-
reversible junctions (Shenoy et al. 2005a) can all result in very significant
deviations from the expected electrospinning behavior. For instance,
Shenoy et al. (2005a) found thermoreversible gelation to be the dominant
stabilizing mechanism in PVA solutions at 808C, where fiber formation
is obtained at (ne)soln 	 1. At the higher dissolution temperature of .928C,
they obtained a similar result. Also, polymer solutions that meet the
concentration criteria suggested, cannot always be electrospun into
continuous fiber because of other factors.

Electrospinning blends of high-molecular-weight poly(ethylene oxide)
(PEO) mixed with PEG (molecular weight of about 10,000g/mol) in
aqueous solution have been studied by Yu et al. (2006). These solutions
were selected to have the same polymer concentration, zero-shear viscosity,
and surface tension. They are non-Newtonian liquids, well below the entan-
glement threshold of [h]c, 1 and are therefore essentially unentangled.
Yet some nanofiber formation was obtained. The high degree of hydrogen
bonding via the terminal hydroxyl groups of PEG likely facilitated electro-
spinning in this case.

The crux of the above discussion is that a semi-quantitative relationship
exists between electrospinnability of a given polymer solution and its concen-
tration as well as the average Mw of the polymer. With polymer solutions a
number of generic concentration regimes based on their rheological behavior
can be identified and have been proposed by Graessley (Graessley 1980) in
the form of a concentration/molecular weight diagram. Figure 3.4 shows
the general features of the diagram based on the solution rheology of PS/
DMF systems. Polymer concentration (g/dL) can also be conveniently
expressed in terms of the volume fraction of polymer f (Wang, C., et al.
2006). The relationships in equations (3.3) and (3.4) can also be written
approximately as follows (the value of the Flory constant is assumed to be
F � 2.5 � 1023 c.g.s units) (Graessley 1980)

c�¼ (KF=NA)=[h] ¼ 0:77=[h]: (3:8)

The values of [h] can be converted to average molecular weight using the
Mark–Houwink constants, K and a, allowing the values of c� to be plotted
at different molecular weights. The boundary line between the “dilute” and
“semi-dilute” regions is indicated by the lower solid line in Fig. 3.4. The
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vertical line that separates the “semi-dilute” and “concentrated” regimes
varies with the system and was calculated as

c00 ¼ 0:77=[h]00 �11 g=dL (3:9)

for the PS/toluene system, where [h]00 ¼ 0.07dL/g. The solid line in the
figure at values of c. 11dL/g was determined using the relationship

cM.rMc (3:10)

for chain entanglement substituting Mc ¼ 31,000 g/mol and density ¼ 1.07
g/cm3 for polystyrene. The broken and solid lines as well as the vertical
line divide the plot area into five regimes. However, the vertical line separ-
ating the “semi-dilute” and “concentrated” regimes (calculated here using
equation (3.9)) is invariably based on the specific overlap criterion used or
on the definition of c�. The value of c� corresponds approximately to the con-
centration at which the average separation between chains is twice their radius
of gyration, leading to the equation (ksl 2 ¼ 6 kr2l)

c� ¼ 1:84M

NAkr3l
2
0

(3:11)

Figure 3.4 Concentration regimes calculated for PS dissolved in a good solvent.
Regimes: I, dilute; II, semi-dilute unentangled; III, semi-dilute entangled;
IV, concentrated unentangled and V, concentrated entangled. Reprinted with
permission of Graessley (1980). Copyright 1980. Elsevier.
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As there is no strict definition of c� for polymer solutions, alternative criteria
might also be used, changing equation (3.11) and therefore also changing
where on the concentration axis the vertical line demarcating the beginning
of entangled regimes is located. In any event, the transition from unentangled
to entangled state will not be an abrupt one as is shown in the figure,
especially for polymers that are polydisperse.

Figure 3.4 can potentially be useful in establishing the electrospinnability
of polymer solutions (Wang, C., et al. 2006). As indicated in the figure,
polymer solutions in regimes I, II, and IV include concentrations where the
polymer chains that are not entangled sufficiently to allow electrospinning
(although electrospraying will of course be possible). Solutions in regimes
III and V have adequate chain entanglement (Wang, C., et al. 2006). But
the regime III is a semi-dilute regime, and it is the ‘concentrated entangled’
regime V that is more likely to allow electrospinning. At very high concen-
trations the solutions of very high molecular weight polymers may,
however, be too viscous for the purpose. This representation of concentration
regimes can be particularly useful if it can be generally applied to all polymers
to assess their amenability to electrospinning. One difficulty is, however, that
the nature of solvent is ignored in the analysis. The chain expansion factor for
polymers that influences entanglement is dependent on the solvent. In com-
paring different polymer/solvent systems it is Ma rather than M that is perti-
nent, at least at moderate concentrations. If electrospinning is consistently
obtained only in regimes V, however, the Mark–Houwink parameter a has
limited relevance because of the high polymer concentrations in these
regimes. Also, experimental data show that other properties of the solvent
(surface tension or dielectric constant) also determine electrospinnability,
quite apart from polymer molecular weight considerations.

3.2 ELECTRICAL CHARGE

In electrospinning, the liquid jet travels across the gap distance from the
highly charged tip to the grounded collector plate. It is the presence of a
surface charge that is responsible for the acceleration of the initial jet
towards the grounded collector, extending it as by as much as a million
times during the short span of travel. In the process, along with mass transfer
there is a corresponding charge transfer across the gap. The current flow due
to this transfer can be measured and is generally found to increase smoothly
with the applied voltage. Accumulation of charge on the collector is experi-
mentally observed to be quite uneven over time, with spikes of charge
corresponding to the incidence of larger volumes such as beads (or droplets)
being transferred across the gap (Samatham and Kim 2006). An example of
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an I vs V plot for aqueous solutions of PEO shown in Fig. 3.5 illustrates the
relationship between the voltage and current in the electrospinning circuit.
Deitzel et al. (2001a) reported that the change in gradient of the plot
around 7kV corresponded to the transition from continuous well-formed
nanofibers at the lower voltage to highly beaded fibers at the higher
voltage. As mass transfer increases with the appearance of fibers (and
beads), consequent higher current flow is anticipated.

The charge on the electrospinning liquid jet primarily resides on its surface
(Feng 2002; Hohman et al. 2001a; Spivak and Dzenis 1999). Typical surface
charge densities can be calculated from the feed rate of solution, polymer
concentration, and the current flow I across the gap.

Where the collector plate is grounded through an ohmic resistance, the
current can be estimated from the measured potential drop across the resis-
tance. If the volumetric feed rate of polymer solution is Q, then conservation
of mass and charge (assuming no adventitious losses in charge from the jet)
require

pr2ru ¼ Q (3:12)

and

2pruqs þ kpr2E ¼ I, (3:13)

where u is the axial velocity of the jet, r is its radius, r is the density, qs is the
surface charge density, k is the dimensionless conductivity of the liquid, E is
the applied field, and I is the current passing through the jet (Feng 2002,
2003).

Figure 3.5 Electrospinning current I as a function of the spinning voltage. Reprinted
with permission from Deitzel et al. (2001a). Copyright 2001. Elsevier.
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Assuming constant acceleration of a jet of uniform diameter He, J.-H.,
et al. (2007c) obtained the following scaling relationship for the radius r of
the jet:

g � ra (3:14a)

g � cb (3:14b)

where g (I ¼ g . E ) is the conductance of the jet and a and b are the scaling
exponent. The current balance in the jet was expressed as

2prqs þ KcbraE ¼ I (3:14c)

where K is a constant.
As the jet extends and reduces in diameter, the surface charge density, as

well as the force with which the jet is attracted by the collector, also increase.
Theron and colleagues (Theron et al. 2001) expressed the volume and

surface charge densities in terms of I, Q, and d as follows:

Volume charge density

qv ¼ I=Q: (3:15)

Surface charge density

qs ¼ qv(0:25d )�10�7, (3:16)

where d (mm) is the diameter of the jet measured just below the Taylor’s cone.
Naturally, the charge density will be particularly sensitive to the solvent

used. In electrospinning bisphenol A polycarbonate (PC) from a DMF/
THF mixed solvent, the charge per unit mass of fiber could be changed
by as much as 80% by changing the ratio of the solvents from 40/60 to
20/80 (Shawon and Sung 2004). However, nanofiber diameters also
change with the solvent composition. Evaporation of the solvent from the
spinning jet does not in general dissipate the electric charge on its surface
(Kalayci et al. 2005). The solvent content in the fiber will change as the
solvent evaporates off the jet.

Theron and colleagues (Theron et al. 2001) found a power-law dependence
of qv on the variables of applied potential V, the feed rate Q, the polymer con-
centration C, the molecular weight of the polymer, and the gap distance, in
electrospinning PEO solutions. Values of qs measured at a point just
below the Taylor’s cone in electrospinning PCL solutions showed a similar
dependence on V and on the feed rate. The mass charge density on the dry
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nanofibers can be conveniently measured by collecting a quantity of the spun
fiber in a Faraday cup (Kalayci et al. 2005). As the magnitude of the charge is
expected to be low, a nanocoulomb meter that has a range up to a few hundred
nanocoulombs is best suited for the purpose. Rutledge and Warner (2003)
reported the charge on PCL nanofibers electrospun from 3 : 1 CHCl3 :
MeOH solvent mixture to be 30–60 nC/mg of nanofiber. The qs (dry) can
be calculated from microscopically established distribution functions for
fiber diameter, d. For polyacrylonitrile (PAN) nanofibers spun from DMF,
the surface charge estimated using a value of d ¼ 900nm, was found to be in
the range of 1.05–1.10 (nC/cm2) (Kalayci et al. 2005). Interestingly, a modi-
fied version of an equation used to estimate the mass charge density of dry
powders was used with nanofibers in this work and yielded values that were
close to (or within an order of magnitude) of that experimentally obtained.

3.3 BEAD FORMATION IN ELECTROSPINNING

Bead formation is the most common type of defect encountered in electro-
spun nanofibers (Lee, K. H., et al. 2003a; Tomczak et al. 2005) and
occurs primarily as a result of the instability of the jet under different
process conditions (Entov and Shmarayan 1997). Qualitatively, beads may
be expected at times during electrospinning whenever the surface tension
forces tend to overcome the forces (such as charge repulsion and viscoelastic
forces) that favor the elongation of a continuous jet (Fong et al. 1999). This
occurs intermittently, as fiber formation still remains the dominant process
and consequently leads to the typical “beads on a string” morphology
described for a variety of different polymer/solvent systems (Fong et al.
1999; Gupta et al. 2005; Lee, K. H., et al. 2003a; Wannatong et al.
2004). Figure 3.6 shows an example of beaded nanofibers of PAN electro-
spun from 10 wt% solutions in DMF.

This is consistent with the observation that electrospinning dilute solutions
of polymers (Deitzel et al. 2001a; Dong et al. 2004; Zuo et al. 2005) or low
molecular weight polymers, where chain entanglement is limited (Morota
et al. 2004), tends to result in bead formation. With most polymer solutions
electrospun at a fixed electric field, some beading is invariably obtained in
the critical concentration regime where transition from electrospraying of dro-
plets into electrospinning occurs. This is related to incipient chain entangle-
ment gradually overcoming the surface tension forces at higher polymer
concentrations. The slow transition from beads only (essentially electrospray-
ing) to beaded nanofibers and eventually to bead-free continuous nanofibers
with increasing polymer concentration is shown in Fig. 3.7 for electro-
spinning of PEO. In the bead formation regime, increasing the polymer
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concentration can result in increasing the aspect ratio of beads, leading to
spindle-like shapes (Lee, K. H., et al. 2003a) and also larger bead sizes
(Hsu and Shivkumar 2004b). Zuo et al. (2005) recently reported optical
microscopic images of unstable jets at different distances from the capillary
tip, showing instability and incipient bead formation in the electrospinning
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) in CHCl3.

Figure 3.7 Electrospraying and electrospinning of aqueous PEO solutions (Mw ¼

500,000) under a constant applied voltage of 4.5 kV and a gap distance of 7 cm:
(a) 5, (b) 10, (c) 20, (d ) 30, (e) 40, ( f ) 50, (g) 60, (h) 70 g/L. Reprinted with
permission from Morota et al. (2004). Copyright 2004. Elsevier.

Figure 3.6 Polyacrylonitrile (PAN) electrospun from DMF (10 wt%) showing slightly
elongated beads. Feed rate ¼ 0.5 mL/h; applied voltage of 25 kV; gap distance of
8 in. (Courtesy of RTI International.)
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Beads need not be always spherical or spindle like; collapsed shapes and
“prune-like” beads (Shawon and Sung 2004) have been described.When a par-
ticularly volatile solvent such as THF is used to electrospin PS from 13 wt%
solution, cup-shaped beads, likely resulting from the collapse of thin-walled
spherical beads, were observed. Even more complex bead morphologies,
such as porous cups with PMMA/acrylonitrile (8wt%) (Liu and Kumar
2005) or “raisin-like” morphologies with polycarbonate/(THF/CHCl3 1 : 1)
(14–15 wt%) (Krishnappa et al. 2003), have been reported. Several complex
shapes of beads encountered in electrospinning are illustrated in Fig. 3.8.

Theoretical analyses of the mechanisms of bead formation have been
attempted by several groups. The rapidly elongating jet undergoes several
different modes of instability. Analysis by Hohman et al. (2001a, 2001b)
and Y. M. Shin et al. (2001b), for instance, predicted three modes of instabil-
ity that can develop in the extending jet, of which two are axisymmetric
(Fig. 3.9). One of these is Rayleigh instability, which is primarily governed
by surface tension, and the other is a conducting instability governed
mainly by the electrical conductivity of the fluid. In axisymmetric instability
the axis of the fiber remains undisturbed but its radius is modulated, yielding
wave-like deformations of the fiber that are the precursors of beads. (Fong
et al. 1999; Fong and Reneker 1999; Zuo et al. 2005). Therefore, processing
conditions that favor axisymmetric instabilities also favor bead formation
whereas increased whipping instability discourages bead formation. Higher
surface charge density that favor whipping instability over axisymmetric
modes therefore generally suppresses bead formation (Fong et al. 1999).

Reneker and colleagues, however, suggested factors such as surface
tension, viscosity, and charge density of the jet to be the primary factors

Figure 3.8 (a) Polystyrene electrospun from 13 wt% solution in THF, showing cup-
shaped beads. Reproduced with permission from K. H. Lee et al. (2003a). Copyright
2003. Elsevier. (b) Porous cup-shaped beads of PMMA electrospun from
nitromethane. Reproduced with permission from Liu and Kumar (2005). Copyright
2005. Elsevier. (c) Prune-shaped beads of PC electrospun from THF. Reproduced
with permission from Shawon and Sung (2004). Copyright 2004. Elsevier.
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that govern bead formation, also pointing out the possible role of solvents in
the process (Fong et al. 1999). For instance, an incompletely dry section of jet
may lose its charge on contact with the collector and contract to form a bead.
This would depend on the volatility of the solvent — the influence of solvent
volatility on bead formation is well known (Wannatong et al. 2004). Highly
conductive solvents or those with high dielectric constants encourage
splaying of the jet (Hsu and Shivkumar 2004b). As already alluded to in
Chapter 1, the smaller branch jets do not spin well and invariably disintegrate
into droplets or beads (Hsu and Shivkumar 2004a).

Several approaches are available to control bead formation in electrospin-
ning of polymer nanofibers:

1. For continuous defect-free nanofibers to be obtained, ideally the rate at
which the polymer solution is pumped into the capillary tip needs to
be approximately equal to the rate at which nanofibers are spun out
of it. Other factors being constant, increasing the solution feed rate in
such a system will therefore lead to increasing amounts of bead for-
mation (Lin et al. 2004; Zuo et al. 2005). This is qualitatively under-
stood in terms of the available electric field being inadequate to
generate a high enough surface charge to stretch the jet as throughput
from the tip is increased, leading to volumes that are not stretched suffi-
ciently (or beads) (Deitzel et al. 2001a). Decreasing the feed rate will
control bead formation under such operating conditions.

2. Increasing the applied voltage increases the surface charge of the jet and
helps to reduce the frequency of occurrence of beads. However, this
will generally suppress bead formation only at adequate feed rates

Figure 3.9 An electrospinning jet of 4% solution of PHBV in chloroform imaged at
different distances from the tip showing the development of axisymmetric instabilities
(applied voltage 20 kV and feed rate 4mL/h). Images (a) through (h) correspond to
distances of 1, 3, 5, 7, 9, 12, 15, and 30 cm from the capillary tip. Reprinted with
permission from Zuo et al. (2005). Copyright 2005. John Wiley & Sons.
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(Krishnappa et al. 2003; Zong, X. H., et al. 2002). As seen in Fig. 3.10,
for PCL electrospun from chloroform, a relatively modest change in the
applied voltage can dramatically reduce the incidence of beads in the
nanofiber mat. If the applied voltage is too high, however, the increased
mass flow can lead to increased bead formation. Also, multiple jets may
emanate from a single droplet or branching off may occur, both result-
ing in the charge density per each jet being reduced, again encouraging
bead formation depending on the solvent used (Shukla et al. 2005).
Electrospinning DMF solutions of PDLA, X. H. Zong et al. (2002)
observed increased bead formation with increasing voltage while main-
taining the same feed rate of 20mL/min. The feed rate, however, was
inadequate to sustain a stable Taylor’s cone at the capillary tip when the
voltage and therefore mass flow was increased. Fibers spun off the
unstable, oscillating, asymmetrical Taylor’s cone from a very small
droplet increased bead formation, with the shape of beads changing with
increasing voltage. Similar observations have been made by others
(Deitzel et al. 2001a; Demir et al. 2002).

3. Increasing the surface charge on the jet using additives to increase the
conductivity of the polymer solution can help avoid beads at a given
applied voltage (Hsu and Shivkumar 2004a; Jun et al. 2005; Lin
et al. 2004; Zuo et al. 2005). Increasing the applied voltage may be
undesirable in some instances, as it may also change fiber dimensions.
In the PS/(DMF : THF 1 : 1) system, bead formation was effectively

Figure 3.10 Poly(1-caprolactone) (PCL) nanofibers electrospun from 5 wt% solution
in CHCl3 at a gap distance of 7.5 cm. The applied voltages in the two panels are
(a) 20 kV and (b) 25 kV. Reprinted with permission from Hsu and Shivkumar
(2004a). Copyright 2004. Springer.
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suppressed by as little as 1026 mol/L of organic salts [such as dodecyl
trimethyl ammonium bromide (DTAB) or tetrabutylammonium chloride
(TBAC)] in the spinning solution (Lin et al. 2004). (DTAB is also a cat-
ionic surfactant and would have lowered the surface tension of the sol-
ution as well.) In electrospinning PEO, NaCl was similarly used
successfully (Arayanarakul et al. 2006). However, increasing solution
conductivity will also increase the throughput from the capillary tip
(Lee, K. H., et al. 2003a). Conversely, partial charge neutralization
can promote bead formation (Fong et al. 1999).

4. Using additives to decrease the surface tension of solutions while
leaving other parameters unchanged should also reduce bead formation.
Adding a surfactant such as Triton X-100 or sodium dodecyl sulfonate
(SDS) suppressed beads in electrospun PVA (Yao et al. 2003) or PEO
(Arayanarakul et al. 2006); the occasional beads that still occurred could
be controlled by adding a small amount of acetic acid along with the
surfactant (Yao et al. 2003). With the PEO/water system, however,
adding hexanol (up to 0.5%) to the solution to lower its surface
tension did not result in a corresponding change in jet morphology
(Morota et al. 2004), illustrating the complex interplay of variables
involved in electrospinning.

3.4 INTRODUCTION TO ELECTROSPINNING PRACTICE

From the time Zeleny first developed the technique, using a needle or an open
nonconducting capillary tip4 carrying an applied voltage placed at a fixed
distance from a grounded collector has been the popular design for laboratory
electrospinning equipment. Although generally used vertically, this “point-
plate” design can also be operated horizontally (with the advantage that
any dripping from the tip does not damage the fiber mat). Its popularity
arises at least partly because the equipment can be conveniently assembled
using off-the-shelf components such as a syringe or a glass pipette (drawn
to a fine point), hypodermic syringe needles, laboratory pump, metal plate,
and flexible plastic tubing. A great majority of the reported data on electro-
spinning is based on either the point-plate geometry or its modification by
substituting a rotating cylindrical drum collector in place of the plate.
Although it has worked well with a wide variety of polymers, the electric

4Although a great majority of electrospinning experiments use a conductive capillary tip or an
electrode in contact with solution in a non-conducting tip, an adequate electric field for the
purpose can also be created via induction. For instance, PAN solutions in DMF have been elec-
trospun successfully using a ring electrode placed around the tip — although the ring electrode
was connected to a power supply the capillary tip was not (Kalayci et al. 2005).
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field in the point-plate arrangement is inherently nonuniform (see Fig. 3.11b).
Small samples of nanofibers can be obtained using a single pendent drop of
solution on the tip electrode or using a few drops of the solution in a glass
pipette carrying an electrode. However, for quality nanofiber production a
pulse-free pump that operates at a low feed rate is generally necessary. This
allows the feed rate to be adequately matched to the applied voltage. A high-
voltage DC power supply unit with a stable output is critical for good electro-
spinning (Matsuda et al. 2005; Zhang, Y. Z., et al. 2006c).

The electric field (lines of forces) resulting from the point-plate arrangement
described above is illustrated in Fig. 3.11b. To improve the uniformity of the
field a parallel plate design that includes a disc electrode affixed above the
capillary tip was later introduced (Shin, Y. M., et al. 2001b) (Fig. 3.12). The
latter arrangement results in uniform parallel electrical lines of forces and
therefore simplifies theoretical studies undertaken to better understand the
physics of electrospinning (Yarin et al. 2001b). Also, as the diameter of the
source disk at the capillary tip is increased, the divergence of the whipping
jet and therefore the area of nanofibermat on the collectorwas found to decrease
as well (Bunyan et al. 2006). With aqueous PEO solutions the reduced
divergence was coupled with smaller average fiber diameters. Tilting the
disk by small angles shifts the center point of deposition without affecting
the diameter of the mat, allowing a wider spray area to be covered by the tip
(Bunyan et al. 2006). However, the parallel plate electrode arrangement has
not been extensively used in reported studies.

Figure 3.11 (a) Electrode arrangement for point-plate electrospinning. Modified
from Y. M. Shin et al. (2001b). (b) Lines of forces calculated for the electric field.
Reprinted with permission from Theron et al. (2001). Copyright 2001. Elsevier.
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Otherattempts at changing the electric field have beenmainlyefforts to control
the instability region of the jet to alter the area of fiber mat depositing on the
collector. Using secondary electrodes about the whipping jet for this purpose
has been explored. Placing parallel planar or tubular electrodes (Kim, G.-H.
andKim 2006; Kim,G.-H. 2006) (at the same polarity as the jet) about thewhip-
ping region helps focus the jet. Using ring electrodes of the same polarity as the
main electrode, encircling the spinning jet has also been attempted (Deitzel et al.
2001b, 2001c) (Fig. 3.13). Thismodificationdampened the jet evenmore, but did
not completely eliminate the whipping instability region, and nanofibers were
deposited over a relatively smaller area on the collector.

Electrospinning from a single capillary tip is a slow low-throughput
process. At a typical feed rate of 2 mL/h of a 10% polymer solution being
pumped through a tip, for instance, only about 5 g/day of 500 nm nanofiber
is generated (Burger et al. 2006). Using multiple needles or an array of tips
is a somewhat obvious route to scaling up the process and producing multi-
component fiber mats as well (Ding et al. 2004c). Theron and colleagues
(Theron et al. 2005) modeled the operation of multiple jets placed adjacent
to each other and also studied multiple tip systems experimentally. Each jet
develops and undergoes instability as with a single tip, but, as might be
expected, the jets are repelled by their nearest neighbors to an extent dictated
by the inter-tip distance. With multiple tips, however, the electric field is

Figure 3.12 Basic electrode arrangement in electrospinning. Reprinted with
permission from Y. M. Shin et al. (2001b). Copyright 2001. Elsevier. The shaded
area represents the whipping instability region.
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complex, as the jets themselves undergo coulombic interaction with each
other. The electric field at a single ith electrode in the array Ei is given by
(Fang et al. 2006)

Ei ¼ Eo
i þ

X

j=i

Eij þ
X

j

E00
y (Jj), (3:17)

where Eo is the unperturbed field strength due to the ith capillary tip electrode,
Eij is the field at location i due to electrode j, and E00

y(Jj) is the interference field
due to current J of the jet j.

Screening the electrodes (or shaping them) can partially control the inter-
ference due to adjacent electrodes. For instance, the use of ring-shaped
secondary electrodes with appropriate voltage about the primary electrodes
has been proposed as a means of controlling interference (Chu et al., U.S.
patent # 6713011 (2004); Fang et al. 2006). The patent describes the transla-
tional platform for a multiple-tip arrangement allowing the assembly to be
moved back and forth (as well as side to side) over a moving belt collector
to obtain an even deposition of the nanofiber. With arrays of jets, however,
clogging of a few of the capillary tips can easily affect the uniformity of
the mat. Circular, elliptic, and other geometric arrangements of the multiple
capillary tips in arrays have also been proposed (Tomaszewski and
Szadkowski 2005). Stability analysis carried out for arrays with auxillary

Figure 3.13 Using multiple ring electrodes to modify the electric field. (a) Experimental
design. (b) Calculated lines of forces using a series of copper ring electrodes.
Reproduced with permission from Deitzel et al. (2001c). Copyright 2001. Elsevier.
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electrodes suggest that the approach can potentially result in high production
rates (Kim, G. H., et al. 2006).

Success in scale-up of electrospinning is evidenced by the large volume of
nanofiber products, such as air filters, already available in the market. The
scale-up approaches used and the manufacturing rates achieved by the few
manufacturers are proprietary. The idea of using arrays of tips, however,
has been commercialized in the form of a modular 100–400 tip per square
foot array (Fig. 3.14) that might be combined to design manufacturing
lines for large-area mats.

A recently commercialized technology (NanospiderTM), uses a thin film of
polymer solution or melt on a cylindrical surface that is subjected to a high
electric field to obtain tip-less electrospinning. The cylinder is partially
immersed in the polymer solution and, as it rotates, a controlled amount of
polymer solution is carried to the top part of the cylinder in the electric
field where a series of Taylor cones are created.

Figure 3.14 A 400-jet modular spin head available for scaling up electrospinning.
Line speeds of 20–1000 fpm are claimed. (Courtesy of Nanostatics Inc.,
Columbus, OH.)
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4

FACTORS AFFECTING
NANOFIBER QUALITY

Given the complexity of the process itself and the numerous variables that
seem to affect it, developing comprehensive models of electrospinning is a
challenge. The complex interplay between even the key interrelated variables
that govern the process is not understood at a level that allows practical pre-
dictive models to be developed. Most of the research literature devoted to the
study of such variables is focused on the major well-known process par-
ameters. Only a few works touch upon minor variables such as the polarity
of the capillary used in spinning (Supaphol et al. 2005a, 2005b), the nature
of the gaseous species in the environment (Casper et al. 2004; Larsen et al.
2004b), temperature (Mit-uppatham et al. 2004a), the dielectric properties
of the collector (Mitchell and Sanders 2006), or the pH of the aqueous sol-
utions of polymers being electrospun (Son et al. 2005). These can neverthe-
less be very important in determining fiber quality and yield. The rapidly
growing database on electrospinning practice, however, allows some pertinent
general observations to be made based on experimental data.

Two classes of variables that affect electrospinning can be identified from
the literature: the materials variables relating to polymer and solvent charac-
teristics and the process variables pertaining to either the choice of equipment
(e.g., the collector plate material or the spinning environment) or the operat-
ing parameters. For convenience of description these are categorized as
shown in Scheme 4.1 as the materials variables (A, B, and C) and process
variables (D, E, F, and G). However, because these are interrelated, a small
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change in any one of these in a smoothly operating electrospinning process
can significantly impact the others, often dramatically affecting nanofiber
quality or even halting the spinning process altogether.

Only a limited number of studies (Deitzel et al. 2001a; Tan, S.-H., et al.
2005) have attempted a direct comparison of the relative importance of differ-
ent variables on fiber quality. However, these too have not comprehensively
studied all the variables and their combinations. S.-H. Tan et al. (2005), study-
ing a copolymer of L-lactide-co-caprolactone (30% caprolactone) [P(L-CL)] in
several solvents, concluded polymer concentration, average molecular weight,
and the electrical conductivity of the solvent to be the dominant parameters
that control nanofiber morphology. Mitchell and colleagues studied melt elec-
trospinning of a thermoplastic polyurethane using a dielectric material as an
auxiliary collector that was not grounded (but placed over the grounded
primary collector) within the gap to collect the nanofiber mat samples.
Interestingly, they found the dielectric strength of the collector material1 and
its surface area to be the dominant variables that influenced fiber diameter
and fiber spacing (or porosity) of the mat (Mitchell and Sanders 2006).

Scheme 4.1 The basic materials and process variables involved in electrospinning
of polymer nanofibers. Electrospinning schematic reproduced here with permission
from Hsu and Shivkumar (2004b). Copyright 2004. Springer Science and Business
Media.

1Also, the experimental setup used here was different from the conventional in that the
grounded electrode was placed in the polymer melt and the charged electrode was placed at
the position below it where a collector plate is generally placed. An auxiliary collector plate
(ungrounded) was placed in between the two electrodes.
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The nature of the collector surface influenced the electric field in its vicinity
under these conditions. Although these observations do not necessarily
agree with general findings reported in the literature for studies carried out
for the most part on polymer solutions, the data underscore the potentially
large parameter space that needs to be considered in deriving meaningful gen-
eralizations. Scheme 4.1 also shows a diagram of electrospinning equipment
and identifies the variables.

4.1 THE POLYMER SOLUTION

4.1.1 Concentration Effects

At concentrations allowing adequate chain entanglement, continuous uniform
nanofibers can be electrospun from polymer solutions in a strong enough
electric field (Deitzel et al. 2001a; Pornsopone et al. 2005; Subbiah et al.
2005). The concentration of polymer in solution often determines if it will
electrospin at all and generally has a dominant effect on the fiber diameter,
d (nm), as well as fiber morphology (Demir et al. 2002; Zong, X. H., et al.
2002). Higher concentrations generally yield nanofibers of larger average
diameter but the quantitative relationship between the solution concentration
c (wt%) and d (nm) appears to be variable. Recent studies have attempted to
obtain the scaling exponent for concentration dependence of d over a large
enough range of average molecular weights of the polymer. Figure 4.1

Figure 4.1 Dependence of average fiber diameter d (mm) on the reduced
concentration of PMMA in solution. Reproduced with permission from Gupta et al.
(2005). Copyright 2005. Elsevier.
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illustrates the dependency obtained for poly(methyl methacrylate) (PMMA)
samples in dimethylformamide (DMF) solutions, as reported by Gupta
et al. (2005). Based on this plot (and a similar plot of fiber diameter vs
zero shear-rate viscosity that also depends on Mw), the following scaling
relationships were proposed:

d � (c=c�)3:1 and d � (ho)
0:72 (4:1)

McKee et al. (2004a, 2004b) studied the electrospinning of poly(ethylene
terephthalate-co-ethylene isophthalate) synthesized either with or without
chain branching (branching was introduced using trifunctional co-monomers
during the copolymerization) electrospun from CHCl3/DMF (70/30) sol-
utions. The exponent for concentration dependence for their system was
�3.0 and that for viscosity dependence was 0.80, over the range of average
Mw values (11,700–106,000 g/mol). The same exponent of 3.0 was also
reported for concentration dependence of d (nm) in electrospinning of seg-
mented poly(urethane-urea) from DMF (Demir et al. 2002). Despite such
agreement, it is reasonable to expect the scaling exponent to vary with the
nature of solvent and even with other process variables such as the feed
rate of the solution. Factors such as solvent quality (Supaphol et al. 2005a,
2005b), spinning conditions (Kang et al. 2002) and temperature
(Mit-uppatham et al. 2004b) also understandably play a role in determining
fiber diameter. However, in general, the relationship between c (wt%) and
d (nm) also appears to apply over a range of values of the electric field
(Sukigara et al. 2003). This is illustrated in Fig. 4.2 with data on Bombyx
mori silk electrospun from formic acid solution (Sukigara et al. 2003)
under several electric fields of different strength.

Most of the published data relate to specific polymer/solvent systems, and
are often limited to a single average molecular weight of polymer. These gen-
erally agree that the fiber diameter d (nm) increases with polymer concen-
tration (Huang et al. 2006; Jun et al. 2003; Mit-uppatham et al. 2004b;
Supaphol et al. 2005b). For instance, in electrospinning aqueous solutions
of poly(ethylene oxide) (PEO), a linear dependence of log d (nm) vs log c
(wt%) with a gradient of about 0.5 has been reported (Deitzel et al. 2001a).
Baumgarten (1971) also found the logarithm of nanofiber diameter to
increase with the concentration of polyacrylonitrile (PAN) in dimethyl-
formamide (DMF) solution.

Solution viscosity is generally identified as the dominant variable that
determines fiber diameter (Jun et al. 2003). The minimum viscosity needed
corresponds to some value of c. c� in solution and varies with the molecular
weight of the polymer as well as the nature of the solvent used, as already
discussed in Chapter 3. Although solution viscosity is primarily adjusted
by changing polymer concentration, varying the solvent composition at a
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constant concentration of polymer can also be used for the purpose. For
example, the viscosity of a 13 wt% polystyrene (PS) solution can be
changed from 42 cPs to 48 cPs by merely changing the composition of the
binary solvent system (tetrahydrofuran (THF) þ DMF) (Lee et al. 2003a).

The conjugated polymer poly(p-phenylene vinylene) (PPVy) in ethanol/
DMF solutions has a higher viscosity than when dissolved in ethanol alone
at the same concentration. Although both solutions are electrospinnable
(Xin et al. 2006), only the higher concentrations tend to yield the bead-free
nanofibers. Concentrations that are too high, however, can lead to practical
difficulties (such as tip blockage) in electrospinning (Subbiah et al. 2005;
Zong, X. H., et al. 2002). Adding a polyelectrolytes in small quantity, as
demonstrated by the addition of prepolymer to a poly(vinyl pyridine)
(PVP) polymer solution (Xin et al. 2006), dramatically increased the
viscosity, without appreciably increasing the concentration of the solids in
solution. Solutions with a high solids content may not only impede the
fiber-extension process (in the whipping instability region of the jet),
yielding relatively thicker nanofibers, but may also make it difficult to

Figure 4.2 The relationship between fiber diameter and the concentration at
different values of the electric field. Reproduced with permission from Sukigara
et al. (2003). Copyright 2003. Elsevier.
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pump the polymer solution because of its high viscosity (Kameoka et al.
2003). Nanofibers spun from such solutions can have an uneven
appearance and tend to be deposited over a relatively smaller area on the
collector plate.

An innovative approach to reducing solution viscosity is by using low-
frequency vibration of the solution during electrospinning (He et al. 2004;
Wan, Y.-Q., et al. 2006). Vibration facilitates temporary disentanglement of
polymer chains by effectively disrupting the van der Waal’s interactions
between them, reducing the solution viscosity. The drop in viscosity with fre-
quency is exponential within a range of vibration frequencies; the solution
viscosity (Pa/s) of PMMA was shown to reduce by an order of magnitude
when a vibration frequency of v ¼ 300 (rad/s) was imposed on the solution
(He et al. 2004). Vibrating the capillary tip (�400 kHz) during electrospin-
ning of poly(butylene succinate) (PBS)/CHCl3 solutions led to the generation
of thinner nanofibers compared to when vibration was not used (Wan, Y.-Q.,
et al. 2007). At higher concentrations the solutions were electrospinnable only
with vibration assistance. Another advantage of this technique might be its
use in electrospinning coagulated materials and suspensions that cannot be
otherwise electrospun.

4.1.2 Solvent System

The choice of solvent2 (Table 4.1) primarily determines

† conformation of the dissolved polymer chains
† ease of charging the spinning jet
† cohesion of the solution due to surface tension forces
† rate of solidification of the jet on evaporation of the solvent.

Unlike with droplets of low-molecular-weight liquids or monomers that
subdivide into smaller droplets under a strong electric field, polymer sol-
utions undergo a degree of elongational flow and orientation in an electric
field. It is the entanglement of the partially oriented, expanded confor-
mations of polymer chains that makes their electrospinning possible in the
first place. Solvents that yield open conformations of polymer chains and

2Electrospinning can also be carried out in a supercritical CO2 medium. A pair of electrodes
with a gap of 3 mm was used with poly(dimethyl siloxane) (PDMS) applied as a solid on
the electrode to which a potential was applied. When the assembly placed in a pressure
vessel was charged with CO2, electrospinning was obtained under supercritical conditions
(Levit and Tepper 2004).
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those solutions with high solids contents are therefore better suited for
electrospinning.

The dramatic influence of solvents on electrospinnability is well illustrated
by a study that investigated 18 different solvents for PS (Mn ¼ 119,000
g/mol) (see Fig. 4.3). All but one of these dissolved the PS, but only four
(DMF, MEK, THF, DCE) yielded electrospinnable solutions (at 10–30%
w/v). Both the dipole moment and conductivity of the solutions were ident-
ified as key properties that determined electrospinnability (Jarusuwannapoom
et al. 2005). Son et al. (2004d) studied PEO dissolved in five solvents at
different concentrations selected to obtain [h]c � 10 (i.e., entangled semi-
dilute regime). The average nanofiber diameters d (nm) obtained on electro-
spinning these varied widely with the solvent used and thinner fibers were
obtained with solvents with higher dielectric constant. A qualitative indi-
cation of the average conformation of polymer in solution is afforded by
the value of Martin’s constant Km (see Chapter 2). PEO solutions in

TABLE 4.1 Data for solvents commonly used in electrospinning of polymers

r (g/cm3) Tb (8C) Dielectric Constant g (mN/m)b h (mPa.s)

Acetone 0.790 56 20.7 23.46 0.324
CHCl3 1.483 62 4.81 26.67 0.568
THFa 0.889 66 7.6 23.97 0.468
Cyclohexane 0.779 81 2.02 24.65 0.979
Water 0.998 100 78.5 71.99 1
Toluene 0.867 111 2.38 27.93 0.59
DMFa 0.944 153 36.7 — 0.92
Formic acid 1.213 101 58.5 37.7 1.8
Ethanol 0.785 78 24.6 22.0 1.1
Acetic acid 1.050 118 6.19 26.9 1.1

aTHF, tetrahydrofuran; DMF, dimethylformamide.
bSurface tension. Dielectric constants measured at 258C.

Figure 4.3 Scanning electron micrograph (SEM) images (same magnification) of
PS nanofibers electrospun from 30% w/v solutions of (a) 1,2-dichloroethane,
(b) DMF, and (c) ethyl acetate solutions at an applied potential of 20 kV and a gap
distance of 10 cm, illustrating the widely different fiber diameters. Reproduced with
permission from Jarusuwannapoom et al. (2005). Copyright 2005. Elsevier.
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chloroform, with a low value of Km ¼ 6.51 (therefore leading to an open
conformation of the polymer chains in solution) yielded nanofibers at the
lower x concentrations (�3%). Solutions in DMF with a high value of
Km ¼ 27.71 yielded fibers at 7% concentration, and were difficult to electro-
spin. Shenoy and colleagues also found a strong solvent dependence on the
electrospinnability of poly(vinyl alcohol) (PVA) and poly(vinyl chloride)
(PVC) (Shenoy et al. 2005a). In this case the differences were attributed to
differences in thermoreversible gelation obtained with different solvents.

Sensitivity of the yield and quality of nanofiber produced to the nature of
solvent was reported by numerous researchers: polycarbonates (PC)
(Krishnappa et al. 2003; Shawon and Sung 2004); nylon-6 (Mit-uppatham
et al. 2004b); polystyrene (PS) (Wannatong et al. 2004); ethyl cellulose
(Wu, X. H., et al. 2005); and poly(vinyl pyridine) (PVP) (Yang, Q. B.,
et al. 2004). These, in general, identify four key properties of solvents as
being particularly important in electrospinning:

† conductivity
† surface tension
† dielectric properties
† volatility.

Although efforts are being made to model solvent effects in electrospin-
ning (Lu, C., et al. 2006), selecting an ideal solvent system is a complex
task and, except for broad guidelines, the selection is mostly based on trial
and error. Not only does each of these solvent characteristics have a direct
critical influence on electrospinnability and nanofiber quality, but they
cannot generally be independently varied to optimize a solution. Varying
any one of these solvent properties with an additive, keeping everything
else constant, to isolate its effect experimentally is usually difficult, as most
additives tend to change several properties simultaneously. For instance,
adding an alcohol to change the surface tension of a PEO/water system
changes the viscosity and conductivity as well (Morota et al. 2004).

4.1.3 Conductivity

The electrospinning process fundamentally requires the transfer of electric
charge from the electrode to the spinning droplet at the terminus of the tip.
A minimal electrical conductivity in the solution is therefore essential for
electrospinning; solutions of zero conductivity cannot be electrospun.
Solvents commonly used in electrospinning have conductivities that are
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much lower than that of even distilled water3; dichloromethane has a value of
only 0.03 mS/m. On dissolving a polymer in the solvent, however, the sol-
ution conductivity generally increases due to the availability of conducting
ionic species (mostly from impurities or additives) from the polymer. With
increasing polymer concentration in solution, however, its electrical conduc-
tivity may decrease (Jun et al. 2003). Where the polymer itself has ionic func-
tionalities as with polyelectrolytes, however, the solution conductivity will be
much higher (relative to those of uncharged polymers) and markedly concen-
tration dependent (McKee et al. 2006a).

Solution conductivity afforded by incidental ionic species in solution
might be inadequate to electrospin smooth continuous fibers with some
polymer/solvent systems. In these instances an additive might be used at
very low concentrations to increase conductivity. These tend to be either
inorganic salts such as NaCl (0.01M) (Kim, S. J., et al. 2005; Lee, C. K.,
et al. 2005; Wannatong et al. 2004; You et al. 2006a) or ionic organic com-
pounds such as pyridinium formate (PF) (Jun et al. 2003), palladium diacetate
(Yu et al. 2004), trialkylbenzyl ammonium chloride in L-polylactide (PLLA)
(Zeng, et al. 2003b) or in poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) solution (Choi, J. S., et al. 2004). Adding ionic species to the
solution allows a relatively higher surface charge density to be maintained
on the jet and consequently promotes improved fiber extension during
the whipping stage. Ionic sizes of the conducting species influence both
their mobility as well as their charge density (Zong, X. H., et al. 2002).
Conductivity of polymer solutions can also be changed by using solvent
mixtures. S. H. Tan and colleagues (2005), used either CH2Cl2/DMF
or CH2Cl2/pyridine blends as the solvent to make up 10 wt% solutions
of copolymer of L-lactide with caprolactone (P(LLA-CL)). Solutions
of higher conductivity yielded nanofibers smaller in average diameter
(d (nm)). Figure 4.4 illustrates the effect of an organic additive on d (nm) of
poly(lactide-co-glycolide) (50 : 50) PLGA copolymer from CHCl3 solution.

A 2 wt% solution of PLLA (Mw ¼ 670,000 g/mol) in CH2Cl2, for
instance, yields beads and fibers on attempted electrospinning. But on
adding 0.8 wt% (with respect to solvent content) of pyridinium formate
(PF), the system yields nanofibers exclusively (Shenoy et al. 2005). The
ionic additive cannot increase chain entanglement, but enhances the surface
electric charge. A simple interpretation of the observation is afforded in
terms of the two primary forces involved: Vq, the electrical energy working
to disrupt the droplet, and gR2, the surface free energy of the droplet
(where g is the surface tension of the solution). It is reasonable to argue

3The SI unit for conductivity is siemens per meter, where 1 siemen ¼1 ampere/volt ¼ (V)21.
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that electrospinning occurs only when Vq/(gR2) .1 (Shenoy et al. 2005).
Ionic additives in the spinning solution that at low concentrations can signifi-
cantly increase Vq without increasing g will therefore increase the magnitude
of this dimensionless ratio, facilitating easier spinning at lower applied vol-
tages. The reverse effect is found when an appropriate radioactive source is
brought near an electrospinning setup. Radiation from the source neutralizes
the charge on the droplet or jet, reducing Vq (again without affecting surface
tension), and halts the electrospinning process. Corona discharges similarly
retard or arrest electrospinning.

There is little to be gained by increasing the value of Vq indiscriminately
using high levels of the additive. At very high conductivities, maintaining a
surface charge on the droplet in fact becomes increasingly difficult, and the
characteristic cone geometry described by the jet is affected as well. In
aqueous solutions of poly(ethylene oxide) (PEO) (40 g/L), addition of
CaCl2 changed the spinning jet from a simple cone-jet mode to a multijet
mode (Jaworek and Krupa 1999), and solutions with conductivity exceeding
5 mS/cm could not be electrospun at all (Morota et al. 2004). Similarly,
5 wt% poly(acrylic acid) (PAA) could be electrospun from 0.01M and 0.1
M aqueous solutions of NaCl, but not from 1M NaCl (Kim, B., et al. 2005).

The effect due to conductivity is not always easy to isolate or quantify.
Changing solvent composition will often change the surface tension and
dielectric constant as well, and consequent changes in electrospinning
behavior cannot be uniquely attributed to changes in conductivity. Adding

Figure 4.4 Change inaveragenanofiber diameterofPLGAcopolymer (LA : GA, 50 : 50)
electrospun fromCHCl3 (15 wt%) on adding benzyl triethyl ammonium chloride (BTEAC)
to the spinning solution. Reprinted with permission from You et al. (2006a). Copyright
2006. John Wiley & Sons.
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0.5–1.5% of triethyl benzyl ammonium chloride (TABC) to 5 wt% solutions
of PLA in CH2Cl2 yielded thinner nanofibers on electrospinning (Bognitzki
et al. 2000). However, the relative contribution of increased conductivity
by four orders of magnitude compared to that due to the near doubling of
the surface tension by the additive cannot be ascertained. In the practice of
electrospinning, the goal is to obtain defect-free nanofiber mats and, regard-
less of the mechanism involved, the use of either ionic additives and solvent
mixtures does often result in improved fiber morphology.

4.1.4 Surface Tension

Surface tension is the primary force opposing coulomb repulsion and its role
in determining electrospinnability cannot be overstated. In the instability
region of the jet that obtains fiber extension, electrostatic forces are countered
primarily by surface tension forces. It is this balance between surface tension
cohesive forces and the surface electrostatic repulsion (i.e., Vq/gR2) that
determine the curvature in bending of the jet during whipping instability.
Also, bead formation in electrospinning can be induced by changing the
surface tension of the solution (Fong et al. 1999; Shawon and Sung 2004).
It is often the surface tension and viscosity of the solution that determine
the window within which a specific polymer/solvent combination can be
electrospun (Deitzel et al. 2001a). The minimum spinning voltage Vc there-
fore increases (but not necessarily linearly) with the surface tension of the
spinning solution. In the Taylor’s equation the critical voltage to initiate jet
formation, Vc, is proportional to g

1/2, suggesting that electrospinning is poss-
ible at lower voltages when the g of the solution is reduced. All other factors
being equal, lower surface tension is therefore a desirable solvent character-
istic (Fridrikh et al. 2003). However, the surface tension of polymer solutions
change with concentration (Deitzel et al. 2001a) as well as with the chemical
nature of the polymer (Lee et al. 2003b). It also likely changes in time, as the
jet becomes progressively concentrated during its passage from the tip to the
collector plate. Surface tension is temperature-dependent and is affected by
the presence of an electric field, making it one of the more elusive factors
to quantify in an electrospinning model.

Surface tension of a polymer solution can be controlled by judicious selec-
tion of the solvent. The very different surface tensions of poly(vinyl chloride)
(PVC) solution at constant concentration in various DMF/THF mixtures are
shown in Fig. 4.5a. Note, however, that on changing the solvent composition
the viscosity also increases threefold at constant polymer concentration (Lee,
K. H., et al. 2002). DMF is a polar solvent with a high dielectric constant
(36.7 at 258C) and high boiling point (1538C), whereas THF has a low
dielectric constant (7.6 at 258C) as well as a low boiling point (658C).
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Although a good solvent for PVC, because of its high volatility, THF is not a
convenient solvent to use in practice and often results in blockage of the capil-
lary tip. The nanofiber quality obtained is also very different at the various
solvent compositions: THF alone yielded a very broad distribution of fiber
diameters and DMF resulted in a narrow distribution with an average diameter
of about 200 nm. Mixtures in the range of 80/20 to 20/80 (DMF/THF v/v)
yielded fibers intermediate in average diameter. In general, increasing
polymer concentration will decrease the surface tension of solutions as illus-
trated by the PEO/water system (see Fig. 4.5b). The influence of surface
tension of solvents in electrospinning is well discussed in the literature
(Fong et al. 1999).

As with electrical conductivity, low concentrations of additives may be
used to alter the surface tension of polymer solutions. Surfactants, used
at very low concentrations, dramatically decrease the surface tension of
solutions (Jung et al. 2005; Lin, T., et al. 2005a; Zeng et al. 2003b) and facili-
tate electrospinning. Numerous examples are available in the literature.
Nanofibers of PS electrospun from DMF/THF mixtures (5–15%w/v)
yielded bead-free nanofiber mats only when 0.03–30 mmol/L of the cationic
surfactant dodecyl trimethyl ammonium bromide (DTAB) was added to the
polymer solution (Lin, T., et al. 2004). Nonionic surfactant Triton X-100
was used in electrospinning fully hydrolyzed PVA from water solutions to
yield bead-free nanofibers (Yao et al. 2003). Triethyl benzyl ammonium chlor-
ide (TEBAC) and aliphatic PPO–PEOether (AEO10)were used to improve the
fiber quality of PLLA nanofibers electrospun from CHCl3/acetonesolutions
(Zeng et al. 2003b). Figure 4.6 compares SEM images of PLLA nanofiber
mats spun with and without the added surfactant, illustrating the effect of
this key variable on the distribution of fiber diameters (Zeng et al. 2003b).

Figure 4.5 (a) Effect of solvent composition on the surface tension of PVC solutions
of constant polymer concentration. Reproduced with permission from K. H. Lee et al.
(2002). Copyright 2002. John Wiley & Sons Inc. (b) Effect of PEO concentration in
water on the surface tension of the solution. Reproduced with permission from
Deitzel et al. (2001). Copyright 2001. Elsevier.
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As a nonionic surfactant was used in this study, any change in conductivity
did not significantly contribute to the observed changes in morphology.

The surface tension of polymer solutions can be conveniently measured4

using the simple Du Nouy ring technique (Geng et al. 2005), where a wire
loop of known circumference is dipped in the solution and the maximum
force needed to slowly raise it out of the solution is measured. The
Wilhelmy plate method (Seoul et al. 2003) essentially substitutes a platinum
plate for the ring. With small samples of solution available for the measure-
ment, however, a platinum rod might be substituted for the plate. In practice it
is important to minimize the evaporation of solvent during the measurement.

An elegant technique that works particularly well with volatile solutions is
the pendant drop method, especially relevant as the electrospinning process
starts with a pendant drop of the polymer solution. The droplet can be
readily imaged (in the absence of the electric field). Then

g ¼ (Dr)gR2=b, (4:2)

whereg is the surface tension,Dr is the difference in the densities of the fluids at
the interface, R is the radius of curvature of the drop at its apex, and b is a shape
factor calculated from the imaged shape of the drop. Recent equipment auto-
matically calculate iterative solutions for the Young–Laplace equation to
yield values of b. These typically use a digital CCD camera to image the
droplet and the error in g is typically about +0.01 mN/m.

4.1.5 Dielectric Constant 1

The dielectric constant 1 of a material is essentially a measure of how effec-
tively it concentrates the electrostatic lines of flux when placed in an electric

Figure 4.6 The effect of adding 5% (on the weight of polymer) surfactant on the
fiber morphology in electrospinning of PLLA from a CHCl3/acetone (2 : 1) solution:
(a) no surfactant; (b) nonionic surfactant. Reproduced with permission from Zeng
et al. (2003b). Copyright 2003. Elsevier.

4The SI unit is mN/m, which has the same magnitude as the conventional unit of dynes/cm.
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field.5 In a practical sense it is a measure of how much electrical charge the
solvent is capable of holding. Solvents with different values of 1 used in elec-
trospinning will interact very differently with the electrostatic field and it is
therefore an important material parameter in electrospinning (Wannatong
et al. 2004). The Rayleigh equation includes 1 as one of the key parameters.
With solutions of high dielectric constant, the surface charge density on the jet
tends to be more evenly dispersed. This translates into high nanofiber quality
and productivity during electrospinning. Wannatong et al. (2004) found the
productivity (quantified as the number of webs per unit area per min) in elec-
trospinning of PS to increase with 1 of the solvent used.

The effect of solvent dielectric constant on fiber morphology is illustrated
by the comparison of the quality of nanofibers of poly(lactide-co-glycolide)
(PLGA) (LA : GA 50 : 50) electrospun from 15 wt% solutions of either
HFP (1 � 16.7) or chloroform (1 � 4.81) at 258C. The average fiber diameter
d (nm) obtained with the less polar chloroform was 760 nm, while that for
HFP was 310 nm (Min et al. 2004d). HFP, with the much higher value of
1, yields nanofibers that have the smaller average d (nm) and very different
morphologies were obtained with the two solvents. Solvents with the
higher 1 also resulted in smaller average values of d (nm) also in electrospin-
ning of PEO carried out in multiple solvents (Son et al. 2004d). Figure 4.7
shows the reported relationship between the value of 1 and the average
fiber diameter d (nm) for the system. However, this must be regarded as a
qualitative observation as the concentrations were adjusted to [h]c � 10 in
different solvents (i.e. the concentrations were not the same).

The extent towhich the choice of solvent affects the nanofiber characteristics
is well illustrated in the electrospinning of poly(1-caprolactone) (PCL) from
CHCl3/DMF mixed solvent. As the volume fraction of DMF in the mix is
increased from 0 to 10 wt%, the average d (nm) (at the same polymer concen-
tration) was shown to decrease from �450 nm to 150 nm (Hsu and Shivkumar
2004b). This was likely a result of the increased dielectric constant of the
solvent due to addition of DMF [1(DMF) � 36.7 and 1(CHCl3) � 4.8].
Furthermore, the distribution of d (nm) was also affected by the higher
volume fractions of DMF in the mixture. Bimodal distributions of d (nm)
typically obtained when electrospinning from CHCl3 solutions changed to
narrow unimodal distributions with the addition of DMF into the solvent.
This was attributed to multiple splaying of the jet obtained with solvent
blends containing DMF. Similar data on the effect of solvent composition on

5The force of attraction between a pair of point charges of opposing polarity generally varies
with the square of the distance r. But the value depends on the nature of the intervening
medium (air or solvent) in that the force is instead proportional to [(11/2)r]2, where 1 is the
dielectric constant (or the relative permittivity) of the material.
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fiber morphology have been reported for PCL electrospun from CH2Cl2/DMF
solutions (Lee, K. H., et al. 2003b), for PS electrospun from THF/DMF
(Lee, K. H., et al. 2003a), and PVC electrospun from THF/DMF (Lee,
K. H., et al. 2002).

Dong et al. (2004) found a qualitative correlation between 1 of the solvent
and the quality of electrospun nanofibers for PMMA (at a concentration of
100 mg/mL) (Table 4.2), illustrating the effectiveness of high-1 solvents
(Dong et al. 2004). Similar qualitative observations have been made
for other polymers such as PCL (Lee, K. H., et al. 2003b), PMMA

Figure 4.7 Relationship between the average fiber diameter and the dielectric
constant of the solvent for electrospun PEO nanofibers. All solutions were at
concentrations corresponding to [h]c � 10. Reproduced with permission from Son
et al. (2004d). Copyright 2004. Elsevier.

TABLE 4.2 The effect of the dielectric constant 1 of the solvent on
electrospinning of PMMA at a concentration of 100mg/mLa

Solvent 1 Average d (nm) Morphology

Toluene 2.38 — No jet
CHCl3 4.81 — Beads with tiny fibers
CHCl3/DMF (1 : 1) — 620 Fibers with beads
THF 7.52 2490 Fibers with beads
THF/DMF (1 : 1) — 770 Fibers
DMF 38.2 530 Fine fibers
Formic acid 51.1 280 Fine fibers

aApplied voltage ¼ 20 kV and gap distance ¼ 25 cm. The tip was tilted at a 108 angle.
Source: Reproduced from Dong et al. 2004.
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(Dong et al. 2004), PLGA (You et al. 2006a), and PVC (Lee, K. H., et al.
2002). However, in comparisons such as these it is important to appreciate
that changing solvents affects not only 1, but also the conductivity, surface
tension, and the chain conformation of the polymer in solution. With hydro-
gen-bonding methacrylate copolymers, varying 1 by changing the solvent
composition resulted in changes in apparent entanglement threshold affecting
electrospinnability (McKee et al. 2004b). In this case too, however, changing
1 was accompanied by a change in ionizability of the pendant 22COOH
groups in the polymer, and therefore the conductivity of solution. The obser-
vation cannot solely be attributed to the dielectric constant of the system.

4.1.6 Volatility

Invariably, it is the evaporation of solvent from the jet that yields a solid
polymer nanofiber at the collector plate. Ideally, all traces of solvent must
be removed by the time the nanofiber hits the collector. If not, the wet
fibers may fuse together to form a melded or reticular mat as shown in
Fig. 4.8b (Hsu and Shivkumar 2004a). Sometimes a flat ribbon-like nano-
fibers derived from the fluid–filled, incompletely dry nanofiber due to slow
subsequent evaporation of solvent and collapse of the tube, are obtained
(Koombhongse et al. 2001). Using volatile solvents avoids this difficulty.
However, when using highly volatile solvents the solution may dry on the
capillary or needle, causing blockage to flow (Megelski et al. 2002). (Even

Figure 4.8 (a) The relationship between the boiling point of the solvent and average
fiber diameter in electrospinning PS from solutions in solvents of different boiling
points (polymer concentration 23–27 wt%) (Wannatong et al. 2004). Reprinted with
permission from Wannatong et al. (2004). Copyright 2004. John Wiley & Sons Inc.
(b) Reticular mesh from fused “wet” fibers reaching the collector. PCL, 4 wt%
solutions in CHCl3. Reprinted with permission from Hsu and Shivkumar (2004a).
Copyright 2004. Springer Science and Business Media.
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the earliest patents on the process — for example, U.S. patent # 745,276,
Cooley 1903 — refer to this difficulty.) The wrinkled or “raisin-like”
surface features observed in polycarbonate (PC) nanofibers electrospun
from THF (or a THF : DMF mixed solvent) have also been attributed to
rapid drying of the surface of the fiber (Krishnappa et al. 2003).

The smaller fiber diameters in electrospinning result from jet extension and
it is critical that a minimal elongational viscosity be maintained in the jet
during this stage. Essentially, the relaxation time for the polymer chains in
solution needs to be matched to the rate of extensional deformation due to
instability. Very rapid drying can therefore hinder the development of
smaller diameters in the nanofibers. In electrospinning PS from several sol-
vents, the average fiber diameter d (nm) was reported to decrease with increas-
ing boiling point of the solvent (Wannatong et al. 2004), as shown in Fig. 4.8.
The rate of drying is determined primarily by the vapor pressure of the solvent
and by the degree of whipping instability that governs the rate at which the
surface area to volume ratio6 of the jet increases during spinning. At a
given gap distance, drying rate also depends on temperature in the spinning
environment; this may afford some independent control over fiber diameter.

The volatility of solvent also influences the kinetics of phase separation and
therefore fiber morphology obtained in electrospinning. In electrospinning
blends of polycarbonate (PC) and polybutadiene (PB) from CHCl3 solutions,
a fine phase morphology was obtained compared to the coarser morphology
seen in fibers spun from THF (or THF/DMF) solvents. The higher volatility
of CHCl3 (vapor pressure 21.2 kPa) compared to THF (vapor pressure 17.9
kPa) does not allow enough time for coarsening of the phases (Wei, M.,
et al. 2006b). However, the dielectric properties as well as surface tension
of these solvents are also very different and may have also influenced the
phase morphology. Vapor pressure of the solvent also plays an important
role in generating surface features such as porosity; Wendroff and colleagues
(Bognitzki et al. 2000), electrospinning PLLA solutions, found CH2Cl2
(vapor pressure 46.6 kPa) to yield surface porosity, but CHCl3 (vapor pressure
21.2 kPa) did not (see Chapter 9). Using solvent mixtures where the fraction
of the higher-boiling solvent is varied to obtain fiber mats of different porosity
and morphology has been reported (Kidoaki et al. 2006; Larsen et al. 2004b).

4.2 ENVIRONMENT

The majority of reported data pertain to electrospinning carried out in air,
but it is advantageous to control the gaseous environment in the spinning

6Surface area to volume ratio (A/V ) ¼ (2prh)/(pr2h) ¼ 2/r. It is therefore inversely pro-
portional to fiber diameter.
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chamber. The rate of drying of the unstable jet controls the final diameter
of the nanofiber. Larsen et al. (2004b), used a gas-jacketed capillary tip to
surrounding the jet with nitrogen saturated with the spinning solvent to
retard the rate of drying. Electrospinning 10 w/w% PLLA in CH2Cl2 in an
electric field of 0.8 kV/cm, they were able to control the electrospinning
process itself as well as the morphology of the fiber by this technique.
At the higher applied voltages, stable Taylor’s cones were obtained only
when a solvent-saturated coaxial gas stream was used to control the drying
rate of the jet. Also, the rate of electrospinning could be controlled by
merely changing the flow rate of the saturated gas about the capillary
tip. Similarly, the rate of drying can also be accelerated using the same
approach (Yao et al. 2005). Using an external heat source, such as an indus-
trial heat gun or even a 500W lamp, can also help dry the fiber rapidly
(Subramanian et al. 2005). For instance, in electrospinning aqueous solutions
of hyalauronic acid (HA), a particularly viscous polymer solution (concen-
tration 0.01–2.0 w/v%), a jacket of heated air (25–578C) was used to
decrease solution viscosity and increase the rate of drying of the fiber
(Um et al. 2004).

A more important reason to control the environment is to minimize poten-
tial leakage of the surface charge on the jet into the surrounding air. The type
of gas employed may either encourage or discourage the electrospinning
process; for instance, with a capillary tip that is positively charged, using
an electron-rich gaseous environment such as Xe will impede or arrest the
process. A recent U.S. patent7 has proposed using environments of highly
electronegative gases (such as CO2 or freons), delivered coaxially to the
jet to discourage the loss of charges from its surface. This conservation of
surface charge improves nanofiber quality and, under some operating con-
ditions, may even determine electrospinnability. An air or gas stream deliv-
ered at a high pressure coaxially around the tip might be used to provide an
additional drag force contributing to jet extension. When the drag force is
dominant over the electrostatic force in driving jet extension, the process
will be an assisted electrostatic spinning process and is referred to as electro-
blowing (Um et al. 2004; Wang, X., et al. 2005). However, to practically
contribute to fiber extension, the velocity of the air or gas stream needs to
match the jet velocity (Burger et al. 2006), which is difficult to achieve,
even in laboratory experiments.

7David S. Ensor and Anthony L. Andrady. (Filed August 4, 2004). “Electrospinning in a
controlled gaseous environment.” U.S. Patent 7,297,305 (issued November 20, 2007).
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4.3 COLLECTOR

4.3.1 Collector Geometry

The simplest and the most used collector reported in laboratory electrospin-
ning is a stationary metal plate or a foil placed at a fixed distance from the
tip. The conical spray pattern impinging on it results in a symmetric circular
patch of nanofiber on the surface of the metal. As the collector is grounded,
the residual charges on the as-spun fibers are rapidly removed, allowing the
fibers to consolidate into a mat of high areal density. A moving collector
surface allows some control in the areal density. Using a grounded moving
belt or a rotating metal drum as the collector in electrospinning dates back
to the early patents on the technology8 and has been used by numerous
researchers. Different collector geometries reported in the electrospinning lit-
erature were recently comprehensively reviewed by Teo and Ramakrishna
(2006). Figure 4.9 illustrates the common collector geometries described in
the recent literature.

Figure 4.9 Different types of collectors used in electrospinning: (a) flat plate
collector (Kidoaki et al. 2005); (b) rotating drum (Wannatong et al. 2004), mandrel
(Mo and Weber 2004), rotating disc (Zussman et al. 2003); (c) rectangular,
triangular, or wire cylinder frame (Katta et al. 2004); (d ) electrode pair arrangements
(Li, D., et al. 2003b); (e) single or multiple ring electrodes (Dalton et al. 2005); ( f )
mesh electrode (U.S. patent 6,110,590, Aug. 2000); (g) pair of cone-shaped
collectors (Bunyan et al. 2006).

8J. E. Owens et al. (January 1970) U.S. Patent 3,490,115.
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Using a rotating drum surface (or a moving belt) not only allows an even
deposition of fibers, leading to a uniform nanofiber mat of controlled porosity,
but it also allows for some degree of velocity-dependent alignment of nano-
fibers (Kim, K. W., et al. 2004). Noticeable fiber alignment, however, is not
obtained at drum velocities below a threshold value under a given set of elec-
trospinning parameters (Matsuda et al. 2005). Rotating mandrels are of inter-
est because of these allow tubular constructs with potential use as vascular
grafts to be spun (Boland et al. 2004a; Buttafoco et al. 2006; Inoguchi
et al. 2006; Mo and Weber 2004; Stitzel et al. 2006). Tubular fiber mats
with a range of diameters were fabricated by the technique which also
yielded good control over wall thickness. In electrospinning poly(L-lactide-
co-1-caprolactone) [P(LL-CL)], the wall thickness was found to be a linear
function of the duration of spinning (Inoguchi et al. 2006). Multilayered
wall structures where each layer of nanofibers has a different orientation
have been fabricated using mandrel collectors (Vaz et al. 2005).

This level of hierarchical organization via layer-by-layer processing shows
great promise in developing structurally rich, detailed vascular grafts with the
desired mechanical integrity. Placing knife-edges or pins maintained at a high
negative voltage, either below (Teo and Ramakrishna 2005) or within
(Sundaray et al. 2006) the hollow rotating mandrel further improved the align-
ment of nanofibers in the tubular mat. Open frame collectors (rectangular,
pyramidal, or cylindrical) have been used for years to obtain aligned
nanofibers. Available techniques for aligning nanofibers will be dealt with
in detail in Chapter 9. The use of a pair of grounded ring electrodes placed
equidistant from the capillary tip was reported by Dalton et al. (2005) to
yield aligned nanofibers between them in space. Although frames of different
geometry including the ring collectors do yield highly aligned, free-
standing nanofiber mats it is not always easy to collect these for characteriz-
ation or post-processing without disturbing their alignment. Recent work has
demonstrated the utility of secondary or guiding electrodes in producing
uniform highly-aligned nanofibers. These may be simple copper wire electro-
des wrapped around a rotating drum (Bhattarai et al. 2005), steel blades
placed below the rotating mandrel collector (Teo and Ramakrishna 2005,
2006; Teo et al. 2005), or using ring-shaped electrodes about the capillary
tip (Jaeger et al. 1998; Kim, G.-H. and Kim 2006).

A first attempt at organizing collected nanofibers into yarn using SEM
stubs as collectors was reported by Dalton et al. (2005). A pair of grounded
stubs placed 6 cm apart were used as collectors to obtain a quantity of oriented
poly(1-caprolactone) (PCL) fibers between them. One of the grounded stubs
was rotated at 2500 rpm to obtain samples of nanofibrous yarn 5 cm in length
with an average diameter of 4.7 mm.
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4.3.2 Collector Material

Contact of charged nanofibers with the grounded collector surface results in
the removal of electrical charge on the fibers. However, only the charge on
the first layer of nanofibers directly in contact with the metal surface is
removed particularly rapidly. The discharge in subsequent layers will be
slower because polymer nanofibers are good electrical insulators. As the
process is influenced by the dielectric properties of the collector, the choice
of collector material is an important factor in determining the characteristics
of the nanofiber mat, especially their packing density. Kessick et al. (2004)
showed that in electrospinning carboxymethyl cellulose (CMC), the dielectric
properties of the collector markedly influenced the mat volume density.
G. H. Kim and Kim (2006) electrospinning PCL from an 80/20 CH2Cl2/
DMF solvent mixture, found that by using a supplementary electrode carrying
an AC voltage, it was possible to minimize the effect of this variable of col-
lector surfaces. This was due to charge reduction on fibers on passing through
the supplementary field (Kim, G.-H. and Kim 2006).

In some experimental designs a nonconducting or conducting ungrounded
auxiliary collector surface is interposed between the tip and the grounded
plate (Mitchell and Sanders 2006). A significant and rapid build-up of electric
charge in the mat may result from nanofibers collected on such a material.
With the accumulation of several layers of nanofibers, the bulk of the mat
may experience interlayer electrostatic repulsion, affecting the packing
density or solidity of the mat. Mitchell and Sanders (2006) recognized the
dielectric properties of the auxiliary collector to be a key factor that
determines nanofiber mat quality.

Particularly interesting is the collection of nanofibers in a grounded
shallow container carrying a liquid, usually water (Khil et al. 2005; Smit
et al. 2005). The nanofibers contact the liquid on their passage towards a sub-
merged grounded plate. The morphology of nanofibers collected in liquid is
very different from that collected on grounded or auxiliary collector surfaces.
When PLLA and PLGA solutions were electrospun into deionized water,
dilute NaCl solution, or methanol, the average d (nm) of nanofibers, as
well as their surface characteristics, varied significantly from those collected
on grounded surfaces (Kim, H. S., et al. 2005). A liquid collector device
might also be used when electrospinning from solvents that are not readily
volatile; in place of solvent evaporation the fiber is generated by precipitation
in solution as with conventional wet spinning. In electrospinning Kevlarw

[poly(p-phenylene terephthalamide)], the nanofibers were spun from sulfuric
acid solutions into a grounded water bath to precipitate the polymer
(Srinivasan and Reneker 1995).
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4.4 APPLIED POTENTIAL

4.4.1 Applied Voltage V

Applied voltage V (kV) provides the surface charge on the electrospinning jet.
Instability and stretching of the jet therefore increases with the applied voltage
(Buchko et al. 1999; Fridrikh et al. 2003; Shin et al. 2001a, 2001b) leading gen-
erally to smaller fiber diameters, d (nm). The consequent faster rates of solvent
evaporation can lead to complete drying of the nanofibers. The expected
decrease in d (nm) as V is increased has been reported for electrospinning of
numerous polymers including PAN/DMF (Jalili et al. 2005), PS/THF
(Megelski et al. 2002), PVA/water (Lee, J. S., et al. 2004), chitosan/dilute
acetic acid (Spasova et al. 2004), silk-like protein/formic acid (Buchko et al.
1999), and DNA/ethanol solution (Takahashi et al. 2005). The effect of
increasing V (kV) in reducing the average d (nm) of the nanofibers is illustrated
in Fig. 4.10 for PAN nanofibers containing filler particles (of titania or carbon
nanotubes) electrospun from DMF. For polyacrylonitrile (PAN) in DMF
solution (9 wt%) the decrease in d (nm) with increasing V was reported to be
linear (Kedem et al. 2005) with the regression coefficients a ¼ 107 (nm) and
b ¼ 2.1 (nm/kV) with r2 ¼ 0.99. It is interesting to note, however, that this
electric-field-attenuated change in fiber diameter is generally much smaller
than that obtained by controlling the concentration of the spinning solution
(Kalayci et al. 2004).

Several other reports on electrospinning of bisphenol-A polysulfone/
DMAC (Yuan et al. 2004), hydroxypropyl, cellulose/ethanol or propanol

Figure 4.10 (a) The effect of applied voltage V (kV) on average fiber diameter d (nm) in
electrospinning of PAN/carbon nanotube/TiO2 composite nanofibers from DMF
solution. Reprinted with permission from Kedem et al. (2005). Copyright 2005.
American Chemical Society. (b) Contour plot of average fiber diameter d (nm) as a
function of concentration and applied voltage in electrospinning PLA from chloroform/
acetone (2/1 v/v) mixture. The numbers are predicted values of d (nm). Reprinted with
permission from Gu and Ren (2005). Copyright 2005. John Wiley & Sons.
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(Shukla et al. 2005), PDLA/chloroform : acetone (2:1 vol) (Gu and Ren
2005) and PVA/water (Lee, S. C., et al. 2002) solutions, however, suggested
no significant effect of the applied voltage V (kV) on average fiber diameter d
(nm). Also, values of d (nm) are even reported to increase with V (kV) under
some processing conditions (Demir et al. 2002; Kidoaki et al. 2006; Tan,
S.-H., et al. 2005). Baker et al. (2006), for example, reported a linear increase
in d (nm) from 0.31 to 1.72 mm when V (kV) was varied from 5 to 25 kV in
electrospinning 12.5–22.5% w/v solutions of PS (r2 ¼ 0.94).

This discrepancy in experimental observations suggests that the effects of
applied voltage V (kV) on d (nm) need to be considered together with other
parameters, particularly the feed rate and the gap distance L (Sukigara et al.
2003). Mass transfer increases with applied voltage as charged jets of
liquid will travel to the grounded collector from the tip at a faster rate
(Baumgarten 1971; Dersch et al. 2003; Khil et al. 2003; Shin et al. 2001a;
Theron et al. 2004). This increase can be quite significant (Demir et al.
2002; Morota et al. 2004), and in the PEO/water system the mass flow rate
(made evident by the current flow) increases almost linearly with the
applied voltage (Deitzel et al. 2001). Demir et al. (2002), however, obtained
a power law relationship between mass transfer and the applied voltage. Gap
distance determines the time of travel (and the rate of drying) for the jet and
therefore influences d (nm) as well. The apparent discrepancy in the reported
effects of V (kV) on d (nm) noted above is likely due to different feed rates,
gap distances and concentrations used in the different studies. Voltage-
induced instability of the Taylor’s cone may also result in changes in d
(nm). At a constant gap and feed rate, very high values of V (kV) may
result in the Taylor’s cone receeding into the needle and the spinning
occurs from within the needle (Deitzel et al. 2001; Jalili et al. 2005). The
nanofibers formed were uneven and beaded.

4.4.2 Polarity of the Tip

The polarity of the capillary tip can have a significant impact on fiber quality
and dimensions affecting both the average nanofiber diameter d (nm) and the
areal density of the electrospun mats on the collector. In electrospinning
nylon-6 from 85% formic acid (with added co-solvent at various volume per-
centages), a marked difference in average d (nm) between those spun from
tips of positive and negative polarity was reported (Mit-uppatham et al.
2004a; Supaphol et al. 2005a). Table 4.3 summarizes the data. Average diam-
eters from negatively charged capillary tips were found to be significantly
larger at all concentrations studied (Mit-uppatham et al. 2004a; Kalayci
et al. 2005). With PAN solutions in DMF, for example, nanofibers electro-
spun at –40 kV (as opposed to þ40 kV) showed 52% larger values of
average d (nm) (Kalayci et al. 2005). The decreased areal density
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(Fig. 4.11) of fiber mats spun from a capillary tip of negative polarity was
attributed to increased numbers of charges per unit jet segment (Supaphol
et al. 2005a). The mobility of negative and positive species in viscous
polymer solutions being different, a difference in charging efficiency under
different polarities is not unexpected.

As already referred to elsewhere, electrospinning can also be carried out
using an AC voltage on the capillary tip. Although very limited data are avail-
able, the mats obtained appear to have a higher degree of fiber alignment. As
seen in Fig. 4.12, on PEO nanofibers mats electrospun from water, the average
fiber diameters for nanofibers electrospun using an AC potential can be rela-
tively larger compared to when a DC voltage was used for the purpose
(Kessick et al. 2004).

TABLE 4.3 The effect of polarity on the average diameter of PAN nanofibers
electrospun from DMF solutions

Average Nanofiber Diameter (nm)

Solvent Polarity 10 wt% 20 wt% 30 wt% 40 wt%

m-Cresol þ 110 + 7 166 + 11 170 + 10 201 + 17
– 181 + 17 286 + 26 331 + 32 334 + 28

Acetic acid þ 94 + 8 106 + 10 120 + 12 236 + 49
– 232 + 25 232 + 75 248 + 70 266 + 66

Ethanol þ 91 + 8 115 + 15 — —
– 200 + 22 221 + 30 — —

Source: Based on data from Supaphol et al. 2005a.

Figure 4.11 (a) The average nanofiber diameters obtained by electrospinning
nylon-6 solutions in 85% formic acid solutions from a capillary tip maintained at a
positive or a negative polarity. (b) A 30 s collection of the nanofiber sample in each
case. A 40 wt% solution of polymer in 85% formic acid was electrospun using a
gap distance of 10 cm and an applied voltage of þ21 and 221 kV. Reprinted with
permission from Supaphol et al. (2005a). Copyright 2005. John Wiley & Sons.
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4.5 FEED RATE

This is the rate at which the polymer solution is pumped into the tip to replen-
ish the Taylor’s cone. Ideally, the feed rate must match the rate of removal of
solution from the tip. Continuous nanofibers of uniform diameter are obtained
under such conditions.9 At lower feed rates electrospinning may only be
intermittent with the Taylor’s cone being depleted (with the cone even
receding into the needle in some cases), but at higher feed rates larger fiber
diameters and beads often result. Increasing the feed rate under conditions
where applied potential is not a limiting factor results in the average fiber
diameter d (nm) increasing with the feed rate (Kidoaki et al. 2006). The
importance of the feed rate in determining nanofiber morphology has
been widely reported (Buttafoco et al. 2006; Jeun et al. 2005; Zhang,
C. X., et al. 2005b).

Experimental measurements indicate the volume charge density qv on the
jet to decrease exponentially with feed rate (Fridrikh et al. 2003; Theron et al.
2004). It is likely that higher feed rates lower the rate of replenishment of
charges on the surface of the droplet. Theron et al. (2004), however,
suggest charge replenishments to be governed by the drift velocity of ions
and therefore to be independent of feed rate. The lower values of qv are there-
fore likely to be a result of high rates of withdrawal of charges as well as
polymer solution from the droplet surface at the higher feed rates.

Figure 4.12 PEO nanofiber mats electrospun under identical conditions except (a)
þ7500 V AC was applied and (b) 7000 V DC was applied, showing differences in
fiber alignment. Reproduced with permission from Kessick et al. (2004). Copyright
2004. Elsevier.

9In electrospraying, the smallest average droplet sizes and narrowest droplet size distributions
are generally obtained under the same conditions.
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4.6 CAPILLARY TIP

Metal needles10 as well as those fabricated from nonconducting materials
such as glass or plastic have been used in electrospinning.11 Using a sharp,
pointed electrode generally provides more efficient charging of the solution
(Table 4.4) (Berkland et al. 2004). Practical considerations in selecting tip
diameters are the throughput rates desired and possible interference from
clogging due to solvent evaporation (Lee, K. H., et al. 2003a, 2003b). Mo
et al. (2004) electrospun poly(L-lactide-co-caprolactone) P(LL-CL) from a
particularly volatile solvent, acetone, and found even larger diameter needles
(1.2 mm, 0.8 mm) to frequently clog and/or yield beads at a solution delivery
rate of 2 mL/h. Their research, and that of Katti et al. (2004), indicates that, in
general, smaller diameter capillaries yield fibers of smaller diameter. Yet,
pumping a viscous liquid through a needle of small internal diameter may
not always be practical (Zhao 2004). The optimal ratio of the length of the
needle to its diameter has been suggested (Larrondo and St. John Manley
1981b) to be 4.5 and was successfully used by Mitchell and Sanders in their
recent melt electrospinning study (Mitchell and Sanders 2006).

An interesting modification to the regular capillary tip reported by J. L. Li
(2005), is the insertion of a nonconducting fiber into the lumen of the
capillary (the fiber does not touch its walls). The modification resulted in two

TABLE 4.4 The effect of capillary tip orifice size on electrospinning of
(lactide-co-1-caprolactone) copolymer

Observation Fiber Diameter, d (nm)
Needle Diameter (mm) (Mo et al. 2004) (Katti et al. 2004)

16G 1.19 — 240
18G 1.2 Beads and clogging
20G 0.84 — 145
21G 0.8 Occasional clogging
22G 0.7 Clogging rarely

0.58 — 135
27G 0.4 No clogging

Source: Mo et al. 2004. Estimated from Fig. 4.2 (Katti et al. 2004).

10The needle or tube that delivers the polymer solution in electrospinning is also referred to as
the “spinneret”, “tip” or “nozzle” in the electrospinning literature. We prefer to use the term
“capillary tip” or “tip” in this work.
11A capillary tip is not essential for electrospinning. Yarin and Zussman (2004) reported
upward-directed needleless electrospinning using a two-layer solution where the upper layer
is a polymer solution and the lower one a ferromagnetic suspension. A magnetic field
applied over the surface creates spikes on the ferromagnetic liquid that perturb the upper
layer, resulting in electrospinning of the polymer solution (see also Section 3.4).
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changes: it eliminated backflow in the liquid meniscus and allowed the electric
field to be used solely to accelerate the jet; it also resulted in enhancing the shear
stress on the liquid surface flowing along the fiber. The use of this tip was reported
to result in reducing the applied potential needed to obtain electrospinning.

Although a great majority of capillary tips used in reported studies are
static, several innovations have explored the utility of movable tips. For
instance, a capillary tip might be moved across the length of the drum collec-
tor to obtain an even deposition of nanofiber (Kidoaki et al. 2005). Innovative
rotating capillary tips have also been reported. A simple design is an electri-
fied polymer solution or melt contained in a cylindrical container with capil-
lary tips extending radially from its periphery. The chamber is mounted on a
rotating head within a cylindrical grounded metallic collector. On spinning
the container about its long axis, the solution is forced into the needles by
a centrifugal source and results in an electro-assisted dry-spinning process.
The advantage of the setup is that it allows a degree of nanofiber alignment
(depending on the rpm used), and by moving the collector (cylindrical
mesh or metal foil) up and down vertically, a large area of homogeneous
nanofiber mat can be obtained.12

A variation of this design uses a porous cylinder carrying the electrified
polymer solution, which is spun rapidly about its long axis (Fig. 4.13)

Figure 4.13 The design of a porous cylindrical needleless apparatus for
electrospinning of polymers (Dosunmu et al. 2006).

12Anthony L. Andrady, David S. Ensor, and Randall J. Newsome. (Filed August 4, 2004).
“Electrospinning of fibers using a rotatable spray head.” US Patent 7,134,857 (issued
November 14, 2006).
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(Dosunmu et al. 2006). The solution is pushed through the porous walls by
applied air pressure and the droplets that permeate through the wall are elec-
trospun into nanofibers. In yet another variation of this approach recently
commercialized in Europe,13 electrospinning is obtained without using
capillary tips; this technology (commercialized as the NanospiderTM) was
discussed in Chapter 3.

4.7 GAP DISTANCE

The gap distance L (the distance from the terminus of the capillary tip to the
surface of the collector) defines the strength of the electric field as well as the
time available for evaporation of the solvent before the nanofibers reach the col-
lector surface. Increasing the gap distance L (cm), leaving other parameters
constant, generally reduces fiber diameters (Baker et al. 2006), but depending
on other parameters can at times increase fiber diameters (Kidoaki et al. 2006;
Lee et al. 2004) or even halt the electrospinning process altogether. In electro-
spinning PS from chloroform (17.5 wt%), increasing L from 5 cm to 25 cm at
V ¼ 15 kV resulted in a linear decrease in average nanofiber diameter from 1
to 0.66mm (Baker et al. 2006). Decreasing L (cm) (but keeping it large
enough to prevent corona discharge) will affect both fiber surface
morphology as well as the average diameter (Yao et al. 2005). A gap that is
too small can lead to “wet” fibers that fuse on the collector (Hsu and
Shivkumar 2004a; Jalili et al. 2005) (see Fig. 4.8). Depending on the feed
rate selected, higher electric fields yield thinner nanofibers, but with too
short a gap distance available for development of whipping instability, devel-
oping an unstable Taylor’s cone (and concomitant defect formation) is more
likely. Y. Hong et al. (2006) studied the average pore size of PVA nanofiber
mats electrospun from aqueous solution (collected over 2 s intervals). As L
(cm) decreased, the nanofiber mat quality progressively deteriorated from a
nanoporous membrane to a network of fused nanofibers.

4.8 RELATIVE IMPORTANCE OF VARIABLES

The electrospinning process and resulting nanofiber mat morphology is
clearly influenced by a large number of variables as discussed above (and
by a few others such as polymer tacticity (Lyons et al. 2004), branching
(McKee et al. 2004b, 2005) and fillers (Naebe et al. 2007) not included in
this discussion). It is tempting to attempt a ranking of these process variables
on the basis of their relative importance in controlling specific outcomes such

13The technology was invented and patented by The Technical University of Liberec, Czech
Republic, and was recently commercialized under the trade name Nanospider.
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as very small nanofiber diameters or a porous nanofiber surface. Although a
few general rules such as “increasing polymer concentration will increase the
average nanofiber diameter” universally hold, even such generalizations must
be made with caution because of the complexity of the process. Any trends
may not only be specific to a given polymer–solvent combination, but they
may also be influenced by the specific set of process variables in operation.
For example, as pointed out earlier, increasing the applied voltage V may
have no effect, increase fiber diameter, or decrease fiber diameter, depending
on the process regime in which electrospinning is carried out. Such relative
assessments of selected electrospinning parameters for specific polymer/
solvent systems are discussed in the literature (Gu and Ren 2005; Jalili
et al. 2005, 2006; Kang et al. 2002; Katti et al. 2004; Sukigara et al. 2003;
Tan, S.-H., et al. 2005; Theron et al. 2004). For example, in PLLA dissolved
in a DMF/pyridine mixed solvent, the key parameters that control fiber mor-
phology were reported to be polymer concentration, electrical conductivity,
and the average molecular weight of the polymer (Tan, S.-H., et al. 2005).
These observations for the most part apply only within the context of specific
values of the variables used in the respective studies.

4.9 EXAMPLES OF REPORTED DATA

With so many variables involved in electrospinning, a complete description of
a given experiment must necessarily include at least the key process and
materials variables. Tables 4.5 to 4.8 present some examples of polymers
reported to have been successfully electrospun.

TABLE 4.5 Example 1: Electrospinning of collagen
type 1 nanofibers (d 5 100+++++ 40 nm)

Polymer Calf Skin Collagen

Solvent HFP
Concentration 0.083 g/mL
Additive —
Collector 303 steel drum
Rotation (rpm) 4500 rpm
Molecular weight Mw�700,000 (g/mol)�

Applied voltage þ25 kV
Gap distance 125 mm
Feed rate 5 mL/h
Needle tip diameter 18 gauge (1.2 mm)
Environment Air

�Not reported in the publication.
Source: Matthews et al. 2002.
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TABLE 4.6 Example 2: Electrospinning of PEO
nanofibers (d5 200–800 nm)

Polymer PEO

Solvent Water
Concentration 10 wt%
Additive —
Collector Aluminum sheet
Rotation (rpm) —
Molecular weight Mw ¼ 300,000 (g/mol)
Applied voltage þ7 kV
Gap distance 150 mm
Feed rate 0.025 mL/h
Needle tip diameter 0.51 mm
Environment Air

Source: Megelski et al. 2002.

TABLE 4.7 Example 3: Electrospinning of PLGA
nanofibers (d5 200–800 nm)

Polymer PLGA (75 : 25)

Solvent DMF
Concentration 45 wt%
Additive Heparin (wt 20%)
Collector Aluminum
Rotation (rpm) —
Molecular weight Mw ¼ 126,000 (g/mol)
Applied voltage –12 kV
Gap distance 150 mm
Feed rate 0.26 mL/h
Needle tip diameter 0.51 mm
Environment Air

Source: Casper et al. 2005.

TABLE 4.8 Example 4: Electrospinning of PLLA
nanofibers (d 5 800–2400 nm)

Polymer PLLA

Solvent CH2Cl2
Concentration 9–5 wt%
Additive Pyridinium formate (0.2%)
Collector Aluminum
Rotation (rpm) —
Molecular weight Mw ¼ 670,000 (g/mol)
Applied voltage þ40 kV
Gap distance 140 mm
Feed rate 1.3 mL/h
Needle tip diameter 0.51 mm
Environment Air

Source: Jun et al. 2003.
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5

CHARACTERIZATION OF
NANOFIBERS AND MATS

Characterization of nanofiber mats is undertaken primarily to correlate test
metrics with the useful properties of the material and to ensure consistent
high quality of the product during manufacture. With single fiber measure-
ments the intent is usually to generate fundamental data that allow a better
understanding of the relationship between the structure and the properties
of nanofibers. In principle there are a large number of different characteriz-
ation techniques that can be used with nanofibers. With organic polymer
nanofibers, the entire gamut of available polymer characterization techniques
can be applied.

A basic limitation, however, is the lack of proven methodologies; conven-
tional fiber testing methodologies are best suited for characterizing fibers with
the average diameter d (nm) in at least the tens of micron range. Challenges
associated with testing nanofibers were recently summarized (Tan and Lim
2006) and include: (a) manipulating extremely small fibers, (b) finding a
suitable mode of observation, (c) sourcing for accurate and sensitive force
transducers, (d) sourcing for accurate actuators with high resolution and
(e) preparing samples of single-strand nanofiber. Some of these limitations
are less serious than expected. For instance, nanomanipulators with resol-
utions in the 100–200 nm range are becoming available and sample prep-
aration techniques that allow single fibers to be isolated are being reported
in the literature. Load cells that are capable of measuring forces in the nN

Science and Technology of Polymer Nanofibers. By Anthony L. Andrady
Copyright # 2008 John Wiley & Sons, Inc.
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range are commercially available.1 Clearly, the techniques are still in their
infancy but will undoubtedly become increasingly sophisticated as the
demand for characterization builds up in the near future.

A practical approach to characterization of nanofiber mats needs to be
based on the end use intended for the material. Where nanofiber mats are
intended as air filters for personal protection, for instance, tests that assess
air permeability, particle penetration, porosity distribution, and residual elec-
trical charge on fibers may be particularly meaningful. If the same material is
intended for sensor applications, then the electrical conductivity, optical
characteristics, equilibrium swelling by organic vapors, and chemical
reactivity might be the more relevant measurements. Where the intended
application is likely to subject the mats to handling or to be otherwise stressed
during use, their mechanical properties such as tensile strength and ease of
deformation may be the more pertinent measurements.

Although electrospinning technology has been around for quite some time,
it is the improvement of the process itself rather than the development of
characterization methodologies that has been the primary focus of research.
It is only after the recent resurgence in interest in nanofibers that techniques
to best characterize these are beginning to emerge and structure–property
correlations are being seriously pursued. This effort is ongoing, and charac-
terization techniques for nanoscale materials are continually being
improved. What is reviewed here is therefore more of a starting point on
the methodologies rather than a mature compendium of techniques.
Table 5.1 summarizes the range of different characterization techniques for
nanofibers reported in the recent literature.

In the following sections, selected characterization tests based on several
common anticipated uses for nanofiber materials are presented. The assessment
of interstitial porosity2 properties, analysis of fiber dimension by microscopy,
and mechanical integrity of fiber mats are the more important metrics in
several application areas. Some of these will eventually be adopted as standard
test methods in the field — both the American Society for Testing Materials
(ASTM) and the International Standards Organization (ISO) have initiated
efforts to standardize the nomenclature and test methods relating to nanomater-
ials, including nanofibers. Here, the reader will be afforded a flavor of the rather
limited research literature on single-fiber measurements.

1Nanoindentors and a nano-universal testing machine platform with a load resolution of 50 nN
and a displacement resolution better than 0.1 nm are available from MTS Instruments (Oak
Ridge, TN).
2The terms “pore” and “porosity” are used in this chapter to mean the interstitial porosity associ-
ated with a fiber mat, where the pores are defined by a set of nanofibers lying at the periphery of
an interstitial volume. This is contrasted with “fiber porosity,” which refers to porous features
that occur on the surface or within individual nanofibers (dealt with in detail in Chapter 9).
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5.1 MAT POROSITY AND PORE SIZE DISTRIBUTION

The interstitial porosity of a nanofiber mat is the fractional void space con-
tained within it and is therefore a morphological property that is unrelated
to the material characteristics of the nanofibers.3 It is the pore size distribution
and three-dimensional geometry that determine the key properties such as
filtration or scaffold performance of nanofiber mats. Although no generally
agreed set of definitions exists, porous materials can be classified in terms
of their pore sizes as follows [see also ASTM F2450-04 “Standard Guide
for Assessing Microstructure of Polymeric Scaffolds for Use in Tissue
Engineered Medical Products” or Tomlins et al. (2004)]:

Micropores �0.5 nm to 2 nm
Mesopores �2 nm to 50 nm
Macropores �50 nm to 200 nm
Capillaries �200 nm to 800 nm
Macrocapillaries .800 nm

Fractional void volume, or total interstitial porosity P, is defined in terms of
the apparent density of the fiber mat, rmat (g/cm

3), and bulk density of the
polymer, rpol (g/cm

3), of which it is made:

P ¼ 1� (rmat=rpol) (5:1)

rmat ¼ rpolpr
2L=Vmat, (5:2)

where r is the mean fiber radius and L/Vmat is the length of nanofiber per unit
volume of the mat. The void volume includes through-pores that would allow
the passage of a fluid from one surface of the mat to the other across its bulk,
as well as the blind pores or closed cells entrapped within the individual
fibers. Porosity of nanofiber mats is almost exclusively interstitial and is
due to numerous through pores. The total surface area of nanofibers per
unit volume, s, is then given by

L=Vmat ¼ �(rmat=rpol)=pr
2 ¼ (1�P)=pr2 (5:3)

s ¼ 2prL=Vmat ¼ 2(1�P)=r: (5:4)

3This does not, however, mean that the nature of the polymer has no effect on the porosity of the
electrospunmats under a given set of processing conditions. The type of polymer affects fiber diam-
eters as well as the yield in electrospinning, resulting in mats of different volume density invariably
impacting the porosity of the mat (e.g., Ma, Z. W., et al. 2005a). Pore size distribution is known to
change with concentration of the electrospinning solution (Ryu et al. 2003).
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Direct measurement of porosity using equation (5.1) requires the experimental
determination of the bulk mat volume and the volume of solid polymer in the
mat. Although direct measurement has been used with some success (He, W.,
et al. 2005a; Ma, Z. W., et al. 2005d) to estimate P, the values obtained
invariably depend upon the accuracy of the measurement of mat thickness
(usually made using a micrometer). Significant errors in P are likely to
result, as the uneven and convex fiber surface geometries are not fully
taken into account in thickness measurements made with a micrometer
(Kidoaki et al. 2006), leading generally to overestimation of the mat
volume. Direct measurement of the apparent volume of nanofiber mats by
liquid displacement is an alternative means of assessing interstitial porosity
(Karageorgiou and Kaplan 2005). In this case, the mat is placed in a
volume V1 of a wetting liquid that does not dissolve or swell the polymer
nanofibers. Hexadecane was successfully used as the liquid (Jin and Hsieh
2005a; Li and Hsieh 2005a) with a poly(vinyl alcohol) (PVA) nanofiber
mat using samples sizes of about 11 mm � 18 mm weighing approximately
4.6 mg (Jin and Hsieh 2005a). The system was subjected to several
pressure/vacuum cycles to ensure intrusion of liquid into all pores. The
volume of the liquid-impregnated mat, V2, as well as the volume of liquid
left over, V3, were estimated gravimetrically. Porosity was then estimated as

P ¼ (V1 � V3)=(V2 � V3): (5:5)

These simple measurements yield only an average estimate of P, but cannot
be employed to assess the distribution of pore volumes in a fiber mat.
Intrusion porosimetry yields this additional information.

In the key application area of tissue engineering, close control over the
pore-size distribution can be critical to success in viable scaffold develop-
ment. Cellular ingress to the interior of nanofibrous scaffolds as well the effi-
cacy of cell–fiber interactions leading to adhesion and proliferation of cells
are well known to be related to pore size distribution (Karageorgiou and
Kaplan 2005; Murugan and Ramakrishna 2006). In scaffolds used in bone
regeneration, better osteogenesis and related vascularization occurs at
average scaffold pore diameters .300 mm (see Chapter 7). In morphogenesis
(BMP-induced osteogenesis), the pore size of scaffolds was shown to be an
important variable (Kuboki et al. 2001). The close control over the average
pore size of nanofiber mats, however, remains somewhat elusive at this
time, partly because of the incomplete understanding of the interplay
between process and material variables (Gu et al. 2005a), as discussed in
Chapter 4. Good models for the pore-size distribution of nanofiber mats are
therefore lacking in the literature. Also, the available techniques have not
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been fully and consistently used in pore-size characterization of mats used in
scaffolding studies, making it difficult to compare results between studies.

Various general techniques available for characterization of porous materials
are illustrated in Fig. 5.1. (Some of the techniques are more appropriate for
stiffer materials and may not apply to nanofibers of all organic polymers.)

5.1.1 Mercury Intrusion Porosimetry

The porosity of a material is conveniently measured using intrusion porosi-
metry. In this technique, a nonwetting liquid (usually mercury) that does
not dissolve or swell the nanofibers comprising the mat is forced into the
mat to assess the pore volume. Forcing mercury into the pores of the mat
requires the application of a pressure p to the mercury column in contact
with the sample. As p is gradually raised, increasingly smaller pores in the
mat are intruded by the mercury. The relationship between the applied
pressure p and the pore radius r accessed is given by the Washburn equation
(Karageorgiou and Kaplan 2005):

r ¼ �2g cos u=p, (5:6)

where u is the contact angle (141.38 for mercury) and g is the surface tension
(484 mN/m for mercury) of the liquid. The technique measures only the frac-
tion of porosity accessible by the mercury (Pmercury) and therefore excludes
closed pores, small mesopores (r, 3–4 nm) that are inaccessible by mercury,
as well as very large pores (hundreds of micrometers in size) readily flooded
by mercury even before application of pressure to initiate the measurement.
Both the through pores as well as blind pores are generally accessible by

Figure 5.1 Techniques for characterization of porosity. (Based on Meyer et al.
(1994) but updated.)
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this technique (Ioannidis and Chatzis 1993). Mercury intrusion measurements
typically use high applied pressures (of up to thousands of psi) and may there-
fore distort the inherent pore volume distribution of mats made of soft
polymer materials, potentially even collapsing the softer nanofibers into
different cross-sections.

Typical values ofP in nanofiber mats as measured by mercury intrusion are
quite high (Kim, S. H., et al. 2003; Kwon et al. 2005b; Min et al. 2004b; Yang,
F., et al. 2004). For instance, that of poly(lactide-co-glycolide) (PLGA)
copolymer (85 : 15/LA :GA) electrospun from (THF :DMF/1 : 1) solution
was reported to be 91.63%, corresponding to 9.69 mL/g of pore volume
(Li, W. -J., et al. 2002). The nanofiber diameters in this instance ranged
from 500 to 800 nm, and the pore sizes varied from 2 to 465 mm. Poly(L,
lactide) (PLLA) nanofiber mats electrospun from CH2Cl2/DMF mixed
solvent yielded a porosity of 78% with an average pore diameter of 21.5 mm
(Yang, F., et al. 2004). Mats of a biodegradable copolymer, poly(p-dioxa-
none-co-L-lactide)-block-poly(ethylene glycol), were recently characterized
by a mercury intrusion technique (Bhattarai et al. 2003), and a porosity
of 85% with a median pore size of 8 mm, and pore dimensions as large as
100mm were reported. Figure 5.2 shows a pore-size distribution typically
obtained by this technique.

Pore dimensions vary with the volume density of nanofibers in the mat and
therefore also with the yield and collection time (Hong, Y., et al. 2006), but

Figure 5.2 Mercury intrusion porosimeter data for a nanofiber mat of PLLA
electrospun from CH2Cl2/DMF (70/30) (mercury pressure 1.23 psi and equilibration
time 10 s). Reprinted with permission from F. Yang et al. (2004). Copyright 2004.
Springer Science and Business Media.

118 CHARACTERIZATION OF NANOFIBERS AND MATS



are not directly related to the average fiber dimensions. Work by Kidoaki et al.
(2006) has demonstrated the influence of the composition of the solvent
mixture (DMF/THF) on the porosity and surface area of segmented poly-
urethane (SPU) nanofiber mats. Increasing the volume fraction of DMF in
the mixture enhanced fiber bonding and decreased the average pore size as
well as porosity P. As expected, the mechanical integrity of the mat reflected
by its Young’s modulus also increased with the DMF content in spinning
solvent. Table 5.2, based on data by Kidoaki et al. (2006), demonstrates the
utility of porosimetry in characterizing nanofiber mats. As the likelihood of
fiber bonding also affects porosity, it is also influenced by the gap distance
L used in electrospinning. In mats of PVA electrospun from aqueous sol-
utions, the average pore size increased sharply as L was changed from 2.5
to 6.0 cm, reflecting the change in mat morphology from a near macroporous
membrane to a loose fiber mat (Hong, Y., et al. 2006). If other conditions are
held constant, the time of collection and L are particularly good control
variables for changing mat porosity.

5.1.2 Liquid Extrusion Porosimetry

Flow-through porosimetry avoids the use of very high applied pressures
encountered in mercury intrusion measurements and is therefore well suited
for characterizing relatively soft polymers. Liquid extrusion technique
where the pressure employed is lower by as much as several orders of
magnitude leaves the nanofiber geometry unperturbed during measurement
(as long as no swelling of the fibers occurs).

In this technique a nanofiber mat is supported on a porous membrane and a
layer of a wetting liquid (the contact angle between the liquid and the polymer
is zero) is placed on its top surface. Gas pressure is applied over the liquid
column and is gradually increased on the face of the mat until the gas is
able to push the liquid through the largest of the pores in the mat, overcoming

TABLE 5.2 Porosimetric and modulus data illustrating the effect of changing
solvent composition on electrospun segmented polyurethane nanofiber
mat characteristics

Percent DMF Fiber Radius (nm) Porosity (%) (S/So)
a Young’s Modulus (MPa)

0 3.11+ 0.24 72 (1.0) 1 0.59
5 2.91+ 0.29 57 (0.8) 1.06 0.64
10 2.35+ 0.42 43.5 1.41 11.21
30 1.81+ 0.41 44.6 2.52 2.43

aS denotes total surface area of the sample, and So value of S for samples electrospun from THF (0% DMF).
Source: Kidoaki et al. 2006.
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capillary forces. This allows a volume of liquid to be forced through the mat.
The porous membrane supporting the mat is also saturated with the same
liquid and its pore size is smaller than the smallest pore in the mat.
Therefore, the liquid displaced from pores in the mat in turn displace the
same volume of liquid from the liquid-filled pores of the membrane it is in
contact with. This displaced volume of liquid and the applied pressure are
accurately recorded. As the gas pressure is increased, progressively smaller
pores are cleared of the liquid held in them. The differential pressure p is
related to the pore diameter (at the most constricted diameter in the case of
an irregular pore) and the volume of liquid extruded is indicative of the
pore volume. The dependence of displaced volume on the pressure yields
an estimate of the surface area. The relationship between p and the average
pore radius r is given by

r ¼ 2g cos u=p, (5:7)

where u is the contact angle and g is the surface tension of the liquid used.
The volume of liquid displaced, V, can be related to the change in inter-

facial area at the liquid/polymer interface (Jena and Gupta 1999):

p dV ¼ g cos u dS, (5:8)

where the surface area S is obtained by integration of the function.
Any blind pores (e.g., surface porous features on individual nanofibers,

Fig. 5.3) that do not allow flow-through of liquid cannot be assessed by the
technique. The fraction of blind pores can therefore be indirectly estimated
by comparing liquid extrusion data to the intrusion porosimetric data
(which quantifies both open and blind pores).

Figure 5.3 Illustration of different types of pores in a porous matrix.
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Thepore volumedistribution functionFvof amat, determinedby liquid extrusion
(or by mercury intrusion), is expressed as follows (Jena and Gupta 1999):

Fv ¼ (dV=d logD), (5:9)

where V is the cumulative pore volume and D (D ¼ 2r) is the pore diameter.
Integrating this function over a specific range of values of D yields the pore
volume that falls within that range.

The pore size distributions obtained by the mercury intrusion and liquid
extrusion techniques are expected to be different. Mercury intrusion allows
access to the pores from both sides of the mat and the entire pore volume
is likely to be sampled. For pores that have large surface openings, the
liquid extrusion generally tends to underestimate the pore volumes relative
to those measured by intrusion porosimetry. Liquid extrusion measurements
yield the pressure needed to push the liquid past the most constricted part (or
the “throat”) of the pore. The pore volume of the channel is estimated based
on the throat diameter. This also introduces directionality to the liquid extru-
sion measurement. For a sample where porosity includes converging or diver-
ging channels, the pore volumes (and pore dimensions) obtained from the
liquid extrusion method will depend on the direction of the gas flow into
the membrane. However, this is not expected to be a serious source of error
in routinely characterizing nanofiber mats.

5.1.3 Capillary Flow Porometry

The technique is similar to the liquid extrusion technique in that the nanofiber
mat is saturated with a wetting liquid and gas pressure is applied to one
surface of the mat. The surface free energy of the liquid with the fiber mat
needs to be less than that of the mat with the gas. As with liquid extrusion,
the liquid column occupying through-channels will be displaced by the
gas. In flow porometry, the gas displaces the liquid (and continues to flow
through the emptied channel as well) and the flow rate of gas as a function
of the differential pressure is recorded.

At lower pressures, the larger pores are cleared, allowing some gas flow.
The lowest pressure at which this occurs is the “bubble point.” The bubble
point, a classical measurement in textile and paper technologies, is the
point at which pressure is just sufficient to initiate flow. The pressures
involved are less likely to result in significant distortion of the pore structure,
but the magnitude of this error for fibrous polymer mats is unknown.
The pressure needed depends on the surface tension of the liquid used, the
surface energy of the nanofibers, as well as pore characteristics (such as the
diameter and surface rugosity). As the gas pressure is gradually increased,
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the flow rate also correspondingly increases, with the smaller pores in the mat
being cleared of the liquid as well. The data yields a “wet” curve for the flow
rate vs pressure. Finally, at a high enough pressure, a “dry” mat is obtained,
where the gas flow essentially represents the permeability of the mat. The pore

Figure 5.4 Flow rate vs applied gas pressure in capillary porometry for a porous
polymer film sample. Reprinted with permission from Tomlins et al. (2004).
Copyright 2004. National Physical Laboratory.

Figure 5.5 Cumulative distribution of filter flow pore sizes for the sample of
scaffolding shown in Fig. 5.4. Reprinted with permission from Tomlins et al. (2004).
Copyright 2004. National Physical Laboratory.
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size distribution can be derived from the difference between the wet and
dry curves.

The distribution of interstitial pore sizes obtained by this technique,
however, refers exclusively to that of the throat of the pores (rather than to
the average size of lumen). This might be the pertinent value in characterizing
liquid filter media or studying the amenability of scaffolding to cell move-
ments within it. By contrast, the full range of pore diameters encountered
within a pore contributes to the mercury intrusion data.

The general features of wet and dry curves obtained from capillary flow
porometry are shown in Figs. 5.4 and 5.5 for a porous poly(1-caprolactone)
film sample.

5.1.4 Brunauer, Emmett, and Teller (BET) Surface Area

The surface area of porous nanofiber mats determined using the Brunauer,
Emmett, and Teller (BET) gas adsorption model has been reported for a
limited number of electrospun polymers (Ding et al. 2003; Gong et al.
2004; Ryu et al. 2003; Zhang, Y. Z., et al. 2006c). Determinations that rely
on gas adsorption involve several key assumptions:

1. Gas interaction with the polymer occurs with a constant heat of adsorp-
tion and exclusively due to van der Waals interactions between the gas
and nanofiber surface (i.e., there is no significant sorption of the gas by
the nanofibers).

2. Adsorbed molecules on the surface do not interact with each other.
3. Additional layers of gas molecules can be deposited on the surface of a

complete or incomplete monolayer with the heat of adsorption being
equal to heat of liquefaction of the gas.

The classical Langmuir model for sorption of a monolayer of gas molecules
on a solid surface is described by the following simple expression:

V=Vm ¼ Cx=(1þ Cx), (5:10)

where V is the volume of gas adsorbed, Vm is the volume corresponding to
complete monolayer coverage of the surface by the gas, C is a constant,
and x is the relative pressure (P/Po) of the gas (where Po is the saturation
pressure of the gas). The BET model extends the Langmuir model to the
case of adsorption of multiple layers of gas assuming there is no interaction
between the layers, allowing the Langmuir isotherm to be applied to
each layer. The following well-known BET isotherm describes the model
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(c is the BET constant analogous to the Langmuir constant):

1
V(x� 1)

¼ 1
vmc

þ (c� 1)x
vmc

, (5:11)

where V is the volume of gas adsorbed at pressure P, vm is the volume of gas at
the standard temperature and pressure (STP) needed to form a monolayer, and
x ¼ (P/Po) is the relative pressure of the adsorbate. It can be shown that

c ¼ exp[(E1 � EL)=kT], (5:12)

where E1 is the heat of adsorption for the first layer of gas and EL is that of the
subsequent layers.

This form of the equation suggests a linear plot of [1/V(x2 1)] vs x;
linearity is observed in practice when 0.05 , x, 0.35. The value of vm is cal-
culated from the slope and intercept of the plot [vm ¼ 1/(slope þ intercept)].
The total surface area ST of the solid is then given by

ST ¼ (vmsN)=22:4, (5:13)

where N is Avogadro’s number and s is the cross-sectional area of the adsor-
bate molecule.

Experimentally, a sample of the nanofiber mat sealed in a chamber is main-
tained at a constant temperature well below its glass transition temperature and
the chamber is evacuated. An adsorbate gas (usually N2 or a N2/He mixture,
although other gases can be used) is admitted into the chamber in several
increments until the entire surface of the porous mat is covered by a mono-
layer of gas. To allow sufficient gas molecules to be adsorbed by the weak
van der Waals interactions, however, the sample has to be cooled, normally
to the boiling point of the gas (for N2 gas to 77.35 K).

The measured BET surface areas of nanofiber mats are several orders
of magnitude larger than those for conventional textile fabrics. For PEO
nanofiber mats, values in the range 10–20 m2/g have been reported
(Deitzel et al. 2001a). Zhang, Y. Z., et al. (2006c) prepared a highly porous
mat of poly(1-caprolactone) (PCL)/gelatin blend nanofibers by leaching
out the gelatin component in a post-treatment step. The BET surface area
of this nanofiber mat material was measured using nitrogen at 778K over
the range of 0.05 , x , 0.30. The sample was evacuated over a period of
24 h prior to measurement. The BET surface area of the as-spun nanofiber
mat of 6.56 m2/g increased to a value of 15.84 m2/g on leaching out the
gelatin. The decrease in BET surface area with average diameter d (nm) of
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nanofibers for nylon-6 spun from 15–30% solution in formic acid was
recently reported (Ryu et al. 2003), and the values typically varied from
�14 to 33 m2/g over the average fiber diameter range of 600–100 nm.
BET studies on a layer-by-layer nanofiber structure of TiO2/poly(acrylic
acid) (PAA) (Ding et al. 2004a) inorganic nanofibers of TiO2/SiO2 (50 : 50
molar percent) (Ding et al. 2003); PVA/H3PW12O40 composites (Gong
et al. 2003); and poly(acrylonitrile) (PAN)-based carbon nanofiber mats
(Kim, C., and Yang 2003) have also been reported.

5.1.5 Other Approaches

Although not routinely used to characterize porosity, nuclear magnetic reson-
ance (NMR) can also be used to study porous materials. The method relies on
the fact that the difference in t1 and t2 relaxation times of protons in water (or
other fluid) in porous materials will decrease with the average pore diameter.

TABLE 5.3 Summary of common techniques used to study the
porosity of materials

Approach Technique Specific Techniques Information Yielded

Image
analysis

Microscopy Optical
Optical confocal
Optical coherence
tomography/
microscopy

Scanning electron
Scanning probe

Porosity, pore shape, pore size
and pore size distribution

Magnetic
resonance
imaging

Micro-X-ray
tomography

For larger pore sizes

Intrusion
methods

Porosimetry Mercury intrusion
porosimetry

Porosity, total pore surface
area, pore diameter, pore
size distribution

Liquid intrusion
porosimetry

Porometry Capillary flow
porometry

Median pore diameter,
through-pore size
distribution,
permeability

Molecular
probes

Diffusion of
markers

Cyclic voltammetry Permeability

Molecular diffusion

Source: Tomlins et al. 2004.
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For instance, porous films of poly(3-hydroxybutyrate-3-hydroxyvalerate)
(PHBV) studied by NMR relaxometry showed an increase in the t1 and t2-
relaxation times with duration of immersion in water as a result of

gradual intrusion of water into the porous structure (Marcos et al. 2006).
Bhowmick et al. (2007) studied the same in PCL mats and found no signifi-
cant difference in average porosity for mats with average fiber diameter
d (nm) = 428, 1051, or 1646. An average porosity of 78+3% was estimated
using the technique. Recently the technique was successfully used to measure
the void structure in textiles. NMR images of samples soaked in dilute CuSO4

solution were analyzed and the void volume distribution determined from the
fluid density autocorrelation function (Leisen and Beckham 2007).

Table 5.3 summarizes the general approaches to characterizing porosity of
materials together with the information each is likely to provide. Those that do
not apply to electrospun nanofibers are also included for completion.

5.2 NANOFIBER DIAMETERS AND PORE SIZES
BY MICROSCOPY

Microscopic imaging is routinely used in the initial characterization of
nanofiber mats. Although optical microscopy has sometimes been used to
assess fiber diameter distributions in electrospun nanofiber mats, it is electron
microscopy that is extensively used for the purpose. Optical microscopy typi-
cally allows a magnification of 1000�, and at best a resolution of only about
200 nm (Drummy et al. 2004). Using electrons (with a wavelength of only
6 pm as opposed to 450–600 nm for visible light) as the imaging radiation
allows for a much higher resolution to be obtained. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) techniques
are both particularly useful in understanding and quantifying fiber mor-
phology. Depending on the particular instrument, resolutions of 1–20 nm
are possible with SEM, and 0.1 nm for TEM, but both techniques essentially
yield two-dimensional representations of nanofibers and pores. Also, only the
surface of a pore can be observed in an image of the mat — pores not being
necessarily cylindrical or even of regular geometry, surface dimensions often
have no direct relationship to the average lumen diameter. SEM and optical
methods therefore yield porosity information that can be very different
from that obtained using other techniques.

Fundamentals of SEM (Hawkes and Spence 2008) or TEM (Fultz and
Howe 2005; Williams and Carter 2004) techniques are well known and the
reader is referred to recent texts for detailed information. In SEM, the
nanofibers sample, coated with a thin layer of a conductive material such as
gold sputtered over its surface, is placed in a beam of high-energy electrons
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(0.1–50 keV) under vacuo. The beam generated by an electron gun is colli-
mated by electromagnetic lenses into a controlled spot (1–5 nm) that is
manipulated by a set of deflection coils and scans the surface of the nanofiber
sample. An electron gun is essentially a cathode source — its composition
defines brightness as well as the vacuum needed for the operation. (Simple
tungsten filaments have a brightness of about 1 A/cm2 steradian and can
operate in 1025 torr, but a field emission source has a brightness of 1000
A/cm2 steradian, and requires a vacuum of 1029 torr.) Interaction of the
beam with the sample produces secondary electrons4 that are detected
(using a scintillator), amplified by a photomultiplier tube and displayed in
the form of a high-resolution image of the sample surface.

Interactions of the primary electron beam with the sample produce some
backscattered electrons as well (emitted at a near 1808 to the original
beam). These high-energy electrons can also be used to image the sample.
As the backscattering obtained will be proportional to the atomic number of
the scattering surface, these images yield compositional information as well.
Particularly valuable in nanomaterials research is the coupling of SEM with
an X-ray analyzer that detects and identifies the characteristic X-ray emissions
from the sample in terms of its elemental composition. The technique is
referred to as energy dispersive X-ray spectroscopy (EDS or EDXS).

It is also possible to image uncoated, as-spun polymer nanofibers, biological
material, or even live cells using environmental SEM (ESEM) techniques. In
place of the high vacuum, the electron beam in this case operates in an environ-
ment of water vapor (usually at a vapor pressures of 0.1–10 torr). Ionization of
the water molecules prevents surface charge build-up on the sample, allowing
nonconductive materials to be readily imaged without coating. Some loss in
resolution due to scattering of incident electrons by water vapor, however, is
to be expected. This compromise should be acceptable in most nanofiber
imaging work. ESEM can also be used with X-ray spectroscopy.

With TEM, a part of the focused beam of high-energy primary electrons (typi-
cally 20 keV) is transmitted through the sample, and these are collected and pro-
cessed to form the image. The interaction between electrons and nanofibers
results in inelastic and elastic scattering of the transmitted electrons. The TEM
images are constructed from the elastically scattered electrons and generally
show structural features or defects at a high resolution and may also be used in
the diffraction mode (even simultaneously) to obtain crystalline structure infor-
mation. The inelastically scattered component is used in analytical microscopy
such as in X-ray spectroscopy and electron energy loss spectroscopy.

4Interaction between the primary beam and the sample results in the generation of not only
secondary electrons but also backscattered electrons, Auger electrons, X-rays, and photons
(cathode luminescence).
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Image analysis using suitable software is employed to quantify the pore
sizes or fiber diameters from microscopic images. A key assumption implicit
in using micrographs to quantify nanofiber characteristics is that the image is
representative of the mat being studied (i.e. all parts of the mat have the same
chance of being selected for imaging). Random selection of areas to be
imaged (as opposed to deliberate selection of aesthetically pleasing ones) is
important in this regard. A monochrome image from a charge-coupled
device (CCD) with a radiometric resolution of 8 bits has a gray scale
varying from 0 (black) to 255 (white).5 In the image, the area covered by
the nanofiber material can be distinguished by its relatively lower grayscale
value relative to the open area (pore or interstice between fibers). Pixels
that are near the edge of a nanofiber will naturally have intermediate gray-
scales. Quality image analysis requires a sharp transition in contrast in the
image and therefore a well-focused image is essential. Also, in image analysis
the “pore” areas and the “solid” areas are grayscale values. An appropriate
point on the grayscale range that allows the program to distinguish between
the two types of areas therefore needs to be provided by the operator or set
by the program itself (this is called thresholding) (Russ 2002). A constant
(global) thresholding factor might be applied to the entire image or local
thresholding taking into account inhomogeneous grey-scale distributions,
might be adopted (Gonzalez and Woods 2001). The software may then
reduce the micrograph to a binary image to estimate the two types of pixel
areas. The quantification is particularly sensitive to the manual choice of
this threshold and its selection is very subjective. Nonsubjective statistical
methods based on minimizing the statistical variance of the two types of
pixels have been proposed (Gonzalez and Woods 2003; Ziabari et al.
2007). These assume the pore and solid pixels to be normally distributed.
In a micrograph used to obtain a pore size distribution, what constitutes a
pore must still be defined in terms of the minimum number of pixels. The
magnification of the image used in the analysis therefore affects the accuracy
of the measurement — images at lower magnifications generally give esti-
mates of porosity closer to the theoretically expected value for a porous
sample of poly(1-caprolactone) (Grant et al. 2006).

An illustration of the types of data obtainable using automated analysis of
fiber diameters is shown in Fig. 5.6. The micrograph is of an electrospun
poly(1-caprolactone) nanofiber mat imaged by SEM in the author’s labora-
tory. Fovea Pro (Reindeer Graphics Inc., Asheville, NC), a 16-bit image
analysis tool for Adobe Photoshopw, was used to generate the frequency dis-
tribution of fiber diameters shown in the figure. A sufficient number of such

58 bits yield 28 ¼ 256 digital values or shades of gray in a monochromatic image. A more sen-
sitive imaging device will yield a wider tonal range for the image; for instance, a 16-bit image
will yield 216 ¼ 65,536 tonal values.
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images need to be considered to obtain a reasonable estimate of the average
fiber diameter of the mat. McManus et al. (2006), in their SEM characteriz-
ation of bovine fibrinogen nanofibers electrospun from HFP solutions,
averaged 60 measurements per micrograph in estimating the average fiber
diameters (the measurements were calibrated using the micrograph scale).
Others have used averages of 100 (Gu and Ren 2005; Kim, H. S., et al.
2006) or even 500 measurements (Patel et al. 2006) to arrive at a reliable
average value.

A profilometric technique such as atomic force microscopy (AFM) or
optical sectioning of a fluorescent dyed fibermat using laser confocal
microscopy yields additional information on the height of the fibers. (These
techniques, however, have their own limitations in yielding reproducible
absolute dimensions.) As with most microscopic techniques, imaging is
limited to a minute section of the mat sample and the findings often cannot
be generally extrapolated as an average characteristic of the entire mat.
Even in assessing nanofiber mat characteristics qualitatively, the need to
study a sufficient number of random samples selected over the mat surface
and use of appropriate statistical averages estimated to describe the material,
cannot be overemphasized.

5.2.1 Atomic Force Microscopy Technique

Atomic force microscopy (AFM) is emerging as a popular technique for the
characterization of nanomaterials. A sharp probe or tip affixed to the end of a
cantilever is raster scanned over the surface of the sample to be imaged, in this

Figure 5.6 (a) SEM image of an electrospun nanofiber mat of poly(1-caprolactone).
(b) Frequency distribution of fiber diameter estimated from the image using image
analysis software. (Courtesy of Research Triangle Institute, 2004.)
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case the nanofiber mat. The probe is pressed against the sample with a con-
stant force during scanning. The movements of the probe are converted into a
signal and used to generate a profile of the sample surface. A typical probe is
made of monolithic silicon with a �15mm tall tip of radius less than 10 nm,
and the corresponding probe length and height might be about 500mm and
50 mm, respectively. The cantilever and tip dimensions are so small that a
low-poweropticalmicroscope is usually employed to position the tip accurately
on the sample.Displacements of the tip, byas little as 1 nm, can be detected bya
quality AFM instrument. The basic principal of AFM is illustrated in Fig. 5.7.

In profilometric use of AFM, variations in tip-to-surface distance during
scanning of the mat surface are monitored by the deflection of a laser beam
reflected off the surface of the cantilever onto a position-sensitive photodiode
detector.6 As the mat topography changes, the z-direction scanner moves ver-
tically to maintain constant deflection of the tip. Images are generated from the
data through a feedback loop between the photodiode arrangement and the
piezoelectric scanners responsible for the translational movement of the tip.
This allows even minute deflections to be detected by the optical system.
Typically, imaging can be carried out in the contact mode or in the so-called
“tapping mode,” where the tip is made to vibrate at a low frequency and is
therefore in intermittent contact with the sample surface. This latter mode
allows imaging to be carried out without damage to the soft sample surface
of polymers (or biological materials) due to dragging of the AFM tip over
it. Even when using cantilevers with low spring constants (k, 0.5 N/m),
the forces involved can be large enough to result in damage to polymers.

Figure 5.7 Schematic of a cantilever with tip in contact with the sample in an
atomic force microscope. The electronics components are not shown for clarity
(not drawn to scale).

6Although this is a particularly accurate way of measuring cantilever deflection, light
microscopy can be also be used to directly measure deflection, as demonstrated in the measure-
ment of tenacity of PAN nanofibers (d (nm) � 1200 nm), where a calibrated eyepiece was used
to measure deflection (Warner et al. 1998).
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Imaging, however, can also be achieved with the AFM tip not in contact with
the sample surface at all; instead, the cantilever is oscillated at its bending fre-
quency (�100 kHz) in close proximity (�10 nm) above the sample surface.
The frequency and amplitude of the oscillating cantilever are monitored
and the data used to generate an AFM image. A detailed discussion of the
technique is beyond the scope of this work and the reader is recommended
the following reviews of AFM techniques (Batteas et al. 2005; Birdi 2003).

Electrospun nanofibers of polyurethanes (Demir et al. 2002), poly(dicyclo-
pentadiene) (Bellan et al. 2006), polyelectrolyte complexes (Ding et al.
2005a), polyacrylonitrile (PAN) (Ge et al. 2004; Hou et al. 2005), polystyrene
(PS) (Ji et al. 2006b), poly(benzimadazole) (Kim and Reneker 1999b),
poly(butylene terephthalate) (PBT) (Mathew et al. 2005), aramids
(Srinivasan and Reneker 1995), DNA (Takahashi et al. 2005), and polylactide
(PLA) (Yang, F., et al. 2004) have been imaged using AFM. Jaeger et al.
(1996) imaged PEO nanofibers using silicon nitride, Si3N4, cantilevers
(k ¼ 0.38 N/m) to study the periodic morphological features on the surface
of fibers. Others have studied the occurrence of beads in electrospun PEO
nanofibers (Morozov et al. 1998) and the morphology of silk nanofibers
(Tan and Lim 2006) using this technique. Using AFM to obtain high-resol-
ution data on nanofibers requires the selection of a sharp tip of appropriate
geometry. Typically a cantilever of low spring constant is employed (k ¼
0.06 N/m was used in the PEO study) and multiple measurements are used
in the analysis (over 100 images were used by Jaeger et al. (1996)) to
obtain reproducible data. The sample response over a range of applied
forces are studied to eliminate force-dependent artifacts (Morozov et al.
1998) in the data. Care must also be taken to ensure an appropriate angle
of contact between the tip and the surface in order to avoid lateral ploughing
of the tip into the soft sample surface (unless friction-mode data are desired).

AFM imaging of nanofibers is generally a difficult undertaking, and the
fiber width obtained in the micrographs tends to be greatly exaggerated
because of the convolution of the AFM tip-shape with the nanofiber geometry
(Kim and Reneker 1999b). Srinivasan and Reneker (1995) recommend
measuring the diameters perpendicular to the plane of the substrate. AFM
measurements of fiber diameters on poly(benzimidazole) (PBI) nanofibers
showed that fiber diameters when measured as the apparent width in the
AFM image to be twice that measured in the vertical direction. In general,
the smaller the real dimension, the larger will be the exaggeration in the
AFM measurement (Morozov et al. 1998). Assuming the nanofibers to be
dry and cylindrical, the difference is attributable to the fuzzy edges typical
of AFM micrographs (Fig. 5.8).

Even when using a sharp AFM tip for the measurement, resolution can be
poor, as nanofibers tend to be easily displaced by the movement of the probe
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over them, leading to fuzzy AFM images of the smaller-diameter fibers.
The difficulty can be overcome by placing nanofibers on a substrate that
can hold them in place during measurement by adhesion or through non-
bonded interactions. Adhering the nanofibers to a base using a layer of
epoxy has been successfully demonstrated (Tan et al. 2005a), but the sorption
of adhesive components by the nanofibers is a concern. Recently, Han and
Andrady (2005) imaged electrospun polymer nanofibers spun onto surfaces

Figure 5.8 An AFM image of an electrospun polyamide nanofiber. Reprinted with
permission from Q. F. Wei et al. (2006). Copyright 2006. John Wiley & Sons.

Figure 5.9 AFM image of an acrylic nanofiber deposited on a PGMA layer.
(Courtesy of RTI International, 2005.)
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coated with a layer of poly(glycidyl methacrylate) (PGMA) to avoid this
problem. Nonbonded interactions between the PMMA nanofibers and
PGMA surface minimized any displacement of nanofibers by the tip during
imaging and yielded high-quality AFM images (Fig. 5.9).

5.3 MECHANICAL PROPERTIES OF MATS

The techniques available to measure the mechanical properties of films and
textile materials are well known and in most instances can be applied with
some modification to nanofiber mats. However, some caution in interpreting
the data is warranted. The most common such technique is tensile property
measurement using the same general experimental technique used with film
or woven textile samples. Randomly oriented nanofiber mats are cut into
the rectangular (Ding et al. 2004c; Li, M. Y., et al. 2005; Zong, X. H.,
et al. 2003a) or typical dumbbell-shaped test samples (Boland et al. 2001;
Luu et al. 2003; Pedicini and Farris 2003) and tested using a universal
testing machine to obtain the tensile properties. Wang and colleagues, for
instance, successfully measured the mechanical properties of �100 mm
thick poly(vinyl alcohol) (PVA) nanofiber mats electrospun from 8–10
wt% aqueous solutions, using a gauge length of 1 cm and a crosshead
speed of 2 mm/min (Wang, X. F., et al. 2005). This is feasible with the
thicker nanofiber mat samples.

Handling fragile fiber mats during sample preparation, however, is a
concern, as the mechanical integrity and the geometric arrangement of the
fibers can be compromised in the process. The alternative simple procedure
described by Ramakrishna and colleagues (Huang et al. 2004) for handling
gelatin nanofiber mats has considerable merit in this regard. A paper template
(as shown in Fig. 5.10) with parallel strips of double-sided adhesive
tape attached to it as shown is gently placed on the fiber mat (with the
adhesive surface against the mat). A single-sided tape is then placed to
secure the adhered part of the web to serve as end tabs, and the assembly
cut into test strips (gauge length 30 mm and test piece width 10 mm).

The test strips are mounted in the grips of a universal testing machine fitted
with a load cell in the appropriate force range and the test conducted as with a
film sample. The extension ratio of the mat is readily measured using a pair of
marks on the sample to define a gauge length, but the accurate assessment of
stress in the sample is complicated by the porosity of the mat. Mats are inher-
ently porous even in the case of ideal constructs based on uniform, unbeaded,
and evenly deposited nanofibers. As discussed earlier, rpolpr

2L = Vmat, and
most of the volume of a test piece is air. The volume fraction of polymer in the
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test piece has to be accurately established and when comparing mechanical
property data for different mats generated even in a single experiment.

Data can be normalized to a constant volume density of fibers in the
sample. (Schreuder-Gibson and Gibson 2006 reported their data normalized
to 30% volume fraction.) A simple correction based on areal density has
been used (Ayutsede et al. 2005).

Stress expressed in units of (g/tex)7

Stress (g=tex) ¼ Force (g)
Width (mm) � Areal density (g/sq � m)

, (5:14)

where the areal density is the measured mass of the test piece divided by
its area.

Instead of measuring the thickness, an “equivalent thickness” might be
estimated from the known mass, m, the density r of polymer, and the area
A of the die used to cut the tensile test sample (McKee et al. 2005).

Equivalent thickness ¼ m=A:r (5:15)

Figure 5.10 Tensile test piece preparation with fragile nanofiber mats. Redrawn
from Huang et al. (2004).

7The tex is a unit of linear density commonly used in the textile industry, and is the weight in
grams of a fiber 1 km in length (or mg per meter of fiber).
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A related issue is heterogeneity of the mat — the variation in volume density
of the nanofibers at different points in the test piece. Points where the nano-
fiber deposition is particularly sparse or dense (or beaded) will naturally influ-
ence tensile properties in a manner essentially similar to that due to an air
bubble or an inclusion in a film or laminate sample (Inai et al. 2005a).
Visual examination of the test pieces to avoid obvious defects is therefore a
necessity. Establishing evenness criteria based perhaps on optical measure-
ment in selecting test pieces for mechanical testing might be desirable. In
their recent book (Ramakrishna et al. 2005), reviewed the available infor-
mation on tensile properties of nanofiber mats.

Factors unrelated to the chemical nature of the polymer used in electrospin-
ning affect the tensile properties of the fiber mats. Nanofibers of the same
polymer electrospun from different solvents often display very different mech-
anical properties (see Table 5.4). Pellethene nanofibers electrospun from THF
and DMF, for instance, show very different tensile properties; just as films cast
from these two solvents also show similar differences (Schreuder-Gibson and
Gibson 2006). This is due to the morphology of nanofibers (and films) being
affected by the different rates of evaporation of solvent and the consequently
different kinetics of development of the relevant phase morphologies. The
volume density of fibers in the mat, the mix of nanofibers (or the polydispersity
of fiber diameters), degree of fusion of the individual nanofibers, existence of
imperfections and branching of fibers can all be expected to affect the tensile
properties of a mat electrospun under different process conditions even from
the same polymer/solvent system.

5.3.1 Mat-Related Variables

The tensile deformation of a fiber mat is far more complicated than that of a
polymer film; correcting for the void content is often inadequate to comple-
tely account for the stress-deformation data. Unlike with polymer films,
subjecting nanofiber mats to tensile deformation will result in nonuniform
stresses being developed resulting in rearrangement of nanofibers within
the mat to accommodate the strain. Ensuing strain-dependent changes
in the concentration of load-bearing nanofibers (essentially the slack

TABLE 5.4 Tensile properties of thermoplastic polyurethane
nanofiber mats

Solvent Modulus (MPa) Tensile Strength (MPa) Elongation (%)

THF 3 9.5 360
DMF 12 54.5 160

Source: Schreuder-Gibson and Gibson 2006.

5.3 MECHANICAL PROPERTIES OF MATS 135



segments of the fiber becoming taut due to imposed strain) and eventual
breakage of a few of the fibers likely precedes segments prior to the overall
catastrophic failure of the test piece. Strain rate is therefore an important
parameter in tensile testing; faster test rates compared to the rate of
rotation/re-alignment of nanofiber segments consequent to strain generally
lead to higher moduli (Inai et al. 2005a). No comprehensive models of the
process, however, are available.

When an isotropic mat of nanofibers is uniaxially strained, load is not
equally born by all nanofibers. The initial load will be borne by the fraction
of fibers parallel in alignment to the axis of the strain. Those oriented at a
small angle f to the axis will rotate and twist in an attempt to realign
along the axis of strain. Depending on the strain, an increasing fraction of
these will become load-bearing. Fibers that lie perpendicular to the axis are
not load-bearing, and will buckle under the strain. SEM images of extended
fiber mats support this simple qualitative picture (see Fig. 5.11, where

Figure 5.11 Micrographs of nanofibers at two different magnifications showing the
high degree of fiber alignment resulting from uniaxial strain of a nanofibers membrane
(at point C indicated in Fig. 5.12). Reprinted with permission from Inai et al. (2005a).
Copyright 2005. John Wiley & Sons.
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different alignments of fibers are apparent. Note that it also shows some
fusion of fibers making the situation even more complex).

This effect due to fiber alignment is illustrated by themarked change in tensile
properties of the mat with the speed of rotation of the cylindrical collector
(changing the alignment/orientation of nanofibers; see Chapter 9). K. H. Lee
et al. (2003a) found the tensile modulus of PCL nanofiber mats to increase by
40% (to 4.67MPa), their tensile strength to increase by 50% (to 2.1MPa), and
the extensibility to remain unchanged when the velocity of collection surface
was increased from 1.3 to 3.2 m/min. A further increase in the collector velocity
to 4.5 m/min, however, decreased these properties. The decrease was in part
attributed to the reduced dimension of pitch in the machine direction that accom-
panies the higher revolutions per minute (RPMs). Others (Fennessey et al. 2006;
Pedicini and Farris 2003) have also reported the tensile properties of aligned
nanofiber mats to be higher compared to comparable isotropic mats.

Figure 5.12 shows typical stress–strain curves for two nanofiber mats of
copolymers of P(LLA-CL) electrospun from 10% acetone solution from a
capilliary tip 0.2 mm in diameter, using a flow rate of 1.0–1.5mL/h and an
applied voltage of 15 kV (Inai et al. 2005a). The modulus, ultimate properties
[tensile strength (MPa) and extensibility (%)] of the two mats are different
because of the different copolymer composition of fibers. The one with the
higher LLA content displayed better tensile properties. However, the two
curves may not be directly comparable, as the mats may not have the same
volume fractions of nanofibers and fiber morphologies.

The stress–strain curves for the fiber mats typically show an initial high
modulus at low strains [up to about 4.5% strain for P(LLA-CL) mats],
followed by a lower modulus until failure occurs. With a fibrous mat

Figure 5.12 Stress–strain curves for P(LLA-CL) copolymer nanofiber mats.
Reproduced with permission from Inai et al. (2005a). Copyright 2005. John Wiley & Sons.
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morphology it is reasonable to qualitatively argue that at low strains the defor-
mation will be resisted by the relatively few short fiber segments uniaxially
extending between the grips of the test machine. The fraction of such
chains will be higher in an oriented mat where the test piece is mounted
with the strain axis parallel to the axis of alignment. These short fibers yield
or rupture allowing the majority of the fibers in the mat sample to eventually
take up the applied load, giving rise to the main section of the stress–strain
curve. Fibers aligned at an angle relative to the direction of principal strain
undergo rotation accommodating the strain, as already discussed. Increasing
fractions of fibers align and stretch along the direction of uniaxial deformation
as strain is increased (Huang, C. B., et al. 2006b; Inai et al. 2005a). Micrographs
of the sample taken at points A, B, and C (see Fig. 5.11 for images at C) on the
curve showed fiber-level detail in support of this notion. Fiber alignment
increased from A to B to C on the stress–strain curve. The abrupt decrease
in modulus in the curve was likely due to the catastrophic breakage of those
nanofibers initially aligned axially. Micrographs of the sample at point C
show a very high degree of orientation of fibers in the direction of applied
strain (Inai et al. 2005a). Although not measured in this particular study,
some fiber thinning by drawing and possible strain-induced crystallization
from the imposed strain, might have also taken place in the sample.

In common with laminate samples studied by tensile testing, even small
inhomogeneities in the material (scratches, air bubbles, micronicks, and par-
ticulate inclusions in the case of films) have a dramatic effect on the tensile
behavior of the mat (Inai et al. 2005a). In the case of nanofiber mats, such
inhomogeneities are well known to exist in the form of beads, microdrops
of solution dropped on to the mat during spinning, uneven nanofibers, and
“fused” nanofibers. Varying either of these in a sample will clearly affect
the tensile properties of the mat. Electrospun gelatin nanofibers (from 5 to
12.5% in HFP) studied recently show that the presence of beads influence
the tensile data (Huang et al. 2005). However, the mats studied are often
not characterized well enough to delineate the effect of beads and other
imperfections on tensile properties.

With bicomponent fiber mats (where the mat is made of a mixture of
two types of nanofiber) the compositional characteristics are reflected in
the tensile data. With poly(vinyl alcohol)/cellulose acetate (PVA/CA)
mats with different fractional ratios of nanofibers of two types of fibers,
the tensile properties showed a gradual change with mat composition
(Ding et al. 2004c). The shape of the stress–strain curve remained essentially
unaltered but showed higher moduli at the higher PVA content (Fig. 5.13).
The fiber mats with different compositions had different average fiber diam-
eters and possibly different porosities. Note that the initial high modulus
region is also apparent in these stress–strain curves.
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5.4 SINGLE-FIBER CHARACTERIZATION

Characterization of individual nanofibers is critical to understanding their
physics because invariably it is the fiber characteristics that govern the prop-
erties of their mats. But, their minute dimensions makes this a daunting task.
Nanofibers of particular interest, those with dimensions smaller than the
wavelength of light, are especially difficult to isolate or test. It is not practical
to extract fiber-level information by manipulation of test data generated from
even the best-characterized fiber mats. Several innovative techniques for the
direct assessment of mechanical properties of individual nanofibers are
being developed and are discussed in this section.

New techniques developed for nanofibers (and nanotubes) are beginning to
appear in the literature. While the following discussion concentrates on mech-
anical properties, other properties including electrical (Kitazawa et al. 2007),
thermal (Motoo et al. 2005), and optical (Balzer et al. 2003) characterization
of single fibers have been reported. Some of the conventional test methods
used in textile research with mesofibers have also been successfully
adapted for use with nanofibers. It is feasible for instance to carefully
install a single electrospun nanofiber in a nanotensile test machine designed
to measure their modulus and ultimate properties of fibers (Inai et al. 2005a;
Tan et al. 2005b). The technique was described by Inai et al. (2005b) charac-
terizing a highly-oriented poly(L-lactide) (PLLA) nanofiber electrospun from
methylene chloride/methanol (80/20) solution. Nanofibers were directly col-
lected on an open paper frame with a gauge length of 20 mm. The frame was

Figure 5.13 Tensile stress–strain curves for bicomponent nanofiber mats of PVA/CA
nanofibers. Mat composition is indicated by the ratio of number of tipswith the polymers
PVAversusCAused tospin themat: (a) 4/0, (b) 3/1, (c) 2/2, (d ) 1/3, and (e) 0/4.Reprinted
with permission from Ding et al. (2004c). Copyright 2004. Elsevier.

5.4 SINGLE-FIBER CHARACTERIZATION 139



attached to a rotating disk spun at a velocity of 63–630 m/min to facilitate
orientation of the fibers. All but a single fiber was subsequently removed
from the paper frame under an optical microscope and the single-fiber assem-
bly installed in a tensile tester (Nano Bionics MTS) with a load cell in the
500 mN range and 50 nN resolution. The sides of the paper frame were cut
(see Fig. 5.14), and the test was conducted at a strain rate of 25% per min.
Electrospun nanofibers of poly(1-caprolactone) (PCL) (Tan et al. 2005b,
2006) tested on a paper frame yielded8 a tensile modulus of 120+30MPa
and an ultimate extensibility of 200+100% (Tan et al. 2005b). However,
the procedure is beset with a myriad of practical difficulties and the variability
in the data is usually quite high.

Inai et al. (2005b) used the technique to demonstrate the effects of chain
orientation on nanofiber tensile properties (Table 5.5). Chain orientation in
polymers can be established using conventional techniques such as X-ray
diffraction or infrared (IR) dichroism, and its effect on tensile properties can
be very significant. The tensile properties of PLLA (Mw ¼ 300,000 g/mol)
nanofibers collected on a high-velocity (630 m/min) vs a low-velocity (63
m/min) rotating drum collector showed an improvement in their tensile
strength and modulus resulting due to better alignment and chain orientation.
The effect is further illustrated in Fig. 5.15, showing typical stress–strain
curves obtained for a pair of nanofibers collected on a drum collector
moving at different velocities.

Cantilever techniques that use the AFM for these types of measurements
avoid some of the problems associated with handling the nanofibers that
are inherent in conventional tensile test methods. The approach is particularly

Figure 5.14 Illustration of technique used to measure the tensile properties of a
single nanofiber using conventional test equipment.

8The data, when compared to that for gravity-spun or melt-spun PCL microfibers, suggest the
electrospun nanofibers to have a higher degree of chain and crystallite orientation. The change
in mechanical properties with fiber diameter was similar to that obtained in “cold drawing” of
conventional fibers (Tan et al. 2005b).
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sensitive and has been used previously in individual molecule force
spectroscopy measurements (Hugel et al. 2002).

5.4.1 Using the AFM for Single-Nanofiber Measurement

Although AFM is used mainly as a profilometric imaging method and a
probe technique to study the surface chemistry of materials, it can also
serve as an invaluable piece of equipment in measuring mechanical properties
of fibers and even single macromolecules. Some of the sample-handling
issues inherently associated with conventional tensile techniques are

TABLE 5.5 Change in tensile properties with alignment of single
nanofibers of PLLA

Take-Up Velocity
(m/min) d (nm)

Modulus
(GPa)

Tensile Strength
(MPa)

Extensibility
(%)

63 890+190 1.0+1.6 89+ 40 1.54+0.12
630 610+50 2.9+0.4 183+ 25 0.45+0.11
600a 34,000 3.9 192 2.2

aData for melt-spun PLLA fiber. d ¼ average fiber diameter (nm).
Source: Inai et al. 2005b.

Figure 5.15 Tensile stress–strain curves for single nanofibers electrospun under
the same conditions but collected on a drum rotating at low and high speeds
(strain rate 25%, 20mm gauge length). Reprinted with permission from Inai et al.
(2005a). Copyright 2005. Institute of Physics.
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avoided when using AFM for this purpose. For example, tensile properties of
single-walled and multiwalled carbon nanotubes have been elucidated using
AFM measurements (Demczky et al. 2002). It suggests the utility in applying
the same technique to the relatively larger polymer nanofiber characterization
process.

5.4.1.1 Nanoindentation In the nanoindentation technique (Fig. 5.16),
with the AFM operating in the force mode the tip is brought into contact with
the fiber surface and a force is applied to indent the surface of the nanofiber.
The indentation is force-controlled, with a maximum load of Pmax applied to
the sample. For the technique to yield meaningful data, the tip diameter needs
to be very much smaller than that of the nanofiber and all data must be

Figure 5.16 (a) Tip and fiber interaction during indentation measurement. (b)
Indentation deflection curve. Reprinted with permission from M. Wang et al.
(2004a). Copyright 2004. Elsevier.
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generated at the same strain rate. The indentation depth DZ (measured as the
deflection of the cantilever) varies linearly with the applied load P. The slope
of the curve at Pmax is then directly proportional to the effective Young’s
modulus E� of the nanofiber material9:

Slope ¼ {dP=dZ}max ¼ 2E�(A=p)1=2, (5:16)

where A is the contact area of the tip. However, uncertainties related to tip
geometry and the cantilever force constant generally preclude the use of
equation (5.16) to directly calculate E� (Wang, M., et al. 2004). Instead, a
material of known E�

R is used as a reference sample and E� for the nanofibers
estimated from the ratio

{dP=dZ}max

{dP=dZ}Rmax

¼ rE�

rRE�
R
, (5:17)

where r and rR are the contact radii from the measurements carried out on the
sample and the reference material and fdP/dZgRmax

is the slope obtained with
the reference material.

The utility of this technique is illustrated by the work on single nano-
fibers of degummed native silk fibroin carried out by M. Wang et al.
(2004). The study yielded a value of E� ¼ 13.66+0.85 GPa (1Hz strain
rate) for the silk nanofibers. The value agreed well with that obtained
from independent triboindentor (Berkovitch tip) measurements (E� ¼
14.38+1.83 GPa). The effect of water and methanol extraction on the
modulus of the nanofibers was also investigated by the group using this
technique. Others have used the technique with poly(D,L-lactide-co-
glycolide) (PDLGA) nanofibers (Xin et al. 2007) and PLLA nanofibers
(Tan et al. 2005).

5.4.1.2 Bending Test Using an AFM tip to apply a deflecting force to
a nanofiber lying across a 10–100 mm wide depression (5–10 mm deep)
machined into a hard substrate such as silicon can be used to measure
the modulus E�. Assuming the ends of the nanofiber to be firmly anchored
to the flat surface and the fiber is not sagging into the depression, the force
F exerted by the tip at the middle of the fiber results in a tip deflection DZ
that can be converted into the value of fiber displacement d. It can be

9The effective modulus E� is related to the elastic modulus of the material E1 and that of the tip
E2: 1=E� ¼ ð1�v21Þ=E1 þ ð1�v22Þ=E2, where v1 and v2 are the Poisson ratios of the sample
material and the tip, respectively (Mack et al. 2005).
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shown that the force F is related to deformation d as follows (Zhou
et al. 2005):

d ¼ F(L3=aE�I), (5:18)

where I is the moment of inertia (second moment of the area), L is the sus-
pended length of the fiber, E� is the Young’s modulus, and a is a constant.
This technique has been used on PEO nanofibers (100–300 nm; Bellan
et al. 2005) and poly(dicyclopentadiene) (Bellan et al. 2006) to obtain
values of E� of 0.76 GPa and 11+5 GPa, respectively. A three-point
bending test (Fig. 5.17) carried out on TiO2-filled poly(vinylpyrollidone)
(PVP) nanofibers draped over a mesoscale pore, using essentially the
same AFM method, was also recently reported (Lee, S. H., et al. 2005).
The AFM-based approach was used with polyacrylonitrile (PAN) nano-
fibers (Gu et al. 2005c), inorganic titania nanofibers (Lee, S. H., et al.
2005), and composite PVA nanofibers (Shin, M. K., et al. 2006) as well.

Figure 5.17 Schematic of the sample arrangement for the three-point bending test
and actual AFM data on fiber (i) and pore (ii). Redrawn from S. H. Lee et al. (2005).
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5.4.1.3 Uniaxial Extension Generation of a complete stress–strain
curve for a single nanofiber using AFM is particularly challenging (Tan
et al. 2005a). Tan et al. reported a technique where aligned nanofibers of
PEO (�700 nm) stretched across a pair of glass cover slips affixed to a
glass slide mounted on an inverted microscope assembly was used. A piezo-
resistive AFM cantilever (spring constant 8 N/m) was attached to a point on
the nanofiber via a short length of glass fiber using a drop of cyanoacrylate
adhesive. The arrangement (shown in Fig. 5.18(a)) allowed the nanofiber
to be extended uniaxially by slow translation of the sample stage of the
microscope and the deflection of the cantilever was recorded accurately.
The deflection data, converted to changes in the electrical resistance of the
piezoresistive cantilever, were used to quantify the magnitude of the uniaxial
load (force resolution 0.2mN). The extension data were estimated from an

Figure 5.18 (a) Sample arrangement on the AFM sample stage for tensile
measurement. (b) Stress–strain curve for a single nanofiber (d ¼ 700 nm) of PEO.
Reprinted with permission from Tan et al. (2005a). Copyright 2005. American
Institute of Physics.
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image of the fiber recorded by a CCD camera. By stepwise translation (in 0.01
mm increments) of the stage, a load–extension curve was generated at differ-
ent strains and the results plotted as in Fig. 5.18.

The stress–strain curve showed good linearity over a considerable strain,
but did not show a typical yield point characteristic of polymer films and
macrofibers. An elastic modulus of 45MPa was determined for the PEO
nanofibers (Tan et al. 2005a). A similar approach based on using AFM for
assessing the single-fiber tensile properties of PAN was reported by Buer
et al. (2001).

5.5 NANOFIBER CRYSTALLINITY

5.5.1 Differential Scanning Calorimetry (DSC) Technique

Differential scanning calorimeters are designed to hold a sample of the
nanofiber sealed in a metal sample pan (usually made of aluminum) and
a reference metal pan carrying no sample, at exactly the same temperature.
The higher thermal capacity of the sample pan will demand more thermal
energy relative to reference pan to attain a given temperature. As the temp-
erature of the insulated enclosure holding the pans is slowly increased, the
difference in power demand by sample and reference pans is accurately
monitored as a function of temperature and yields thermal data on the nano-
fiber sample in the sample pan. Events such as first- and second-order tran-
sitions, chemical reactions, or solvent evaporation can generally be readily
observed as distinctive patterns in thermal behavior. This approach to calori-
metry is often referred to as power-compensation type DSC. Alternatively,
the sample and reference pans might be placed in an insulated chamber in
good thermal contact with each other via a metal plate (silver or constantan
alloy). Thermal imbalance induced by the presence of a nanofiber sample in
the sample pan causes heat to flow between the sample and reference pans,
and changes in enthalpy can then be determined by accurately monitoring
the difference in temperature DT between the pans. With nanofiber
samples the significant thermal event anticipated is the melting of the
crystalline fraction, an endothermic process. Loss of residual solvent
from the nanofiber web may also take place and will constitute an end-
othermic event.

In a typical experiment where the temperature is raised from T1 to T2, a plot
of heat flow (mW) vs temperature is obtained. Generally, the change in
enthalpy DH is related to the area A under the curve:

DH ¼ kA, (5:19)
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where k is an instrument constant. As the temperature is increased to the
crystalline melting temperature of the nanofiber sample (Tm) the latent heat
associated with the thermodynamic transition results in an endothermic
peak in the DSC curve. The location of the peak on the temperature axis is
determined by the crystallite chemistry. The area under the peak on the
DSC curve (J . 8K/s . g) divided by the heating rate (8K/s) yields the joules
per unit mass (J/g) associated with melting. From the known mass g of the
nanofiber mat used and the known latent heat of the crystalline fraction, an
estimate of crystallinity can be reliably determined.

As seen from Table 5.1, the DSC technique is widely used to study elec-
trospun polymer nanofibers and the data have been compared with that for a
cast film of the polymer. In conformity with findings from X-ray diffraction
studies, the nanofibers show a high degree of chain orientation compared to
that in a cast film of the same polymer. High degrees of molecular orientation
during electrospinning have been reported for electrospun nanofibers of
PLLA (Zong, X. H., et al. 2002), poly(benzimidazole) electrospun from
dimethylacetamide (DMAc) solutions (Kim and Reneker 1999b), PEO
(Deitzel et al. 2001a; Larrondo and St. John Manley 1981a), and PAN
(Buer et al. 2001). This appears to be a general phenomenon with most
polymer nanofibers, especially at the smaller fiber diameters. Orientation
in nanofibers can also be detected by optical birefringence measurements.
DSC studies yielded indirect evidence of chain orientation in the case of elec-
trospun PAN nanofibers. Cast films of PAN generally undergo a cyclization
reaction on heating in nitrogen, yielding a sharp exothermic peak in the DSC
thermogram at 2938C. Nanofibers similarly heated show the same transition,

Figure 5.19 DSC thermogram of PAN film and nanofibers in nitrogen (heating rate 10
K/min). Reprinted with permission from Gu et al. (2005b). Copyright 2005. Elsevier.
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but at the much lower temperature of 2888C (Fig. 5.19; Gu et al. 2005b),
suggesting that cyclization is facilitated by molecular orientation of the
fibers in the latter samples (Mathur et al. 1992). These highly oriented
domains in nanofibers are metastable and may slowly revert to crystallites;
the process can be accelerated by annealing. As pointed out by Gu et al.
(2005b), however, this same shift could also result from a large fraction of
the acrylonitrile repeat units being arranged at the nanofiber surface. DSC
analysis of polyester nanofibers of poly(ethylene terephthalate) (PET) and
poly(ethylenenapthalate) (PEN) also showed the crystallization temperatures
for the nanofibers to be lower than that for the bulk polymer materials (Kim,
J.-S., and Lee 2000).

5.5.2 X-Ray Diffraction Methods

In X-ray diffraction (XRD) studies, a beam of X-rays is aimed at the sample
and the ensuing diffraction pattern is observed. Because of their high energy,
X-rays are hard to focus, and slit collimators are usually employed for the
purpose. The monochromatic X-ray beam is multiply scattered from the
various lattice planes in the sample at specific angles. Constructive interfer-
ence from the scattered X-rays by an ordered lattice (such as in a crystal)
results in well-formed sharp diffraction patterns. The diffraction pattern pro-
duced is essentially a fingerprint of the atomic level periodicity in the polymer
sample. It is a particularly useful nondestructive technique that yields infor-
mation on partial crystallinity (crystallite sizes and orientation), the chain
orientation and phase composition of the materials studied. In nanofiber
work, XRD methods are useful in studying the crystalline nature of the
fibers, change in crystalline morphology during annealing, as well as chain
orientation in as-spun or oriented fibers. Electrospun fiber samples collected
on a glass slide can be directly studied by XRD without further sample
preparation.

According to Bragg’s law, the difference in path length between X-ray
beams scattered from two adjacent lattice planes of a crystal will be a
multiple of the X-ray wavelength, l:

nl ¼ 2d sinu, (5:20)

where n is an integer, d is the distance between the two crystal planes, and 2u
is the scattering angle or the angle between the incoming and outgoing beams
(lying in the same plane). The larger the diffraction angle 2u, the smaller will
be the length scale probed by the technique. Wide-angle X-ray diffraction
(WAXD) is generally used to determine crystal structure on the atomic
length scale. (The smallest feature measurable using the technique is l/2.)

148 CHARACTERIZATION OF NANOFIBERS AND MATS



The complementary technique of small-angle X-ray diffraction (SAXS),
where the angle is typically varied from 0.18 to 108, is used to explore the
microstructure on somewhat larger features of colloidal dimensions. The
XRD techniques provide scattering patterns as opposed to direct information
on the structural features. As the scattering patterns obtained are not necess-
arily unique to a given morphological feature of interest, caution must be
exercised in interpreting XRD data. In semi-crystalline polymers, XRD
methods might be used to estimate the percent crystallinity, with the percen-
tage determined by integration of the one-dimensional XRD peaks. Plots
of intensity versus 2u for semi-crystalline fibers consist of an amorphous
“halo” signal with peaks from crystalline regions of the polymer superim-
posed on it. Fractional peak area of the latter is used to estimate percent
crystallinity.

X. H. Zong et al. (2002) used two-dimensional WAXD and SAXS to study
nanofibers of poly(D,L lactide) (PDLA) electrospun from DMF and PLLA
from CH2Cl2/DMF (1 : 5). The WAXD data indicated, as expected, little or
no crystallinity in the PDLA nanofibers, but the presence of a high level of
order in the as-spun mats. Electrospinning yielded metastable amorphous
nanofibers of PLLA (a semicrystalline polymer), consistent with the notion
that electrospinning being a rapid process generally retards development of
crystallinity. The timescale of the whipping instability process is too rapid
in most instances to allow crystallite growth during the spinning process
(Bognitzki 2001a), but the rapid extension of the jet results in high levels
of orientation, as made evident by birefringence measurements (Fong and
Reneker 1999). Birefringence increased nearly linearly with fiber diameter
for d ¼ 1–6 mm, but the degree of orientation obtained was not particularly
impressive (Kalayci et al. 2004). The reduced crystallinity in electrospun
nanofibers was also demonstrated for electrospun PLLA and PDLA (Zong,
X. H., et al. 2002) as well as copolymers of lactide and glycolide such as
PLGA (10 : 90) (Zong, X. H., et al. 2003a, 2003b). Low levels of crystallinity
were also observed with other polymer nanofibers: in poly(m-phenylene iso-
phthalamide) (PMPI) (Liu, W., et al. 2000), crystallizable PEO (Deitzel et al.
2001a), poly(glycolide) (PGA), nylon-6 (Dersch et al. 2003; Liu, Y., et al.
2007), polyesters (PET, PEN and their blends) (Kim, J.-S. and Lee 2000),
and in PAN (Jalili et al. 2006). Higher levels of orientation generally
results in facile crystallization on annealing. Orientational effects are
influenced by solvent properties. This was suggested for PLLA nanofibers
electrospun from CH2Cl2/MeOH (80/20 wt%) or CH2Cl2/pyridine (60/40
wt%). With solutions of PLLA in dichloromethane (7.5 wt%), increasing
the solution conductivity (using cosolvents) yielded fibers with higher
levels of molecular orientation as measured by thermal and XRD techniques
(Inai et al. 2005a). The cold crystallization temperature Tc decreased and the
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intensity of the crystallization exothermic peak also decreased with increased
solution conductivity.10

An increase in chain orientation might also be expected as the applied
voltage V (kV) is increased, resulting in an increasingly rapid extension
rate of the jet. For instance, the percent crystallinity of ethyl-cyanoethyl cel-
lulose nanofibers electrospun from THF solution increased with the applied
voltage, at least up to 50 kV, when all other variables were held constant
(Zhao et al. 2004). Other process variables such as the take-up speed of the
fiber mat on the rotating collectors and materials variables such as the the
solvent, polymer characteristics (such as the average molecular weight)
(Lee, J. S., et al. 2004) and the concentration (Inai et al. 2005a; Zong, X.
H., et al. 2003a) also affected either the as-spun crystallinity of the nanofibers,
or their propensity to crystallize on subsequent annealing. Figure 5.20 illus-
trates the WAXD pattern developed in nanofibers of PLGA (GA/LA: 90/
10) on annealing at 608C.

Annealing at a higher temperature can dramatically increase the amount of
crystallinity in polymers, including nanofibers (Inai et al. 2005a). On anneal-
ing PDLA noncrystalline PEO nanofibers electrospun from CH2Cl2/DMF
(1 : 5), at a temperature of 558C for 24 h, two characteristic crystalline

Figure 5.20 WAXD pattern obtained for nanofibers of poly(glycolide-co-lactide)
(PLGA) (GA/LA: 90/10) annealed at 608C under a uniaxial strain of 250%.
Reproduced with permission from Zong et al. (2003). Copyright 2003. Elsevier.

10However, significant crystallinity on melt electrospinning of the polyesters (at 2708C and
2908C) has been reported for poly(ethylene terephthalate) and poly(ethylene naphthalate)
and their blends. Dersch et al. (2003) and others (Veluru et al. 2007) also found significant
crystallinity in electrospun nanofibers as well.
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peaks at 2u ¼ 16.48 and 2u ¼ 18.78, which can be indexed as 110 and 131
reflections (pseudo-orthorhombic unit cell11 in the a-form of the crystals),
were observed (Zong, X. H., et al. 2002). Annealed samples studied by
SAXS suggested scattering features typical of a microfibrillar structure. The
SAXS data also supported the absence of the shish-kebab morphology
(Buchko et al. 1999) observed in similar systems. Also, electrospun, essen-
tially noncrystalline poly(glycolide-co-lactide) [P(LA-GA)] (GA/LA:
90/10) nanofibers yielded a degree of crystallinity of 23, 30, and 40%
when annealing was carried out at 70, 80, and 908C, respectively (Zong,
X. H., et al. 2003b). Similar observations are reported for PVDF electrospun
from dimethylacetamide (Choi et al. 2004). Herman’s chain orientation func-
tion12 for the nanofibers, however, decreased from 20.22 at 308C to 20.08 at
908C due to thermal motion of the chains disrupting chain orientation or

Figure 5.21 WAXD patterns for P[D-L]-b-PEG copolymer: (a) electrospun nanofiber
mats; (b) the same mats annealed at 508C for 2 h; and (c) the copolymer powder.
Reproduced with permission from Bhattarai et al. (2003). Copyright 2003. John Wiley
& Sons.

11The unit cell is the smallest volume of a crystal that retains its basic crystalline structure and is
somewhat analogous to molecules of a chemical compound.
12Herman’s orientation function f is a measure of chain orientation usually relative to the nano-
fiber axis; its value varies from zero for random orientation to unity for perfect alignment. It is
calculated as follows: f ¼ 3(cos2u2 1)/2 where u is the angle between a polymer chain
segment and the nanofiber axis.
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possibly due to conversion of such oriented domains into crystallites. Similar
development of crystallinity has been reported for nanofiber mats of a bio-
degradable copolymer, poly(p-dioxanone-co-L-lactide)-block-poly(ethylene
glycol) P[D-L]-b-PEG. The comparison of WAXD data shown in Fig. 5.21
for electrospun nanofiber mats of the copolymer before and after annealing
shows the characteristic sharp crystalline peaks developed (Bhattarai et al.
2003). Dersch et al. (2003), working with electrospun polyamide-6
and PLA nanofibers, however, found no significant difference in their
percent crystallinity compared to the less rapidly quenched and even melt-
extruded fibers.

Increasing the fractional crystallinity by adding nucleating agents did not
work particularly well with nanofibers of polyamide-6. Although crystallites
embedded in the matrix of nanofibers did show relatively high degrees of
local orientation, the distribution was found to be inhomogeneous. Also,
the crystallinity of the electrospun polyamide-6 was predominantly of the
g-form (as opposed to the common a-form typically found in as-received
polymer) (Dersch et al. 2003). This finding is in agreement with those
based on Raman spectroscopic studies on polyamide-6 nanofibers as reported
by Stephens et al. (2004). The formation of the metastable g-form crystallites
is indicative of the high level of deformation undergone by the polymer
during electrospinning. On annealing, polyamide-6 electrospun nanofibers
increased in crystallinity (and also underwent reversion of the crystallites
from the g-form to the common a-form).
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6

COMPOSITE NANOFIBERS

It is a general practice in polymer technology to compound inorganic (and
sometimes even organic) fillers into a polymer matrix to either reduce the
cost of a formulation or to improve its mechanical properties.1 Fillers used
in the latter case are reinforcing fillers and must be of small enough
average particle size and of adequate surface compatibility with the matrix
to effectively play this crucial role. Ideally, the particle size should be
smaller than the interchain distances in the polymer matrix to avoid the intro-
duction of points of local stress into the material. For instance, in elastomers
only filler particles smaller than about a micrometer result in significant levels
of reinforcement, with better composite properties obtained at even smaller
particle sizes. Larger particles of filler (.10 microns) typically reduce the
mechanical properties of composites. Qualitatively, the mechanism of
reinforcement in composites is via the transfer of stresses propagating
through the polymer to the higher-modulus filler particles. High specific
surface area and larger aspect ratio of the filler as well as good compatibility
between the filler and polymer will determine the efficiency of load transfer
and invariably the degree of reinforcement. Reinforcing fillers are often
surface treated to alter their chemistry (e.g., silica might be treated with

Science and Technology of Polymer Nanofibers. By Anthony L. Andrady
Copyright # 2008 John Wiley & Sons, Inc.

1Fillers like precipitated calcium carbonate might be used in a plastic composition to reduce the
overall cost of the formulation or to improve its optical properties. With fillers such as carbon
black (used in tire formulations) or glass fibers (used in fiber-reinforced unsaturated polyester,
GRP), the primary role of the filler is to improve the mechanical properties of the composite.
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,1% by weight of aminosilane) to allow better wetting or closer interaction
of filler with the polymer. Carbon nanotubes and carbon fibers have been
extensively researched to improve their function as potential reinforcing
fillers in polymer composites.

Composite materials owe their exceptional mechanical and other useful
properties to the existence of an extensive interface fraction localized at the
phase boundary between filler and bulk resin. The larger the fractional inter-
face (i.e., the smaller the particle or fiber dimension), the more pronounced
will be its influence on the properties of the composite. With a compatible
filler material the interface is more complex than a simple two-dimensional
contact region between the particle and polymer. The interface “layer”
formed around the particle has a finite thickness, and within it the material
properties are very different from those in the bulk (Pukánszky 2005).
These properties depend on interactions that are specific to the polymer/
filler system. Experimentally determined thicknesses of the polymer/inor-
ganic filler interface typically range from 0.004 to 0.16mm (Pukánszky
2005). Therefore, the use of nanoparticle fillers with high specific surface
area (as opposed to conventional fillers) that maximize the fractional interface
area is particularly desirable in the design of composites.

The properties of the interface can be studied using spectroscopic tech-
niques such as X-ray photoelectron spectroscopy (XPS), Raman spec-
troscopy, positron anhilation spectroscopy (PAL), or Auger electron
spectroscopy (AES). The fractional interface in poly(acrylonitrile) (PAN)-
derived carbon fibers,2 embedded with multiwalled CNTs (MWCNTs) and
prepared using an electrospinning technique, was recently investigated
(Chakrabarti et al. 2006) using PAL. Increasing the carbon nanotube
(CNT) fraction in the carbon–carbon composite resulted in a corresponding
increase in the distinct positron trapping sites in the form of vacancy-type
defects at the interfaces. Numerous examples of reinforcement of thermo-
plastic (Kumar et al. 2002) and thermoset (Mamedov et al. 2002) polymers
by CNTs are reported in the literature.

Nanocomposite conventional mesoscale fibers (textile fibers that carry
nanoparticulate filler) are produced via conventional fiber-spinning tech-
niques by incorporating well-dispersed nanoparticles into the spinning
dope. For instance, an intercalated poly(ethylene terephthalate) (PET)/organo-
montmorillonite (MMT) nanocomposite prepared by in situ polymerization of
the polyester in the presence of MMT clay was successfully melt spun into
microfibers (Guan, G.-H., et al. 2005). Melt-spun conventional fibers of

2Electrospinning petroleum-derived isotropic pitch solutions in tetrahydrofuran (THF) (or as
melts) and carbonization of the resulting microfibers also yields carbon fibers (Park, S. H.,
et al. 2003, 2004a).
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nylon-6/MMT composite fibers (Yoon et al. 2004) and PET-based composite
fibers containing polyhedral oligomeric silsesquioxane (POSS) nanoparticles
(Zeng et al. 2005c) were recently reported. The latter was made by either
melt blending POSS with PET at 5wt% loading level or by in situ poly-
merization with 2.5wt% reactive POSS followed by spinning. Inclusion of
nanoscale fillers even at this low level resulted in significantly improved mech-
anical properties of the composite fiber (Zeng et al. 2005b). Other nanocompo-
site microfibers have been reported in the literature including polypropylene/
carbon fiber (Ran et al. 2004), cellulose/MMT (White 2004), fluoroethylene-
propylene copolymer/MWCNT (Chen et al. 2006), PAN/silver (Yang, Q. B.,
et al. 2003) and polypropylene/silver (Yeo et al. 2003). Single-walled CNTs
(SWCNTs) are a particularly attractive reinforcing filler because of their excel-
lent mechanical characteristics. Incorporation of nanoscale material into con-
ventional fibers is straightforward, as the fiber diameters are several orders of
magnitude larger than the particle size.

Nanocomposite nanofibers (nanoscale fibers that include nanoparticulate
fillers),3 however, present a more complex situation as nanofiber diameters
allow only a very limited size range of candidate nanoparticles to be accom-
modated within the composite fiber. However, as long as proper dispersion of
filler is ensured, the experimental procedure is not complicated. A range of
different nanomaterials has been successfully electrospun in polymer sol-
utions to yield composite nanofibers. Most of the relevant literature pertain
to experimental details on how these mats were generated but often with
insufficient emphasis on interpreting nanofiber properties or morphology in
terms of their interface structure. A simple example of composite nanofibers
is afforded by the butyl rubber/carbon black (150–350nm) composite
nanofiber (d � 1–12mm) system. Blends of butyl rubber (a copolymer
of polyisobutylene with isoprene) and a medium thermal carbon black
(250–350nm particle size) were electrospun from THF solutions (viscosity
range of 0.05–0.82Pa-s) (Viriyabanthorn et al. 2006). The elastomeric
polymer solutions with no carbon black were not even electrospinnable
into nanofibers, but blending 25–75phr (parts per hundred rubber) of
carbon black into the solution allowed composite nanofibers to be electro-
spun. Reinforcing fillers such as carbon black are known to function in
effect similarly to chemical crosslinks, and physically linking the polymer
chains into longer network structures. Normalized 300% tensile modulus of
nanofibers mats (corrected for mat density) as a function of carbon black
loading was shown to agree well with that predicted by the modified

3Assuming the nanoparticles to be fully within the fiber, the term “composite nanofiber”
implies a “nanocomposite nanofiber,” as microparticles cannot be accommodated within a
nanofiber. It is therefore convenient to use the simpler term in referring to these.
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Halpin–Tsai equation.4 The different types of composite nanofibers reported
in the research literature fall into three broad classes: those based on carbons,
on silicate clays, and on metal particles.

A great majority of the composite nanofibers are of a conventional structure
where the nanoparticles are contained within the matrix of the nanofiber.
However, another class of composites (referred to here as exocomposites
for convenience) consists of the nanoparticles partially embedded in and
decorating the surface of the nanofibers. These might be prepared by post-
treatment of the nanofiber or by electrospinning in a “dusty” environment,
allowing nanoparticles to come into contact with the moist elongating jet.
These “decorated” nanofibers may be of interest in applications such as the
rapid delivery of poorly soluble bioactive materials via a water-soluble nano-
fiber exocomposite mat, in optical devices, or as chemical/biological sensors.
These will be briefly discussed at the end of the chapter.

6.1 CARBON NANOTUBES IN NANOFIBERS

Ever since Sumio Iijima discovered them in 1991, CNTs, with their intriguing
chemical structures, have become one of the most fascinating of nanomaterials.
Based on their unusual properties, CNTs are expected to contribute to advances
in several different application areas, especially in molecular electronics where
they can serve as an almost one-dimensional quantum conductor (nanowire)
(Hertel et al. 1998). Other applications of nanotubes, such as hydrogen
storage, electrochemical supercapacitors, transistors, field-emitting devices,
and nanoscale sensors (Lu, X. B., et al. 2008) have been proposed. Carbon
nanotubes rank among the highest-modulus and strongest fibers known5

(more than 100 times stronger than steel) and are therefore expected to be excel-
lent reinforcing fillers in plastics (Cho andDaniel 2008; Shen et al. 2007).With a
range of surface functional chemistries already explored, these can be custom
designed for optimal compatibility with different polymer matrices. Their flexi-
bility (which imparts toughness to the composite), light weight (r � 1.33–
1.40g/cm3), thermal conductivity, and electrical conductivity make them
unique reinforcing materials. Table 6.1 illustrates the reinforcing effects of
vapor-grown short carbon fibers in conventional polypropylene fibers. CNTs
in volume are available as unorientedmaterials that can only be used as isotropic

4The Halpin–Tsai equation (Halpin 1969) expresses the mechanical properties of a composite
in terms of those of the filler and the matrix. Modifications of the Halpin–Tsai model to better
describe clay-filled nanofiber composites have recently been reported by Ramakrishna et al.
(2006).
5The theoretical Young’s modulus of SWCNTs is �1T Pa and 0.3–1.0 T Pa for MWCNTs.
The maximum strength is 200 GPa, compared with 2 GPa for steel.
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fillers. Embedding them in aligned nanofibers (with high level axial orientation)
in a mat allows them to be oriented to some extent within a composite.
Theoretically estimated andmeasured properties of CNTs are summarized below

Specific gravity6 (g/cm3) 0.8 (SWCNT) 1.8 (MWCNT)
Elastic modulus (T Pa) �1 (SWCNT) 0.3–1.0 (MWCNT)
Strength (Gpa) 50–500 (SWCNT) 10–60 (MWCNT)
Resistivity (mV/cm) 5–50
Thermal conductivity6

(W m21K21)
3000

Thermal stability (8C) . 700
Specific surface area (m2g21) 10–20

Micromechanical computations suggest at least an order of magnitude
improvement in specific modulus to be achievable by reinforcement of nano-
fibers with CNTs (Ko et al. 2006). The rheological percolation threshold
for CNTs in polymers is generally low, allowing small fractions of CNTs
to effect large enhancements in mechanical properties (e.g., a threshold
mass fraction of 0.12% was determined for SWCNT/poly(methyl-methacry-
late) (PMMA) nanocomposites based on storage modulus G 0 measurements
at 0.5rad/s; Du et al. 2004). Using minimal amounts of CNTs in a
polymer also renders it electrically conductive. Incorporating a mere 1vol%
of SWCNTs in polyimide enhances conductivity by as much as 10 decades
(Park, C. R., et al. 2002), as the electrical percolation threshold of CNTs is
also achieved at very low volume fractions. In nanofiber mats of poly(vinyli-
dene fluoride) (PVDF) electrospun from DMF, the percolation threshold for
electrical conductivity was reached at only 0.04 wt% of CNTs (Seoul et al.
2003). This is still higher than the 0.015wt% reported for thin films of the

TABLE 6.1 Tensile properties and electrical resistivity of melt-spun
conventional composite fibers of polypropylene/carbon fiber
(spun at 22088888C and a draw ratio of 1.0)

Carbon Fiber Volume
Fraction (%)

Tensile Strength
(MPa)

Young’s Modulus
(GPa)

DC
Resistivity
(V m)

0 17.2 1.1 1013

5 49.3 3.2 6.2 � 109

10 54 4.2 6.8 � 1021

15 56.2 4.9 2.2 � 1022

Source: Gordeyev et al. 2001.

6Indicates a theoretical estimate. Data is based on Xie et al. (2005).
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same polymer andmay be due to the orientation of the nanotubes along the fiber
axis during electrospinning (Droret al. 2003). In polyetherimide (not nanofibers
but compressionmolded test pieces) 1–3 phr of CNTs reduced the resistivity of
the polymer by two orders of magnitude (Kumar et al. 2007).

Carbon nanotubes generally tend to exist as bundles or even networks of
aggregates because of strong nonbonded interactions. To exploit their full
potential as fillers, however, techniques that achieve near-complete dispersion
of nanofibers and improve their compatibility with the polymers, need to be
developed. Data on single-fiber measurements that illustrate the reinforcing
effect of CNTs in fibers are sparse in the literature (Fornes et al. 2006;
Moore et al. 2004). Recent studies on melt-spun conventional composite
fibers of polypropylene illustrates reinforcement by CNTs (Moore et al. 2004).

Structurally, the simpler SWCNTs are crystalline sheets of carbon atoms
rolled up and connected at the seam to form closed cylinders about
1.2–1.4nm in diameter. As the carbon atoms are sp2 hybridized, the tubular
structure is essentially a rolled-up graphene and therefore three forms of nano-
tubes of different chirality are possible (each displaying a different “wrapping
angle” a). The value of a also determines the characteristics of the SWCNT;
a ¼ 08 yields a zig-zag structure with semiconductor properties, and a ¼ 308
yields the “armchair” structure typical of nanotubes with metallic character.
Intermediate angles (08, a , 308) define yet a third type of nanotube. The
more common, and the first-discovered type of CNT, however, is the multi-
walled type (MWCNT) consisting of three or more single-walled tubes
nested within each other yielding a thicker wall for the nanotube (�20nm
for �30 nested tubes is typical). Benoit et al. (2002) reported an average
diameter of �14 nm with 18–20 walls as typical for the MWCNTs.

In electrospinning composite nanofibers, particular attention needs to be
paid to achieving a good dispersion of nanotubes in the spinning solution,
and achieving a high degree of axial orientation of individual CNTs tomaximize
mechanical properties of the nanofibers (Fig. 6.1). As the reported properties of
nanofibers depend on these two factors, comparing reported experimental data
on the efficiency of reinforcement from different studies even where the same
weight fraction of the same type of CNTs were used, should be attempted
with caution. The formidable processing challenge of fully dispersing CNTs
into individual nanotubes to allow their high-volume industrial use has not
been economically achieved as yet. Table 6.2 summarizes the reported infor-
mation on composite nanofibers.

6.1.1 Dispersion of Nanotubes

Carbon nanotubes are insoluble in water or other solvents but can be suspended
or dispersed in liquids. As-received samples of CNTs being agglomerated into
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masses or “ropes” of nanotubes, and considerable amounts of energy have to be
used to separate the material into individual tubes. Optimal reinforcement of the
electrospun composite nanofibers depend on the extent of the dispersion of
CNTs in the spinning solvent. Experimentally, this is achieved by either mech-
anical methods [either using high shear mixers (Xie et al. 2005; Chen, G.-X.,
et al. 2007) or more commonly by sonication (Sundaray et al. 2006)].
Sonication in the presence of a surfactant or a dispersing agent has also been
used (Delozier et al. 2006). Sonication alone can achieve some degree of dis-
persion of the nanotubes within the composite nanofibers (Sung et al. 2004)
depending on the frequency and duration (usually for 1–2h or sometimes for
longer periods) of treatment. With the MWCNT/PAN system (Kedem et al.
2005) and SWCNT/PAN system (Ko et al. 2006), sonicating the CNTs
in dimethylformamide (DMF) for 3h resulted in a good dispersion within the
electrospun nanofibers. Sonication, however, can also potentially damage
nanotubes, resulting in kinked, bent, or damaged CNTs in the composite nano-
fibers (Ayutsede et al. 2006; Dror et al. 2003). Good dispersion is not obtained in
all systems; for instance, in the DMF/SWCNT systems, dry nanotubes did not
disperse well by sonication alone (Du et al. 2003).

The highest modulus (�50GPa) composite microfibers of polymer/
SWCNTs are generally obtained using a combination of surfactant or an
interfacial binding agent along with sonication to achieve particularly high
levels of dispersion (Baughman 2002; Delozier et al. 2006). The same can
be used with nanofibers as well; for instance, sodium dodecyl sulfate surfac-
tant has been used for the purpose (Dror et al. 2003; Kim, H. S., et al. 2006).
Typically, the CNT suspension in a suitable solvent is mixed with a

Figure 6.1 (a) Representation of a single-walled CNT showing the rolled-up
graphene chemical structure. (b) Transmission electron microscopy (TEM) image of
PAN/MWCNT composite nanofibers before (A) and after (B) calcination, showing
CNTs oriented along the fiber axis. Reprinted with permission from Hou et al.
(2005). Copyright 2005. American Chemical Society.
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polymeric (Delozier et al. 2006) or other amphiphilic compound and the
mixture is sonicated to obtain a good dispersion. For example, a 0.35w/w%
suspension of MWCNTs in water, treated with 1wt% of gum arabic and the
mixture sonicated at 43kHz for 1h (Dror et al. 2003), achieved good dis-
persion. TEM images of PEO (Mw � 900,000 g/mol)/MWCNT composite
nanofibers electrospun from these dispersions showed the embedment of
nanotubes as individual entities within the fiber. Similar results showing
aligned and separate nanotubes in the fiber matrix were reported for
SWCNT/PEO composite nanofibers, using an amphiphilic copolymer
poly(styrene-co-sodium maleate) as the dispersing agent. Some polyimides
[those prepared from 2,7-diamino-9,90-dioctylfluorene (AFDA) and
either 3,30,4,40-oxydiphthalic anhydride or 3,30,4,40-biphenyltetracarboxylic
dianhydride also act as good dispersants for CNTs (Delozier et al. 2006)].

However, unlike with SWCNTs, the inclusion of MWCNTs in the matrix
reduced the degree of axial orientation of PEO chains and of crystallites in the
nanofibers (Salalha et al. 2004). Again, the orientation of CNTs within nano-
fibers was found to depend on the extent of their dispersion in the spinning
dope. In electrospun silk fibroin/SWCNT composite nanofibers (Ayutsede
et al. 2006; Ko et al. 2004), however, about a 50% increase in the crystallinity
of silk was reported at a level of only 2wt% CNT content (Ayutsede et al.
2006). The presence of well-oriented nanotubes in the nanofiber matrix
appears to encourage local ordering of polymer chains in the vicinity
of the inclusions. Similar data were reported for coaxial electrospinning of
silica nanoparticles in core material in poly(vinylpyrrolidone) (PVP)–poly-
acrylonitrile (PAN) core-shell nanofibers (Hong, Y. L., et al. 2005).

Modification of the surface chemistry of CNTs can also help achieve
good dispersion. Surface oxidation of MWCNTs with 6MHNO3 assisted
by continuous sonication was successfully used to disperse nano-
tubes (without using surfactants) in the preparation of PAN (Mw ¼ 86,000
g/mol)/MWCNT dispersions for electrospinning. This treatment introduces
surface carboxylic acid groups on the nanotubes and helps their dispersion
in DMF (Hou et al. 2005). Composite nanofibers (d � 100–200nm) of
PAN with oxidized MWCNTs, electrospun from DMF (0–20wt%), and
collected on a rotating drum showed no signs of delamination at the
carbon/polymer interface (Ge et al. 2004). The smooth fiber surface typical
of PAN, however, was roughened due to the inclusion of CNTs as observed
in both TEM and atomic force microscopy (AFM) images. This is likely
due to some nanotubes breaking the surface layer of the fibers (see
Fig. 6.2). The same was reported for poly(butylene terephthalate) (PBT)/
MWCN composites (Mathew et al. 2005) as well.

The inclusion of CNTs in electrospun nanofibers appear to increase the
fraction of relatively thicker nanofibers in the collected mats (Mathew et al.
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2005; Wang, Z.-G., et al. 2006). This effect is at least in part due to the pre-
sence of agglomerates of incompletely dispersed nanotubes that have to be
accommodated within the nanofiber dimensions. [As expected, melt-spun
conventional fibers such as PP/CNT also show a similar linear increase in
denier with the fraction of CNTs in the composite (Erickson 2003).]
However, Ra et al. (2005) reported the average nanofiber diameters to
decrease with increasing MWCNT content. Under their processing conditions
the increased electrical conductivity and consequent increase in surface
charge due to the presence of CNTs in the jet may have led to smaller
average nanofiber diameters. Some of the irregularities in composite nano-
fibers filled with MWCNTs are illustrated in Fig. 6.2. The increase in mech-
anical properties of the fiber mats at different loadings of MWCNTs is
summarized in Table 6.3 (Ge et al. 2004; Hou et al. 2005). Improvement in

Figure 6.2 SEM images of electrospun nanofibers of PMMA/MWCNT showing
several types of irregularities: (a, b) PMMA/MWCNT (99/1wt%); (c– f ) PMMA/
MWNT (95/5wt%). Scale bars: 1mm for (a–c) and 500nm for (d– f ). Reprinted with
permission from Sung (2004). Copyright 2004. American Chemical Society.
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mechanical properties reported is significant, with the modulus increasing
more than threefold at 20wt% CNT. Others have reported more modest
changes in the composite mat modulus for the same loading range of
MWCNTs (Hou et al. 2005; Ye et al. 2004). Similar data for single composite
nanofibers have been reported (Fornes et al. 2006).

6.1.2 Orientation of Nanotubes

The best reinforcement of polymer nanofibers with CNTs requires their near-
perfect orientation in the axial direction within the nanofiber. Conventional
fiber spinning generally results in some degree of orientation of high-
aspect-ratio fillers in the direction of the flow at the spinneret (Siochi et al.
2004). Given the rheology involved in electrospinning, individual nanotubes
will be sucked into the jet and will undergo such orientation to even a greater
degree (probabilistic models of the process have been proposed; Dror et al.
2003). Constraints imposed by the converging nanoscale jet help the
process by reducing the number of available orientations for the nanotube
in the flow field, encouraging their axial placement. The process is illustrated
in Fig. 6.3. Figure 6.4 shows a TEM image of SWCNTs aligned along the
fiber axis within composite PMMA nanofibers.

Ko et al. (2003) electrospun composite nanofibers of PAN with dispersed
SWCNTs from DMF solutions and reported their orientation in the axial
direction in the fiber. Using an AFM-based indentation technique (see
Chapter 5), the modulus of the composite PAN fibers (as opposed to that
of fiber mats) was measured. The modulus of the nanofibers increased linearly
with the volume fraction of CNTs incorporated. Interestingly, the increases
were also higher (by a factor of more than two) than that expected on
the basis of the rule of mixtures calculated assuming a value of 1TPa for

TABLE 6.3 Tensile properties of mats of composite nanofibers
of PAN/MWCNT

PAN/
MWNT

Tensile
Strength
(MPA)

Modulus
(GPa)

Extensibility
(%)

Tensile
Strength
(MPA)

Modulus
(GPa)

Extensibility
(%)

Ge et al. (2004) Hou et al. (2005)

100/0 265 4.5 17.8 4.57 1.8 10.7
97/3 312 6.4 12.8 6.57 2.5 8.6
95/5 366 9.8 9.9 8.00 3.1 2.5
90/10 370 10.9 8.2 4.86 3.7 1.3
80/20 285 14.5 4.4 3.71 4.4 0.9

Source: Ge et al. 2004; Hou et al. 2005.
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the modulus of the SWCNTs. The observation was explained in terms of
structural changes undergone by polymer chains in the presence of nanotubes.
In electrospun PAN/MWCNT nanofibers X-ray studies showed the orien-
tation of the carbon nanotubes within the nanofibers to be even higher than
that of the PAN polymer crystal matrix (Ge et al. 2004). One of the strongest
natural fibers (with a modulus of 4GPa) is spider silk. The electrospun
nanofibers of transgenic spider silk with only 1wt% of well-dispersed
SWCNTs showed a tenfold increase in their already high modulus, a fivefold
increase in strength, and threefold increase in toughness (Ko et al. 2004).
The exceptional level of reinforcement obtained in this case is indicative of

Figure 6.3 Schematic representation of CNT alignment during electrospinning.
Reprinted with permission from Ayutsede et al. (2006). Copyright 2006. American
Chemical Society.

Figure 6.4 TEM image of electrospun composite nanofibers of PMMA/SWCNT
showing highly aligned CNTs. Reprinted with permission from Sundaray et al.
(2006). Copyright 2006. American Institute of Physics.
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the excellent interface properties afforded by the CNTs in silk and is particu-
larly impressive.

Both Raman spectroscopy (Benoit et al. 2002; Sundaray et al. 2006) and
wide-angle X-ray diffraction (WAXD) (Chen, X., et al. 2006) are used to
characterize composite nanofibers containing CNTs; polymorphs of carbon
being Raman-active, Raman spectroscopy in particular provides a wealth of
information on SWCNTs in composite materials. The Raman spectrum of a
carbon film is dominated by the D-peak (1360cm21) and a G-peak (1580
cm21) attributed to sp2 carbon species. The presence of nanotubes generally
results in a peak in the radial breathing mode (RBM) region (75–300 cm21)
and tangential mode (1500–1700 cm21) of the spectrum (Ko et al. 2006).
The frequency of peak in the RBM is inversely proportional to the nanotube
diameter. Information on the orientation of CNTs within the matrix is
reflected in the tangential mode.

The utility of the technique is illustrated by the Raman spectrum
of PAN/MWCNT composite nanofibers shown in Fig. 6.5 (Hou et al.
2005). Strong Raman scattering (disorder-induced scatter) by MWCNTs in
the matrix gives rise to D, G, and D0 signals. The peak at about 2300cm21

is due to the –CN group of the polymer. Raman spectroscopy also has
been used to study CNTs in composite nanofibers of silk (Ayutsede et al.
2005, 2006), carbon fibers (Chung et al. 2005), and PAN (Hou et al. 2005).

As already suggested in Chapter 5, X-ray methods are also particularly
useful in studying nanocomposites. The WAXD spectrum of the nanocompo-
sites yields nonoverlapping peaks characteristic of the crystallinity inherent in
the PAN polymer as well as that associated with CNTs (Hou et al. 2005).

Figure 6.5 Raman spectrum of PAN/MWCNT composite nanofibers. A, B, and C
refer to 5%, 10%, and 20% of the nanotubes in the fibers. Reprinted with
permission from Hou et al. (2005). Copyright 2005. American Chemical Society.
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Diffraction of the (002) crystal plane from MWCNT (at 2u � 278) is quite
distinct from the diffraction due to the (200) crystal plane from the PAN,
which is seen at 2u � 15–208. Figure 6.6 shows the WAXD results, compar-
ing the spectra for PAN with those for PAN/MWCNT composite nanofibers
with different volume fractions of CNTs dispersed (as indicated in the
caption of the Fig. 6.6). Peaks due to CNT content generally tend to be
sharper than those due to polymer (Hou et al. 2005). The peak corresponding
to the (002) crystal plane of the MWCNT increases with CNT content and
allows quantification of the nanotubes in composite.

WAXD is routinely used to demonstrate the linear increase in crystallinity
of polymers with the volume fraction (0.5–2.0%) of nanotubes incorporated
in the composite, for example, in silk/SWCN nanofibers (Ayutsede et al.
2006); in PAN/MWCNT (10–20 wt%) nanofibers (Ge et al. 2004); and
PEO/SWCNT (� 1 wt%) (Salalha et al. 2004). Poly(ethylene oxide) nanofi-
bers electrospun from 3% solutions in ethanol/water (40/60 v/v) with 1%
sodium dodecyl sulfate (dispersant) yielded the diffraction pattern shown
in Fig. 6.7a (Dror et al. 2003; Salalha et al. 2004). The pattern for control
nanofiber is consistent with PEO crystallites being aligned along the chain
axis and therefore along the fiber axis as well. The image in Fig. 6.7b
shows the same nanofibers with 0.35wt% of MWCNTs. Clearly the
presence of the CNTs very significantly reduced this orientation of
crystallites. The origin of this detrimental effect of nanotubes on crystallinity
has not been explained satisfactorily.

Figure 6.6 WAXD scattering in PAN/MWCNT composite nanofibers. A, B, and C
refer to 5%, 10%, and 20% of the nanotubes, respectively. Reprinted with
permission from Hou et al. (2005). Copyright 2005. American Chemical Society.
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6.1.3 Other Carbons

Carbon blacks have been used as reinforcing fillers in rubber products since
the early days of the industry. The particle size of carbon and its surface
chemistry were widely recognized to determine the extent of reinforcement
obtained in their composites. A medium-grade thermal black (MT) for
instance has an average particle size of about 350nm and a surface area of
�9m2/g. Carbon/rubber blends can be electrospun into fibers; however,
the fibers tend to be in the micrometer range when large-particle blacks are
used. Viriyabanthorn et al. (2006) electrospun butyl rubber/MT blends
from THF solutions. Defect-free fibers were difficult to spin from butyl
rubber, but the physical crosslinking afforded by carbon (25, 50, and
75phr) allowed the polymer to be electrospun.7 Even with electrospinnable
polymer solutions of polyimides, the incorporation of carbon black into the
dope resulted in narrower fiber diameters under the same electrospinning
conditions (Lee, S. G., et al. 2002).

Exfoliated graphite carbon is a reinforcing filler material in polymer
matrices. Mack et al. (2005) electrospun exfoliated graphite in PAN/DMF
mixtures to obtain composite nanofibers containing up to 4wt% graphite.
Exfoliation was achieved by first reacting graphite with metallic potassium
and reacting the resulting KC8 product with ethanol. Young’s modulus
of the composite nanofibers d � 300nm (measured by AFM nano-
indentation technique) increased linearly with the weight fraction of graphite.

Figure 6.7 X-ray diffraction patterns for PEO nanofibers with the dispersant sodium
dodecyl sulfate: (a) control nanofibers: (b) composite nanofibers with MWCNTs.
Reprinted with permission from Dror et al. (2003). Copyright 2003. American
Chemical Society.

7Interaction of the carbon surface with rubber molecules results in an increase in solution
viscosity h of butyl rubber solutions with the concentration c (phr) of added carbon black:
h ¼ h0(1 þ 2.5c þ 14.1c2), where h0 is the viscosity of polymer solution at c ¼ 0
(Viriyabanthorn et al. 2006).

168 COMPOSITE NANOFIBERS



Petroleum-derived isotropic pitch precursors have also been electrospun
either from THF solutions or from melt into microfibers and carbonized
into carbon-fiber mats (Park, S. H., et al. 2004a, 2004b). Kessick and
Tepper (2006) electrospun nanofibers of PEO (Mw ¼ 400,000 g/mol in 8%
aqueous solution), PVP (Mw ¼ 1,300,000 g/mol in 8% aqueous solution),
polyisobutylene (PIB) (Mw ¼ 500,000 g/mol, 9wt% in toluene), and
poly(epichlorohydrin) (PECH) (Mw ¼ 700,000 g/mol, 9wt% in CHCl3) con-
taining �15wt% of carbon powder (Cabot Black Pearl 2000 grade). The
change in each case in electrical resistance of these on contact with volatile
organic chemicals (VOCs) was studied and their effectiveness as chemical
sensors (in electronic nose applications) was explored.

6.2 METAL–NANOFIBER COMPOSITES

Unlike with CNTs or mineral fillers, metal nanoparticles are generally not
intended to provide reinforcement in polymer nanofibers. Composite nano-
fibers with metal particles are of interest primarily because of their potential
use in catalysis (Lewis 1993), sensors (Aussawasathien et al. 2005; Liu et al.
2004; Wang, Z.-G., et al. 2006), and in electrical applications (Sawicka et al.
2005; Song, M. Y., et al. 2005; Zhu et al. 2006b). However, the presence of
metal particles can still have an impact on nanofiber morphology, particularly
on the degree of crystallinity of the material. Carbonized PAN nanofibers
that contain iron acetylacetanoate, for example, showed the evolution of the
graphite crystal structure in the nanofiber at a relatively lower temperature
(13008C) compared to that for regular PAN fibers (�20008C) (Park, S. H.,
et al. 2005). Nanocomposites might be prepared using either direct electro-
spinning of nanoparticles mixed in with the polymer solution, as with the
CNTs discussed in the previous section, or also by liquid-phase (or gas-
phase) post-reaction of the spun fibers to generate them in the nanofiber.

6.2.1 Direct Electrospinning

The simplest route to preparing metal nanoparticle/polymer composite nano-
fibers is to electrospin from a solution that contains preformed metal nanopar-
ticles. The nanoparticles, however, need to be protected from agglomeration
in solution during the spinning process by using a surfactant or a shell layer
of capping molecules over their surface. Several examples in the literature
illustrate the feasibility of this approach. Copper nanoparticles generated by
reducing CuCl2 with hydrazine in solution in the presence of poly(vinyl
alcohol) (PVA) yielded a suspension of elemental copper nanoparticles
that was then electrospun into PVA/Cu-nanoparticle composite nanofibers.
The same technique was also used to prepare PVA/Cu-core/shell
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(�100nm/400nm) nanocables by coaxial electrospinning (Li, Z. Y., et al.
2006b). The difficulty in dispersing nanoparticles is avoided to some extent
by synthesizing the nanoparticles in the polymer solution itself prior to elec-
trospinning. Similarly, PVP solutions in ethanol containing various concen-
trations of AgNO3 were reacted with H2S gas to obtain nanoparticles of
silver sulfide in situ, and the mix was electrospun to obtain composite nano-
fibers of PVP/nanoparticle–Ag2S. The method yielded crystalline nano-
particles (�15nm) of b–Ag2S phase as ascertained by X-ray diffraction
methods (Lu, X. F., et al. 2005a). Nanocomposites with lead sulfide were
also prepared using a similar procedure (Lu, X. F., et al. 2005a); the progress
of this reaction can be monitored visually or with visible-radiation spec-
troscopy, as the nanofiber turns yellow as the reaction proceeds.

This approach has also been used in conjunction with coaxial spinning
of core–sheath nanofibers (see also Chapter 9) to encapsulate nanoparticles
of Pt/Fe in a poly(1-caprolactone) (PCL) nanofiber core matrix (see
Fig. 6.8). The Pt/Fe nanoparticles were synthesized by reduction of platinum
acetylacetonate [Pt(CH3COCHCOCH3)2] using 1,2-hexadecanediol with
simultaneous decomposition of iron pentacarbonyl [Fe(CO)5]. The �4nm
nanoparticles, having a composition of (Fe52Pt48), were stabilized and sus-
pended in hexane at a concentration of 5mg/mL. This was used as the core
material along with PCL (Mn ¼ 80,000 g/mol) in 2,2,2-trifluoroethanol
(TFE) (150mg/mL) as the shell material (Song, T., et al. 2005). The solutions
spun through a coaxial spinneret yielded a uniform encapsulation of the nano-
particles in the core of the nanofiber, as seen in the TEM image of Fig. 6.8.

Figure 6.8 TEM image of a core–shell nanofiber showing the encapsulation of the
Fe52Pt48 nanoparticles in the core region of the PCL nanofibers. Reprinted with
permission from T. Song et al. (2005). Copyright 2005. Elsevier.
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6.2.2 Reductive Post-Reaction

A second approach to nanoparticle synthesis is to reduce the metal salt incor-
porated into nanofibers in an in situ post-reaction within the nanofibers to
yield discrete nanoparticles on its surface and in bulk. Heating fiber mats in
a reductive atmosphere or calcination can be used to facilitate the reduction
reaction. There is some tendency for metal nanoparticles to migrate on
the surface of fibers at higher temperatures, leading to some inevitable
sintering and aggregation.

The approach is illustrated by nanocomposite fibers of nanoparticle–Fe/
carbon. Nanofibers of PAN were electrospun from DMF (6.7wt%) solutions
containing 3.3wt% of dissolved ferric acetylacetanoate. Subsequent carbon-
ization8 of the nanofibers in an inert (Ar and H2) atmosphere (Hou
and Reneker 2004) at high temperatures yielded carbonized nanofibers with
nanoparticles of elemental iron. These were in the size range of 10–20 nm
for the most part and were embedded on the surface of the fibers.
Essentially, the same approach was also used with polycarbonate (PC)–
palladium acetate solutions, but on calcination of the electrospun polymer
nanofibers yielded inorganic palladium oxide nanofibers (Viswanathamurthi
et al. 2004a) rather than Pd–nanoparticle/PC. The oxygen in keto groups of
the PC was speculated to have reacted with the metal acetate to yield the
oxide. Palladium nanoparticles are of particular interest in industry because
of their potential use in catalysis9 (Briot and Primet 1991).

Reduction of the metal salt can also be carried out under milder conditions.
For instance, poly(acrylonitrile-co-acrylic acid) P(AN-AA)–PdCl2 with
0.63–8.3wt% of the inorganic salt (based on polymer) was electrospun from
8wt% DMF solutions (Demir et al. 2004). Nanofibers (d � 165+35nm)
were then reacted with aqueous hydrazine (0.5vol%) in basic solution at
ambient temperature to reduce the metal salt into Pd nanoparticles:

N2H4 þ 2PdCl2 �! N2 þ 2Pdþ 4HCl (6:1)

The technique yielded composite nanofibers with 50mgPd/g polymer
with nanoparticle diameters in the range of 10–60nm. The catalytic effective-
ness of Pd in the composite nanofiber mat for hydrogenation reaction of dehy-
drolinalool (3,7-dimethyloct-6-ene-1-yne-3-ol) was assessed to be 4.5 times
higher than that for a conventional Pd/alumina catalyst. Silver nanoparticles

8This is a multistep process involving low-temperature annealing in air (2508C/3h); heating to
5008C in Ar; heating in an Ar : H2 (3 : 1) atmosphere (5508C/4h); and heating to 11008C in Ar
(carbonizing for 0.5h) and cooling to 7008C.
9Half the annual palladium demand (2006) was in autocatalyst applications.
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can also be similarly incorporated into PAN nanofibers via nanofibers electro-
spun from polymer-AgNO3 solutions. Wang and colleagues reported nanofi-
bers reduced with aqueous hydrazinium hydroxide to yield homogeneously
dispersed Ag–nanoparticles (�10 nm) on the nanofiber (Wang, Y. Z.,
et al. 2005).

The silver salt can also be readily reduced photochemically by UV
irradiation under a high-pressure Hg lamp (Li, Z. Y., et al. 2006a; Son
et al. 2004b). The average size of the Ag–nanoparticles could be controlled
(in the range 3.5nm to 10nm) by varying the molar ratio of acrylonitrile
repeat units in PAN to that of the silver salt. Silver NPs deposited on the cell-
ulosic nanofibers prepared using this method were shown to have antibacterial
characteristics (Son et al. 2004b). Using a sol–gel precursor allows inorganic
nanofibers (such as anatase nanofibers with Ag) to be produced using a very
similar method (Lee and Sigmund 2006).

6.2.3 Gas-Phase Post-Reaction

It is advantageous to use a gaseous reactant to convert the metal salt into
either metal or metal compound nanoparticles within nanofibers because it
avoids the difficulties associated with the removal of residual reactants
from the mat. The short diffusion distances within nanofiber dimensions
ensures rapid reaction making this a very practical technique. The approach
was successfully demonstrated by Lu and colleagues in the preparation of
composite nanofibers of CdS nanorods in PVP. Cadmium acetate (100 wt%
of polymer) was dissolved in the spinning solution and electrospun into
nanofibers carrying the salt. The conversion of the acetate into the sulfide
within the nanofiber was carried out by exposing the nanofibers to gaseous
H2S (Lu, X. F., et al. 2005b). The nanorods obtained were relatively large
(50nm diameter and with a length of 100–300nm) and were dispersed
randomly in nanofibers of 100–900nm. It is not clear if this is a generic
approach that works well with any polymer; specific interactions with PVP
functionalities may have facilitated the process in this instance. FTIR evi-
dence has suggested interaction between Cd2þ and the polymer carbonyl
group, but no mechanism has been proposed (Lu, X. F., et al. 2005b).

A dip-coating method of depositing a metal oxide coating on preformed
nanofiber mats from a sol–gel precursor system has also been described in
the literature. This approach does not, however, always result in uniform coat-
ings of the oxide, although 20–80nm thick coatings (on �100nm fiber) have
been reported (Drew et al. 2003a). Drew and colleagues reported a liquid-
phase deposition process on PAN nanofibers coated with TiO2 and SnO2

layers. The fiber mats were immersed for 12–36h in an aqueous mixture
of equal volumes of aqueous 0.12M hexafluorotitanate(IV) ammonium
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[TiF6-(NH4)2] and 0.2M boric acid (H3BO3) (or equal volumes of aqueous
0.12M hexafluorostannate(IV) ammonium [SnF6(NH4)2] and 0.2M H3BO3

solution in the case of SnO2 deposition). Reaction of the titanate or stannate
with water yields the oxide, while the boric acid consumes the HF formed
during reaction (Drew et al. 2003a, 2005).

6.3 POLYMER–CLAY COMPOSITES

A majority of studies on composite nanofibers reinforced with clays has been
on montmorillonite (MMT), a clay with plate-like particles having a chemical
composition of hydrated sodium calcium aluminum magnesium silicate
hydroxide (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2.nH2O (value of n varies with
the degree of hydration). The platelets of the clay have a high modulus
(170GPa), a high aspect ratio (1000nm � 75–100nm), a surface area of
750m2 per g, are hydrophilic, and occur in aggregated form or as tactoids.
These have to be dispersed into individual platelets to exploit their high
surface area in reinforcing polymers. As with CNTs, this is usually achieved
by a combination of sonication and the use of chemical agents or surfactants.
X-ray diffraction signals characteristic of MMT tactoids disappear
on complete dispersion of the platelets in a liquid or polymer medium
(Hong, J. H., et al. 2005).

Some grades of commercial MMT are surface modified with quaternary
ammonium compounds to facilitate better dispersion and interaction
with the polymer matrix. Organically modified Cloisite-30B (Southern
Clay Products Inc.) is functionalized with a quaternary ammonium ion. It
has a structure of NP—(CH2–CH2OH)2(CH3)–T, where NP refers to the
clay nanoparticle, T represents the hydrogenated tallow (C-14 � 65%,
C-16 � 30%, and C-18 � 5%) and also contains Naþ and Ca2þ ions associ-
ated with platelets. Dispersing 1–5wt% of the clay into polyurethane-urea
solutions in dimethylacetamide (DMAc)/THF (7 : 3w/w) resulted in
increased conductivity and therefore quality nanofibers (Hong, J. H., et al.
2005). Generally, the inclusion of clays in nanofibers tends to decrease the
average fiber diameter (Zhou et al. 2006) possibly due to increased conduc-
tivity of the spinning solution due to the presence of MMT.

Ultrasonic-assisted blending of polymer with clay can yield well-dispersed
solutions suitable for electrospinning. The clay is typically sonicated in the
solvent (e.g., THF/DMF; 50 : 50) for about 3h and mixed with a solution
of the polymer (e.g., PS dissolved in the same solvent) and the mixture soni-
cated for a further 3-h period (Ji et al. 2006b). The resulting solution with a
concentration of 5–20wt% PS and 1–8wt% of MMT clay (Closite B) was
electrospun into nanofibers varying in average diameter from 150nm to
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4000nm by adjusting the polymer concentration (Ji et al. 2006b). At a level of
4wt% of clay, highly oriented, unagglomerated platelets were obtained in
these nanocomposite fibers. The existence of clay not only increased the
modulus of fibers as determined by shear modulation force microscopy (a
technique based on AFM microscopy; Ge et al. 2000) but also affected the
polymer morphology in the fiber as evidenced by the increase in Tg of the
nanofiber. A similar approach to incorporating clay into nanofibers has
been reported for PVA (Ristolainen et al. 2006), poly(L-lactide) (PLLA)
(Lee, Y. H., et al. 2005), polyurethane-urea (Hong, J. H., et al. 2005), and
polyamide-6 (Fong et al. 2002).

An alternative dispersion technique is to polymerize a monomer in situ
onto the clay tactoids to obtain an intercalated polymer, leading to a particu-
larly good dispersion of platelets. As the clay is hydrophilic it is convenient to
use emulsion polymerization for the process. For instance, vinyl acetate
monomer mixed with 10wt% of the clay dispersed in water was polymerized
using 0.1% of K2S2O8 as the initiator, under an inert atmosphere in a reactor
to obtain a composite polymer. The reaction was terminated by adding
hydroquinone/NaCl solution and the poly(vinyl acetate) (PVAc) reaction
product is hydrolyzed into the corresponding polyalcohol PVA (Ristolainen
et al. 2006). The same general approach was successfully used with polya-
mide-66 (Ristolainen et al. 2006), poly(methyl-methacrylate-co-methacrylic
acid) (Wang, M., et al. 2005), and PMMA (d � 240–540nm) (Kim,
G.-M., et al. 2005a).

As with CNTs, a high degree of platelet orientation in the fiber matrix is
desirable as it results in high levels of reinforcement. As already pointed
out, electrospinning results in some orientation due to the hydrodynamics
of the process and constraints placed by the nanoscale dimensions of the
fiber, but the nature of the solvent also plays a key role. SEM images of
electrospun nylon-6 nanofibers illustrate the sensitivity of dispersion to
solvent composition. The presence of even a small amount of DMF in the
spinning solvent resulted in considerable agglomeration of the clay platelets
within the nylon-6 nanofibers with 7.5 wt% clay (Fong et al. 2002)
(Fig. 6.9). Arrows show nanofibers and their aggregates oriented along the
fiber axis. Figure 6.10 shows a TEM image of MMT material.

Orientation of clay platelets in the axial direction has an impact on the
mechanical properties of the nanofiber. In PMMA/MMT clay composite
nanofibers, the mechanical deformation process was reported to be somewhat
different from the brittle failure of comparable bulk nanocomposites.
The deformation in the nanofibers occurs via shear flow that involves a nano-
scale “necking” process (Kim, G.-M., et al. 2005a). However, in this instance
the interpretation is complicated by the nanoporous morphology of the fiber
electrospun from CHCl3.
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The crystalline morphology of composite nanofibers is influenced by
the orientation of macromolecules as well as by the presence of filler particles
in the fiber. As with unfilled polymer nanofibers, the percent crystallinity of
composite nanofibers also tends to be lower than that of the bulk material.

Figure 6.10 TEM image of MMT clay. (Courtesy of Southern Polymer Products.)

Figure 6.9 (a) Nanofibers of nylon-6 electrospun from 10wt% solutions of
1,1,1,3,3,3-hexafluoro-2-propanol (HFP) with 7.5wt% of Closite 30B. Arrows
indicate clay in the fiber matrix; “a” indicates single sheets and “b” tactoids of
clay. (b) Same, except the solvent used was HFP/DMF (95 : 5). Reproduced with
permission from Fong et al. (2002). Copyright 2002. Elsevier.
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This is demonstrated for PVA/silica (Shao et al. 2003) and PVA/
H4SiMo12O40 (Gong et al. 2003) composite nanofibers. This is to be expected
in any event because of rapid solidification of the jet during electrospinning
as discussed previously. Differential scanning calorimetry (DSC) and x-ray
diffraction (XRD) studies comparing cast films with electrospun polylactide
(PLA) nanofibers show the latter samples to have both a-form (lamellar
folded-chain crystallites) as well as the b-form (fibrillar form) of crystallinity.
Elongational deformation is responsible for this latter form of crystallinity
(Zhou et al. 2006). However, in PLA/MMT composite nanofibers the
formation of the b-crystallites appears to be enhanced by the aligned clay
yielding improved mechanical properties. Even at 3% clay the modulus of
the fiber increased by 100%.

MMT is a reinforcing filler in polymers such as poly(urea urethane)
(Ge et al. 2000) as evidenced by the very significant increase in mechanical
properties of the composite nanofibers. Unfilled polymer nanofiber mats of
polyurethane (PU) (Mw ¼ 150,000 g/mol) were electrospun from 11wt%
solution in DMAc/THF (7 : 3wt/wt) into nanofibers with d � 150nm to
410nm. The tensile properties of these mats are shown in Table 6.4, where
the last digit in the nanofiber designation is the weight fraction of MMT in
the polymer. Based on the WAXD patterns for the composite nanofibers,
MMT appeared to be well dispersed, exfoliated, and oriented in the axial
direction of the samples.

Zhou et al. (2006) studied the mechanical properties of electrospun mats
of PLLA/MMTwith 1–5wt% of the nanoclay in composite fibers. The nano-
clay and PLLA were intimately mixed in a high-speed mixer and the blend
electrospun from 10–25wt% chloroform solution to obtain the composite
nanofiber mats. The yield stress (MPa) of the composite nanofiber mats
improved more than threefold with the incorporation of 3wt% of the clay,
while the modulus doubled. This is consistent with the results in Table 6.4
for polyurethane nanofibers (Hong, J. H., et al. 2005).

TABLE 6.4 Summary tensile property data on PU/MMT composite
nanofiber mats

Nanofiber Young’s Modulusa Tensile Strengtha Extensibility (%)

PU 0.7 2.7 294
PU/O–MMT-1 1.5 4.6 254
PU/O–MMT-3 1.3 4.8 264
PU/O–MMT-5 1.7 5.1 243

aKilograms force per square millimeter (kgf/mm2).
Source: J. H. Hong et al. 2005.
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6.4 DECORATED OR EXOCOMPOSITE NANOFIBERS

As opposed to conventional composite nanofibers where the particles (or the
nanotubes) are buried within the fiber matrix, one where the filler materials
reside primarily on the surface of the nanofibers, decorating it, can also be fab-
ricated. These might be referred to as exocomposites to differentiate them from
conventional composite nanofibers. In these, the filler cannot of course play a
reinforcing role, but the construct may have uses in applications such as in bio-
medical devices or chemo-biosensors. Water-soluble polymer exocomposite
nanofibers carrying nanoparticles of sparingly soluble pharmaceutical com-
pounds can be used for rapid delivery of the drug in the stomach. The high
surface area of the delivered nanoparticles would increase the bioavailability
of the drug. A recent patent application addresses this application for nanofi-
bers with drug-particle filler. The efficiencyof catalystsmight also be improved
by this approach; a nanoparticulate structure maximizes the surface area avail-
able for catalytic reactions and the location of particles at the periphery of nano-
fiber ensures ready accessibility to reactants. Both post-treatment of fibers
by physical methods and its modification using chemical approaches can be
used to synthesize this class of composite nanofiber. In these, however, the
prevention of surface aggregation of nanoparticles is critical to ensure
optimal performance. The compatibility of nanoparticles with the polymer
matrix is less of a concern than with conventional composites.

6.4.1 Nanofiber–Nanoparticle Composites

6.4.1.1 Dry Methods Post-treatment of nanofiber mats by a metal
compound followed by reduction (already discussed in the previous section) at
times can yield composites of this type in certain polymer/metal salt systems.
Titania nanofibers (Li, D., et al. 2004b) as well as MgTiO3 nanofibers (d �
100–150nm) (Aryal et al. 2006) can be surface treated by immersion in a sol-
ution of HAuCl4 (with PVP) and UV-irradiation in the presence of a capping
agent to obtain gold/titania composite nanofibers. In these cases, however, the
gold particles for the most part migrate to and decorate the surface of the
inorganic nanofibers. Other metals are also amenable to this technique, and
composites carrying Ag, Pt, and Pd nanoparticles have been successfully pre-
pared in the laboratory (Li, D., et al. 2004b). The decorated nanofibers in
Fig. 6.11a was made by first electrospinning PAN (6.7wt%) and ferric
acetylacetonoate (3.7wt%) in DMF in an electric field of 100kV/m (applied
voltage 30kV). The nanofibers heated in a reducing atmosphere (up to 5508C)
in a H2/Ar mixture yielded the decorated morphology.

Sputter coating is a particularly convenient means of decorating the surface
of fibers. A DC sputter coater using a high-purity silver target, for instance,
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allows rapid surface decoration of nanofibers. On nylon-6 nanofibers, a dur-
ation of treatment as short as 1min decreases the surface electrical resistance
of the fiber by at least two orders of magnitude (Wei, Q. F., et al. 2006).
Physical vapor deposition (PVD) can also be used to obtain a surface
coating of metals or metal oxide on the nanofibers. Carbon, copper, and
aluminum have successfully been deposited by plasma-enhanced chemical
vapor deposition (PECVD) on thermally stable poly(m-phenylene isophthal-
amide) (MPD-I) nanofibers (Liu, W. X., et al. 2002). Electroless coating of Ni
on 2-acrylamido-2-methyl-1-propane sulfonic acid doped polyaniline (PANI)
also has the same effect of lowering the resistance of nanofibers; in 2–10mm
fibers with a 100nm coating, a decrease in resistance by three orders of
magnitude was reported (Pinto et al. 2004).

Decorated nanofibers can be obtained by simultaneous electrospinning
and electrospraying, where the nanofibers and nanoparticles are produced
by a pair of capillary tips of different polarity oriented facing each other
(Fig. 6.12 shows the arrangement of the tips). The oppositely charged
materials are naturally attracted to each other, resulting in a decorated nano-
fiber. Figure 6.13 shows a decorated fiber of PS electrospun from 25wt%
DMF solution using a positively charged capillary tip.10 The particles are
PCL electrospun from dilute solution in CH2Cl2 from a negatively charged
capillary tip, and the average particle size of PCL was controlled by adjusting
the concentration of the PCL solution. The density of particles per unit

Figure 6.11 (a) Carbonized PAN nanofiber decorated by iron nanoparticles on its
surface. Reproduced with permission from Hou and Reneker (2004). Copyright
2004. John Wiley and Sons, Inc. (b) TiO2/gold composite. Reproduced with
permission from Li, D., et al. (2004b). Copyright 2004. Elsevier.

10The method is described in U.S. patent application # 20060264140 A1 (November 2006)
entitled “Nanofiber mats and production methods thereof” (Andrady, Anthony L., Ensor,
David S., Walker, Teri A., Prabu, Purva).
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mat area depends on the relative feed rates of polymer solutions to the pair of
tips. The technique was also successfully used to decorate polymer nanofibers
with insoluble nanoparticles such as silica; these were electrosprayed as
suspensions in organic solvents. Where larger particle sizes are of interest,
electrospinning into a nebulized cloud of the particle-forming solution
might be employed.

Figure 6.12 Arrangement of capillary tips for concurrent electrospinning and
electrospraying to obtain nanofibers decorated with nanoparticles. (Courtesy of RTI
International.)

Figure 6.13 Electrospun PS fiber (25wt% PS in DMF at a flow rate of 2.5mL/h)
decorated with PCL nanoparticles (1.0wt% PCL in CH2Cl2 at a flow rate of 0.5mL/h).
(Courtesy of RTI International.)

6.4 DECORATED OR EXOCOMPOSITE NANOFIBERS 179



A similar technique was used by Min et al. (2004d) to electrospin copoly-
mers of lactide with glycolide (PLGA) nanofibers from hexafluoroisopropa-
nol (HFP) solvent from one capillary tip and regenerated chitin in formic
acid electrosprayed from a separate tip, onto the same grounded collector
drum. In this case, however, both electrospinning solutions carried a
positive charge.

6.4.1.2 Wet Methods Decoration of nanofibers by nanoparticles can
also be achieved in liquid media. Poly(4-vinyl pyridine) (PVP) has an affinity
towards metal ions due to the pyridyl moieties on the repeat units interacting
with the ions. Nanofibers of either PVP or its blends with PMMA
(PVP : PMMA 50 : 50w/w) when immersed in aqueous 10mM NaAuCl4,
for instance, turn bright yellow due to surface sorption of gold ions. The nano-
fiber mat with bound gold ions can be reduced in 50mM NaBH4 solution to
obtain nanofibers (d � 360nm) decorated with elemental Au nanoparticles
(Dong, H., et al. 2006), The same technique was shown to work for Ag nano-
particles as well. More interesting is the observation that the same nanofibers
had a strong affinity towards citrate-protected gold nanoparticles. Electrostatic
attraction of negatively charged (because of citrate capping) gold nanoparti-
cles to the positively charged amine functionalities on PVP nanofibers
resulted in a richly decorated fiber surface. Swelling of the PVP nanofibers
in an aqueous medium facilitated this process; attempting the same with
the hydrophobic PMMA nanofibers, however, did not result in significant
decoration of the fiber by nanoparticles (Dong, H., et al. 2006).

6.4.2 Nanofiber–Nanotube Composites

A post-treatment of nanofibers to fabricate MWCNT/polyamide-6 nanofiber
exocomposites was recently reported in the literature. Polyamide nanofibers
(d � 500nm) were electrospun from 30w/w% solution in 95% formic acid
(Kim, H. S., et al. 2006). The MWCNTs were dispersed in water (with
0.3% Triton X-100 or sodium dodecyl sulfate) or in DMF by sonication for
7h at 28kHz and 600W. The polyamide nanofiber mats were immersed in
a (0.05wt%) solution of the nanotubes in water for 60s and then rinsed in
water (60s), yielding CNT-decorated nanofibers. The weight percent of the
MWCNTs in the composite estimated by thermogravimetry was 1.5% for
aqueous dispersion and �4% for DMF dispersion. The mechanism of decora-
tion might be related to the ability of the solvent to slightly swell the polymer
surface, facilitating better embedment. The DMF dispersions resulted in better
embedment of the nanotubes on the surface. At 1.5% loading the conductivity
of the nanofibers was determined to be 3.5 � 1022S/cm. The high-resolution
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SEM in Fig. 6.14 illustrates the surface characteristics of the exocomposites
(Kim, H. S., et al. 2006).

Carbon nanotubes might also be grown (as opposed to being deposited)
on the surface of inorganic nanofibers to obtain carbon–carbon composite
nanofibers with an interesting unique morphology. Iron nanoparticles (10–
20nm) initially deposited on the surface of PAN-derived carbon nanofibers
were successfully used to initiate the growth of CNTs on the nanofiber
surface in a recent study (Hou and Reneker 2004). Nanotubes were grown
from hexane vapor at 7008C and, as shown in Fig. 6.15, yielded a “brush-
like” morphology with nanotubes a micrometer or more in length affixed to
the nanofibers’ surface.

Figure 6.14 Nylon-6/MWCNT exocomposite nanofibers showing surface-
embedded CNTs: (a) after exposure to CNT solution and (b) after sonication for
10min in deionized water. Reproduced with permission from H. S. Kim et al.
(2006). Copyright 2006. John Wiley & Sons.

Figure 6.15 TEM images of composite carbon nanofibers: (a) long nanotubes
formed at 8508C; (b) curved nanotubes formed at 7008C. Reprinted with
permission from Hou and Reneker (2004). Copyright 2004. John Wiley & Sons.
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These geometries are particularly appealing for filtration-type applications,
in sensors, and in highly effective composite design. But, at least for the
present, the fabrication routes for these more exotic nanofiber-based con-
structs remain too expensive for high-volume applications. Most have yet
to be moved out of the laboratory into pilot-plant scale before their viability
in volume applications can be meaningfully discussed.
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7

BIOMEDICAL APPLICATIONS
OF NANOFIBERS

As is clear from the majority of patents devoted to the topic, biomedical
applications remain the most intensely researched application area for
electrospun nanofibers. Nanofibers are expected to contribute in diverse
emerging medical areas such as organogenesis, genomic medicine, high-
throughput screening, rapid bedside clinical tests, and smart wound dress-
ings. Two particularly promising biomedical research areas are focused on
nanofiber-based three-dimensional scaffolds for tissue engineering and the
design of nanofiber devices for controlled delivery of pharmaceuticals.
The success of polymer nanofiber mats in scaffolding applications is primar-
ily because their size range closely matches the structural features present in
body tissue environments, especially with regard to their high porosity and
readily tailorable surface chemistry. In addition to the biodegradable organic
nanofibers commonly used for such applications biocompatible inorganic
nanofibers (such as titanate nanofiber mats) have also been studied. Also,
most synthetic polymers are bioinert while several classes are biodegradable
in the human body. This chapter reviews recent work on the use of nano-
fibers in these two key biomedical application areas. The reader is also
directed to several excellent recent reviews of the literature for more detailed
information (Li, W.-J., et al. 2005a; Lim et al. 2004; Pham et al. 2006; Smith
and Ma 2004; Xu et al. 2004b).

Science and Technology of Polymer Nanofibers. By Anthony L. Andrady
Copyright # 2008 John Wiley & Sons, Inc.
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7.1 DRUG DELIVERY APPLICATIONS

Conventional delivery of a drug in successive doses results in a blood (or other
tissue phase) concentration profile of the drug that fluctuates over the duration
of therapy. Therefore, over significant durations, the concentrations may
exceed the recommended maximum value Cmax, with the risk of biotoxicity,
or fall below theminimum effective concentration,Cmin, limiting the therapeutic
effect. To derive the highest therapeutic value, an optimum concentration C
fCmin , C, Cmaxg should be maintained in the body tissue over the full dur-
ation of treatment.With controlled delivery techniques, the bioavailability of the
drug is designed to be close to this optimum value throughout the therapy. It also
minimizes potential side effects, as the amount of drug that needs to be adminis-
tered is relatively lower in the controlled-release mode. These advantages often
outweigh the drawbacks of higher costs associated with controlled-delivery
devices and possible discomfort where implants are involved.

In designing polymer scaffolding in tissue engineering, the ability to incor-
porate growth factors and other bioactive agents to be released over a period
of time into the growing tissue is desirable (Pham et al. 2006). In nanofiber
applications such as wound dressings or artificial skin, the controlled
release of antibiotic substances locally may help the healing process (Katti
et al. 2004). Excluding active systems such as osmotic pumps, polymer-
based delivery systems may be diffusional or chemically controlled (via bio-
erosion of the matrix, or the biodegradation of linkages that bind the drug to
the matrix). The reader is referred to several excellent reviews on the use
of polymers for controlled delivery of drugs for a comprehensive discussion
of the process (Park and Mrsny 2000; Rathbone et al. 2003; Saw et al. 2006).

The simplest configuration of a controlled release device is where a drug is
either dissolved in high concentration or suspended as particles in a mono-
lithic polymer such as a cylindrical polymer fiber.1 The release of the drug
from it may occur via:

1. Diffusive transfer through the polymer matrix to the surrounding tissue.
2. Release of the dissolved or suspended drug due to slow biodegradation

or erosion of the surface layers of the fiber.
3. Slow release of covalently bonded drug via hydrolytic cleavage of the

linkages.
4. Rapid delivery of the drug due to dissolution of the fiber.

1This is contrasted with the “reservoir device” where a highly concentrated reservoir of drug is
enclosed by a thick polymer membrane. As with monolithic devices the release is via diffusion
across the polymer membrane, but the drug release kinetics are different for the two types of
devices.
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Although, in principle, polymer-based delivery devices can operate via any
of these mechanisms, most of the reported data pertain primarily to mechan-
ism (1). The concept of using a melt-spun water-soluble fiber for the purpose
is hardly new [U.S. patent 4,855,326 (1988) and WO 04014304 (2004)].
However, the use of a nanoscale fiber is a fairly new development
(Brewster et al. 2004; Katti et al. 2004; Verreck et al. 2003a, 2003b; Zeng
et al. 2004a, 2005d). Rapidly dissolving dosage forms based on nanofibers
carrying pharmaceutical agents as fillers have been discussed in detail in
U.S. patent application # 20060083784A1. Incorporating certain types of
drugs into the polymer matrix by blending has been reported to result in an
increase in the average fiber diameters (Luong-Van et al. 2006), possibly
because of increased conductivity of the spinning solution.

Expressions for the kinetics of diffusion of solutes through polymers have been
extensively discussed by Crank (1980). These are derived primarily by assuming
that Fick’s Law applies; the concentration gradient of the drug inside and outside
the polymer matrix is the driving force for diffusive transfer:

J ¼ �D(dc=dx), (7:1)

where J¼ local flux of the drug (g/cm2 . s), D is the concentration-independent
diffusion coefficient2 of the drug, and (dc/dx) is the concentration gradient.
Strictly, it is the gradient of the chemical potential rather than (dc/dx) that is the
driving force for diffusion. Experimentally, the fraction of drug released by the
polymer matrix (Mt/M1) at time t is the quantity most conveniently measured.
In a typical drug-release study a drug-laden polymer nanofiber mat sample is
placed in awell-stirred reservoirof bufferand the releaseof drug ismonitored spec-
troscopically over a period of time. The anticipated relationships between (Mt/
M1) and t for different geometries of monolithic polymer release devices have
been derived (Crank 1980). For the simplest slab geometry for short durations,

(Mt=M1) ¼ 4(D � t=pr2)1=2, (7:2)

where r is the thickness of the slab and D is the diffusion coefficient. The rate of
release of drug varies with t1/2. Low-density, loosely spun nanofiber mats,
however, are better approximated by cylindrical or fiber geometry. For the case
of a fiber with a circular cross-section and a diameter of r units, the relevant
equations are as follows (Comyn 1985).

2D is regarded as a constant here. In most real systems the value of D varies with the concen-
tration of the drug in the matrix and will change with the composition of the extractant (water or
buffer solution).
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During early stages of the release process where (Mt/M1) � 0.4, the
expression is approximated by

(Mt=M1) ¼ 4(D � t=pr2)1=2 � (D � t=r2) (7:3)
and

d(Mt=M1)=dt ¼ 2(D=pr2t)1=2 � (D=r2): (7:4)

As (Mt/M1) . 0.6, a more complicated expression applies:

(Mt=M1) ¼ 1� 4=(2:405)2 exp{�(2:405)2Dt=r2} (7:5)
and

d(Mt=M1)=dt ¼ (4D=r2) exp{�(2:405)2Dt=r2}, (7:6)

where Mt is the amount of drug released at time t, and M1 is the total amount
released at infinite time. The release kinetics are affected by the crystallinity of
the polymer; it is predominantly the amorphous fraction of the matrix that
carries the dissolved drug.

The simple kinetics predicted by Fick’s second law for diffusive release
of a drug from a device having a thin-film geometry appears to apply to
nanofiber mats as well. Controlled delivery of heparin anticoagulant from
poly(1-caprolactone) (PCL) nanofibers display Fickian diffusion, and the
fraction of drug released increased with square root of time as suggested by
equation (7.2) (Luong-Van et al. 2006). Comparison of the observed
release rates for heparin from nanofiber mats with the data for release from
thin films suggested the diffusion coefficients to be about the same for both
the thin film and mat systems.

7.1.1 Drug-Loaded Fibers

The kinetics of release of the drug is controlled by the semicrystalline nature
of the polymer as well as by the morphology of the polymer/drug composite.
Three basic morphological models for drug-loaded polymers (or polymer par-
ticles), first proposed by Kissel et al. (1993) apply to drug-loaded nanofibers
as well (Verreck et al. 2003a):

1. Drug dissolved in the polymer matrix at the molecular level.
2. Drug distributed in the polymer matrix as crystalline or amorphous

particles.
3. Drug enclosed in the polymer matrix yielding a core of the drug encap-

sulated by a polymer layer (similar to a reservoir device).
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With nanofiber devices the third morphology is obtained by coaxial spin-
ning of core–shell nanofibers rather than from phase separation. The three
morphologies are illustrated in Fig. 7.1.

There is little interest in the simpler morphology type 1, as the solubility of
the drug in the polymer limits themaximum drug loading possible. As themass
of nanofiber mats in the implant will be small, they can carry only impractically
small amounts of most drugs. An example of morphology type 1, however, is
given by poly(ethylene oxide) (PEO)/Nabumetone nanofibers (U.S. patent
application # 2003/0017208A1). Nanofibers of poly(L-lactide) (PLLA) carry-
ing Rifampin (an antituberculosis drug) also illustrate diffusive release of a
drug uniformly dissolved in a polymer. The nanofiber mat in this instance
was electrospun from CHCl3 : acetone (2 : 1 v/v) at a PLLA concentration of
3.9 wt%. Rifampin was dissolved at a level of 5–100 wt% (based on the
polymer) into the spinning solution (Zeng et al. 2003a). Microscopic exami-
nation of the nanofibers (average d of �700 nm) electrospun at the lower
drug loadings showed no crystalline inclusions, suggesting the drug was
likely completely dissolved in the matrix at that concentration. The diffusive
release of Rifampin into a buffer was understandably slow (as PLLA is a
glassy polymer) with virtually no release observed for up to 7 h.

The same system at a relatively higher loading of the drug, however,
affords an illustration of the morphology type 2. The release of Rifampin
in this case was achieved primarily by enzymatic biodegradation of the
surface layers. In the presence of proteinase K (a nonspecific serine protease
having a very high specific activity) in the buffer, rapid first-order release of
Rifampin (�50% released in 7 h) was observed due to slow biodegradation of
the polymer matrix (Zeng et al. 2003a). Studies on the delivery of tetracycline
hydrochloride from poly(lactic acid) (PLA), poly(ethylene-co-vinyl acetate)
[P(E-VAc)], or from a 50 : 50 blend of the two polymers (Kenawy et al.
2002, 2003) also illustrate systems of similar morphology. Morphology
type 2 covers a majority of the nanofiber-based drug release matrices of

Figure 7.1 Illustration of the three morphological models of drug-loaded polymer
nanofibers.
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interest in the research literature. The high porosity of nanofiber mats (often
exceeding �90%) facilitates rapid removal of any biodegradation products
(Jiang et al. 2004b) in bioerodible systems minimizing possible autohydro-
lysis. Degradation products are known to retard cell proliferation in scaffold-
ing studies (Higgins et al. 2003).

The release kinetics of nanofibers where the drug is uniformly dissolved in
the matrix (morphology 1) can be approximated by assuming the mat to be a
collection of monodisperse cylinders. With poorly soluble drugs, particularly
at higher loadings, however, the nanofibers tend to form beads (Zhang, C. X.,
et al. 2005a), and the assumption may not always be a reasonable one. Chew
et al. (2005) studied the release of protein-stabilized human beta nerve growth
factor (b-NGF) from nanofibers of a copolymer of 1-caprolactone and ethyl
ethylene phosphate (PCLEEP). A Fickian kinetic expression derived for
one-dimensional diffusion from monodisperse perfectly cylindrical matrices
under perfect sink conditions (Ritger and Peppas 1987) was used to
analyze the data. The following simple model was used to describe the
release data.

(Mt=M1) ¼ 0:19t0:34 (r2 ¼ 0:99): (7:7)

As a uniform distribution of the drug in the polymer is assumed in Fickian
models, good compatibility between the polymer and drug is implied. The
value of exponent, however, is lower than predicted (k � 0.45), possibly
due to heterogeneity of fiber diameters in the mat and the semi-crystalline
fiber morphology. Hydrophobic drugs such as doxorubicin hydrochloride,
for instance, do not disperse well in lipophobic electrospun PLLA fibers
(Zeng et al. 2005d).

With drug-laden nanofibers of morphology type 2, the delivery process
can be qualitatively described as follows. The drug initially dissolves and
saturates the polymer surrounding the particles embedded in the fiber
matrix. The dissolved drug invariably reaches the surface layer of the fiber
by diffusion and partitions into the aqueous boundary layer at the fiber/
buffer interface. Finally, the drug molecules diffuse across the boundary
layer into the aqueous medium. Higuchi (1961) and others (Roseman
1972) have derived quantitative expressions that describe the kinetics of the
process in terms of a “zone of depletion” of the drug that is obtained at
the surface layers as the drug delivery progresses. A detailed treatment of
the kinetics of release profiles is beyond the scope of this chapter.

With nanofibers of morphology 2 (i.e., where undissolved drug particulates
are suspended in the fiber matrix), the drug release profile typically shows an
unexpectedly high initial rate of release, commonly referred to as the “burst
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phase” (Kenawy et al. 2002; Jiang et al. 2004b; Luu et al. 2003). The period
over which this burst release occurs varies with the polymer/drug system,
lasting anywhere from several hours to days. Nanofibers saturated with the
drug also in some instances do show burst phase behavior (Comyn 1985).
But, the rapid dissolution of drug particles embedded, and partly exposed
at the surface of the nanofiber likely contributes very significantly to this
phenomenon (Kenawy et al. 2002; Zeng et al. 2003a). At lower drug loadings
the nanofiber mats generally do not display such a burst phase (Verreck et al.
2003b). X. H. Zong et al. (2002) have speculated that the charged drug
species tend to be concentrated near the fiber surface in any event as the jet
surface itself is charged. Also, Zeng et al. (2005a), working with poly(vinyl
alcohol) (PVA) nanofibers carrying bovine serum albumin, found the burst
phase to be eliminated when a thin coating of poly(p-xylene) (PPX) was
deposited (by chemical vapor deposition) on the surface of the fiber. A
drug that is compatible with the polymer or has a high solubility in the
polymer is less likely to show burst phase kinetics during early release
(Zeng et al. 2005d). However, this initial burst release may not always be
undesirable, as in the case of delivery of antibiotics to control infection
(Kim, K. S., et al. 2004; Zong, X. H., et al. 2002).

Figure 7.2 (Zeng et al. 2005d) compares the release of doxorubicin
(converted to the free base from the HCl form by ammonia) from the biode-
gradable polymer PLLA in the absence and in the presence of an enzyme that
can biodegrade the polymer. The primary release mechanism in this case was
bioerosion. In the absence of the enzyme, only a minimal diffusive release

Figure 7.2 Percentage release of doxorubicin base vs time fromelectrospun nanofibers
of poly(L-lactide) (PLLA) in a Tris buffer medium. The concentration of proteinase K was
3.0� 1023 mg/ml for the square symbols and zero for the circles. Reproduced with
permission from Zeng et al. (2005d). Copyright 2005. Elsevier.
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was observed. With proteinase K present, rapid release with the expected
zero-order kinetics was obtained (Zeng et al. 2005d). With the more per-
meable P(LLA-PEG) diblock copolymer nanofibers, however, Xu et al.
(2005) found similar release kinetics for doxorubicin even in the absence
of a biodegrading enzyme (therefore via diffusion). Release kinetics of the
drug are invariably controlled by the morphology of the fiber and particularly
by drug–matrix interactions. The latter is illustrated by the release of
Ibuprofen from poly(L-glycolide) (PLGA) and PEG-chitosan (graft copoly-
mer) matrices (Jiang et al. 2004b). The release occured rapidly, with most
of the drug delivered within a four-day period (incubated in 0.1 M PBS
buffer at 378C). Blending PEG-g-chitosan polymer into the PLGA matrix sig-
nificantly reduced the release rate, presumably due to non-bonded interactions
between the 22NH2 groups in chitosan and the acid moieties in the drug.
Covalant bonding of the drug to chitosan via the amine groups further pro-
longed the release. As seen from Fig. 7.3, however, the general shape of
the release curves was the same in each case.

Morphology type 3 has the distinct advantage over the other two in that the
drug or biological material (such as protein or DNA), does not come into
contact with aggressive spinning solvents, avoiding the possibility of denatur-
ing or other changes that alter their efficacy. Also, long-term contact between
the drug and the polymer, which can potentially lead to reaction is avoided.
Core–shell nanofibers where the drug is restricted to the core layer have
been evaluated for their release profile (Jiang et al. 2005). The kinetic features
of drug release for these materials is expected to be qualitatively similar to
that for nanofibers where drug particles are distributed in the matrix. With

Figure 7.3 The cumulative release of Ibuprofen from three matrices at a loading of
4.45 wt% of drug. (A) PLGA nanofiber mat; (B) PLGA/PEG-g-chitosan (70/30) nanofiber
mat; (C) same as B except that Ibuprofen is covalently bonded to the polymer (n¼ 3).
Reproduced with permission from Jiang et al. (2004b). Copyright (2004). Springer
Science and Business Media.
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poly(1-caprolactone) (PCL) shell and a drug core, Huang and Yang (2006)
found no burst phase but a smooth delivery profile for Reservatol and
Gentamycin sulfate. With bovine serum albumin (BSA) cores with PCL
shells, however, a small burst phase was initially observed (Jiang et al.
2005; Liao et al. 2006), but the release profile was still qualitatively similar
to that shown in Fig. 7.3. The BSA itself was suggested to act as a porogen,
allowing its release from the core via the PCL shell (Zhang et al. 2006c).
Table 7.1 lists selected examples of controlled delivery via nanofibers.

7.1.2 Controlled Delivery of Macromolecules

The delivery of peptides and proteins is a particularly demanding application
of controlled drug delivery. Electrospun nanofibers designed to deliver pro-
teins, particularly BSA, have been investigated by several researchers (Jiang
et al. 2005; Zeng et al. 2005a; Zhang, C. X., et al. 2005b). PVA (Mw ¼

190,000 g/mol) loaded with FITC-labeled BSA, was electrospun from 5
wt% aqueous solution to obtain 250–300 nm nanofibers (Zeng et al. 2005a)
and its release rate into a buffer was studied. The hydrophilic PVA nanofiber
matrix showed signs of disintegration in the buffer and the release of protein
from the nanofibers showed an initial 2-h burst phase. The release rates were
modulated by a hydrophobic surface coating of poly(p-xylylene) (PPX) depos-
ited on the surface of the nanofibers. The coating thickness of the PPX was
varied in the chemical vapor deposition process using paracyclophane dimer
as the precursor. Not only was the burst phase eliminated by this thin film
coating, but the kinetics of BSA-FITC release could be controlled by the
coating thickness. The effect of changing the PPX shell thickness from 80–
100 nm to 250 nm on the release rate is shown in Fig. 7.4.

A similar core–shell construct electrospun (using a coaxial capillary tip as
described in Chapter 9) from aqueous poly(ethylene glycol) (PEG) solution
shell from poly(1-caprolactone) (PCL) solutions in CHCl3/DMF (7 : 3 v/v)
was used by Jiang et al. (2005) to deliver BSA or lysozyme and also by
Zhang et al. (2006b) to deliver BSA-FITC conjugate and luciferase. The
thicknesses of the core and shell materials were controlled by adjusting the
feed rate of the polymer solutions to the capillary tips. The BSA loading
rates used were in the range of 2–5.5%. Microscopy of the nanofibers
suggested that initial swelling of the fibers in the PBS buffer compromised
the thin shell layer of PCL, giving rise to surface pores. The controlled
release of the BSA therefore essentially occurred through these pores and
the collapse of empty nanofiber shells was observed microscopically (Jiang
et al. 2005). Although some degree of failure of the PCL shell and pore
formation was also observed by Zhang et al. (2006c) in BSA/PCL core/
shell fibers, their kinetic data supported the release of the agent via a
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diffusion-controlled mechanism. With controlled release of enzymes such as
lysozyme or the model compound luciferase (Jiang et al. 2005; Zeng et al.
2005d), the primary protein structure (as ascertained by electrophoresis of the
hydrolysate) as well as the bioactivity of the released agent was shown to be
intact. Exposure to the high electric fields used or contact with the spinning sol-
vents did not appreciably alter the structure, stability, or bioactivity of these
compounds. The core–shell morphology (type 3) might be particularly well
suited for protein or DNA delivery as it minimizes burst release and provides
closer control of the release rates (Huang et al. 2006; Pham et al. 2006).

Chew et al. (2005) demonstrated the utility of nanofibers electrospun from
copolymers of caprolactone and ethyl ethylene phosphate [P(CL-EEP)] in
drug delivery. These were electrospun from 2–12% solutions in CH2Cl2
and were loaded with low concentrations (�1 � 1024%) of recombinant
human b-NGF stabilized in BSA carrier protein. Nanofibers were spun as
aligned mats using a rotating drum collector and their BSA-NGF release
characteristics were studied over a three-month period. The released protein
was shown to be bioactive (using a neurite outgrowth assay on PC-12 cells).

Controlled delivery of viral or non-viral DNA (lipoplexes or naked DNA)
is an important aspect of gene therapy. The potential of nanofiber scaffolds
for site-specific delivery of genetic material is beginning to be appreciated.
Luu et al. (2003) recently demonstrated for the first time successful incorpor-
ation of plasmid DNA into an electrospun nanofiber scaffold. Polymers,
PLGA (LA :GA 75 : 25), and a poly(D,L-lactide)-poly(ethylene glycol)
(PLA-PEG-PLA) block copolymer were electrospun from 10–15% solutions
in DMF, and the DNA used was pCMVb plasmid. The pCMVb plasmid with

Figure 7.4 Releaseprofile for FITC-BSA intowater at 378C fromPPX-coatedPVA/BSA
nanofibers with different layer thicknesses of PPX. Reprinted with permission from Zeng
et al. (2005a). Copyright 2005. American Chemical Society.
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7164 base pairs encoding b-galactosidase was extracted from E. coli. Up to
80% of the loaded DNA was released from nanofiber mats over a 20-day
period, but an initial two-hour burst phase was observed, originating possibly
from the DNA localized at the surface layers. The same was incorporated into
random PLGA (LA/GA 75/25) copolymer nanofibers spun from DMF sol-
utions (Liang et al. 2005). In this case, however, the plasmids were first encap-
sulated in a triblock copolymer (polylactide-poly(ethylene glycol)-
polylactide), prior to being electrospun as particles in a biodegradable PLGA
matrix. Plasmids were again demonstrated to be released into a buffer, appar-
ently structurally intact, and were able to transfect cells in vitro. DNA, itself
a biopolymer, can also be electrospun into nanofibers. Calf thymus Na-DNA
electrospun from aqueous solutions at concentrations from 0.3% to 1.5% yield-
ing nanofibers (d � 50–80 nm) was reported in 1997 (Fang and Reneker
1997). Salmon testis DNAwith 200–900 Kbase pairs was recently electrospun
fromwater : ethanol (70 : 30) solutions at concentrations of 1.5 wt% (Takahashi
et al. 2005). Short nanofibers (�1mm in length) of diameter d of about �2 nm
were obtained from the electrospinning process.

7.2 SCAFFOLDING APPLICATIONS OF NANOFIBERS

An important objective of tissue engineering is to provide an alternative to
conventional transplants (ultimately including even entire functional
organs) through the development of three-dimensional polymer scaffolds
populated by an appropriate mix of cells and tissue. Live tissue comprises
of collections of cells arranged in complex geometries within an extracellular
matrix (ECM) that is in intimate association with cells. The specific arrange-
ment of cells in the tissue depends on the functional architecture of the organ.
The ECM, however, plays a vital role in lending structural integrity to most
types of tissue and is generally composed of glycosoaminoglycans and
fibrous proteins such as the various types of collagens. In addition to this,
ECM also plays a vital role in the transduction of chemical signals that
direct tissue development and cellular differentiation.

Polymer scaffolding is essentially a surrogate or a synthetic substitute for
the native ECM in the body. As such, nanofiber scaffolding must also
provide a three-dimensional environment for cell adhesion and proliferation,
guiding growing cells to organize themselves into complex tissue. Cell
growth proceeds very differently on two- versus three-dimensional matrices
(Cuikerman et al. 2001). For instance, chondrocytes cultured on nanofiber
scaffolds retained their phenotype and showed their characteristic shape,
while those on polystyrene surfaces were flat and diffused (Li, W.-J., et al.
2003). As it serves as temporary ECM during in vitro culture of cells as
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well as during tissue repair, polymer scaffolding must meet the additional
criteria of permeability, high porosity, and high surface area for initial attach-
ment of cells during the seeding stage. A comparison of the adhesion and
spreading of human mucosal keratinocytes on nanofibers (d � 80 nm), micro-
fibers (d � 1100 nm), and film samples of silk fibroin biopolymer, for
instance, illustrates this advantage of the higher surface area (Min et al.
2004a, 2004b). The nanofiber matrices were concluded to be preferred for
biomedical scaffolding applications over the other two matrices.

The main characteristics of scaffolding materials or synthetic ECM can be
readily anticipated:

1. The material in contact with the host body tissue should not elicit any
undesirable immune or tissue responses. The polymers selected and
their products of biodegradation should not interfere with the physio-
logy of the body tissue about it.

2. The material used should ideally biodegrade once initial tissue growth has
taken hold in the implant (avoiding the need for a second invasive surgery
to remove it). Cell growth, proliferation, and differentiation in vivo should
ideally occur over the timescale of biodegradation of the scaffold.

3. Scaffolding topology should be conducive to attachment or proliferation
of cells and its pore-size distribution must match the requirement of the
cells being cultured on it. A biomaterial such as trabecular bone, for
instance, is 50–90% porous. In vascular grafts the effective pore dia-
meter for cell ingrowth was reported to be in the range of 20–60 mm
(von Recum et al. 1996).

4. The mechanical characteristics of the scaffolding material must match
those of the tissue with which it will interface. The choice of material
therefore varies with the type of tissue in question; thus, scaffolds
based on a single material but seeded with appropriate cellular com-
ponents still cannot always be expected to be generic replacements
for all tissue types. In small-diameter vascular grafts, for instance, com-
pliance mismatch between the implanted graft and host artery has been
reported to be a major factor in graft failure (Kinley and Marble 1980).

5. In addition to mechanical support of cellular components scaffolding
may also deliver growth factors (Casper et al. 2005) or other molecules
needed by the host cells (Hirano and Mooney 2004). Some of the
polymers used in controlled drug delivery applications will therefore
be attractive candidates for scaffolding as well.

A consideration of these criteria and the observation that native body
tissue components (fibrin, actin, myosin, elastin, collagen) often tends to
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have a fiber geometry suggest nanofiber mats to be particularly promising
materials for the construction of three-dimensional scaffolding. This suggests
that cells need to undergo minimal rearrangement as the natural ECM
gradually replaces the biodegrading scaffolding. Recent data on cell
growth studies show nanofiber mats to not merely provide a physical
support for proliferation but also to promote, via their topological character-
istics, in vivo like organization and even facilitate morphogenesis of tissue on
the scaffold (Ma, Z., et al. 2005b; Pan and Jiang 2006; Schindler et al. 2005;
Tuzlakoglu et al. 2005). Furthermore, growth factor induced chondrogenesis
of marrow-derived human mesenchymal stem cells (hMSCs) growing on
nanofiber scaffolds is enhanced relative to that in cell pellet cultures (Li,
W.-J., et al. 2005c). Nanofiber mats have a high surface area to volume
ratio to support copious cell growth, and exceptionally high porosity to
allow the exchange of gases and nutrients to support the growing tissue.
The relatively higher specific surface area of nanofibers in comparison to
other scaffolding is expected to enhance cell adhesion as well as
adhesion-dependent phenomena such as migration during proliferation.

Unlike in native tissue where cell adhesion is mediated by specific inter-
action with integrins, the attachment of cells to uncoated polymer nanofibers
is often the result of nonspecific interactions. Surface adsorption of serum
proteins may, however, facilitate cell adhesion. Common ECM proteins
such as vitronectin, fibronectin, and collagen are adsorbed on polymer sur-
faces (Nikolovski and Mooney 2000; Woo et al. 2003) and the high specific
surface area of the nanofiber provides ample capacity for such absorption. In
recent studies, fibronectin-grafted nanofibrous scaffolds of P(LLA-CL) copo-
lymers, seeded with porcine esophageal epithelial cells, showed promise as a
functional esophagus substitute (Zhu et al. 2007). Adhesive protein-coated
nanofibers can be an economical route to developing replacement tissue
(for instance, in the treatment of esophageal cancer).

Two common approaches to scaffold design are described in the biome-
dical engineering literature. A tissue-compatible scaffold of very good
mechanical characteristics can be derived from decellularized xenogenic
tissue seeded with autologous cells (to minimize tissue reactions to the
implant). Alternatively, a sterile synthetic scaffold of a biodegradable
polymer, can be seeded with autologous or other cells and cultured
in vitro to a stage where there is sufficient cell attachment for implantation.
In either case the scaffolding is surgically implanted into the defect
site to promote repair and regeneration of tissue. Scaffolding can be
also designed as foams, by salt leaching of polymer/inorganic salt
composites (Lee, S. B., et al. 2005), or by self-assembly (Yuwono and
Hartgerink 2007).
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Electrospun nanofiber scaffolding can be fabricated out of (1) natural
polymers, (2) synthetic polymers, or (3) polymer blends of natural or syn-
thetic polymers. Using natural polymers generally assures a certain degree
of biocompatibility and biodegradability of the scaffold. Most biopolymers
can be readily electrospun into fibers and are beginning to be used in
tissue engineering applications (Saw et al. 2006). Comparative cell prolifer-
ation studies carried out on nanofiber mats versus microspheres or even
three-dimensional braided materials show nanofibers to perform exception-
ally well. Figure 7.5 shows an image of rat hepatocyte cells growing on a
galactose-grafted film substrate and on a nanofiber mat. While cell contact
with the film surface is minimal, integration with the fiber mesh is exten-
sive. Electrospun polymers reported in scaffolding studies are tabulated in
Appendix I. The use of electrospun nanofibers in tissue engineering
applications has been recently reviewed (Murugan and Ramakrishna
2006; Pham et al. 2006). Most of the reported studies, however, are
limited to descriptions of electrospinning the fiber mats, seeding the
construct with specific cell types, and observing cell attachment/prolifer-
ation on them over a period of time. Qualitative or semi-quantitative data
on interactions of cells with the nanofiber scaffolding, generated using
microscopic methods or assays, are also sometimes reported. Usually,
microscopic studies of cell growth using environmental scanning electron

Figure 7.5 Rat hepatocytes growing on galactose-grafted polymer surfaces. The
top row of images are for a polymer film surface and the lower row is for a nanofiber
mat. Reproduced with permission from Chua et al. (2005). Copyright 2005.
Elsevier.
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microscopy (ESEM), confocal laser scanning microscopy (CLSM), optical
microscopy, and biochemical assays based on DNA and extracellular
matrix production (collagen or glycosaminoglycans) are used. Detailed
information on the polymer used and characterization of the nanofiber
mats, however, is generally lacking or incompletely reported, limiting the
value of published research data.

With scaffolding, several key physical parameters need to be quantified:

1. The average diameter of the nanofibers and the distribution of fiber
diameters in the scaffolding (Laurencin et al. 1999).

2. The average porosity and the pore-size distribution of the nanofiber mat.
3. An adequate description of cell types used in the experiment.

Porosity is a particularly useful measurement as it determines the kinetics
of cell migration to the interior of the scaffold. With scaffolds of high fiber
density or where the pores are too small to allow migration of cells, only a
superficial layer of seeded cells has been observed to attach onto the scaf-
fold (Boland et al. 2004a; Pham et al. 2006). With hydrophilic fiber mats,
however, the possibility of amoeboid movement of cells, pushing against
fibers and forcing them apart to create paths for migration, has been
suggested (Boland et al. 2004a). Techniques used to emplace the live
cells on the scaffolding also appear to play a key role in determining the
infiltration of cells into the fiber matrix (Telemeco et al. 2005). A recent
development in this regard is simultaneous electrospraying of live cells
and electrospinning of the nanofiber (both from positively-charged tips
and the fiber/cell construct collected on a rotating mandrel maintained at
a negative potential (Stankus et al. 2006). Infiltration and copious inte-
gration of the cellular materials with the nanofiber is critical in obtaining
a three-dimensional scaffold.

7.2.1 Natural Biopolymers

A variety of biopolymers, such as cellulose (Kim, C. W., et al. 2005),
DNA (Fang and Reneker 1997; Luu et al. 2003; Takahashi et al. 2005),
gelatin (Huang et al. 2004; Ki et al. 2005; Kim, H.-W., et al. 2005; Li, Z. Y.,
et al. 2006b; Li, M. Y., et al. 2006; Ma, Z. W., et al. 2005a; Zhang, Y. Z.,
et al. 2004, 2005b, 2006b), alginate (Wayne et al. 2005), hyaluronic
acid (Ji et al. 2006b; Yoo et al. 2005), dextran (Jiang et al. 2004a) and
starch (Pavlov et al. 2004a), have been electrospun successfully into
nanofibers. However only a few of these have obvious scaffolding applications
and even fewer have been studied in any detail. These will be briefly
discussed below.
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7.2.1.1 Collagen and Elastin Type I and type III collagen3 are the
most abundant structural materials in mammalian ECM (comprising approxi-
mately one-third of the protein in human body) and are also among the most
frequently used biopolymer scaffolding materials. Type I collagen occurs in
native tissue as fibrils of up to several hundreds of nanometers in diameter.
In common with other biopolymers, the isolation of collagen from tissue
results in structural changes that limit its usefulness. Acid-soluble collagen
type I, usually derived from tendons, is a gel of very limited structural integ-
rity at physiological pH (Okano and Matsuda 1998). Blending the collagen
with another polymer often improves its integrity and it can then be spun
into useful nanofiber materials. In any event, collagen by itself cannot be
readily electrospun from aqueous solutions unless blended with another
natural (Zhong et al. 2005) or synthetic polymer (Huang et al. 2001a,
2001b). This is also true of other natural polymers, where electrospinning
is only possible (or at least the nanofiber quality obtained is greatly improved)
by blending; examples include casein electrospun with PEO (Xie and Hsieh
2003), chitosan with silk (Park, W. H., et al. 2004; Spasova et al. 2004), egg
shell membrane protein with PEO (Yi et al. 2004), and chitin with PGA (Park
et al. 2006) are examples.

Type I collagen/PEO solutions at concentrations of 1–2 wt% dissolved in
34 mM NaCl have been electrospun successfully by Huang et al. (2001b).
Bead-free uniform fibers, average diameter (d ¼ 50–150 nm), were obtained
with blends where the collagen/PEO ratio was 1 : 2. Collagen can also be
electrospun from non-aqueous solutions as well — solutions of collagen in
1,1,1,3,3,3-hexafluoro-2-propanol (HFP) (boiling point 618C), for instance,
can be readily electrospun into fine nanofibers (Venugopal et al. 2005a;
Rho et al. 2006). However, even at a concentration of 0.083 g/mL, type I col-
lagen is not completely soluble in HFP but yields a cloudy solution (which,
however, could still be electrospun to yield nanofibers of about d �100 nm)
(Matthews et al. 2002, 2003). Both of the sources (calfskin vs human pla-
centa) as well as the isotypes (type I vs type III) of collagen employed in
the study had a direct impact on the structural features of the resulting nano-
fiber. Thus, collagen type I isolated from skin and placenta yielded different
fiber morphologies (Matthews et al. 2002). Human smooth muscle cells and
endothelial cells were successfully cultured on these collagen nanofiber scaf-
folds. Electron microscopy, immunohistochemical studies, laser scanning
confocal microscopy, and cell proliferation assays all suggested that the elec-
trospun nanofibrous scaffold promoted good cell attachment and proliferation
(Matthews et al. 2002; Xu et al. 2005).

3Of the 28 types of collagen, type I collagen is the most abundant form in the human body and
is found primarily in tendons and in scar tissue. The type II variety is present in articular car-
tilage. Type III collagen is found in granulation tissue.
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The ability to electrospin tubular scaffolding of various diameters, particu-
larly those smaller than about 5 mm in diameter, is important because of their
potential use as arterial substitutes in vascular grafts (He, W., et al. 2005a,
2005b; Miller et al. 2004; Stitzel et al. 2006). The challenge involved is
twofold; not only should the diameter and mechanical integrity be adequate,
but tissue compatibility also needs to be ensured. Mechanical properties of
electrospun nanofibers that match those of vascular tissue have already
been achieved (Stitzel et al. 2006). Boland et al. (2004a) successfully fabri-
cated tubular scaffolds by electrospinning type I and type III collagen from
3–10 w/v% solutions of the protein in HFP. Electron microscopy of the
nanofibers revealed a 65-nm banding pattern that is also apparent in native
collagen fiber (Matthews et al. 2002). In native collagen the bands are due
to the regular repeating sequences in its primary structure. Relatively less
work is reported on electrospinning type II collagen; Matthews et al.
(2003) reported electrospinning of this type isolated from chicken cartilage,
as well as collagen types I and III, all from HFP solutions. The morphology
of the electrospun collagen nanofibers varied with the isotype of collagen. A
detailed description of electrospinning of collagen and elastin is given in a
recent publication (Li, M. Y. et al. 2005).

Both collagen and elastin make up the protein content in native blood
vessels. It is the presence of elastin in the vessel wall that imparts flexibility
and compliance to the tissue (Faury 2001). Native elastin, however, is
crosslinked and therefore cannot be electrospun (see Fig. 7.6). Attempts at
electrospinning blends of collagen and soluble elastin fractions are,
however, reported in the literature (Buttafoco et al. 2005, 2006). An 81 kDa
recombinant protein having the repeat structure for the key peptide sequence
in elastin4 (Val-Pro-Gly-Val-Gly)4(Val-Pro-Gly-Lys-Gly) (Huang et al. 2000)
as well as an acrylate-modified recombinant protein (Val-Pro-Gly-Val-Gly)4
(Val-Pro-Gly-Lys-Gly)39 (Nagapudi et al. 2002) have been successfully
electrospun. The first of these was electrospun from aqueous solutions at
concentrations of 10–15 wt% to obtain nanofibers 400–450 nm in average
diameter (Huang et al. 2000). The electrospinning of both collagen and
elastin is usually facilitated by adding NaCl to the solution (42.5 mM),
presumably because of increased conductivity. Buttafoco et al. (2006),
however, suggest the salt also to induce hydrophobic interactions in or
between the protein molecules to facilitate fiber formation. Spinning col-
lagen/elastin/PEO blends yielded nanofiber mats with values of d ranging
from 220 nm to 3000 nm (Huang et al. 2000).

4The amino acid sequence (Val-Pro-Gly-Val-Gly) occurs frequently in the primary structure
and is responsible for the b-turns in the secondary structure of elastin.
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As with collagen, the soluble fraction of elastin isolated from bovine
ligamentum nuchae could also be electrospun in blends with PEO
(Buttafoco et al. 2006). Unlike collagen, however, even at a blend ratio of
protein to PEO (Mw ¼ 8 � 106 g/mol) as high as 5 : 1, elastin blends still
yielded continuous nanofibers. Collagen/elastin (1 : 1) nanofiber mats were
prepared by electrospinning blends of the two biopolymers and were stabil-
ized by crosslinking with N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS). This treatment
afforded materials with a high thermal stability (Td ¼ 798C) and insolubility
without affecting the original morphology (Buttafoco et al. 2006). The water-
soluble PEO fraction can be extracted from the blend mats to yield a collagen/
elastin nanofiber mat that is closer in composition and in physical integrity
to vascular tissue. A particularly impressive finding in this study was the
intimate mixing of the two proteins achieved during electrospinning as
evidenced by their very similar morphology under electron microscopy.

As scaffolding performance invariably depends on the surface chemistry of
fibers, synthetic polymer nanofibers coated with a layer of collagen can also
be used in place of bulk collagen nanofibers (Dunn et al. 1997; He, W., et al.
2006; Venugopal et al. 2005a) as scaffolding. Human coronary artery smooth
muscles cells (hSMC) cultured on collagen-coated nanofibers proliferated
well and were more firmly attached to biopolymer scaffolds relative to the
control nanofibers of poly(1-caprolactone) (PCL). Evidence of cell migration

Figure 7.6 (a) Collagen is a triple helix of three extended protein chainswrapped around
one another. Crosslinked collagen in the extracellular matrix forms collagen fibrils of low
extensibility and very high tensile strength. (b) Elastin polypeptide chains are crosslinked
together to form elastic fibers. Each elastin molecule reversibly uncoils into an extended
conformation when the fiber is stretched. Reprinted with permission from Alberts et al.
(2003). Copyright 2003. Garland Science.
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towards the interior of the nanofiber mat and organization into tissue was also
observed. Human coronary endothelial cells growing on aligned nanofibers
of P(LLA-CL) coated with a layer of collagen were found to grow along
the direction of nanofiber alignment and showed an elongated morphology
(He, W., et al. 2006) that resembled endothelial cells in vivo under blood
flow. He and colleagues fabricated a core–shell nanofiber with a core of
PCL (385+82 nm) and shell of collagen (64+26 nm) using coaxial spin-
ning (He, W., et al. 2005a, 2005b). Human dermal fibroblast proliferation
on the core–shell nanofibers was found to be 32% higher (over a six-day
period of exposure) relative to that obtained with PCL nanofibers. Even
with the partial coating of collagen achieved by soaking PCL mats in collagen
solutions overnight (He, W., et al. 2006), the fibers performed better relative
to PCL controls. Surface modification by plasma treatment has also
been shown to improve coating effectiveness by improving the wetting of
hydrophobic polymer surfaces by the collagen solution (He, W., et al.
2005a, 2005b, 2006).

7.2.1.2 Fibrinogen Fibrinogen is a glycoprotein of molecular weight
340 kDa (with �3000 amino acid residues), synthesized in the liver and gen-
erally present in plasma at a concentration of about 200–400 mg/dL. The
molecule consists of six chains linked by 29 disulfide bonds and is often
denoted by (Aabg)2 as the protein is a dimer. Being the principal protein
involved in clotting of blood, there is considerable interest in electrospinning
fibrinogen. It not only yields the fibrin material that constitutes the clot but
also acts as a cofactor in platelet aggregation at the site. Conversion of the
protein to fibrin during clot formation is facilitated by thrombin (and
Ca2þ), which cleaves the fibrinopeptides A and B from a and b chains,
exposing the N-terminal polymerizable sites in the lysine residue, that react
to form the clot. These sites usually lie buried within the tertiary structure
of the native protein and are generally inaccessible for reaction. Clearly, the
process of electrospinning does not perturb the tertiary structure of fibrinogen
to an extent to expose the lysine residues, as the clotting characteristics of
fibrinogen do not appear to be altered by the process. Studies on fibrinogen
nanofibers are encouraged by the potential for developing hemostatic
wound dressings based on such fibers.

Nanofibers of human and bovine fibrinogen with an average diameter of
�80 nm were electrospun from HFP and minimal essential medium or
Earle’s salt solution mixed in the ratio of (9 : 1), at protein concentrations
of 0.083, 0.125, and 0.167 g/mL. Fine fibers with d ¼ 80+20 nm, 310+
70 nm, and 700+110 nm were electrospun at the different concentrations
(Wnek et al. 2003). Fibrin fibers that occur in clots typically show diameters
in this same size range (d � 80–90 nm).
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Another study investigated electrospinning of bovine fibrinogen using the
same solvent system at concentrations of the protein ranging from 80 mg/mL
to 140 mg/mL (McManus et al. 2006). Characterizing the mats included an
evaluation of the average fiber diameter d as well as mat porosity, which in
turn controls the permeability of the mat. Both the fiber diameter (McManus
et al. 2006; Wnek et al. 2003) as well as mat porosity (McManus et al. 2006)
were found to be a linear functions of concentration. Typical values for
average porosity were 54% and 59% for fiber mats spun from HFP
at concentrations of 110 mg/mL and 130 mg/mL, respectively; the corre-
sponding surface area to volume ratio for the samples were 16,800 and
14,200 cm2/cm3. Typically, higher levels of porosity can be obtained in
nanofiber mats by shortening the duration of collection. Samples electrospun
from solutions of concentration .100 mg/mL had sufficient structural integ-
rity to be mechanically tested, and the moduli of PBS buffer-hydrated electro-
spun fiber scaffolds were in the range of 0.30–0.58 MPa.

7.2.1.3 Silk Silk fibroin is a protein produced by many insect and
arachnoid species (e.g., Nephila clavipes) (Ayutsede et al. 2005, 2006; Jin
et al. 2002, 2004; Khil et al. 2003; Kim, S. H., et al. 2003; Kim, K. H.,
et al. 2005; Lee, K. H., et al. 2005; Li, C. M., et al. 2005, 2006; Min et al.
2004a; Ohgo et al. 2003; Park et al. 2004; Seidel et al. 1998; Stephens
et al. 2005; Sukigara et al. 2003, 2004; Wang, M., et al. 2006; Zarkoob
et al. 2004). Commercially, silk is, however, derived from cocoon silk
(from the silkworm Bombyx mori) as natural fibers 10–20 mm in diameter.
Biomedical interest in silk is mainly due to its exceptionally good mechanical
properties (Ohgo et al. 2003). Spiders extrude an aqueous liquid-crystalline
fibroin protein through their spinnerets and the liquid hardens on exposure
to air forming a highly crystalline oriented mesofiber. The primary structure
of the two proteins that constitute silk has been elucidated (Hinman and
Lewis 1992); the drag-line spider silk is made of fibroin (Mw � 20,000–
300,000 g/mol), a protein that is 42% glycine and 25% alanine. The structu-
rally simple amino acids without any side chains allow close chain packing,
resulting in a high degree of crystallinity that is primarily responsible for the
high strength and tensile modulus of the material. These proteins for the most
part exist as antiparallel b-sheet crystallites in the native silk. Recombinant
dragline spider silk analogs that mimic silk from Nephila clavipes have
been successfully expressed in E. coli host and electrospun into nanofibers
from HFP (Stephens et al. 2005).

Native silk is readily isolated from the crude silk on cocoons. Typically,
crude degummed silk is dissolved in 50% aqueous CaCl2 followed by dialysis
against distilled water. The regenerated silk sponge from this treatment is dis-
solved in formic acid (98–100%) at a concentration of 9–15 wt% for
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electrospinning (Ayutsede et al. 2005). Others have used the ternary solution
system CaCl2/ethanol/water (1 : 2 : 8 molar) at 708C for 6 h followed by
dialysis. Electrospinning was carried out in formic acid solution in this case
as well. Wang and colleagues reported a somewhat complicated but environ-
mentally benign aqueous electrospinning process that included post-treatment
of the bicomponent nanofibers produced (Wang, M., et al. 2006). Sukigara
et al. (2003, 2004) studied the different variables involved in the electrospin-
ning of silk from 10–15% solutions in formic acid solution to conclude that
concentration was the most important parameter in producing continuous
(d �100 nm) nanofibers. Figure 7.7 shows an SEM image of a silk fibroin
nanofiber mat showing uniform bead-free fibers spun from formic acid.
Nanofiber diameter distribution obtained by SEM image analysis for a
similar mat but spun from a 19.5 wt% solution of silk in formic acid is
shown in Fig. 7.8.

Isolated silk fibroin has been readily electrospun into nanofibers by several
researchers (Jin et al. 2002, 2004; Khil et al. 2003; Kim, S. H., et al. 2003;
Kim, K. H., et al. 2005; Lee, K. H., et al. 2005; Li, C. M., et al. 2005, 2006;
Min et al. 2004a; Park, W. H., et al. 2004; Seidel et al. 1998; Wang, M., et
al. 2006). Degummed crude dragline silk can be directly dissolved in HFP
at ambient temperature (a very slow process taking weeks in the case of
silk from Bombyx mori) and electrospun at a concentration of 0.23–1.2
wt%. Fine nanofibers (most frequent diameter d � 100 nm and a range of
diameters from 8 nm to 200 nm) were obtained (Zarkoob et al. 2004).
These diameters are an order of magnitude smaller than those for natural
silk fibers and approach the dimensions of small subfibers in natural silk.

Figure 7.7 SEM image of silk fibroin nanofibers spun from 12% formic acid
illustrating the small fiber diameters obtained. Reproduced with permission from
Min et al. (2004b). Copyright 2004. Elsevier.
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In a later study (Sukigara et al. 2004), the average fiber diameter was corre-
lated to the magnitude of the electric field and concentration using a
second-order polynomial equation. At low silk concentrations the changes
in fiber diameter were found to be more responsive to changes in the electric
field. As nanofibers are formed rapidly during electrospinning, their degree of
crystallinity is generally quite low (Deitzel et al. 2001a). The as-electrospun
silk nanofibers therefore have a predominantly random coil structure as
opposed to the b-pleated crystalline structure typical of the native protein
(Stephens et al. 2005). On annealing the fibers, crystallinity slowly develops,
as seen from X-ray diffraction measurements (WAXD). The rate of random
coil to b-sheet transition in nanofibers spun from HFP was studied by
time-resolved IR spectroscopy by L. Jeong et al. (2006). The FTIR absorption
band at 1624 cm21 and that at 1663 cm21 are indicative of the b-sheet and
random coil conformations of the protein respectively and allow the crystal-
line transition to be followed spectroscopically. The transition can be accele-
rated by exposing the material mats to solvent vapor. Methanol vapor and
aqueous methanol treatment of the mats facilitate the change in morphology
within a 10-min period of exposure, as confirmed by 13C NMR studies (Min
et al. 2004a). Raman spectroscopy has also been used similarly to study con-
formational features (Ayutsede et al. 2005).

In recent research, recombinant hybrid silk fibers that incorporate both the
highly crystalline domains of native silk fibroin from silkworms and the amor-
phous domains from a different variety of silk (from awild species of silkworm
Samia cynthia ricini) were electrospun from hexafluoroacetone (HFA) solution

Figure 7.8 Fiber diameter distribution of electrospun silk fibroin nanofiber from
SEM image analysis. A 19.5% solution of silk in formic acid was used in
electrospinning. Fiber analysis was based on SEM images of the mat. Reproduced
with permission from Sukigara (2003). Copyright 2003. Elsevier.
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into nanofibers (d �100 nm) (Ohgo et al. 2003). The latter species produces a
silk of different primary structure and mechanical properties. The structure
of the hybrid silk was [Gly-Gly-Ala-Gly-Ser-Gly-Asp-Gly-Gly-Gly-Tyr-Gly-
His-Gly-Tyr-Gly-Ser-Asp-Gly-Gly-(Gly-Ala-Gly-Ala-Gly-Ser)3]6. Changes in
crystallinity on post-treatment of silk fibers in methanol was monitored by
13C CP/MAS NMR spectroscopy.

7.2.1.4 Chitin/Chitosan Chitin is the second most abundant biopoly-
mer in nature (after cellulose) and is a water-insoluble biodegradable polysac-
charide with excellent mechanical properties (Bhattarai et al. 2005; Geng
et al. 2005; Li and Hsieh 2006; Min, B.-M. et al. 2004c; Noh et al. 2006;
Ohkawa et al. 2004a; Park, K. E., et al. 2006; Park, W. H., et al. 2004;
Subramanian et al. 2005). It occurs in insects, fungi, and is the principal com-
ponent of exoskeleton of shellfish, making it an inexpensive product in fairly
good supply. Chitin is an unbranched polymer of N-acetyl-D-glucosamine.
Structurally, it is a cellulose analog where the hydroxyl group at the C-2
carbon has been replaced by an acetamido (22NH(C55O)CH3) group.
Chitin is readily deacetylated into chitosan, also a biodegradable, easily pro-
cessable biopolymer. Chitosan, in particular, has been successfully used as a
scaffolding material for cartilage, nerve, and liver cells. It is therefore a natural
candidate polymer for scaffolding applications.

Noh et al. (2006) electrospun chitin from HFP (3–6% w/w) solutions to
obtain continuous nanofibers (d � 50–460 nm). High-molecular-weight
commercial chitin of degree of deacetylation of about 8% was degraded by
gamma irradiation into a sample of Mw � 91,000 (g/mol) to be electrospun.
Cell growth studies on the scaffolds seeded with human keratinocytes and
fibroblasts showed the nanofibers to promote enhanced cell attachment and
spreading compared to commercial microfibers of the material (Noh et al.
2006). Partially depolymerized chitin electrospun from HFP into nanofiber

Scheme 7.1
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mats where most fibers have d, 100 nm could be easily deacetylated with
40% NaOH to yield chitosan nanofiber mats (Min, B.-M., et al. 2004c).

Chitosan is obtained by deacetylation of chitin and has an average molecu-
lar weight between 50,000 and 1,000,000 (g/mol) depending on its source;
its degree of crystallinity (50–90%) depends upon the degree of deacety-
lation. Chitosan has been wet-spun into microfibers using conventional
methods (Hirano and Mooney 2004), but is difficult to electrospin by itself
as it forms a viscous gel at very low concentrations (1–3 wt% in dilute
acid, for instance) due to its polyelectrolyte nature (Bhattarai et al. 2005).
However, the low molecular weight polymer was electrospun from a 7 wt%
solution of chitosan (molecular weight 106,000 g/mol) in 90% (v/v)
aqueous acetic acid (Geng et al. 2005) and from trifluoroacetic acid (TFA)
(Ohkawa et al. 2004a) to obtain bead-free nanofibers. A higher molecular
weight chitosan (200,000 g/mol) was electrospun from TFA or a
TFA :CH2Cl2 (80 : 20) mixture by Ohkawa et al. (2004a) or from HFP
(Min, B.-M., et al. 2004c). Chitosans ranging in Mv from 21�104 to
18�105 g/mol have also been electrospun from TFA recently (Ohkawa et
al. 2006). It is likely that the TFA protonated the amine functionalities and
disrupted the intermolecular forces responsible for the very high viscosity
of chitosan in dilute solutions. An electro-assisted wet-spinning process
where chitosan is spun into a coagulating solution of alkaline ethanol has
recently been reported (Lee, C. K., et al. 2006).

Blends of chitosan with synthetic polymers have been electrospun
by several research groups (Bhattarai et al. 2005; Duan et al. 2004; Park,
K. E., et al. 2006; Park, W. H., et al. 2004; Subramanian et al. 2005).
Chitosan/PEO blends in ratios of 2 : 1 and 5 : 1 were electrospun from 6
wt% solutions in dilute acetic acid into nanofibers with d ¼ 80–180 nm
(average 124+19 nm) (Duan et al. 2004). Electrospinning a 1 : 1 mix of
the polymers yielded a mat where the fiber diameters were bimodally distri-
buted; nanofibers were interspersed with microfibers of relatively larger dia-
meter. Using spectroscopic and XPS techniques, the larger microfibers were
for the most part found to be composed of PEO only. Others (Bhattarai et al.
2005), working with the same blend, obtained similar results using acetic
acid/DMSO mixtures containing 0.3% Triton X-100 as the solvent. Using
a spinning collector disk it was possible even to obtain aligned nanofibers
of the chitosan/PEO blends (Subramanian et al. 2005). Water-soluble poly-
mers such as PVA (Mincheva et al. 2005; Ohkawa et al. 2004a), poly(vinyl-
pyrollidone) (PVP) (Ignatova et al. 2007) or polyacrylamide (Mincheva et al.
2005) can be substituted for PEO in the blends to obtain chitosan or chitosan
derivative nanofibers. The bicomponent fibers electrospun from chitosan/
PVA blends (3 wt% solutions in 2% (v/v) acetic acid) have values of d in
the range of 20–100 nm. Removing the PVA content from the nanofibers
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by post-extraction with alkaline solution yielded a porous chitosan nanofiber
(Li and Hsieh 2006). Blends of chitosan with other biopolymers have also
been electrospun successfully. For instance, Park and colleagues electrospun
silk fibroin/chitosan blends with up to a maximum of 30% chitosan from
formic acid solutions to obtain nanofibers (d ¼ 130–430 nm) (Park, W. H.,
et al. 2004). Collagen/chitosan blends were successfully electrospun from
HFP/TFA (90/10 v/v) mixed solvent at a concentration of 6–10 wt% by
Z. Chen et al. (2007).

Chondrocytes (Bhattarai et al. 2005; Subramanian et al. 2005) and osteo-
blasts (Bhattarai et al. 2005) were shown to grow well on chitosan blend nano-
fibers. In a comparative study, cell viability on polymer film, nanofiber mat
and PS surfaces has been reported. Chondrocyte cell proliferation (10 days
of culture) on the chitosan/PEO scaffolds was 81% of that obtained for
tissue-culture-grade polystyrene surfaces while that for film geometry was
about 56% (Subramanian et al. 2005).

7.2.1.5 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
PHBV is a bacterial polyester copolymer with molecular weights ranging
between 400,000–750,000 g/mol and is now commercially produced with
hydroxyvalerate contents of 7 and 22 percent (molar). It is hydrolytically
degradable and is also biodegradable (Picha and Schiemenza 2006). The
polyester can be electrospun from several solvents (Choi, J. S., et al. 2004;
Fang et al. 2004; Han et al. 2004; Ito et al. 2005; Lyoo et al. 2005).
Electrospun nanofibers of the polyester was used as a scaffold to successfully
culture chondrocytes derived from rabbit ears (Lee, I. S., et al. 2004). Poly(3-
hydroxybutyrate) (PHB) Mw � 300,000 g/mol, PHBV (HV � 5%) Mw �
680,000 g/mol, and their 50/50 w/w blend were recently electrospun from
14 wt% CHCl3 solution (Sombatmankhong et al. 2007). Human osteoblasts
and mouse fibroblasts seeded on the mats proliferated well, and again afforded
better support for cell growth compared to film substrate.

7.2.2 Synthetic Polymers

Using synthetic polymers for tissue engineering applications is advantageous
because of the uniform chemical composition and consistency in the
quality materials obtained from commercial sources. Also, a polymer with
mechanical properties that best matches a particular scaffolding application
can be readily selected or even designed. However, as most synthetic
polymers are virtually nonbiodegradable, the available choices of synthetic
polymers for scaffolding are somewhat limited. Electrospun biodegradable
scaffolds reported in the literature are for the most part based on
1-poly(caprolactone) (PCL), poly(lactide) (PLA), poly(glycolide) (PGA),
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or copolymers composed of the repeat units of these. A summary of their
characteristics is given in Table 7.2.

7.2.2.1 Polyglycolides (PGA) Ring-opening polymerization of the
glycolide monomer yields high-molecular-weight PGA that generally has
a degree of crystallinity of about 30–55%, a glass-transition temp-
erature just above room temperature and a relatively high melting point
(Boland et al. 2001; Gao et al. 1998; Park, K. E., et al. 2006; You et al.
2005a, 2005b, 2006b; Zong, X. H., 2002, 2003a). Because of its semicrys-
tallinity, only highly fluorinated organic solvents such as HFP dissolve the
polymer. Electrospun nanofiber mats of PGA have high strength and
modulus and are readily biodegradable in the body (Zong, X. H., et al.
2003a). Nanofibers, in fact, tend to biodegrade even faster than thin films
of the same material (Zong, X. H., et al. 2002). Sutures made from the
material, for instance, are fully embrittled following weeks of implantation
and are completely absorbed in as short a time as a few months (depending
on the Mw of the polymer). Glycolide has been copolymerized with other
monomers to reduce their crystallinity and to increase the flexibility or exten-
sibility of the resulting nanofibers. Copolymers with the lactide have been
widely studied (Berkland et al. 2004; Bini et al. 2004; Jiang et al. 2004b;
Kim, H. S., et al. 2005; Zong, X. H., et al. 2002, 2003a, 2003b).

Poly(L-glycolide) (PLGA) nanofiber mats of random copolymers of
lactide (L) and glycolide (G) have mechanical properties that are in the
same range as those of the tissue they are intended to replace (Li et al.
2002; Luu et al. 2003; Shin, H. J., et al. 2006). The tensile modulus (MPa)

TABLE 7.2 Properties of common biodegradable polymers used in
biomedical applications

Polymer Tm (8C) Tg (8C)
Modulus
(MPa) Degradationa

Poly(glycolic acid) (PGA) 225–230 35–40 7 6–12
months

Poly(L-lactide) (PLLA) 173–178 60–65 2.7 .24
Poly(DL-lactide) (PDLLA) Amorphous 55–60 1.9 12–16
Polycaprolactone (PCL) 58–63 2(65–60) 0.4 .24
85/15 poly(lactide-co-glycolide)b Amorphous 50–55 2.4 5–6
75/25 poly(lactide-co-glycolide)b Amorphous 50–55 2.0 4–5
65/35 poly(lactide-co-glycolide)b Amorphous 45–50 2.0 3–4
50/50 poly(lactide-co-glycolide)b Amorphous 45–50 2.0 1–2

aIn vivo degradation rate also depends on the molecular weight of the polymer, fiber diameter and mat
thickness.
bProperties as well as the degradation rates vary with copolymer composition.
Source: Lu and Chen 2004; Liang et al. 2007.
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of these mats are, for instance, two to three times higher than that of skin or
cartilage, and the porosity of scaffolding is particularly high. Table 7.2 shows
the properties of different copolymers of PLGA. Boland et al. (2001) electro-
spun PLGA nanofibers (d ¼ 0.15–1.5 mm) from hexafluoroisopropanol
(HFIPA) (1/7 to 1/20 wt%) using a rotating drum collector to obtain
aligned fibrous scaffolds that consequently showed anisotropy in their mech-
anical properties. Tubular constructs of PGA copolymers electrospun onto a
rotating mandrel have been used for in vivo regeneration of neural tissue (Bini
et al. 2004). Nanofibers of PGA were shown to support growth and prolifer-
ation of human bone marrow mesenchymal stem cells (hMSC) (Li, W.-J.,
et al. 2002). Over the first week of growth, the seeded MSC population
increased fivefold on the nanofiber scaffold. Stem cells seeded on the fiber
mat maintained their shape and their growth was guided by the fiber
orientation.

7.2.2.2 Polylactide (PLA) PLA is a relatively hydrophobic polymer
because of the methyl group in its structure and therefore inherently slower
biodegrading compared to PGA. The homopolymer (PLLA) of the naturally
occurring isomer of lactide monomer L-lactide is semicrystalline, has a high
modulus, high strength, and is about 37% crystalline with a glass-transition
temperature of 60–658C. It biodegrades slowly (taking months or even
years to break down). Copolymers of the racemic mixture of D and L
forms (PDLLA) on the other hand are noncrystallizable and therefore tend
to biodegrade much faster compared to PLLA. Random copolymers of
L-lactide and DL-lactide with reduced, controlled levels of crystallinity and
higher rates of biodegradation can also be synthesized. PDLA is obtained
by polymerizing a blend of the D and L forms of the monomer.

Nanofibers of crystalline polymers, however, generally do not display a
high degree of crystallinity in the as-spun condition. Rapid drying of the solu-
tion does not allow crystallite formation during electrospinning, and yields a
lower percentage crystallinity compared to that obtained in slower crystalliza-
tion of the same polymer from melt or solution (Bognitzki et al. 2001a). Zong
and colleagues (Zong, X. H., et al. 2002), using WAXD techniques, deter-
mined that the as-electrospun poly(glycolide-co-lactide) nanofibers were
essentially amorphous but with a high degree of chain orientation. On anneal-
ing at 558C for 24 h, two crystalline peaks at 2u values of 16.48 and 18.78
(associated with a pseudo-orthorhombic unit cell of the a-form of PLLA
crystals) developed. (This general tendency of crystalline polymers to yield
nanofibers of low crystallinity was discussed in Chapter 5.)

Relatively few studies have investigated PLA nanofibers as a scaffolding
material; most have been on its copolymers, particularly with glycolide
(Bini et al. 2006; Bognitzki et al. 2001a; Boland et al. 2006; Gu et al.
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2005; He, W., et al. 2006; Jeun et al. 2007; Kim, K. S., et al. 2003; Spasova et
al. 2007; Yang, F., 2004, 2005; Zong, X. H., et al. 2002). F. Yang et al. (2004,
2005) found neural stem cells to successfully grow and even show a degree of
orientation on nanofiber mats of PLLA electrospun from CH2Cl2/DMF
(70 : 30) solvent. When compared to two-dimensional scaffolding of compar-
able porosity, a twofold improvement in osteoblast attachment to the scaffolds
was obtained (Woo et al. 2003). This was partly a result of the higher surface
capacity of nanofibers to adsorb serum proteins. It has been suggested that
chondrocytes are more biocompatible with nonwoven PLA compared to non-
woven PGA (Sittinger et al. 1996). Copolymers of lactide with caprolactone
(P[LA-CL]) was electrospun into nanofibers by Kwon et al. (2005) who
reported human umbilical vein endothelial cells (HUVECs) to adhere and pro-
liferate on mats with the average fiber diameters ranging from 300 nm to 1.2
mm. Mo et al. (2004) came to a similar conclusion but using muscle cells
and endothelial cells.

7.2.2.3 Poly(1-caprolactone) (PCL) PCL is an aliphatic polyester
with a semi-crystalline morphology synthesized by the ring-opening polymeri-
zation of 1-caprolactone. The polymer biodegrades slowly over a period of
about two years in the body, yielding 1-hydroxycaproic acid as the primary
metabolite. The homopolymer can be easily electrospun from CH2Cl2 or
THF :DMF (1 : 1 v/v) mixture (Li, W.-J., et al. 2005b, 2005c). A limitation
of the homopolymer is its low melting point of only 638C. To enhance the
rate of biodegradation and to modify the mechanical properties, copolymers
of 1-caprolactone (CL) are therefore often used in scaffolding. For
example, copolymers of 1-caprolactone with DL-lactide tend to biodegrade
at comparatively faster rates. Copolymers can be electrospun from a
range of common solvents such as MeOH :CHCl3 (3 : 1 v/v) mixtures

Scheme 7.2
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(Venugopal et al. 2005a), DMF : CHCl3 mixtures (Bölgen et al. 2005),
CHCl3 (Yoshimoto et al. 2003), or acetone (Reneker et al. 2002), to obtain
continuous defect-free nanofiber mats.

PCL and its copolymers can be readily electrospun (Bölgen et al. 2005;
Hsu and Shivkumar 2004a; Jeun et al. 2005; Li, W.-J., et al. 2003; Ma,
Z. W., et al. 2005a; Zhu et al. 2007). Figure 7.9 shows a nanofiber mat of
PCL electrospun from a 10 wt% solution in CHCl3. Mats were seeded with
rat MSCs harvested from femoral bone marrow (Yoshimoto et al. 2003).
The cell suspension (�4 � 106 cells per 50 mL) was centrifuged, the super-
natant discarded, and the cell pellet resuspended in 200 mL of osteogenic

Figure 7.9 Nanofiber mat of poly(1-caprolactone) (PCL) prior to seeding with cells,
demonstrating the high degree of porosity. Average fiber diameter d ¼ 400+200 nm.
Reproduced with permission from Yoshimoto et al. (2003). Copyright 2003. Elsevier.

Figure 7.10 The same fiber mat as in Fig. 7.9, seeded with MSCs from the bone
marrow of rats, after one week of growth. Multiple layers of osteoblast-like cells
adhering to the surface of the fibers are seen. Reproduced with permission from
Yoshimoto et al. (2003). Copyright 2003. Elsevier.
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differentiation medium for seeding experiments. Figure 7.10 illustrates the
adhesion and proliferation of layers of MSCs. Biocompatibility of the coply-
mer [P(LL-CL)] with LL : CL ratio of 3 : 1 electrospun from a 5% acetone sol-
ution was investigated by Mo and colleagues (Mo and Weber 2004; Mo et al.
2004). Smooth muscle cells and endothelial cells grew and proliferated well
on the scaffold.

Unlike with cast films, nanofibers of lactide copolymers do not show
the well-defined peak at 2u � 16.78 generally associated with crystalline
domains of the L-lactide sequences. This lack of crystallinity in the nanofibers
was demonstrated in electrospun copolymers of lactide and glycolide such
as P[LA-GA] (10 : 90) (Zong, X. H., et al. 2003a, 2003b) as well as for the
homopolymers PLLA and PDLA (Zong, X. H., et al. 2002). In the latter
study, shrinkage and loss of porosity of copolymer scaffolds on incubation
in buffer was also studied; these properties are particularly important in
tissue engineering, as changes in dimensional stability and porosity of
implanted scaffolds may seriously impair their performance. Copolymer com-
position controls the percent crystallinity as well as the crystalline morphology
developed in annealed nanofibers and therefore their biodegradation rate as
well. This was illustrated by the dependence of hydrophilicity and biodegrada-
tion rates on the structure in triblock copolymers (PLA-b-PEG-b-PLA) of
different copolymer compositions (Kim, K. S., et al. 2003).

Copolymer with an LLA :CL ratio of 50 : 50 is elastomeric. The elasto-
meric copolymer was recently electrospun from HFP into a tubular scaffold
(Inoguchi et al. 2006) that showed wall-thickness-dependent compliance
when tested under pulsatile pressure. Several [P(LLA-CL)] copolymers
(100/0, 74/26, 50/50, 31/69, 0/100) were also electrospun from 4–11
wt% solutions in CH2Cl2 to obtain nano- and microfabric scaffolds (Kwon

Scheme 7.4

Scheme 7.3
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et al. 2005). The fabrics were characterized with respect to mat porosity and
density in addition to the average fiber diameter d. A much higher degree of
cell proliferation for human umbilical vein endothelial cells (HUVEC) was
obtained with the smaller (d � 300 nm or 1200 nm) fibers as opposed to
mats of the larger d � 7 mm fibers. The same research group also reported
(Kwon and Matsuda 2005) electrospinning of [P(LLA-CL)] copolymer
blends with type I collagen from HFP solutions to obtain nanofibers with
d � 120–520 nm. The mean fiber diameter decreased as the ratio of collagen
to [P(LLA-CL)] ratio was increased. However, TEM images show collagen to
be phase-separated into spherical domains within the nanofiber matrix to form
a dispersed phase within the fibers. Cell infiltration into synthetic biodegrad-
able nanofiber mats [PGA, PLA, and copolymer of (GA/LA)] of comparable
porosity and average pore dimensions, implanted in rats, was poorer compared
to collagen type I nanofiber mats electrospun from HFP solution (Telemeco
et al. 2005). Infiltration in this case was measured over a 7-day period in
terms of the accumulation of endothelial or interstitial cells within the bulk
of the cylindrical scaffolds implanted.

Cell interaction with nanofibers depend also on the chemical nature and
hydrophilicity of their surface (Kim, K. S., et al. 2003). Acid treatment of
the PGA nanofibers (d � 220 nm) with concentrated HCl significantly
increased the proliferation of rat cardiac fibroblasts relative to that on the
untreated nanofiber controls (Boland et al. 2004b). The improved
biocompatibility was attributed to the increased surface hydrophilicity due
to partial acid hydrolysis of fiber surface.5 Modification of the nanofiber
surface to encourage interaction with cells is an important technique in
scaffold design. The biodegradable copolymer poly(1-caprolactone-co-
ethyl ethylene phosphate) [P(CL-EEP)] electrospun from a 21.5% acetone
solution yielded nanofibers with d � 350–1500 nm. The surface of the
fiber was galactosylated by treatment with acrylic acid/UV followed by reac-
tion with 1-O-(6-aminohexyl)-D-galactopyranoside (AHG) to obtain a galac-
tose ligand surface density of 66 nmol/cm2. Galactose ligands mediate
hepatocyte adhesion to the surface via glycoprotein receptor interaction.
Hepatocytes cultured on functionalized scaffolds were similar in physiologi-
cal functions to those cultured on a two-dimensional substrate, but had a
distinctive integrated fiber-spheroid morphology (Chua et al. 2005).

In order to improve scaffolding performance of nanofibers via surface modi-
fication (and to improve their mechanical integrity), fillers are sometimes used
in nanofibers intended for scaffolding. For instance, composite nanofibers of

5Improving biocompatibility by partial hydrolysis of polyesters in scaffolding is well known
(Gao et al. 1998). Hydrolytic pretreatment of the amorphous domains may also reduce the low-
ering of local pH in the scaffolds during early biodegradation, encouraging cell proliferation
(Boland et al. 2004b).
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PCL with 25% or 75% (w/w) of calcium carbonate were seeded with
osteoblasts (Fujihara et al. 2005). Although both samples showed good cell
attachment in the first five days after seeding, thereafter the scaffold with
higher level of CaCO3 showed reduced attachment. Hydroxyapatite (HAP),
the major inorganic component of bone and teeth, is also a particularly well-
studied filler.6 Ito et al. reported the incorporation of HAP on the surface
layers of electrospun microbial polyester poly(3-hydroxy butyrate valerate-co-
3-hydroxyvalerate) (PHBV). Improved hydrophilicity of the scaffold was
shown to enhance porosity and biodegradability of the matrix but no significant
improvement in cell adhesion was observed (Ito et al. 2005). Biomimetic bone
matrices based on electrospun nanofibers of gelatin/HAP (Kim, H.-W., et al.
2005) and PCL/HAP (Thomas et al. 2006) have been explored. Silk fibroin/
PEO nanofiber scaffolds with HAP particles were investigated for their ability
to sustain and proliferate human-bone-marrow-derived MSCs (Li, C. M.,
et al. 2005, 2006). The highest calcium deposition and upregulation of the tran-
scripts levels observed in the study were only achieved when both HAP and
BMP-2 (bone morphogenetic protein) were present in the nanofiber scaffold.

In implanted scaffolding, too high a rate of degradation may potentially
impair cell proliferation, and too slow a rate may slow down the integration
of the implant into the surrounding tissue. Selecting a polymer material
with a compatible rate of degradation is therefore important. Tuan’s group
(Li, W.-J., et al. 2005a, 2006) studied hydrolytic degradation of various
poly(a-hydroxyester) nanofiber mats in PBS over 42-day period of exposure.
Based on previously published data based on shorter duration studies taken
together (Li, W.-J., et al. 2006; You et al. 2005b; Zong, X. H., et al.
2003b), common biodegradable synthetic polymers can be arranged as
follows (in ascending order of their relative biodegradability):

PCL , PLA , PGA , PDLLA , PLGA(85 : 15) , PLGA(75 : 25)

, PLGA(50 : 50):

However, these rates of breakdown are invariably dependent on the percent
crystallinity, crystalline morphology, the average molecular weight of the
polymer as well as on fiber diameter and mat thickness (You et al. 2005b).

Polymers that are not biodegradable in physiological environments
have also been electrospun and evaluated as scaffolds for tissue engineering
applications. With only limited interest in these polymers, relatively few
examples are available in the literature. Some recent examples include

6Hydroxyapatite [Ca5(PO4)3(OH)] can be made into an inorganic nanofiber mat by electrospin-
ning an inorganic precursor mixture of a calcium salt, triethoxy phosphine, and a polymer,
followed by calcinations (Wu et al. 2004).
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endothelial cells grown on poly(ethylene terephthalate) (PET) nanofibers
grafted with polyacrylate functionalities (Ma, P. X., et al. 2004; Ma, Z. W.,
et al. 2005d), smooth muscle cells grown on polystyrene nanofibers (Baker
et al. 2006), human vascular endothelial cell growth on polyurethane nanofi-
ber surfaces electrospun on wet-spun PCL vascular scaffolds (Williamson
et al. 2006), and fibroblasts or kidney cells grown on polyamide nanofiber
scaffolds (Schindler et al. 2005).

7.2.3 Scaffolding with Stem Cells

A particularly exciting recent development is the successful culture of stem
cells on biodegradable nanofiber scaffolding. The utility of embryonic and
adult stem cells7 and their potential applications in regenerative medicine
are well known (Lin 1997; Tuan et al. 2003). These are able to differentiate
in response to chemical cues yielding different types of tissue such as adipose,
cartilage, bone or muscle. Ideally, these are pluripotent, quiescent, undifferen-
tiated cells that can be triggered by chemical and physical cues to undergo
lineage-specific differentiation. In tissue such as bone, consisting of several
different types of cells patterned in specific geometries, the use of stem cells
for tissue engineering can have a decided advantage. Using autologous tissue
on a biodegradable scaffold can avoid immunorejection of scaffolds. Although
a range of engineered tissue phenotypes derived from stem cells, particularly
MSCs, is available, a corresponding range of scaffolds capable of accommodat-
ing and optimally nurturing them are yet to be developed (Xin et al. 2007).

Ideal scaffolding not only supports cell growth but also controls their
differentiation into a multiphase tissue supporting different cell types self-
organized appropriately. Adult trabecular bone, bone marrow, muscle, and
fat tissue as well as chord blood (or amniotic fluid) contain MSCs or
“stem-like” multipotent progenitor cells that can potentially differentiate
into a host of different tissue types such as cartilage, bone, muscle, tendon,
and ligament under appropriate physiological conditions. Inclusion of auto-
logous stem cells in biodegradable nanofiber scaffolding to facilitate their
development and differentiation into multiple cell types in a lineage-specific
manner is particularly attractive.8 This is an emerging research area with
only a very limited number of published reports.

7The term “stem cell” is used generically and somewhat loosely in this discussion to include
true pluripotent stem cells, progenitors of limited potency (monopotent and bipotent) perhaps
determined by the tissue they reside in (Tuan et al. 2003).
8Multiphase tissue can be bioengineered by combining tissue types grown separately in vitro
from stem cells, and subsequently combined into a single implantable construct.
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A comparison of the effectiveness of nanofiber mats and thin films in sup-
porting stem cell growth was recently carried out using surface-functionalized
poly(ethersulfone) (PES). Acrylic acid was first photografted onto the surface
of nanofibers (average d � 529 nm) and the 22COOH functionalized mats
were then conjugated with ethylene diamine (EtDA) using a two-step carbo-
diimide crosslinking reaction. In studies using hematopoietic stem/progenitor
cells (HSPCs), aminated nanofibers (56.2+12.6 mmol/cm2 coverage) were
shown to support a relatively higher degree of cell attachment and expansion
of cells ex vivo (Chua et al. 2006). Figure 7.11 shows images of HSPCs
growing on film and a nanofiber surface; in the latter case filopodia emanating
from the cells are seen to interact with the fiber.

Studies on the growth of adipose-derived stem cells on nanofibers of PLLA
copolymer for neural tissue engineering (Yang, F., et al. 2004), human
mesenchymal stem cells (hMSCs) on PCL for cartilage repair (Li, W.-J.,
et al. 2005c), MSCs derived from neonatal rats on PCL for bone tissue for-
mation (Shin et al. 2004b; Yoshimoto et al. 2003), and neural stem cells on
PLLA (Yang, F., et al. 2004), all on nanofiber scaffolding, have been reported
in the literature. The Table 7.3 lists polymer nanofibers successfully demon-
strated as scaffolding to support the growth of stem cells.

Successful differentiation of cell types can be established by assays that
show upregulated gene expression and in some instances by histochemical
studies of the seeded cells supporting the development of appropriate cell
types. Li and colleagues (Li, W.-J., et al. 2005b) demonstrated gene
expression consistent with differentiation of hMSCs from a single source
into adipogenic, chondrogenic, and osteogenic lineages when cultured
in vitro on PCL nanofiber scaffolding. TGF-b1 directed chondrogenesis of
the progenitor cells showed upregulated expression of aggrecan and Col II
transcripts and downregulated expression of ColX. Chondrogenesis yielded

Figure 7.11 (a) Human umbilical chord-blood HSPCs growing on electrospun PES
nanofibers (surface modified by amination) after 10 days of growth. (b) An enlarged
view of the cells showing filopodia from the cells interacting with fibers (see white
arrows). (c) The same cells growing on surface-aminated PES thin film.
Reproduced with permission from Chua et al. (2006). Copyright 2006. Elsevier.
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cartilage-like morphologies, containing chondrocytes surrounded by abun-
dent cartilagenous ECM (Li, W.-J., et al. 2003, 2005b). With adipogenic
cells, histochemical examination showed oil-like globules (in addition to
the evidence from gene expression) suggestive of morphogenesis (Kang et
al. 2007). Similar data are available for differentiation of hMSCs from
bone marrow cultured in vitro on PCL nanofiber scaffolding (Li, W.-J.,
et al. 2005c). Particularly interesting is the potential biodegradable nanofiber
scaffolding seeded with neural stem cells to repair damage to the nervous
system. A multipotent neural stem cell line (C-17) not only supported the
differentiation of the stem cells into neurites, but also promoted cell adhesion
(Yang, F., et al. 2004). Although general observations such as the relationship
between fiber characteristics and cell proliferation patterns have been reported
(Badami et al. 2006), research has not progressed to a point to allow a full
assessment of the clinical potential of this approach.

7.3 OTHER APPLICATIONS

7.3.1 Wound Care Applications

Skin, the largest organ in the body, provides the first line of defense against
infection. Damage to skin due to trauma (particularly burns), although
capable of self-repair, often requires immediate medical intervention depend-
ing on severity. Wound dressings serve to protect the wound bed from
contamination or infection and remove from the bed any exudates generated
during the healing process. Natural wound healing initiates with platelet
adhesion, vascular constriction (to limit blood loss) and leucocytemobilization
at the site of wound, resulting in inflammation and clot formation.
Debridement by lytic enzymes removes any dead tissue, allowing the repair
phase to set inwith scab formation, fibrillar development, and epithelialization.

TABLE 7.3 Some biodegradable polymer nanofiber scaffolds supporting
stem cell growth

Polymer Solvent Fiber d (nm) Stem Cella Reference

PLLA CH2Cl2 400–4000 hMSC Boudriot et al. (2005)
PLLA CH2Cl2/DMF (70/30) 150–350 NSC Yang, F., et al. (2004)
Silk fibroin LiBr solution 700+50 hBMSC Jin et al. (2004)
PCL CHCl3 (10%) 400+ 200 rMSC Yoshimoto et al. (2003)
PCL THF :DMF (1 : 1) 500–900 hBMSC Li, W.-J., et al. (2005c)
PCL THF :DMF (1 : 1) 700 hMSC Li, W.-J., et al. (2005b)

ahMSC, human mesenchymal stem cells; hBMSC, human bone marrow stromal cells; rMSC, mesenchy-
mal stem cells from bone marrow of rats; NSC, neural stem cell line.
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This is followed by a maturation phase where laying down and crosslinking of
collagen ECM fibers slowly occurs. A desirable wound dressing will therefore
have high mechanical integrity, good gas exchange capabilities, will be non-
occluding, and be sufficiently sorbant for exudate control. Although the
presence of some amount of exudate promotes rapid wound healing and
maintains a moist wound surface, lowering the rate of infection, excessive
exudate needs to be removed from the bed (Matsuda et al. 1993; Simpson
et al. 2006). Patents describing the direct electrospinning or nanofibers onto
the surface of the skin and wounds have been issued.9

Nanofiber mats of selected polymers possess most of these characteristics
as discussed above under scaffolding and controlled release applications
(Ji et al. 2005a). These same biodegradable polymers used in scaffolding
applications therefore also find use as wound dressings (Błasińska et al.
2004a; Jin et al. 2002; Katti et al. 2004; Khil et al. 2003). Some of these
have been shown to also support the proliferation of keratinocytes (Min
et al. 2004a, 2004b, 2004d; Rho et al. 2006). The desirable characteristics
of biodegradable mats (seeded appropriately with dermal fibroblasts) in
wound care applications have resulted in these being suggested as dermal sub-
stitute (or artificial skin) (Venugopal et al. 2006). However, electrospun syn-
thetic polymers including nonbiodegradable polymers (Kenawy et al. 2002,
2003; Khil et al. 2003) have also been suggested for the same application.

Collagen nanofiber mats are reported to have particularly good wound
healing properties (Huang, L., et al. 2001a, 2001b). In wound dressing appli-
cations, high mechanical integrity of the nanofiber mats is important.
Collagen can be electrospun into porous fiber mats that can be crosslinked
to increase its dimensional stability for use as a dressing. Vapor or liquid
phase reaction of the as-spun mat with glutaraldehyde followed by deactiva-
tion of any residual aldehyde groups by immersion in 0.1 M glycine yielded a
mat of tensile strength (�10MPa) comparable to commercial tissue regener-
ation membranes, but with a slight reduction in porosity (Rho et al. 2006).
The collagen scaffold coated with either collagen type 1 (uncrosslinked) or
laminin generally show enhanced cell attachment and spreading compared
to uncoated mats (Rho et al. 2006). The early stages of wound healing
were accelerated when these were used as a wound dressing in rat models.

Some of the synthetic polymers used in scaffolding application are also
likely to be good candidates for wound dressings. Combining the controlled
delivery capabilities of such scaffolds with the gauze-like qualities of conven-
tional dressings has been exploited (Huang and Yang 2006; Huang and

9D. J. Smith, C. Mello, D. H. Reneker, A. T. McManus, H. L. Schreuder-Gibson, and M. S.
Sennett (2004). “Electrospun fibers and an apparatus therefor.” US patent # 6753454, issued
on June 22, 2004.
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Zhang 2005; Ignatova et al. 2007). A simple example is a nanofiber mat
where the PVA nanofibers carry Ag nanoparticles that impart an antibacterial
characteristic to the fiber mat (Hong, K. H., et al. 2006; Hong, K. H. 2007).
Katti et al. (2004) suggested the use of a PLAGA (LA and GA 50 : 50) nano-
fiber mat with up to 30% (w/w) of the drug cefazolin (antibiotic) as a wound
dressing. With porous nanofiber mats of PLGA or dextran/PLGA scaffolds,
the dermal fibroblasts were reported to assemble into dense multilayer struc-
tures mimicking a dermal microstructure (Pan and Jiang 2006). Medical-
grade polyurethane (Mw ¼ 110,000 g/mol) electrospun from 25% w/v
DMF/THF solvent mixtures has also been evaluated as a wound dressing
material in guinea pig models. These dressings were found to promote
faster healing compared to a commercial permeable wound dressing mem-
brane also made of polyurethane (Khil et al. 2003). Sun et al. (2005) found
that polystyrene nanofiber mats seeded with keratinocytes, endothelial cells,
and skin fibroblasts and cultured at an air–liquid interface self-organized,
mimicking the native epidermal–dermal arrangement.

7.3.2 Immobilized Bioactive Moieties on Nanofibers

The high specific surface area of nanofibers allows surface loading of the fiber
with bioactive compounds to yield effective biocatalytic materials (Da Silva
et al. 2004; Wu, X. H., et al. 2006). Bioactive molecules may be attached
physically or chemically to the fiber surface; lipase can be adsorbed on to
poly(acrylic acid)-grafted cellulose nanofibers (Chen and Hsieh 2004) or
covalently linked to cellulose nanofibers (Wang and Hsieh 2004), PAN nano-
fibers (Lu et al. 2007) or to a P(AN-MA) nanofiber surface (Ye et al. 2006).
Using nanofiber mats surface-functionalized for biological activity in this
manner is beneficial over using native bioactive agent in solution or using
them as nanoparticles of equivalent surface area per unit mass. Unlike
with homogeneous liquid-phase reactions, the use of nanofibrous catalysts
allows facile separation of the catalyst from the reaction mixture. In some
instances, where the native bioagent is not well solubilized in the reaction
medium, the molecule tethered to a nanofiber surface can yield surprisingly
high rates of reaction. Comparison of the catalytic activity of film-
immobilized and nanofiber-immobilized lipases, for instance, shows the
latter to have a relatively higher stability as well as higher catalytic activity
(Nakane et al. 2005).

The approach is illustrated by a-chymotrypsin functionalized polystyrene
nanofibers. The catalytic effectiveness of nanofibers with 27.4% of surface
coverage by a monolayer of enzyme was reported to be 65% of that of the
native enzyme when aqueous n-succinyl-ala-ala-pro-phe p-nitroanilide
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(SAAPPN) was used as the substrate. In organic solvents, however, the nano-
fiber-enzyme displayed activities that were three orders of magnitude higher
compared to its native counterpart (Jin et al. 2002). Others have reported
5.6% loading of the same enzyme on silk fibroin nanofibers to retain 90%
of the original enzyme activity (Lee, K. H., et al. 2005). Kim, B. C., et al.
(2005) used a novel two-step approach to achieve loadings that are even
higher than that corresponding to the maximum monolayer coverage of the
nanofibers. As demonstrated with chymotrypsin, seed enzyme was first
attached to nanofibers of PS and poly(styrene-co-maleic anhydride)
[P(S-MA)], followed by a glutaraldehyde (GA) crosslinking step to bind
additional enzyme molecules and aggregates from the solution onto the
covalently attached seed enzyme molecules on the nanofiber. Compared to
a nanofiber simply coated with a layer of the enzyme, these nanofibers
with a higher loading of chymotrypsin aggregates showed a ninefold increase
in enzyme activity.

Wang and colleagues studied the functionalization of composite nanofibers
of poly(acrylonitrile-co-acrylic acid) [P(AN-AA)] and multiwalled
carbon nanotubes (MWCNTs) by attaching catalase (hydrogen peroxide
oxido-reductase from bovine liver) onto the carbon nanotube surface.
The activity of the catalase was reported to increase by about 42% with
increasing MWCNT content in the composite nanofiber and was attributed
to promotion of electron transfer via charge-transfer complexes formed by
carbon nanotubes (Wang, Z.-G., et al. 2006).

Table 7.4 shows selected recent studies on electrospun nanofibers that have
attached surface biofunctionalities.

TABLE 7.4 Some examples of surface functionalization of polymer
nanofibers with enzymes

Polymer Functionality Loading Substrated Reference

PS a-Chymotrypsin 1.4% w/w SAAPPNa Jia et al. (2002)
PS-co-maleic acid a-Chymotrypsin Aggregate SAAPPNa Kim, B. C., et al.

(2005)
Silk fibroin a-Chymotrypsin 5.6% w/w BTPNAb Lee, K. H., et al.

(2005)
Cellulose acetate Triacylglycerol

lipase
�1.8% Olive oil Wang and Hsieh

(2004)
PVA Lipase Citranellolc Nakane et al.

(2005)

an-succinyl-ala-ala-pro-phe p-nitroanilide.
bN-benzoyl-D,L-tyrosine-p-nitroanilide hydrochloride.
cEsterification of citranellol by acetic acid.
dSubstrate used to test efficacy of enzyme.
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7.4 FUTURE DIRECTIONS

Advances in biomedical applications of nanomaterials require a multi-
disciplinary research orientation with a focus on both the engineering
aspects of nanofiber mats as well as their biological interactions at the
implant site. W.-J. Li et al. (2005a) suggest two promising directions for
future research: bioactivation and incorporation of controlled release function-
ality into polymers.

The possibility of stem cells on nanofiber scaffolds undergoing multi-
lineage differentiation is beginning to be experimentally demonstrated
(Li, W.-J., et al. 2005b). Successful cell proliferation and growth is mediated
by specific binding sequences such as the RGD containing the motif (Arg-
Gly-Asp) for integrin binding. Bioactivation of nanofiber surfaces by incor-
porating such motifs is a promising strategy towards high-efficiency bioactive
materials. Controlled delivery of factors such as TGF-b1, insulin-like growth
factor (IGF), platelet-derived growth factor (PDGF), fibroblast growth factors
(FGFs), bone morphogenic protein (BMP-2), vascular endothelial growth
factors (VEGFs) and other angiogenic stimulators via the scaffold itself to
the growing tissue can regulate cell proliferation and differentiation in a con-
trolled manner. Recent patents also suggest the use of nanofiber mats to
deliver nitric oxide (NO) in wound care and other medical applications
[WO 04094050 (2004) and WO 06096572 (2006)]. Inclusion of such biologi-
cal cues in addition to the physical cues (in terms of porosity and fiber mor-
phology) in the scaffolds is already being explored. This has been
demonstrated with TGF-b1 release from PCL scaffolds facilitating chondro-
genesis in hMSC on the scaffold (Li, W.-J., et al. 2005c). However, ideally,
multiple growth factors need to be released at different rates at different
durations and the design of such devices will be challenging. It is perhaps
a challenge that can be met using multicomponent fiber mats. Particularly
intriguing is the report by Lee and colleagues (Lee, S.-W. and Belcher
2004) that M-13 virus could be electrospun by itself and as composite
nanofibers of PVP/M-13, could still infect bacterial hosts after re-suspension
in a buffer. Anti-streptavidin M-13 bacteriophage (virus), possessing an
engineered peptide sequence, was used with or without conjugation with
R-phycoerythrin as the basic building block to fabricate micro- and nanoscale
fibers. It is conceivable that scaffolding that releases DNA in a controlled
manner can concurrently transfect the cells proliferating on the scaffold,
affording an additional design dimension in tissue engineering.

A review of the literature suggests materials selection criteria for
scaffold design needs to be guided by both the chemical nature of the
polymer and the physical characteristics of the nanofiber mat (Dong, W.,
et al. 2006). The various polymers electrospun into nanofibrous and
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evaluated as tissue engineering materials are compiled in Appendix I.
However, in cell–nanofiber interactions as well as in controlled release
modalities, nanofiber mat characteristics play a crucial role in determining
functionality. Parameters such as the fiber diameter distribution, fiber
surface morphology and the porosity (fraction of free space in the construct)
as well as pore size distribution are particularly important in determining
their performance.
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8

APPLICATIONS OF
NANOFIBER MATS

Filtration is the leading nonbiomedical application of electrospun nanofibers,
with products containing layers of nanofibers already in the marketplace. It is
also one of the areas where nanofibers are likely to make a significant and
lasting impact. This chapter will discuss the application of nanofiber mats
as air filters, emphasizing their advantages over conventional fiber mat micro-
fibers. Another emerging application area for nanofibers is in sensors for
sense chemical and biological agents including the growing number of
toxic industrial chemicals (TICs). Their high specific surface area is a particu-
lar advantage when using nanofibers in this application area. In nearly all
application areas the fragility of organic nanofibers and their temperature sen-
sitivity limits their use. In catalysis applications, for instance, the substrate gas
streams that need to be processed or the liquid-phase reactions that need to be
catalyzed are at relatively high temperatures. The use of inorganic nanofibers,
including metal and metal oxide nanofibers, can therefore be of particular
value in such applications. This chapter reviews these application areas as
well with illustrations from recent electrospinning literature.

8.1 INTRODUCTION TO AIR FILTRATION

The hazard to human health from exposure to air-borne dust is primarily due
to the smaller particles with aerodynamic diameters of less than a few
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micrometers. Inhaled small particles including nanoparticles are well known
to lodge deeper in the lungs causing asthma-like symptoms and other compli-
cations. The simplest means of removing these aerosols from air is by
filtration. Filters are used in diverse applications including personal masks
for inhalation protection, air cleaning of industrial effluents, in electronic
equipment and in maintaining clean room manufacturing environments.
Despite the popularity of the approach and relatively simple engineering con-
struction of filters, their aerosol collection efficiencies are not easily predict-
able from fundamental considerations because of the inability to precisely
measure the detailed properties of the filters. However, the collection mech-
anisms for conventional fiber-based filters are well established and assuming
the individual mechanisms to be additive, semi-empirical theoretical
equations can be developed using statistical fits to experimental data.
A well-designed filter needs to be of desired efficiency in removing particles
from the air stream and have other characteristics such as the dust loading
capacity and durability suitable for particular applications. The required effi-
ciency can simply be achieved by making the filter thicker. However, the filter
might then be of little use because invariably the pressure drop obtained
increases with thickness (unless the solidity is reduced to compensate for
this, but then only at the expense of increased particle penetration).
Therefore, a balance needs to be maintained between the efficiency in particle
removal and the pressure drop associated with the filter.

Nanofiber mats, because of the small fiber diameter, are very well suited
for air filtration providing that sufficiently low solidity and mechanical
strength can be obtained. The range of particle sizes that need to be separated
from an air stream can be quite broad, ranging from environmentally relevant
large particles such as PM-10 (particulate matter with aerodynamic diameter
smaller than 10mm), all the way down to engineered nanoparticles only
several nanometers in diameter. The dynamics of nanoparticles suspended
in a gas is very different from that of microparticles; the behavior of nanopar-
ticles tends to be dominated by Brownian motion, and they behave more like
molecular gases diffusing through the air. Filtration models, however, address
only the simpler case of spherical particles. Engineered nanoparticles such as
nanotubes as well as biological aerosols such as bacteria can have an aspect
ratio greater than unity and therefore their filtration will be incompletely
described by such models. In filtering bioaerosols in military and homeland
security applications the filtration efficiencies based on conventional
models must be regarded as being approximate estimates.1 Although very

1The penetration of spherical polystyrene latex particles was higher than that for M. chelone, a
rod-shaped bacterium, in tests carried out on N95 respirators, although the two particles are of
comparable aerodynamic size (Qian et al. 1998).
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useful for understanding filter performance and in designing of filtration
approaches, filter models are no substitutes for experimental data in specific
applications. Testing the filters with aerosols representative of the actual
application is critical before filters are placed in service. Furthermore, in prac-
tice, nonparticulate constituents in the stream such as volatile organic com-
pounds (VOCs) or moisture may affect the electrostatic charge, or increase
the fiber diameters by swelling the polymer fibers, further affecting their pre-
dicted performance. In the case of personal protection filters the “fit factor” or
the degree of face-fitting attained by a respirator very significantly affects the
protection afforded (Han 2002; Janssen et al. 2002).

The removal of particles by a fibrous filter relies on five main mechanisms,
of which four are discussed here2:

1. Interception. A particle approaching the fibers’ surface to a distance
equal to or less than its radius (rparticle), or within the contact range of
the fiber, without crossing a flow streamline tends to adhere to and
deposit on the surface. It is an important mechanism for particles
larger than about 100 nm, and its effectiveness depends on the ratio
of particle diameter to the fiber diameter. If the interfiber distance or
the porosity of the mat is smaller than the particle diameter dp, then a
special case of interception or particle sieving occurs, but this is
usually not an important mechanism in air or gas filtration.

2. Impaction. The path of airflow results in a curvature of streamlines in
the vicinity of a fiber. Because of their inertia (at high enough particle
velocities), particles cross the streamlines, impact on the nanofibers, and
are deposited on them. This mechanism too is normally important for
particles larger than a few hundred nanometers.

3. Diffusion. Smaller particles exhibit Brownian motion and collide into
fibrous media by random movement and are collected on it. As these par-
ticles diffuse randomly they traverse distances far exceeding their diameters.
Therefore attachment and collection can occur whether airflow streamlines
bring a particlewithin a single diameter of afiberor not. Lower air velocities
increase the removal of small particles by diffusion because they spend
more time in the vicinity of a fiber. This mechanism usually dominates
filter performance for particle diameters smaller than 100 nm.

4. Electrostatic attraction. If either the particles or the fiber (or both)
possesses a surface charge, electrostatic interaction can occur.
Charged particles are attracted to and are retained on the surface of a

2Gravitational deposition is also sometimes included in this list. The trajectories of the particles
deviate from the streamline course due to gravity and are intercepted by nanofibers. With nano-
particles, the gravitational contribution is very small.
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fiber that carries the opposite surface charge; those with similar charges
are repelled. Particles in air streams may acquire charges from a number
of mechanisms, including triboelectric effects (friction), which allow
them to be electrostatically collected on fiber surfaces. The deposition
mechanism in this case is similar to that in electrostatic precipitators
used in air cleaning, with the exception that a corona discharge is
used to charge the particles. Electrostatic augmentation by using an
external electric field on the filter mat can enhance such attraction by
induction. Electrostatically charged polymer fiber filters that retain
their charge over the long term are commercially available.

The importance of these different mechanisms (Fig. 8.1) to overall filtration
is a function primarily of the average particle size (Ensor et al. 2003).
Moderate- to high-efficiency performance can be qualitatively understood
considering only the combined efficiency of interception, EI and of diffusion,
ED (assuming impaction to contribute negligibly at practical air velocities
through the filter). With larger particles, EI is large, but falls off as the size
decreases, but at very small particle sizes, ED is large and falls off as particle
size increases. This results in the typical efficiency curve for a high-efficiency
filter where a minimum in efficiency (or a most-penetrating particle size,
MPPS) occurs at particle dimensions where EI and ED cross over (Fig. 8.2).

The efficiency of a filter depends on fiber diameter df (or the dimensionless
projected area S ) and the single fiber efficiency ES (Davies 1973):

Efficiency E ¼ 1� exp[�(ESS)] (8:1)
where

ES ¼ EI þ ED,

S ¼ 4La=[p (1� a)df ],

Figure 8.1 Illustration of three mechanisms involved in air filtration. (Courtesy of
DHHS (NIOSH), Publication No. 2003-136.)
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and L (mm) is the length or depth of the filter media in the direction of
air flow, a is the volume packing density or solidity of the filter media, and
df (mm) is the fiber diameter. The single fiber efficiency E of collecting mono-
disperseparticlesunder low-velocityflow is the sumofEI andED.Theefficiency
due to the diffusional mechanism is given by (Matteson and Orr 1987)

ED ¼ 1:6125[(1� a)=FK]
1=3P�2=3

e , (8:2)

where FK is a hydrodynamic factor that depends on the volume packing density
and Pe is the Peclet number, which is a measure of diffusional deposition and is
given by

Pe ¼ (1� 106)U(df=D): (8:3)

Figure 8.2 (a) Theoretical expectation of efficiency of an air filter vs particle size.
(b) The change in particle collection efficiency on fiber diameter at different face
velocities. (Courtesy of DHHS (NIOSH), Publication No. 2003-136.)
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Here, U is the face velocity in m/s and D is the diffusion coefficient of the
particle (m2/s). The Peclet number decreases with fiber diameter, illustrating
the advantage of nanofibers in this mode of particle deposition. The diffusion
coefficient is given by

D ¼ kTCc

3phdp
, (8:4)

where k is the Boltzmann constant, T is absolute temperature, dp is particle
diameter (mm), h is viscosity, and Cc is the Cunningham slip correction
factor, which depends on the ratio of the mean free path of air molecules to
the radius of the particle.

One of the assumptions of continuum fluid dynamics is that the velocity of
the fluid at the surface of the particle surface is zero. However, as the size of the
particles approaches molecular dimensions, this assumption becomes increas-
ingly unreasonable. The first slip correction factors were developed by
Cunningham to take this into account. The correction factor Cc is given by

Cc ¼ 1þ Kn
2

2:514þ 0:800 exp �1:1
1
Kn

� �� �
, (8:5)

where Kn is the Knudsen number (2l/dp) and l is the mean free path of the gas
molecules.

The interception efficiency EI was shown to be given as follows (Liu and
Rubow 1986)

EI ¼ [(1� a)=1FK] [N
2=(1þ N)], (8:6)

where 1/1 is an empirical factor to correct for filter inhomogeneity and
N ¼ dp/df. In this equation, it is assumed that both N and a are small. The
efficiency of a filter with multiple fiber diameters is then simply the sum of
the single fiber efficiencies:

ES ¼ SESiSi: (8:7)

The impact of nanofibers on filtration is based on how these basic
mechanisms are modified when the fiber diameters are reduced. As the
fiber diameter decreases the filtration efficiency increases because diffusion
and interception mechanisms are enhanced (equations (8.2) and (8.6)). Not
surprisingly, nanofiber mats easily outperform conventional high-efficiency
media in filtration of submicrometer (and larger) particles from air or gas
streams (Park and Park 2005).

230 APPLICATIONS OF NANOFIBER MATS



An additional consideration is that for fibers of nanoscale dimensions the
gas stream itself cannot be treated as a continuum and its molecular nature
needs to be taken into account in the same way as with the nanoscale particles
described above. As the value of Kn becomes significant, the continuum
assumption of gas at the surface of the fiber no longer applies (Devienne
1958). The velocity of gas at the fiber surface is no longer assumed to be
zero, resulting in “slip flow.” This results in a reduced drag force at the
surface relative to the slip-free flow (Graham et al. 2002), and in air filtration.
This translates into a lower pressure drop (Fig. 8.3). Also, the associated
increased contact of air (and therefore the particles) with the fiber surface
results in higher efficiencies of impaction, interception, and diffusion. The
increased filtration efficiency results from relatively more air and therefore
more particles flowing closer to the fiber surface. Given that lf � 66 nm, a
fiber of d ¼ 60 nm (assuming that a fiber of this diameter could be success-
fully made into a filter mat), leads to values of Kn � 2; nanofibers in air
filters are therefore likely to operate in the so-called transition range
between the free molecular flow regime (Devienne 1958) of Kn.10 and con-
tinuum flow where Kn , 1.

Although several mathematical treatments model the gas flow in filters
under free molecular flow conditions, their detailed discussion is beyond
the scope of this chapter. In order for a filter to perform in the free molecular
regime the ambient pressure would need to be much less than atmospheric or
the fibers would need to be on the order of 10 nm. However, these models

Figure 8.3 Schematic illustrating (a) nonslip flow and (b) slip flow of air at the fiber
surface. Redrawn from Graham et al. (2002).
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generally suggest that (1) the pressure drop Dp in the regime varies with gas
viscosity, velocity, and filter mat thickness as it does in the continuum region;
(2) Dp � a (where a is the packing density of the filter3), meaning that as the
porosity of the nanofiber mat increases the pressure drop Dp will decrease;
(3) Dp � 1/df in this region (where df is the nanofiber diameter); and (4) at
constant temperature, Dp decreases linearly with decreasing pressure p
(Pich 1987).

8.1.1 Nanofiber Filter Performance

The filtration efficiency of different fibrous filters needs to be compared at the
same basis weight4 of the filter medium. Although only limited data have
been published, these all agree that nanofiber mats afford superior filter
performance compared to conventional filters (Ensor et al. 2006; Graham
et al. 2002; Tsai et al. 2002) and that filter efficiency improves as fiber
diameter decreases (Park and Park 2005). Electrospun nanofibers of
poly(ethylene oxide) (PEO) (spun from 10% in isopropanol/water solution)
having average fiber diameters in the range of 100–500 nm, for instance,
showed filtration efficiencies comparable to high efficiency particulate air
(HEPA) filters at a basis weight of only 16 g/m2 (Tsai et al. 2002). As the
fiber diameter is decreased, the effectiveness of removal of submicron par-
ticles by interception also increases significantly. The resulting shift in the
most penetrating particle size (MPPS) has been modeled (Podgórski
et al. 2006).

A practical measure of filter efficiency must take into account both the
penetration of particles across the filter, Pt (i.e., the ratio of particles upstream
of the filter to that exiting the opposite surface of the filter downstream)
and the pressure drop DP across the filter at a given face velocity. Note that
Pt ¼ 12E. A figure of merit (FoM) for the filter can then be defined as

FoM ¼ � log(Pt)=DP: (8:8)

Numerically, the value of FoM is the gradient of the log-linear plot of
penetration vs the pressure drop at constant face velocity. Various phenom-
ena, such as the magnitude of the slip correction factor discussed in the pre-
vious sections, tend to increase the FoM as the average fiber diameter is
decreased. Ensor et al. (2006) reported the FoM for nanofiber mats to be

3In Chapter 5, where porosity of nanofiber mats is discussed, the quantity a is the same as
P – 1, where P is the total porosity of the mat.
4Basis weight is the weight per unit area of the material. It is related to the porosity of the
material P (see Chapter 5). It can be shown that P ¼ [1000 . rpol . thickness of mat (mm)];
basis weight (g/sq . m).
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much higher than that for HEPA and ULPA (ultra-low penetration air) filters,
when tested under the same conditions (Table 8.1).

The improvement in performance reported for these filters even in these
preliminary experiments is very significant. Despite the unavoidable scatter
in data due to variation in packing density and filter thickness, the perform-
ance of nanofiber filters appears to well surpass that of the commercial fiber-
glass utility filters. Optimistically, the best data in the table suggest as much as
an order of magnitude improvement in FoM for nanofiber mats over HEPA
filters. The relative contributions of slip and electrostatic effects to the
reported filter performance have not been totally assessed and may depend
on the conditions used to electrospin each filter mat. It has been estimated
that the contribution of electrostatics to the FoM is about 20%.

8.1.2 Filters with Nanofibers

The effectiveness of incorporating a nanofiber layer on conventional
filter media has been recognized for some time in the air filter industry.
Typically, these applications have been for dust removal and the media has
demonstrated robustness for a wide range of applications. Industry leaders
such as Donaldson Company (Minneapolis, MN 55431) routinely manufac-
ture air filters with a nanofiber component in them (Graham et al. 2002).
Nanofibers are included in commercial filters to serve two purposes:

† When applied as a thin layer over conventional media nanofibers
enhance their filtration efficiency.

TABLE 8.1 Filtration efficiencies for electrospun nanofiber mats of
polysulfone compared to commercial HEPA and ULPA filter paper

Filter Type Designation DP (Pa) Penetration FoM (kPa21)a

HEPA Lydall 213 349 3.0 � 1025 13
HEPA HV 5433 311 1.7 � 1024 12
ULPA Lydall 252 510 8.4 � 1027 12
Nanofiber PSU 55 100 7.5 � 1026 52

PSU 60 147 �5 � 1027 48
PSU 65 42.3 5.7 � 1023 53
PSU 66 18.7 4.3 � 1023 127
PSU 74 60.5 1.3 � 1024 64
PSU 77 48.3 4.2 � 1026 113
PSU 89 31.9 2.9 � 1024 111

aTested with 300 nm KCl particles at a face velocity of 5.33 cm/s.
Source: Ensor et al. 2006.
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† Layers of nanofiber on the surface improve surface dust loading charac-
teristics of the media (Kalayci et al. 2006).

In the latter function, nanofibers prevent larger dust particles from clogging
the conventional filter media during surface loading and enable facile
cleaning of filters by means of backward pulsing or vibration. Essentially,
the larger particles are retained by the nanofiber mat and do not reach the
media. This prescreening by nanofibers lets a fraction of very small particles
through to the conventional microfibers where the efficient Brownian
diffusion mechanism removes them. Experimental data on meltblown
nanofiber filters tested as a layer over conventional microfiber filter media,
found improvements in the FoM of 2.7 times (for d ¼ 1.18 mm) (Podgórski
et al. 2006).

The solidity (rather than its overall thickness) is a key parameter defining
efficiency of a filter. Increasing the solidity of the filter results in an
increase in the pressure drop as the drag increases, and also an increase in

Figure 8.4 (a) SEM image of a layer of nanofibers with spacer particles on a layer of
conventional media. (b) Topographic view of spacer particles in the nanofiber layer.
Reproduced with permission from Kalayci et al. (2006). Copyright 2006. The Filtration
Society. (c) The change in FoM and efficiency as a function of nanofiber content.
Redrawn from Kalayci et al. (2006). Filled symbols denote FoM and open symbols the
efficiency. In each set, the mat with glass spheres show the higher values.
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the single-fiber efficiencies EI and ED. Kalayci and colleagues concluded that
at least in the vicinity of the most penetrating particle size, the former
increases at a relatively faster rate and the FoM of the filter decreases with
increasing solidity (Kalayci et al. 2006). However, this may be reversed at
larger particle sizes. A practical way to decrease solidity and increase the per-
meability (and capture efficiency as well) is to use a spacer material to ensure
that nanofiber layers do not mat together into a membrane. The spacer,
usually beads, keeps the individual nanofibers separate preventing their
fusion into a membrane. The effect of the spacer particles in improving
filter performance is illustrated in Fig. 8.4 (Kalayci et al. 2006).

8.2 NANOFIBER SENSORS

With increasing emphasis on homeland security and accidental release of
toxic industrial chemicals (TICs), there is a continuing demand for better,
and more sensitive chemical and biological sensors. Available sensors for
the most part do not function particularly well as advanced-warning
devices — they provide warning at levels of agent that necessitate immediate
mitigation and first-responder activity. Their sensitivity to low-vapor-pressure
chemicals (such as explosives residues) needs considerable improvement both
in limits of detection and in response times (Wang, X. Y., et al. 2002a).

TABLE 8.2 Examples of nanofiber-based chemical sensor materials
recently reported in the literature

Class
Parameter
Measured Nanofiber Analyte Reference

Gravimetric Mass of analyte PAA/PVA NH3 Ding et al. (2004b,
2005c)

Amperometric Electric current PEO/LiClO4 Humidity Aussawasathien et al.
(2006)

Conductometric Electrical
resistance

PANi/PEO/
CSA

NH3 Liu et al. (2004); Virji
et al. (2004)

PANi/PS/
GOX

Glucose Aussawasathien et al.
(2006)

PANi/PVP/
urease

NO2 Bishop and Gouma
(2005)

Titania NO2 Kim, I.-D., et al. (2006)
Optical Fluorescence PAA/PM M2þ, DNT Wang, X. Y., et al.

(2002b)
MATTP/

copolymer
M2þ Wan, L.-S., et al.

(2006)
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It is reasonable to expect the sensitivity of a sensor that involves surface
interaction with analyte molecules to increase with increasing surface area
per unit mass of the sensing material. The high specific surface area of nano-
fibers therefore suggests the possibility of more efficient and rapid sensor per-
formance, particularly when sensing mechanism is via a surface reaction. Even
with bulk reactions the distances over which gaseous agents need to diffuse
into the fiber prior to reaction is of the order of tens or hundreds of nanometers.
Therefore, nanofiber-based chemo- and biosensors tend to be more effective
compared to both microfiber sensors and thin-film-based sensors (Reneker
and Chun 1996). Research literature provides support for this expectation as
discussed in the illustrative examples given below (Table 8.2). However, the
technology of nanofiber-based sensors has not developed to the point where
practical sensing devices are available off the shelf.

8.2.1 Gravimetric Sensors

Sorption and surface adsorption of chemical agents by a mat of polymer nano-
fibers can be detected gravimetrically using quartz crystal microbalance
(QCM) detectors (Ding et al. 2004b, 2005c; Kwoun et al. 2001). The mass
sensor is essentially a circular quartz crystal with thin metal electrodes depos-
ited on either side of it. The resonant frequency of the piezoelectric crystal in an
AC field depends on the crystal characteristics as well as the mass of material
deposited on its surface. The Sauerbrey equation5 predicts a linear relationship

Figure 8.5 Quartz crystal microbalance design.

5The equation relates the change in oscillation frequency of the crystal (Df ) to the change in
mass of the crystal (Dm) in air as follows: Df ¼2K Dm. The constant K depends on the
area of crystal, its resonant frequency, density and transverse wave velocity of quartz. The
deposited mass is essentially treated as an extension of the thickness of the crystal.
Therefore, the measurement works best with rigid, evenly distributed mass that results in a
value of (Df/f ) ,0.05.
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between the change in frequency DF (Hz) of oscillation of the crystal and the
change in mass Dm (ng) due to material deposited as an even layer on it.

Blends of poly(acrylic acid) (PAA) (Mw ¼ 90,000 g/mol) with poly(vinyl
alcohol) (PVA) (Mn ¼ 66,000 g/mol) can be directly electrospun from
aqueous solution on to a grounded QCM device from aqueous solution
(Fig. 8.5). The coated QCM detector might then be used as a reactive gas
detector. The acidic PAA in the blend readily reacts with NH3 and therefore
act as a chemical sensor for the gas (Ding et al. 2004b). The PAA nanofiber
(400–600 nm)-coated QCM devices were shown to be four times more sensi-
tive to ammonia relative to comparable thin-film-coated devices (Ding et al.
2005b), allowing parts per billion (ppb) level measurements to be carried out
at appropriate humidities. Modified piezoelectric crystal sensors might also
be used for the purpose. Kwoun and colleagues used a thickness shear mode
(TSM) resonator micro viscoelastic sensor with electrospun poly(L-lactic
acid-co-glycolic acid) (PLGA) copolymer nanofibers (d � 500 nm) as the
sensing material (Kwoun et al. 2001) in the detection of benzene. The same
sensor showed different responses on exposure to water and propanol.

8.2.2 Conductivity Sensors

Electrical resistance of a nanofiber mat varies on interaction with chemical
and/or biological agents. A volatile solvent sorbed by the nanofibers, for
instance, increases the fiber volume due to swelling and will therefore alter
its electrical resistance. This phenomenon has been already exploited in elec-
tronic-nose technology employing arrays of polymer films. However, unlike
with a thin film, very large surface area in a relatively small amount of nano-
fiber can lead to a higher sensitivity of detection. Organic polymers generally
have to be rendered conducting by the addition of a suitable additive in order
to be used as conductive sensors. For example, humidity sensors based on a
PEO nanofiber carrying 1wt% of LiClO4 showed a sensitivity six times that
of comparable thin-film material (Aussawasathien et al. 2006).

Nanofibers of conducting polymers such as those spun from polyaniline
(PANi) are particularly well suited for use in conductivity sensors.
Polymers commonly explored in sensor research include PANi, polythio-
phene (PT), poly(3,4-ethylenedioxythiophene) (PEDOT), and polypyrrol
(PPy), sometimes with other constituents, to enhance their sensing capability.
Some of these such as PANi (Norris et al. 2000; Zhu et al. 2006a) and PPy
(Kang et al. 2005; Nair et al. 2005) (as well as their blends), can be readily
electrospun into nanofibers. Polyaniline is somewhat unique in that its
doped state can be controlled by the pH of the medium, allowing it to exist
either as the emaraldine base or as the salt (Scheme 8.1). Simple acids and
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bases (ammonia) interconvert the two forms of the polymer, which display a
large difference in their electrical conductivities.

Therefore, both basic and acidic analytes can be successfully detected by
PANi films and nanofibers. This was illustrated by the PANi–PEO blend
nanofiber (or nanowire) device described by Liu et al. (2004). Nanofibers
made by scanned-tip electrospinning of a droplet of the blend solution were
deposited across a pair of gold electrodes. The spinning solution of
the polymer blend was doped with 10-camphosulfonic acid (CSA).
The resulting nanowire detector of protonated PANi nanofibers reacts with
NH3, changing its electrical resistance (Fig. 8.6) and displayed a threshold
detection of 0.5 ppm of NH3. In the figure, normalized resistance
[(R/Ro) 2 1] is plotted as a function of the analyte concentration.

Virji and colleagues reported the use of PANi nanofibers for detection of
acids as well as NH3 (Virji et al. 2004). In both instances the nanofiber

Scheme 8.1

Figure 8.6 The change in electrical resistance of PANi nanowires (doped with CSA)
on exposure to NH3 in air at different concentrations. A 2–4 min recovery time was
allowed after each 10 s exposure to the ammonia mixture. Reprinted with
permission from Liu et al. (2004). Copyright 2004. The American Chemical Society.
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sensors were shown to be more sensitive than the conventional thin-film
sensors. Also, only the nanofiber sensors (d ¼ 300 nm) detected hydrazine
via the rapid reaction with the emeraldine base (converting it into the
leuco-form polymorph, as illustrated in Fig. 8.7). Both humidity (Bishop
and Gouma 2005; Liu et al. 2004) and temperature (Pinto et al. 2005)
affect the electrical properties of PANi, requiring either maintaining these
variables constant (in laboratory experiments) or compensating for these in
the analysis of data (in operating devices).

Glucose oxidase immobilized on the surface of CSA-doped PANi/
polystyrene (PS) nanofibers can function as a glucose sensor (threshold
1–2 mM glucose) (Aussawasathien et al. 2006). In this system the H2O2 gen-
erated by the reaction of glucose with the glucose oxidase enzyme is detected
by cyclic voltametry. Again, the nanofibers were found to be markedly more
sensitive to the analyte relative to thin-film sensors with the same chemistry.
PANi/poly(vinyl pyrollidone) blends containing urease enzyme have been
demonstrated successfully as NO2 sensors (Bishop and Gouma 2005;
Bishop-Haynes and Gouma 2007). Inorganic nanofibers of TiO2 (anatase)
on Pt electrodes (formed by electrospinning a composite nanofiber onto the
electrode followed by calcinations) have been shown to have exceptional
sensitivity, with a possible detection limit down to 1ppb of NO2 (Kim,
I.-D., et al. 2006).

Increasing the available surface area of nanofiber mats used in sensor
applications is generally desirable. Chapter 9 summarizes the various
approaches to electrospin porous nanofibers. Patel and colleagues introduced
porosity into nanofibers using a leaching method by adding glucose (up to
40 wt%) into the tetramethyl orthosilicate/PVA solution (Patel et al. 2006).
On leaching out the glucose 7–35 Å pits were obtained on the silica

Figure 8.7 (a) A comparison of the response of nanofibers (�300 nm) (solid line)
and thin film (broken line) to 3 ppm of hydrazine. (b) The leucoemaraldine form that
is responsible for the change in electrical resistance. Reproduced with permission
from Virji et al. (2004). Copyright 2004. The American Chemical Society.
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nanofibers as surface features; the horseradish peroxidase (HRP) immobilized
on the porous fibers were demonstrated to have high activity (for conversion
of H2O2 to water). The activity was assessed to be four-fold of that from con-
ventional non-templated silica samples.

8.2.3 Optical Sensors

Detecting very low levels of analytes optically usually requires resorting to an
efficient fluorescence measurement. For instance, a high-quantum-efficiency
pyrene methanol (PM) fluorophore might be used for the purpose; electron-
deficient analytes such as metal ions quench the PM fluorescence. Nanofibers
of PM-functionalized poly(acrylic acid) (PAA) (see Scheme 8.2) were elec-
trospun and the nanofiber mats were used to detect Fe3þ and 2,4-dinitro-
toluene (DNT) in solution (Wang, X. Y., et al. 2002b). Sensor performance
for such systems is quantified using the Stern–Volmer equation,

Io=I ¼ 1þ KSV[Q], (8:9)

where Io and I are the fluorescence intensities obtained with the system in the
absence and in the presence of the quencher (analyte) respectively, and [Q] is
its concentration. The value of KSV is a measure of the efficiency of quench-
ing (it is the product of the luminescence decay time of the fluorophore in the
absence of the quencher and the bimolecular quenching rate constant). The
values of KSV obtained with Fe3þ, Hg2þ, and DNT were 2 to 3 orders of mag-
nitude higher than that obtained previously for similar thin-film sensors.

Another polymer-attached fluorophore that binds metal ions is the por-
phyrin moiety (5-(p-methacrylamidophenyl)-10,15,20-triphenylporphyrin
(MATPP) (Scheme 8.3). It can be polymerized into a copolymer that is
then electrospun into nanofibers (d � 300 nm) (Wan, L.-S., et al. 2006).
Metal conjugation shifts the fluorescence emission wavelength of these

Scheme 8.2 Chemical structure for PAA–PM polymer.
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luminescent nanofibers; adding Zn2þ to the porphyrin polymer results in a
shift of the emission peak fluorescence lmax from 607 nm to 651 nm (exci-
tation with l ¼ 420 nm) (Wan, L.-S., et al. 2006).

8.3 INORGANIC NANOFIBERS

Nanofibers that are made of inorganic materials such as inorganic polymers,
metals, or metal oxides are of interest in semiconductor or electronic
materials, photonic materials, aerospace applications, catalysis, and high-
temperature sensor applications. Unlike organic polymer nanofibers, they
are temperature resistant and in general have higher mechanical integrity,
but have the same high specific surface area typical of nanofibers. This
allows inorganic nanofibers to be used over a wide range of operating temp-
eratures. These are usually generated in a two-step reaction involving the elec-
trospinning of a precursor nanofiber (which is usually semiorganic) followed
by a post-treatment, usually calcination to generate the inorganic material.

8.3.1 Sol–Gel Chemistry

Inorganic fibers are electrospun from sol-gel systems generally prepared by the
hydrolysis of a metal alkoxide [MOR]n in acidic alcohol solvents. Although
base catalyzed hydrolysis is also possible an acid medium is more likely to
yield an electrospinnable solution. A “sol” in this context refers to a dispersion

Scheme 8.3 Molecular structure of the copolymer containing porphyrin and the
MATPP moiety with and without Zn2þ conjugation (Wan, L.-S., et al. 2006).
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of colloidal particles in a liquid and “gel” to an interconnected loose polymeric
network formed by self-assembly of the sol. Typically, alkoxides of silicon,
titanium, and tin can be used in sol–gel reactions and some of these can be
electrospun, usually in the presence of a template organic polymer. The
chemistry involvedmight be illustrated using reactions of tetraethyl orthosilicate
(TEOS). TEOS and alcohol/water in the presence of an acid catalyst (0.01 M
HCl) can undergo three possible reactions — hydrolysis of the alkoxide into a
silanol, water condensation, and alcohol condensation:

(EtO)3-Si-OEtþ H-O-H ! (EtO)3-Si-OHþ EtOH

(EtO)3-Si-OHþ (EtO)3-Si-OH ! (EtO)3-Si-O-Si-(OEt)3 þ H2O

(EtO)3-Si-OHþ EtO-Si-(OEt)3 ! (EtO)3-Si-O-Si-(OEt)3 þ EtOH (8:10)

The reaction will continue, with progressively longer sequences of the reaction
product being formed, with the reactant mixture eventually reaching the sol
colloid state. The kinetics and extent of reaction depends on the molar fraction
of reactants and the reaction conditions (particularly the temperature and pH
of the medium). Therefore, sol-gel systems of different degrees of complexity
are obtained by altering the reaction conditions. The presence of an organic
acid, usually acetic acid or a mineral acid, helps the hydrolysis proceed rapidly
and yields a viscous electrospinnable reaction product. The condensation
reactions shown above can also lead to some cyclic byproducts that may
subsequently undergo ring-opening reactions to yield a gel. The gel formed is
generally blendedwith an organic polymer prior to electrospinning. For instance,
calcium phosphate sol precursor and PVA solutions electrospun into nano-
fibers and calcined at 6008C yielded hydroxyapatite, a biocompatible
scaffolding material (Dai and Shivkumar 2007).

The electrospun nanofiber mats are calcined at high temperature to remove
the organic components and, in some cases, to convert the inorganic content
into the required oxide species. Metal oxide nanofibers can also be prepared
by electrospinning blends of a polymer with an organic metal salt dissolved in
the spinning solution, followed by calcination of the nanofiber. Table 8.3
summarizes the different chemistries used to synthesize inorganic nanofibers
from recent literature; the list is not intended to be comprehensive but
illustrates the general approach used in synthesis of inorganic nanofibers.

8.3.2 Oxide Nanofibers

Awide range of oxide nanofibers have been reported in the literature prepared
using either a procedure based on sol–gel chemistry or via calcination of a
polymer nanofiber carrying a salt of the metal of interest, such as the acetates
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of Cu, Co, Zr, Mn, Al, Zn, mixed into aqueous solutions of PVA or PVP
(Table 8.3). The solutions can be electrospun to yield well-formed defect-
free nanofibers comparable in morphology to those spun from polymer sol-
ution without any additive. Calcination of these yields inorganic nanofibers
that are generally smaller in diameter relative to that of the original as-spun
fibers and generally have a rougher surface (Fig. 8.8). Calcination has to be
carried out at a high enough temperature to completely degrade the organic
moiety; with the zinc acetate/PVA system a temperature of �4808C was
needed (Wu and Pan 2006). The progress of calcination can be monitored
by thermal analysis of the nanofibers.

Inorganic nanofibers often have a rough surface appearance. In PbTiO3

mixed-oxide nanofibers, the uneven surface morphology is exaggerated
into a “necklace-like” morphology (Lu, X. F., et al. 2006), with the nanofibers
having “beads on a string” appearance. Atomic force microscopy (AFM) has
been effectively used to study the gross features of inorganic nanofibers
(Dharmaraj et al. 2006b; Viswanathamurthi et al. 2003b; Wang et al.
2004a) and to image the surface irregularities. As discussed in Chapter 6,
however, the effectiveness of AFM in representing surface features depends
upon instrument variables as well, particularly the material, geometry, and
dimensions of the probe tip.

Inorganic nanofibers are usually characterized by wide angle x-ray
diffraction (WAXD) to establish the crystallinity of the fibers, transmission
electron micrograph (TEM) images to demonstrate the crystallite mor-
phology, and Fourier transform infra-red (FTIR) spectroscopy to confirm
the surface chemistry. A few the studies have also employed Raman

Figure 8.8 (a) SEM images of titanium dioxide nanofibers showing surface
irregularities after calcination. Reproduced with permission from Ding et al. (2004a).
Copyright 2004. The Korean Fiber Society. (b) SEM image of palladium oxide
nanofibers showing surface irregularities after calcination. Reproduced with
permission from Viswanathamurthi et al. (2004a). Copyright 2004. Elsevier. (c) SEM
image of niobium oxide nanofibers showing surface irregularities after calcination.
Reproduced with permission of Viswanathamurthi et al. (2003b). Copyright 2003.
Elsevier.
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spectroscopy (Madhugiri et al. 2004) and X-ray photoelectron spectroscopy
(Wang, Y., et al. 2005) for the purpose.

With alumina-borate oxide nanofibers, both x-ray diffraction (XRD) data
and FTIR data have been used to establish changes in morphology at different
calcination temperatures (Dai et al. 2002). Nanofibers were electrospun from
10 wt% PVA solutions containing dissolved aluminum borate. At the lower
calcination temperatures of 10008C and 12008C, Al4B2O9 and Al18B4O33

nanofibers were formed; these are unstable but can be decomposed into the
stable a-Al2O3 form when calcined at 14008C. XRD data also show the as
spun vanadium isopropoxide/PVAc nanofibers to be essentially amorphous,
with the crystalline V2O5 phase emerging only after calcination at 5008C
(Viswanathamurthi et al. 2003a). AFM images show the as-spun smooth
fibers to develop surface irregularity on calcination. In organic titanate sol–
gel incorporated into P-123 (a water-soluble polyether polymer), XRD data
on the nanofibers calcined at lower temperatures (400 or 6008C) showed pre-
dominantly anatase structure. The data showed d-spacings of 3.54, 2.38, and
1.89, corresponding to (101), (004), and (200) reflections of anatase
(Madhugiri et al. 2004). Also, Raman spectra of commercial anatase
matched well with those of the inorganic nanofibers. With samples calcined
at 9008C, however, the XRD data were consistent with the evolution of the
rutile phase of titania. The peaks corresponding to reflections (101) and

Figure 8.9 WAXD patterns for nanofibers of PVAc with 63.5 wt% of titanium
isopropoxide calcined at three different temperatures: (a) 6008C; (b) 8008C; and
(c) 10008C. Reproduced with permission from Ding et al. (2004a). Copyright 2004.
The Korean Fiber Society.
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(200) decreased to be replaced by new reflections corresponding to (110),
(101), (200), (111), and (210) associated with the rutile form of titanium
dioxide. Nanofiber morphology, however, remained intact, despite the
change in crystalline morphology of the fiber. Ding and colleagues also
reported on the anatase–rutile transformation in nanofibers spun from
PVAc solutions, as shown in the XRD data shown in Fig. 8.9 for nanofibers
calcined at different temperatures (Ding et al. 2004a). A gradual transition of
the crystalline morphology was evident in the data.

Fourier transform infra-red spectroscopy has also been used in sol–gel
chemistry to confirm that the gel-forming reactions have progressed as
expected. As reported, information on the evolution of phases obtained from
WAXD correlates well with that from FTIR data (Dharmaraj 2004a). Work
by X. H. Wu et al. (2006) on ZnO nanofibers and Viswanathamurthi et al.
(2003b) on Nb2O5 nanofibers illustrate the use of IR spectra to monitor the
reaction. In these studies either PVA or PVAc polymer solutions were used
and the as-spun nanofibers containing the precursors showed their character-
istic IR absorption bands in the spectrum of the mats. On calcinations these
bands disappeared indicating an inorganic matrix; also, no peaks character-
istic of water were detected, indicating a completely dry product.
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9

RECENT DEVELOPMENTS IN
ELECTROSPINNING

Innovative modifications of the basic spinning apparatus and methodology
used in electrospinning allows a wide range of fiber and mat morphologies
to be produced. Many interesting variations of the basic electrospinning
process have been described in the literature over recent years. These
include novel electrode arrangements, the use of AC voltage to drive the
process, reactive electrospinning, unusual collector geometries, unique tip
designs, vibrating tip designs and the use of different spinning environments.
Most of these are intriguing scientific phenomena that help better understand
the complexities of the process but invariably remain laboratory curiosities. A
few however, show promise in terms of extending the range of applications of
nanofibers. These include process and material changes that result in unusual
surface morphologies in nanofibers and complex mat structure. Although
the full range of applications that best exploit these new developments are
yet to be developed, the emerging innovative applications of nanofibers in
biomedical, sensor, electronic, and other areas will likely be enabled or
enhanced by these recent advances in several key techniques.

9.1 NANOFIBERS WITH SURFACE POROSITY

The unique advantage of nanofiber constructs is that they combine high
specific surface area with a permeable and easily handled mat structure.

Science and Technology of Polymer Nanofibers. By Anthony L. Andrady
Copyright # 2008 John Wiley & Sons, Inc.
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The surface area per unit mass in fiber mats increases as the average fiber
diameter d (nm) is reduced. However, there are practical processing limits
to electrospinning solutions of very low concentrations to reduce d (nm)
[as well as to reducing d (nm) in post-processing treatments (e.g., by
drawing of the preformed fiber mats, Zong et al. 2005)]. Changing
the surface morphology of individual fibers either by creating pits, pores,
or bumps on their surface or by altering their circular cross-section by
regular or irregular patterning of the surface offers an alternative or comp-
lementary method of increasing the specific surface area of nanofibers.
Electrospinning is one of the few techniques1 available to create nanoscale
topologies in a controllable manner on soft materials. Nanofibers of high
specific surface area are especially attractive in applications such as in cataly-
sis, in the controlled delivery of bioactive agents via nanofiber matrices, and
in sensor technology where rapid reaction kinetics are desirable. Changes in
surface morphology can also have an impact on the optical, electrical, and
permeability properties of nanofiber mats. Several approaches to modifying
the surface morphology of nanofibers discussed in the electrospinning
literature are reviewed here.

9.1.1 Extraction of a Component from
Bicomponent Nanofibers

When two or more thermodynamically immiscible polymers (e.g., poly-
styrene (PS) and poly(bromo styrene)) are dissolved in a common solvent,
concentration-dependent phase separation occurs in solution. Thermal
analysis of such polymer blend samples shows first- and second-order tran-
sitions at temperatures characteristic of their component polymers, indicating
immiscibility. [In the case of fully miscible polymers, differential scanning
calorimetry (DSC) tracings, for instance, yield a single glass transition
signal that occurs at a temperature lying between those for the pure com-
ponents (Guo 2003)]. Cast polymer films and nanofibers electrospun from
solution also show the same phase-separated morphology. As the homo-
geneous ternary solution evaporates during casting or spinning, the
polymer concentration rapidly increases and the solution undergoes glass
transition and/or crystallization, leading to solidification. In electrospinning,
phase separation occurs during rapid solvent evaporation and the phase mor-
phologies obtained in the spinning jet are therefore generally finer compared
to those in cast films, where drying occurs at a much slower rate.

1Lithographic methods (near-UV photolithography or electron beam lithography) can also
yield topologies at this size scale. The latter technique does not need a mask and can
produce array features of 30–40 nm in dimension (Norman and Desai 2006).
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The millisecond timescale in which phase separation sets in during drying of
the fiber is far too short for “coarsening” of morphology, and the finer phase
morphology leads to a narrow distribution of the dimensions of separated
phases in the fiber. Phase geometry can be controlled by changing the ratio
of the polymers and the concentration of the spinning solution. Post-treatment
of phase-separated nanofibers by extraction with a solvent that selectively
removes one of the polymers leads to well formed surface pores or other
complex geometries on the fiber.

Changing the composition of the polymer blend generally does not alter
the average pore2 dimensions obtained in this technique significantly,
because phase separation is kinetically controlled. However, changes in
blend composition alter the density of pores obtained on the fiber surface
(You et al. 2006b). Spinodal phase separation, which sets in as the solvent
evaporates, may lead to a co-continuous phase morphology (as opposed to
a matrix-dispersed structure), as observed in the case of nanofibers
poly(D,L-lactide) (PDLLA)/poly(vinyl pyrrolidone) (PVP) blend and
PLLA/PVP blend nanofibers electrospun from CH2Cl2 (Bognitzki et al.
2001b). With these blends phase domains of dimension 300 nm to 1 mm
have been reported. Another example is the electrospinning of a 1 : 1 blend
of gelatin (GT) and poly(1-caprolactone) (PCL) from 2,2,2-trifluoroethanol
(TFE) solution to yield a bicomponent nanofiber (Zhang et al. 2006).
These nanofibers showed phase separation in AFM, and high-resolution
field emission scanning electron microscope (FESEM) images. The nano-
fibers extracted by PBS buffer solution at 378C over a two-week period to
dissolve away the GT component yielded a highly porous construct resulting
in a �240% increase in the accessible specific surface area in a fiber of
average d � 800 nm (Fig. 9.1). This corresponds to as much specific
surface area as in a smooth fiber in the diameter range of 200–300 nm.
There is considerable room for even further increase in area by both reducing
fiber diameters and by using higher volume fractions of the extractible
polymer in the blend. A similar approach was used with blend nanofibers
of polyacrylonitrile (PAN) and PVP, with the PVP component was leached
out from the nanofibers by aqueous extraction (Li and Nie 2004) to yield
nanopores as fine as 30 nm. Other systems such as a blend of nanofibers of
poly(glycolide) (PGA) with PLLA spun from 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFP), with the latter component removed using chloroform (You et al.
2006b), and a poly(vinyl alcohol) (PVA)/chitosan blend of nanofibers,

2The terms “porosity” and “pore” are used in this chapter to mean the features on the nanofiber
itself as opposed to the interstitial porosity of mats dealt with in Chapter 5. Note that porous
nanofibers (with surface pores on the fiber) are electrospun into porous mats with “interstitial
pores” as well.
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with the PVA phase removed by aqueous alkali (Li and Hsieh 2006), have
also been reported.

A variation of the approach uses crosslinking to insolubilize one component
in the blend of nanofibers prior to extraction of the second polymer. Blends of
poly(vinyl cinnamate) (PVCi) and the biodegradable polymer poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV) electrospun from CHCl3 solution are
examples of this approach. The bicomponent nanofiber mats were irradiated
under a high-pressure Hg vapor lamp to photocrosslink only the PVCi
phases (the process being initiated by the UV-B radiation). Chloroform (also
used to electrospin the fiber) was then used to extract the PHBV component,
yielding a nanofiber of high porosity (Lyoo et al. 2005). With a blend of nano-
fibers of polyetherimide (PEI)/PHBV, the PHBV component was removed by
thermal degradation (instead of by dissolution), leaving the thermally resistant
PEI as a porous nanofiber (Han et al. 2004).

The detailed topology of the porous fiber, consisting of interconnected
volumes and channels produced by leaching or annealing away of one com-
ponent, depends on the phase morphology of that component.

9.1.2 Phase Separation During Electrospinning

Under appropriate electrospinning conditions nanofibers of a single polymer,
with their surface patterned into closely spaced regular or irregular pores, are
obtained. Coupled with the already small average fiber diameters, these
surface features can potentially yield remarkably high specific areas, with

Figure 9.1 PCL/GT nanofibers as spun d � 900 nm (magnification �40,000) and
the high surface area nanofiber after extraction with buffer to remove gelatin
d � 800 nm (magnification �80,000). Reprinted with permission from Zhang et al.
(2006a). Copyright 2006. Institute of Physics.
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values in the range of 100–1000 m2/g at times surpassing even that of
conventional porous materials such as silica gel (400 m2/g) (Megelski
et al. 2002). These nanoporous morphologies are often obtained in electro-
spinning a single polymer dissolved in a particularly volatile solvent, but
only under specific process conditions. Most literature references to porous
nanofibers describe fibers of micrometer-scale dimensions, yielding pores
in the range of several hundred nanometers. The average pore size obtained
depends on the process conditions and polymer/solvent system used in the
electrospinning.

Polymers such as polycarbonate (PC), poly(vinyl carbazole) (PVCz),
and PLLA electrospun from particularly volatile solvents such as
CH2Cl2 illustrate this phenomenon, with surface pores ranging in size
from 100–250 nm (Bognitzki et al. 2001a). Polystyrene (PS) electrospun
from highly volatile tetrahydrofuran (THF) also resulted in porosity amount-
ing to as much as much as 20–40% in surface area depending on fiber diam-
eter (Megelski et al. 2002). Phase separation is believed to play a key role
in the formation of pores. Thermodynamic instability in the system caused
by evaporative cooling and an increase in polymer concentration during
drying of the jet are believed to be the driving forces behind the phase
separation that leads to a porous morphology. With rapid extension of
the jet and concurrent solvent evaporation, thermally-induced phase separ-
ation (TIPS) occurs primarily at the surface of the jet and results in a
solvent-rich and a solvent-lean phase being created. The solvent-lean
phase ultimately solidifies into the nanofiber matrix, while solvent-rich
domains invariably dry up to form the surface pores. Localization of the
pores on the surface of the fiber is expected because evaporative cooling
primarily occurs at the surface; this is in fact observed experimentally
(Casper et al. 2004; Megelski et al. 2002). Thermal analysis often
reveals a signature of this rapid structure formation during electrospinning
(Bognitzki et al. 2001a).

Pore formation can therefore often be suppressed by reducing the volatility
of solvent to retard evaporative cooling that initiates TIPS (Han et al. 2005).
For instance, PLLA when electrospun from less-volatile CHCl3 instead
of from CH2Cl2, did not result in pore formation (Bognitzki et al. 2001a).
Similarly, the porosity on a micro-textured surface of PS nanofibers was
reduced and finally eliminated when the less volatile dimethyl formamide
(DMF) content in the electrospinning solvent mixture DMF/THF was gradu-
ally increased from 10/90 to 100/0 (Megelski et al. 2002). Electrospinning
cellulose triacetate solutions in CH2Cl2 yielded porous nanofibers with pore
sizes in the range of 50–100 nm. Spinning from a solvent mixture of
CH2Cl2/ethanol (90/10) also yielded porous nanofibers, but with larger
pores in the size range of 200–500 nm. With solvent mixtures of higher
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ethanol content (CH2Cl2/ethanol: 85/15 or 80/20) no such porosity was
obtained (Han et al. 2005).

Phase separation in this case likely proceeds via spinodal decomposition
(with the cooling solution passing through the binodal curve of the phase
diagram to enter the metastable region) as suggested by the interconnectivity
observed between the surface pores (Megelski et al. 2002). Figure 9.2
shows an environmental scanning electron microscope (ESEM) image illus-
trating the porosity in nanofibers of PC spun from CHCl3 (�4 wt%) sol-
utions (Kim, G. M., et al. 2005b). Note that the pores are elongated in the
axial direction due to rapid extension of the jet during the nucleation/
growth stage of their formation. It is not easy to study the incidence of
bulk porosity (as opposed to these surface markings) in nanofibers
microscopically, except from fracture images. However, in the PMMA/
closite clay nanofibers electrospun from CHCl3, Kim and colleagues
reported observing pores in the bulk of the fiber as well as on the surface
(Kim, G. M., et al. 2005a).

TIPS can be encouraged by forced cooling of the spinning jet and is useful
when the available solvents for the polymer of interest are not volatile enough
to result in substantial evaporative cooling. Lowering the temperature of the
collector to control fiber morphology has been reported (Kim, C. H., et al.
2006). Freezing the spinning jet (polymer and solvent) by electrospinning
into a liquid nitrogen collector followed by drying under vacuum yielded
nanofibers with high levels of bulk porosity (McCann et al. 2006). Several
polymers, including PS, PCL, poly(vinylidene chloride) (PVDC),
and poly(acrylonitrile) (PAN) electrospun from less volatile DMF or

Figure 9.2 Field emission environmental SEM image of PC nanofibers electrospun
from chloroform, showing porosity due to phase separation. Reprinted with
permission from G. M. Kim et al. (2005b). Copyright 2005. Elsevier.
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dimethylacetamide (DMAC) solvents still yielded highly porous fibers
using this technique. With PAN nanofibers the porosity increased the
specific surface area of the d � 1mm nanofiber nearly threefold and
the porosity was distributed throughout the bulk of the polymer. In contrast,
electrospinning from highly volatile solvents generally results in porosity
localized at the nanofiber surface, although both techniques rely on the
TIPS phenomenon.

An alternative explanation of pore formation during electrospinning
is based on the observation that condensation of moisture on the surface of
drying polymer films exposed to volatile vapors leads to the formation of
so-called “breath figures” (Srinivasarao et al. 2001). Electrospinning
polymer solutions in an environment rich in water vapor also obtains the
same effect. In this case, minute droplets of moisture from the spinning
environment may nucleate and condense on the surface of an evaporatively
cooling jet. The immiscible water droplets amount to hard spheres embedded
in the wet surface and leave imprints on the electrospinning jet. Nucleation
and growth of droplets is a relatively slower process compared to the rate
of phase separation and the pores are therefore expected to be localized at
the surface of the fiber. As the mechanism still depends on cooling of the
jet surface, nanofiber porosity is expected to be suppressed when a less vola-
tile spinning solvent is used or when the fraction of less volatile component of
a solvent mix is increased lowering the rate of evaporation. However, the irre-
gularly shaped heterogeneous surface pores obtained in electrospun nano-
fibers appear to be quite different in their morphology from the ordered
arrays of hexagonal pores typically observed in breath figures on polymer
films (Megelski et al. 2002). Some of these differences, however, might
be due to the differences in geometry between the fiber and film, and the
fact that fiber extension occurs concurrently with pore formation during
electrospinning (compared to the slow drying of a film). Figure 9.3 shows
an image of a typical porous fiber obtained (Casper et al. 2004).

Electrospinning PS from THF (35 wt% solution), Casper and colleagues
obtained flat ribbon-like fibers with a cross-section of about 15 mm (Casper
et al. 2004). On varying the relative humidity in the spinning environment,
different average pore sizes were obtained on the nanofiber surface.
The pore distribution was only slightly affected by percentage humidity,
but the surface density of pores increased at the higher humidity levels.
Their data are summarized in Table 9.1.

Increasing the average molecular weight of polymer (with the weight
percent of polymer in solution held at 35 wt%) resulted in relatively larger,
less uniformly shaped surface pores. Pores on nanofibers spun from higher
molecular weight samples of PS were also found to be relatively larger and
deeper compared to those spun from lower molecular weight polymer
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(Casper et al. 2004); atomic force microscopy (AFM) was used to estimate the
depth of the pores. This mechanism, however, should be insensitive to the
molecular weight of the polymer and is inconsistent with the observed depen-
dence of average pore size on molecular weight. But, increasing the average
molecular weight of the polymer will result in a more viscous jet surface,
impairing the diffusion of water molecules into the jet. This might be
expected to leave a shallower imprint on the more viscous higher molecular
weight polymer nanofibers. The data in fact show the opposite trend,
suggesting the process leading to porosity to be far more complex and
possibly involving some degree of TIPS in addition to the breath figure effect.

Figure 9.3 FESEM image of the porosity on a polystyrene nanofiber (Mw ¼

171,000 g/mol) electrospun in an environment with 50% humidity. Reprinted with
permission from Casper et al. (2004). Copyright 2004. American Chemical Society.

TABLE 9.1 Effect of humidity in the spinning environment on the porosity
of electrospun nanofibers of PS

Range of Pore
Sizes (nm)

Most Frequent
Pore Size (nm)

Range of Pore
Sizes (nm)

Most Frequent
Pore Size (nm)

Humidity (%) Average Mw ¼ 190,000 g/mol Average Mw ¼ 560,900 g/mol

31–38 60–190 85 150–650 250
40–45 90–230 115 150–600 350
50–59 50–270 115 100–850 300
60–72 50–280 135 200–1800 350

Source: Casper et al. 2004.
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At the lowest average molecular weights of PS investigated, only beads
could be electrospun, but interestingly even these showed surface porosity,
with both large and small pores (nanopores) on their surfaces. However,
the smallest of the pores (26–71 nm) observed on beads were not observed
on nanofibers (Casper et al. 2004); this suggests possible coalescence of
these nanopores on the fiber surface during rapid fiber extension. Findings
from this study are also consistent with the explanation based on TIPS,
while a contribution from a moisture-induced breath figure mechanism
cannot be entirely ruled out. Table 9.2 summarizes recent examples of
porous and other high-surface-area nanofibers from the literature. Porous beads
are not unique to electrospinning in humid environments, but have also been
observed in electrospinning from a volatile solvent when phase separation and
bead formation occur simultaneously. This is illustrated in electrospinning of
poly(butylenes succinate) (PBS) (He, J.-H., et al. 2007a), where beads with a
complex pore morphology were obtained (Fig. 9.4).

9.2 CORE–SHELL NANOFIBERS

Core–shell bicomponent nanofibers, where a core nanofiber of one polymer
is sheathed by the shell of a different polymer, can have interesting appli-
cations in several areas. For instance these might be used in the controlled
delivery of pharmaceuticals or biological macromolecules (as already

TABLE 9.2 Selected examples of core–shell nanofibers

Core Material Shell Material Reference

PMMA (6–10% in DMFa) Polyaniline (PANi)b Dong et al. (2004)
Drugc (H2O) PCL (CHCl3 : EtOH) (3 : 1) Huang, Z. M., et al.

(2006)
Mineral oil PVP þ sol–gel precursor McCann et al. (2005)
Gelatin PCL (TFE) Huang et al. (2005)
PEO Polysulfone Sun et al. (2003)
PEO Poly(dodecylthiophene)
BSA/PEG (1 : 10)
44% in H2O

PCL (30% w/v in
CHCl3 : DMF(3 : 7))

Jiang et al. (2005)

PANi (10–16% CHCl3) PC or PS (16% THF) Wei et al. (2005)
PVP (6% in EtOH :H2O
(8.5 : 1.5)

MEH–PPV (2.5 mg/mL)
MEH–PPV þ PHT blend

Li et al. (2004a)

Oil or glycerin Sol–gel precursor Loscertales et al. (2004)

a5–20wt% (based on PMMA) of tetrabutylammonium chloride was added to solution.
bNot fabricated by coaxial spinning. cCore was not polymeric, but either resveratrol (in EtOH) or gentamycin
sulfate (aqueous). PMMA, poly(methyl methacrylate); PCL, poly(1-caprolactone); PVP, poly(vinyl pyrroli-
done); MEH–PPV, poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenelyenevinylene); PHT, poly(3-hexylthio-
phene); TFE, 2,2,2-trifluoroethanol.
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pointed out in Chapter 7), and may perhaps be used to protect (in the core)
labile biomaterials such as enzymes. Where the core material is a conducting
polymer such as polyaniline (PANi) and the shell is an insulating polymer, the
nanofiber may function as an insulated nanowire for nanoelectronics and
sensor applications. The approach is also useful in electrospinning polymers
that are generally difficult to electrospin; using a readily electrospinnable
polymer for the shell component allows these to be spun into the core.
Polymer–polymer core–shell fibers of mesoscale and nanoscale dimensions
have been fabricated by techniques other than electrospinning. For instance,
electrospun nanofibers can be coated with a second polymer by dipping in a
solvent (He, W., et al. 2005a) or by vapor deposition (Caruso et al. 2001).

9.2.1 Coaxial Electrospinning

Coaxial nanofibers with the core polymer sheathed by a layer of the same or a
different polymer fabricated using an electrospinning technique was first
reported3 by Sun et al. (2003). Figure 9.5 shows the specially engineered
tip of concentric capillaries used for the purpose. Homopolymer core–shell
nanofibers (e.g., PEO–PEO fibers with the shell containing a dye to contrast
it with the core in optical imaging) as well as two-polymer fibers such

Figure 9.4 Porous beads of poly(butylene succinate) (PBS) (Mw � 200,000–
300,000 g/mol) from electrospinning of polymer from chloroform (8, 10, 12%wt).
Reprinted with permission from J.-H. He et al. (2007a). Copyright 2007. Elsevier.

3A stable core–sheath complex liquid jet formed using a coaxial capillary tip, however, has
been reported in earlier literature (Loscertales et al. 2002).
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as PEO–polysulfone or PEO–poly(dodecylthiophene) were fabricated in
early experiments using this approach (Sun et al. 2003). Other designs
of coaxial double capillaries for electrospinning core–shell nanofibers
have been described in the literature (Zhang et al. 2004; McCann et al.
2005), but differ little from the one depicted in the diagram. Basically, two
independent polymer solutions are pumped into the concentric capillaries
or needles, with the shell polymer being guided to the annular space
between the tubes; the liquids contact each other only at the tip of the
coaxial capillary.

The core–shell fiber morphology is initiated from the two-layered droplet
and the associated structured Taylor’s cone, produced using the coaxial capil-
lary tip. A liquid jet emerges simultaneously from the vertices of the outer
meniscus as well as from the inner core meniscus to yield a compound jet
of co-flowing solutions (Zhang et al. 2004). However, it is not necessary
for both liquids to form stable jets for the process to work successfully, but
at least one of these polymers needs to be electrospinnable. The ratio of
core vs shell content in the compound fiber is controlled by changing the con-
centration of the polymer solutions or the relative feed rates used in spinning.
Figure 9.6 shows the composition of a compound droplet formed from a
coaxial tip, with a shell of PAN/DMF (12 wt% solution) and a core of
PMMA/acetone : DMF (60 : 40) (15 wt% solution) (Zussman et al. 2006).
The PMMA core can be pyrolized or oxidized away to yield hollow

Figure 9.5 (a) The coaxial double-capillary tip arrangement used in electrospinning
core–shell nanofibers. Reprinted with permission from Sun et al. (2003). Copyright
2003. John Wiley & Sons. (b) A coaxial tip design used by Larsen et al. (2003) for
olive oil–water (liquid–liquid) coaxial jets. The inset shows the double-layered
Taylor’s cone. Reprinted with permission from Larsen et al. (2003). Copyright 2003.
American Chemical Society.

9.2 CORE–SHELL NANOFIBERS 259



nanofibers of PAN. The characteristic time associated with mutual diffusion
at the liquid–liquid boundary is much slower than the millisecond timescales
associated with bending instability and drying of the jet. For instance, in
coaxial electrospinning of silk/PEO from the common aqueous solvent
(LiBr solutions) in which both polymers are miscible, clear core–shell mor-
phology was obtained in the nanofibers (Wang, H., et al. 2005). However, this
need not be true of all systems. For example, McCann and colleagues reported
that for the system of core (PS in DMF/THF) and shell (PVP/titanium
isopropoxide), the coaxially spun nanofibers lacked the characteristic
core–shell morphology (McCann et al. 2005).

With a pair of incompatible polymers such as PCL and GT (both dissolved
in 2,2,2-trifluoroethanol) (TFE) (Zhang et al. 2004), mutual diffusion during
jet formation can be essentially ruled out. When core and shell polymers are
dissolved in different solvents for coaxial spinning, however, these must be
selected to avoid any possibility of precipitation at the liquid–liquid interface
(the solubility of the individual polymers in both solvents does not necess-
arily guarantee this). The use of immiscible solvents in the core and shell
generally contributes towards the stability of the jet. Critical physical prop-
erties of solutions that invariably determine the stability of coaxial jets are
not well understood. Loscertales et al. (2004) found pairs of liquids that sat-
isfied the condition sc . ss to form stable structured cones (where s is the
liquid/dielectric atmosphere surface tension and subscripts c and s refer to
core and shell liquids, respectively). Any instability of the jet may lead to
the core being asymmetrically placed within the nanofiber (Jiang et al.
2005). A bimodal distribution or a mix of thick and thin fibers is sometimes

Figure 9.6 (a) Composition of the compound Taylor’s Cone from a core–shell
spinneret. (b) Hollow nanofibers formed by pyrolysis of the core–shell nanofibers.
Reprinted with permission from Zussman et al. (2006). Copyright 2006. Wiley-VCH.
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obtained in coaxial spinning (Huang et al. 2006), with both types of fibers
still showing the core/shell morphology. This suggests multiple jets from
a two-layered cone rather than the splitting or branching of the main jet
during electrospinning.

Interestingly, in the case of GT/PCL core/shell nanofibers, mechanical
properties of thematwere found to be better than that ofmats of individual com-
ponents. In nanofibers that showed the best tensile properties (electrospun with
7.5 w/v% GT solution and 10 w/v % PCL), the tensile strength and extensi-
bility were 8.4 MPa and 178%, respectively. Comparable values for GT
fibers were 5MPa and 8%, while for PCL they were 1.3 MPa and 52%. A
good explanation of this synergy is not available (Huang et al. 2006).

A particularly interesting application of nanofibers with core–shell
geometry is in tissue scaffolding, where they perform the dual role of mech-
anical support and the delivery of bioactive agents concurrently. Nanofibers
with the water-soluble polymer PEG used as the core and biodegradable
PCL used as the shell polymer have been reported (Zhang et al. 2006c). A
model agent (BSA conjugated with fluorescein isothiocyanate, ftc–BSA)
was blended with the core polymer and electrospun using a coaxial capillary
tip. A composite blend of (ftc–BSA/PEG/PCL), blended in the same ratio of
the constituents was also electrospun into blend nanofibers. Unlike with the
core–shell fiber mat, the composite blend nanofibers were beaded and were
of poor quality. Also, comparative BSA release studies showed the burst
release phase (see Chapter 7) to be suppressed only in core–shell nanofibers
and that sustainability of the release was also superior for the same geometry
relative to that in blend fibers.

The coaxial electrospinning technique can be adapted to prepare
hollow tubular nanofibers (Loscertales et al. 2004) by using an easily extrac-
tible low molecular weight liquid as the core material. However, a shell
polymer sheath, stiff enough to avoid the collapse of the fiber after the
removal of the core liquid by solvent extraction, needs to be used. Using a
sol–gel precursor material as the shell polymer is particularly useful in devel-
oping a stronger inorganic sheath material. The hollow nanofibers made with
PVP blended with titanium isopropoxide as the shell polymer and an oil as the
core (Li and Xia 2004; McCann et al. 2005) and post-processed by calcina-
tions illustrate this. Figure 9.7 shows TEM images of hollow nanofibers pre-
pared in this manner. Core–shell nanofibers where the core material can
undergo slow hydrolysis or biodegradation in a buffer can also yield
hollow nanofibers. But in this case the core material is removed at a much
slower rate that is determined by the thickness of the sheath. As
with the case of nanofibers where the sheath layer is made of PCL and
the core is BSA-loaded PEG, the organic polymer shell (without
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reinforcement) tends to collapse into a flat fiber on removal of the core protein
material (Jiang et al. 2005).

In electrospinning regular nanofibers it is the concentration of polymer and
the applied electric field that primarily determines average fiber diameters.
The same must hold true for at least the shell polymer in electrospinning a
core–shell nanofiber. An additional factor, however, is a “die–swell” effect
where the viscoelastic core fiber swells against the wet shell material, increas-
ing the fiber dimensions. This was observed to occur with the core compo-
sition of fitc-BSA/PCL when spun with a PEG shell polymer. As the feed
rate of the core polymer solution is increased, the average fiber diameters
increased as well (Fig. 9.8). As the core material is not electrospinnable by
itself, the swelling mechanism is likely to be responsible for this increase.
Under the same experimental conditions, varying the feed rate of a non-
viscoelastic core material (hexane) did not alter the fiber diameters
(Song, T., et al. 2005).

Coaxial spinning can also be used to form polymer–particle composite
nanofibers as discussed in Chapter 6. Li et al. (2005a), in their research on
decorating the interior of hollow nanofibers with nanoparticles, used this tech-
nique very effectively. The core fluid used was a ferrofluid of magnetic iron
oxide particles and the shell layer was a mixture of poly(vinyl pyrollidone)/
titanium isopropoxide. Extraction of the core phase of the core–shell nano-
fibers with octane yielded hollow, magnetically susceptible nanofibers, with
their interiors decorated with oxide nanoparticles.

Figure 9.7 (a) TEM image of a coaxially spun nanofiber with a shell layer of PEO
and a core of poly(dodecylthiophene) (PDT). Both polymers were electrospun from
CHCl3 (1–2% solutions). Reprinted with permission from Sun et al. (2003).
Copyright 2003. John Wiley & Sons. (b) Hollow nanofibers of titania obtained by
calcination of PVP (containing titanium isopropoxide) coaxially electrospun with an
oil core. Reprinted with permission from Li and Xia (2004). Copyright 2004.
American Chemical Society.
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9.2.2 Core–Shell Geometry by Post-Treatment of Nanofibers

Core–shell nanofibers can also be made by coating the exterior of an electro-
spun nanofiber with a polymer solution or other material. This is carried out
either by gas-phase or solution deposition (dip coating) on the exterior of
electrospun nanofibers.

The TUFT (tubes by fiber template) process (first described by Bognitzky
et al. 2000) is an example of a gas-phase technique where a wall material
or a conformal coating is deposited on the nanofiber surface and the core
fiber is subsequently removed to yield a tubular structure (Hou et al. 2002;
Liu 2004). Mild coating conditions allows thin (as thin as 50 nm) conformal
defect-free coatings to be applied in this manner without causing any thermo-
oxidative degradation of nanofibers in the process (Hou et al. 2002). Protein
delivery characteristics of PVA nanofibers were shown to be modified by
applying a thin coating of poly(p-xylylene) (PPX), as already pointed out
in Chapter 7 (Zeng et al. 2005a). Bognitzki et al. (2000) electrospun PLA
nanofibers (d ¼ 300–3500 nm) from CH2Cl2 solutions and deposited a
layer of PPX on the nanofiber surface by chemical vapor deposition
(CVD). This was converted into a hollow fiber by pyrolytic removal of the
PLA core material at 2508C. Hollow tubular nanofibers with a thin metal
coating (of Al or Au) either on the outside or the inner walls of fiber were

Figure 9.8 The effect of varying the feed rate of the core stream on the average fiber
diameter of the core/shell nanofiber with a fitc–BSA/polycaprolactone core and a
PEG shell. Reprinted with permission from Zhang et al. (2006c). Copyright 2006.
American Chemical Society.
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obtained by combining this approach with physical vapor deposition. The
TUFT approach was used by Ochanda and Jones (2005) to create metal
shell nanofibers. A thin metallic shell of Au, Cu, or Ni was then deposited
on the fiber by electroless plating with solutions of the metal salt and a redu-
cing agent. On pyrolysis, the shell of the core–shell nanofibers was converted
into metal nanotubes (d ¼ 450–730 nm) with a wall thickness of 50–150 nm.
The metal was in polycrystalline form with a particle size in the range of
5–25 nm. Other related coating methods such as physical vapor deposition
(PVD; Wei et al. 2006a; Liu et al. 2002), plasma-enhanced PVD (PEPVD;
Buldum et al. 2005), initiated CVD (aluminum coating on poly(m-phenylene
isophthalimide) nanofibers; Liu et al. 2002) have been used to deposit thin
coating layers of metal on the nanofibers. Initiated CVD has been used to
render PCL nanofibers more hydrophobic by coating them with a polymer-
ized perfluoroalkyl ethyl methacrylate layer (Ma, M. L., et al. 2005b). To
ensure that coatings adhere well, nanofiber surfaces may be plasma treated
prior to coating as in the case of P(LLA-CA 70 : 30) copolymer nanofibers
coated by chitosan (He et al. 2005).

Simple dip coating has also been used with nanofibers. For example,
electrospun PLA nanofiber mats were coated with a 1–4% solution of
polyamic acid followed by heat treatment at 150–2858C to convert the
coating into a polyimide (Bognitzki et al. 2000). Dip coating has also
successfully been used to convert an organic nanofiber into a hollow
inorganic nanofiber. PLLA nanofibers electrospun from CH2Cl2 sol-
utions were soaked first in a metal oxide precursor solution of titanium
isopropoxide and then in isopropanol/water solutions to convert the alk-
oxide into titania. The core PLLA was removed by calcination to obtain
hollow titania nanofibers (Caruso et al. 2001). Others have combined
physical coating from solution with electrostatic layer-by-layer (LBL)
deposition (Ding et al. 2005b) to construct multilayer core–shell fibers
of poly (acrylic acid) (PAA)/titania layers for sensor applications. The
layer-by-layer technique was also used to deposit a layer of fluorescent
probe molecules onto the surface of electrospun cellulose acetate
nanofibers. These nanofibers were shown to be effective in detecting
ppb levels of methyl viologen and cytochrome C in aqueous solution
(Wang, X. Y., et al. 2004). Coating ionically functionalized nanofibers in
liquid phase is particularly facile because of the electrostatic interactions
(Drew et al. 2005).

Dip coating while simple and cost effective does not always lead to a
continuous uniform shell layer as obtained in coaxial electrospinning. A com-
parison of the relative effectiveness of collagen/PCL core-shell nanofiber
mats and collagen-coated PCL nanofiber mats as scaffolding for human
dermal fibroblasts (HDF) was carried out by Y. Z. Zhang et al. (2005c).
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The results showed significantly reduced density of cells attachment on the
dip-coated nanofiber mat relative to that on core-shell nanofibers.

9.3 HIGHLY ALIGNED NANOFIBER MATS

Chaotic movements of the electrospinning jet typically result in a fiber
mat with sections of nanofibers randomly placed within it. However,
highly aligned nanofibers and layered mats where different layers have differ-
ent fiber alignment are desirable in a variety of applications. These include
nanofiber-reinforced polymer composites, nanofibrous scaffolding where
tissue growth is guided by the directionality of the fibers, and in some
sensor applications where a high degree of fiber alignment enhances
performance. Layered constructs of fiber mats with each layer showing a
different angular fiber alignment are used in the design of fiber-reinforced
composites (Lee, C. H., et al. 2005). With human ligament fibroblast
(HLF) growing on polyurethane nanofiber scaffolds, for instance, not only
did cells growing on the aligned mats produce relatively more collagen,
but the proliferating cells were found to arrange themselves in the direction
of the alignment of nanofibers (Lee, C. H., et al. 2005). Alignment of nano-
fibers in mats has also been shown to guide cell alignment of meniscal fibro-
blasts and organization of actin filaments in mesenchymal stem cells growing
on PCL nanofibers (Li et al. 2007). The same was shown to be true of human
coronary artery smooth muscle cells (SMCs) growing on P(LLA-CL)
nanofibers (Xu et al. 2004a) and for neural stem cells (NSCs) growing on
PLLA nanofibers (Yang, F., et al. 2005). Recently, a scaffolding study inves-
tigated if alignment in PCL nanofiber mats would better augment matrix
content and organization, leading to improved mechanical integrity of the
scaffold (Baker and Mauck, 2007). A significant increase in the modulus
of these constructs (by a factor of �7) was observed for meniscal fibro-
chondrocytes (MFCs) or mesenchymal stem cells (MSCs) growth. Also,
these constructs yielded a relatively greater amount of extracellular matrix
(on a par with that formed by native MFCs).

Mechanical properties of aligned nanofiber mats tend to be much higher in
comparison to those for random mats. With electrospun polyurethane mats the
Young’s modulus of comparable aligned and random mats were reported to
be 3550 kPa and 1630 kPa, respectively; the corresponding values for
tensile strength were 3520 kPa and 1130 kP, respectively when tested at a
strain rate of 1.25%/s (Lee, C. H., et al. 2005). Similar results were reported
with collagen nanofibers (electrospun from HFP solutions; Matthews et al.
2002); the modulus of mats measured in the direction of alignment was
52.3+5.2 MPa, while that in the cross direction was 26.1+4.0 MPa.
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Several techniques for obtaining highly aligned nanofibers have been
described in the literature, but not all of them are readily amenable to
scale-up.

9.3.1 Parallel Electrode Collector

A simple means of aligning nanofibers is to collect them on a grounded pair
of electrodes on a nonconducting surface.4 For example, a pair of conduct-
ing silicon strips or gold electrodes patterned on a quartz surface might be
used as the collector. Li and colleagues showed that PVP nanofibers of
diameter exceeding �150 nm could be deposited as a highly aligned mat
in the void space between a pair of such electrodes (Li, D., et al. 2003b).
The electrodes were placed on an insulating substrate having a bulk resis-
tivity5 of 1 � 1022V.cm. In the vicinity of the collector, the electric field
is split into two and directed at each of the electrodes. Depending on the
instantaneous position of the whipping, undulating jet surface, it is attracted
first to the electrode closest to the jet segment and is then stretched rapidly
to the adjacent electrode, placing it in perpendicular alignment with it (Li,
D., et al. 2003b). As polymer nanofibers have poor electrical conductivity,
the sections of the fiber in the gap between the electrodes lose their residual
charge very slowly (Liu and Hsieh 2002). The fibers therefore tend to repel
each other and their tautness as well as their parallel placement between the
collector electrodes is believed to be due, at least in part, to this surface
charge (Li, D., et al. 2003b). This is consistent with the observation that
the fraction of aligned nanofibers in the mats collected on parallel electrodes
increases with the collection time (or the duration of electrospinning).
The residual charge on the nanofibers in the vicinity of the electrodes
inducing an opposite charge on the electrode surface and contributing to
the attraction of the fiber towards them has been suggested (Li, D., et al.
2004c). Thinner nanofibers (less than d � 150 nm in the case of PVP)
were too fragile to be oriented in this manner. The sequence of events is
schematically depicted in Fig. 9.9. The fibers tend to orient along a direc-
tion that minimizes the net torque of electrostatic forces in the segment of
the fiber (Li, D., et al. 2005a).

4With point-plate electrospinning equipment oriented vertically, the collector plate is horizon-
tal and the grounded parallel electrodes of interest are placed on the collector itself. However, it
is also possible to collect aligned nanofibers on a parallel pair of stainless steel wires placed
vertically within the gap (Chuangchote and Supaphol 2006).
5The resistivity of the substrate appears to be important to obtain good alignment; using a glass
substrate of resistivity 1 � 1012V/cm in this experiment yielded a random isotropic mat!
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As demonstrated by D. Li et al. (2003b, 2004c), the approach is easily
extended to a set of four or six electrodes, and alternate pairs of these
might be grounded at different times during electrospinning to change the
direction of fiber alignment. Hierarchical structures consisting of multi-
layered mats with separate nanofiber layers aligned in different directions
were collected in the void space between grounded electrodes (Fig. 9.10).
Such mats can in principal serve as very effective reinforcement in compo-
site materials, but this particular technique is not well suited for making
mats that are more than 1–2 cm2 in area. A variant of this approach involves
the use of a static (or rotating) grounded metal frame as the collector. With a
rectangular frame several centimeters in width, small samples of highly
aligned nanofibers might be conveniently electrospun (Fig. 9.10).
Also, when the fibers are of PAN, the aligned fiber assemblies might be
thermally converted into carbon fiber mats that retain the same alignment
(Li, D., et al. 2003b).

Teo and colleagues found knife edges to be more effective than parallel
electrodes in collecting highly aligned nanofibers (Teo and Ramakrishna
2005) and demonstrated a marked difference in nanofiber deposition on a
grounded knife-edge as opposed to one carrying a negative bias. In the
latter case the fibers tended to aggregate relatively densely in the middle of
the collection field (i.e., along the axis of the knife edges).

9.3.2 Rotating Cylinder Collectors

Rotating drum or mandrel collectors, described by Formhals back in 1934, are
perhaps the most popular arrangements for generating aligned fiber mats in

Figure 9.9 Stretching of a charged jet segment across a pair of parallel electrodes.
Redrawn after Jalili et al. (2006). Copyright 2006. John Wiley & Sons.
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the laboratory6 (Boland et al. 2001; Li, W.-J., et al. 2007; Lee, C. H., et al.
2005; Matthews et al. 2002). A segment of the whipping charged jet contact-
ing the rotating drum surface, attaches to it electrostatically. This allows the
trailing section of the jet to straighten out, straightening its spiraling trajectory
and facilitating fiber alignment as well as extension by drawing. Courtney and
colleagues, using a rotating mandrel 4.5 inches in diameter, found electrospun
poly(ester urethane) urea to yield isotropic nanofiber mats at low tangential
velocities (0.3–1.5 m/s) of the drum, but aligned anisotropic mats at vel-
ocities .3.0 m/s (Courtney et al. 2006). The fiber alignment distribution
R(u) function7 has an impact not only on the strain energy of the mat but
also the crystallinity of nanofibers and therefore on its mechanical properties.
Figure 9.11 shows the increase in alignment as a function of the mandrel

6A disk collector rotating at 400–500 rpm was used to collect tangentially oriented chitosan/
PEO nanofibers by Subramanian et al. (2005). Chitosan being a difficult polymer to spin even
in a blend, a mat of thick oriented fibers (d � 3mm) bridged by numerous fine unoriented
fibers, was obtained.
7R(u) is normalized so that

Ð
R(u) d(u) (from –p/2 to p/2) ¼ 1.

Figure 9.10 (a, b) and The alignment of PVP nanofibers collected between a pair of
gold electrodes on an insulating surface. (c, d ) A six-electrode assembly and a three-
layered construct of aligned nanofibers collected at their center by sequentially
grounding pairs of the electrodes. Reprinted with permission from Li, D., et al.
(2004c). Copyright 2004. John Wiley & Sons.
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velocity. When the velocity of the drum was increased from 0 to 13.8 m/s, the
alignment of nanofibers collected on it increased from 37% to nearly 100%.
Also, the crystallinity of the nanofibers increased at the higher degrees of
alignment. At very high rpm, however, fibers may tend to break due to
excessive elongational stresses imposed on them (Zussman et al. 2003).
Electrospinning PAN fibers from a 10% DMF solution, Fennessey and
Farris (2004) also reported an increasing degree of fiber alignment with the
speed of rotation. At a rotational velocity of 9.84 m/s they obtained
nanofibers with a maximum orientation parameter of 0.23 (as estimated by
FTIR spectroscopy). An “open” frame rotating drum as opposed to a solid
one may also be used as the collector, with the nanofibers aligned in the
gaps in the wire frame of the drum as with nylon electrospun from
formic acid (Katta et al. 2004). As the removal of residual charges is less
efficient with an open drum compared to a solid one, mat thicknesses
likely increases (but mat density decreases) due to the accumulation of
charge on the nanofibers.

Tubular nanofiber constructs have been made with the rotating mandrel
technique for several different polymers (Teo et al. 2005). These include
scaffolding P(LLA-CL) (75 : 25) (Inoguchi et al. 2006; Mo and Weber
2004), P(LL-G) for in vivo nerve regeneration (Bini et al. 2004), PLA/
collagen for fibroblast growth (Kitazono et al. 2004), and segmented poly-
urethane and multipolymer layered constructs (Kidoaki et al. 2005).

In developing electrospun artificial blood vessel scaffolds (Boland et al.
2004a; Telemeco et al. 2005; Xu et al. 2004a), obtained tubular
three-dimensional structures with a circumferential orientation of nanofibers.

Figure 9.11 (a) Increase in fiber alignment with mandrel velocity in electrospinning
poly(ester urethane) urea (PEUU) from 5wt% HFP solution. Reprinted with
permission from Courtney et al. (2006). Copyright 2006. Elsevier. (b) Increasing
alignment of PS (Mw ¼ 25,000 g/mol) nanofibers as the rotation speed of the
mandrel is increased (the linear speed of the rotating drum was in the range of
2.5–3m/s). (B. Sundaray, PhD Thesis, Department of Physics, Indian Institute of
Technology, Chennai, India, 2006).

9.3 HIGHLY ALIGNED NANOFIBER MATS 269



This helped guide the proliferation of seeded cells and also improved the
structural integrity of the scaffold. Electrospinning collagen solutions in
HFP onto rotating mandrels, Matthews et al. (2002) found random alignment
at low rpm (�500), but preferred alignment of fibers at 4500 rpm (surface vel-
ocity 1.4 m/s), that was reflected in the mechanical properties of the mats.
Placing an auxiliary knife-edge electrode below the rotating mandrel, Mo
and Weber (2004) obtained nanofibers with a high degree of circumferential
alignment, even at the lower speed of rotation of 830 rpm. A two-layered
tubular scaffold of PCL/PLA nanofibers has been fabricated using a rotating
mandrel collector (6 mm outer diameter and 6 cm in length) (Vaz et al. 2005).
A randomly aligned PCL nanofiber mat was first spun (from a 12.5% solution
in CHCl3) onto the mandrel, followed by a second layer of highly aligned PLA
nanofibers (spun from a 14% solution in CHCl3 : DMF (15 : 3)). The PLA layer
was spun at a higher speed of rotation to effect circumferential orientation of the
nanofibers. The Ramakrishna group used an aluminum grid electrode (main-
tained at –8 kV and placed 8 cm below a rotating Teflon mandrel) to assist
in the alignment of fibers (Huang et al. 2003). A comparison of nanofiber
mats collected with and without voltage on the grid electrode showed
substantial alignment only in the former case. The finding is also consistent
with the patent issued to Bornat et al. (U.S. patent # 4,689,186, 1987).
Placing a set of auxiliary knife-edge electrodes carrying a charge opposite to
that of the capillary tip below the mandrel also helps alignment.

High degrees of fiber alignment have also been obtained by collecting
electrospun nanofibers on a liquid surface, and the resulting fiber bundle
drawn off as a yarn by a motorized take-up roller operated at 0.05 m/s
(Smit et al. 2005). The drawing process results in substantial fiber alignment.

Figure 9.12 (a) Electrospinning continuous yarn of nanofibers by collection in
a water bath with an immersed grounded collector followed by drawing out
the nanofiber mat as a yarn. (b) An image of the resulting highly aligned
yarn of polyacrylonitrile (PAN) nanofibers electrospun from 5% DMF solution.
Reprinted with permission from Smit et al. (2005). Copyright 2005. Elsevier.
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All three polymers processed in this manner (PVDF, PVAc, and PAN) yielded
highly aligned nanfiber yarn (see example in Fig. 9.12). About 3700 nanofibers
per cross-section of yarn and a single capillary tip throughput of 180 myarn per
hour was estimated for this process. Although some SEM images of the yarn
show high levels of beads, the nanofibers within them are still highly aligned
for the most part. Nanofiber yarn was also produced in a recent study using
two grounded rotating disc collectors placed perpendicular to each other (in
X-Y and X-Z planes). Nylon nanofibers (with 1 wt% MWCNT) was electro-
spun from 98% formic acid solution (20 wt%) on to the collectors where the
first rotating disc twisted the fibers into a yarn that was collected on the
second disk.

9.3.3 Chain Orientation During Fiber Alignment

An electrospun random mat of polymer nanofibers that is isotropic with
respect to fiber alignment may still show a high degree of molecular-level
orientation within the individual fibers. Chain orientation is purely a geo-
metric descriptor of all or some of the polymer chains in the fiber. Oriented
polymer chains display a preferred direction that forms an angle with the
fiber axis. Orientation is a consequence of the rapid extension of the fiber
that results in chain ordering (as with “cold drawing” in conventional fiber
drawing processes). Cold drawing, however, also results in the formation of
voids in the “neck” area of the material (often rendering the neck opaque
during fiber necking) while drawing of the viscous polymer solution in
electrospinning does not result in comparable void formation. Also, the
whipping instability results in draw ratios that are several orders of magnitude
higher than the maximum values encountered in drawing of fibers in
conventional processing. Orientation in cold drawing also involves the defor-
mation of crystalline morphologies, with the crystalline lamella breaking up
to reform as longer thinner lamellae. Drawing viscous solutions does not
involve these complex processes, as crystalline morphology is absent in the
spinning jet.

Chain orientation invariably results in stronger covalent interactions
between polymer chains in the draw direction along the chain axis. The result-
ing anisotropy in fiber properties can be easily demonstrated using polarized
infrared spectroscopy and optical birefringence measurements and is also
apparent from modulus measurements.8 Infrared dichroism (Fennessey and
Farris 2004) and X-ray diffraction (Fang et al. 2004; Fong and Reneker
1999; Gu et al. 2005c) have been used extensively to study chain orientation

8At moderate strains the modulus of an isotropic fiber mat of pellathene (polyurethane) nano-
fibers electrospun from 7% DMF was higher than that of the bulk polymer (Pedicini and Farris
2003). Similar data were reported for PAN nanofibers (Fennessey et al. 2006).
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in highly aligned electrospun nanofibers. Aligning nanofibers using any of the
described techniques invariably contributes to even greater stretching of
nanofibers over and above that obtained in conventional electrospinning.
This additional macroscopic strain in the fibers contributes to additional
macromolecular orientation.

Therefore, fiber alignment is generally accompanied by changes in the
crystalline morphology of the fiber. Electropsun nylon-6 (from 7.5 wt% HFP
solutions) nanofibers can be aligned using an oscillating grounded metal frame
as the collector (Fong et al. 2002). X-ray diffraction patterns of the aligned
fiber mats showed the presence of g-phase crystallites in the nanofibers; the
crystallinity of the fibers was in the range 0.24–0.28, somewhat lower than for
the comparable film samples where a value of 0.36 has been reported (Hong,
K. H., et al. 2005). Given the different rates of processing or drying in films
and fibers, significant differences in crystallinity are to be expected.

9.3.4 Infrared Dichroism

Pedicini and Farris (2003) used the dichroic ratio of the22NH stretching band
(3320 cm21) in polyurethane nanofibers electrospun from 7% DMF to esti-
mate the orientation function f for nanofibers. Herman’s function, f, varies
from f ¼ 0 (isotropic) to f ¼ 1 (perfect chain orientation).9 The value of f is
related to the average angle u made by the oriented chain axis to that of the
fiber (Fig. 9.13):

f ¼ (3kcos2u� 1l)=2: (9:1)

The dichroic ratio D is the ratio of the absorbance of polarized light
measured with the electric vector direction of the polarizer oriented parallel
to the fiber draw direction, Ak, and that corresponding to the perpendicular
orientation, A?. (i.e., D ¼ Ak/A?). Then, f can be expressed in terms of D
(Pedicini and Farris 2003) as follows:

f ¼ (3kcos2u� 1l)=2 ¼ (D� 1)(D0 þ 2)=(D0 � 1)(Dþ 2), (9:2)

where u is the angle of the chain segment relative to the fiber axis and D0

is the dichroic ratio of the perfectly oriented fiber. This is a versatile tech-
nique in that dichroism can even be assigned to different groups of repeat
units or even specific side chains in the polymer. D can also be measured

9Herman’s function is a mathematical description of the degree of orientation of the axis of
polymer chains within the fiber relative to some other axis of interest (in this case the fiber
axis).
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using ultraviolet or visible light and can be useful in studying polymers
with the appropriate chromophoric groups. X-ray diffraction techniques
are particularly useful in studying the crystalline morphology of polymers
and have been extensively used in nanofiber characterization. The appli-
cation of these technique to nanofibers was discussed in Chapter 5 on
characterization. Wide angle X-ray diffraction (WAXD) studies have
been particularly useful in establishing the lack of significant crystalline
content in electrospun nanofibers of even the semi-crystalline polymers
(Deitzel et al. 2001a; Liu et al. 2000).

Both techniques (infra-red dichroism and WAXD) have been used to
characterize electrospun aligned polyacrylonitrile (PAN) nanofibers. With
PAN nanofibers, a high degree of chain orientation is often desirable as
the mechanical integrity of carbon nanofibers derived from these (via pyrol-
ysis) can be influenced by the orientation. Isotropic random mats of PAN
electrospun from 15 wt% in DMF solution showed no optical birefringence.
However, aligned fibers collected using a rotating drum (surface velocity
2.5–12.3 m/s) were birefringent under cross-polars and the dichroic ratio
D associated with the 22CN stretching vibration also decreased, indicating
increased orientation. The maximum value of f calculated was 0.2
(Fennessey and Farris 2004) for the fibers collected on a drum surface
moving at 8.1–9.8 m/s. As conformational orientation is essentially a con-
sequence of fiber drawing, as orientation increases so the fiber diameter
decreases. Liquid-crystalline poly(hexyl isocyanate) nanofibers electrospun
from CHCl3 solutions (5–25 wt%) showed a banded structure reflecting
local organization of the chains. The X-ray diffraction data indicated
two equatorial peaks; a strong peak at 2u ¼ 168 corresponding to 1010
reflection (a d-spacing of 5.3 A8), in particular, indicated the high degree

Figure 9.13 Definition of angle u.
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of orientation in the nanofibers. As expected, the higher take-up speed of the
rotating collector resulted in a higher degree of alignment as well as chain
orientation.

Correlation between the fiber diameter and the development of chain
orientation for PHIC nanofibers was also established by Lin and Martin
(2006). The relationship between the velocity of the rotating surface and
the chain orientation parameter for PAN nanofibers is shown in Fig. 9.14
(Fennessy and Farris 2004). As the alignment varies with drum velocity,
this qualitatively illustrates the relationship between chain orientation and
fiber alignment. Others (Inai et al. 2005b) have shown that changing the
velocity of the rotating collector drum from 63 m/min to 630 m/min
results in a qualitative increase in the arc of diffraction in WAXD data,
again suggesting a moderate increase in the orientation in PLLA nanofibers.

9.4 MIXED POLYMER NANOFIBERS AND NANOFIBER MATS

In designing nanofiber mat constructs for specific applications, the engineer-
ing as well as surface-chemistry requirements cannot sometimes be satisfied
by a single material. For instance, an application may need good nanofibers of
magnetic susceptibility as well as enzyme activity via surface-grafted
bioactive moieties. In such instances composite mats made of either
layered or mixed nanofibers of two or more different polymers might be
employed.

Figure 9.14 Change in chain orientation parameter with the speed of rotation of the
cylindrical target. The chain orientation parameter from dichroism measurements
(filled symbols) and from the 5.3 Å equatorial peak in WAXD measurements (open
symbols) are shown in the figure. Redrawn from Fennessey and Farris (2004).
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Sequential electrospinning of several nanofiber mats on top of each other
on a single grounded target is the simplest (layer by layer) approach to fabri-
cating a multicomponent mat. Sequential deposition of different layers on
a rotating mandrel has also been attempted to obtain tubular constructs
where the wall composition (from inside to the outside of the tube) was
PEO/collagen I/SPU polymer (Kidoaki et al. 2005). However, the success
of the process was limited due to adhesion problems between the PEO and
collagen mats. A hierarchical layered structure with layers differing in
polymer types, average fiber diameters, as well as the degree of alignment
may be constructed using this approach. Kidoaki et al. (2005) sequentially
electrospun three polymers—segmented polyurethane (SPU) from a 12.5%
solution in THF, styrenated gelatin (S-GT) from a 10% solution in HFP,
and Type I collagen 5% solution in HFP—to obtain a layered composite
mat. Although the flow rates used with all solutions were about the same,
both the concentration and the spinning voltage were varied, resulting in
different layer thicknesses in the construct. Dyes dissolved in the different
polymers allowed laser confocal microscopy to be used to visualize the
layers of fiber and observed a transition zone between them. The SPU
layer was intended as the structural component, the photocrosslinked GT
provided a good drug delivery matrix, and the collagen layer afforded
improved cell adhesion.

Electrospinning of two or more polymers simultaneously from two
different capillary tips onto the same collector (mixed electrospinning)
yields a mat of intimately mixed nanofibers. As fibers from adjacent tips
will otherwise be collected on adjacent regions on a rotating mandrel, the
mandrel collector is rotated and transversely moved to obtain the mixing
of fibers into a single mat. For instance, SPU and PEO have been electro-
spun (Kidoaki et al. 2005) into a mixed nanofiber mat by concurrent elec-
trospinning from a pair of capillary tips. As the nanofibers spun from both
tips have the same surface charge, they do not intermix particularly well in
the mat. The same technique (with the modification that capillary tips were
moved transversely instead of the collector) was used to make mixed nano-
fiber mats of cellulose acetate (CA) (in 10% solution in acetone/DMAC,
2/1) mixed with poly(vinyl alcohol) (PVA) (in 10% solution in water)
(Ding et al. 2004c). The same approach was also used to fabricate mixed
mats of regenerated chitin with PLGA (Min et al. 2004d). In this instance,
four capillary tips arranged in a row were used and the approximate com-
positional ratio of CA : PVA in the mats was altered by selecting the
number of tips assigned to each polymer solution (for example, two for
PVA and two for CA yielded a weight ratio of 51 : 49 for PVA :CA in
the mat). Mixed mats of chitin (formic acid solution) with PLGA copoly-
mer (LA :GA 50 : 50) in HFP were also produced by simultaneous
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electrospinning from two tips maintained at the same polarity. Chitin (3–17
wt% of regenerated chitin in formic acid) did not electrospin as a continu-
ous fiber, but yielded nanosized particles embedded in the PLGA fiber mat
(Min et al. 2004d).

Electrospinning two separate polymer solutions from a single tip was
also shown to be feasible by Gupta and Wilkes (2003), who used a compart-
mentalized syringe holding two polymer solutions, each connected to a sep-
arate Teflon needle. The pair of needles was adhered together and to allow a
single droplet to form at their tip. Nanofibers of PVC/PVFD blends and
PVC/SPU were prepared using this technique. With this arrangement,
using short gap lengths (of ,9 cm when using 14 kV and 3 mL/h flow
rate with 20–25% solutions of polymer) resulted in two separate Taylor’s
cones (each corresponding to a single polymer) emanating from the
droplet and spraying a pair of adjacent fiber mats on the collector.
However, at larger gap lengths only a single cone was observed and some
amount of mixing of components into single nanofibers was noticeable
from energy-dispersive spectroscopic measurements. This tip geometry
differs considerably from that used in core–shell spinning discussed
earlier in that the liquid columns are not concentric and are charged using
separate electrodes. A silicone microfluidic capillary tip assembly with
three capillary channels (d �630 mm internal diameter) that similarly
accommodates two adjacent streams of polymer solutions has also been
described (Lin et al. 2005b) (Fig. 9.15). The two polymer solutions exhib-
ited laminar flow in the outlet channel with little or no dispersion. Self-crimp-
ing bicomponent nanofibers of PAN and elastomeric polyurethane (PU) have
been prepared using this technique. Existence of the side-by-side bicompo-
nent structure in the fiber was demonstrated by the removal of one polymer
by solvent extraction, revealing a U-shaped cross-section of the extracted
nanofiber.

Figure 9.15 Schematic diagram of the microfluidics spinneret used by Lin et al.
(2005b). Redrawn from Lin et al. (2005b).
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9.5 CROSSLINKED NANOFIBERS

A crosslink covalently links polymer chains and is therefore a site from which
three or more chains emanate.10 With enough of the polymer chains in a
sample linked to each other in this manner, the loose assembly of chains is con-
verted into a network structure or a gel and is said to be “crosslinked.” When
crosslinked to an extent referred to as the “gel point,” all the polymer chains in
the sample are interlinked and the polymer is in effect a single giant macromol-
ecule. At levels of crosslinking below the gel point the system is essentially a
highly branched polymer. Polymer networks are usually characterized in terms
of their crosslink density (number of crosslinks per unit volume) and the
average functionality at the crosslink sites. (Other measures such as the
cycle rank of networks and the average molecular weight between crosslinks
are also used.) In nanofibers, crosslinking is important for at least two reasons:

1. Crosslinking renders the nanofibers insoluble in all solvents. When a
crosslinked fiber mat is placed in a good solvent, it absorbs the
solvent and swells rather than dissolving in it. In filters, sensors, and
biological applications such insolubility can be desirable.

2. The strength and modulus of nanofiber mats increase significantly on
crosslinking. With the mechanical integrity of mats being generally
poor (nanofibers being somewhat fragile), crosslinking can often
provide a means of strengthening the material. Also, this leads to
better dimensional stability for the fiber, with the fibrillar morphology
being better retained during its service life.

Random crosslinking is conveniently carried out by either heating or
exposing to UV radiation a polymer that contains a small amount of a cross-
linking agent (or initiator). Free-radical initiators may be used as crosslinking
agents. The resulting crosslink density (crosslinks per unit volume) is deter-
mined by the weight fraction of the initiator or the agent used. Peroxides or
azo compounds are commonly used as radical initiators in crosslinking
bulk polymers and the same approach has been used with nanofibers (e.g.,
PET nanofibers crosslinked using azides; Baker and Brown 2005).

9.5.1 Photocrosslinked Nanofibers

Methacrylate-modified elastin-mimetic proteins were crosslinked by
visible light irradiation of the preformed nanofibers to yield water-insoluble

10Some authors consider four chains (as opposed to three chains) to emanate from a crosslink,
regarding a trifunctional crosslink as merely a junction point.
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mats of greatly improved mechanical integrity (Nagapudi et al. 2002).
The crosslinking reaction in this case was confirmed using solid-state C-13
NMR spectroscopic analysis by observing the decreasing signal intensity
for the unsaturated carbons in the methacrylate moieties in the crosslinked
nanofibers. PVA modified by reaction with thienyl acryloyl chloride can
also be similarly crosslinked by UV radiation (l � 310 nm) to obtain a
nanofiber mat that is insoluble in water or steam (Zeng et al. 2005b). The
photocrosslinking reaction involved is shown in Scheme 9.1.

Poly(vinyl cinnamate) (PVCi) nanofibers (and those of PVCi/PHBV
blends) electrospun from chloroform solutions also undergo facile crosslinking

Scheme 9.1 Crosslinking reaction via unsaturation in the side chain.

Scheme 9.2 Photocrosslinking of the pendent vinyl cinnamate moiety on
copolymers.
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on exposure to UV-B radiation as shown in Scheme 9.2 (Lyoo et al. 2005).
In this case, the crosslinking was carried out in a post-processing step with
the preformed nanofibers irradiated by UV radiation. However, this reaction
is rapid enough to allow crosslinking of the jet during the short duration of
exposure (estimated to be only about �0.2 s) on its passage from the capillary
tip to the grounded collector. Gupta et al. (2004) demonstrated concurrent
crosslinking during electrospinning for the first time using this chemistry.
Poly(methyl methacrylate-co-2-hydroxyethyl acrylate) (85/15) [P(MMA-
co-HEA)] copolymers were functionalized with the cinnamate functionality
by esterifying the pendent 22OH of the HEA repeat units with cinnamoyl
chloride. Electrospinning was carried out using 20 wt% solutions of the
copolymers in DMF, with an applied voltage of 15 kV and a gap distance
of 20 cm, using a Teflon tip as the spinneret. A UV-B lamp (0.135W/
sq.cm intensity) was used to irradiate the electrospinning jets of several of
these copolymers containing at least 4% cinnamate functionalization to
obtain crosslinked, gel-containing nanofibers. Crosslinking was confirmed
using IR spectroscopy showing the decreased intensity of the vinylene
stretching band.

With particularly fast polymerization reactions, electrospun oligomeric
solutions can be designed to polymerize (not merely crosslink) during
passage of the jet from the capillary tip to the collector; polymerization
during electrospinning is also a form of reactive electrospinning.
Poly(2-hydroxyethyl methacrylate) (PHEMA), for instance, can be
reactively electrospun in this manner, as demonstrated by H. S. Kim et al.
(2005). A mixture of HEMA and ethylene glycol dimethacrylate (EGDMA),
2,20-azobis(isobutyronitrile) (AIBN), and a photo-initiator constituted the
electrospinning solution (a low viscous liquid with no polymer and hence
not electrospinnable). Themixwas heated prior to spinning to initiate polymer-
ization to obtain a viscous prepolymer and the solution cooled to quench the
process when the required viscosity was reached. This prepolymer solution
was then electrospun and the resulting jet irradiated with a 200W Hg vapor
lamp during spinning. Insoluble nanofibers (d � 100–500 nm) that displayed
enhanced mechanical properties were obtained.

9.5.2 Crosslinking Agents

A crosslinking agent can be electrospun along with the polymer and sub-
sequently activated by heat or UV–visible radiation, or alternatively the
mats can be immersed in a crosslinking agent to effect curing. For example
2–8 wt% of glyoxal (OCH22CHO) was added to PVA solution (7–15 wt%
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in water11) and phosphoric acid was added to lower the pH value to 2–3.
Nanofibers electrospun from this solution were heated at 1208C for a
period of 2–30 min to crosslink and insolubilize the nanofibers (Ding et al.
2002a). Alternatively, the electrospun PVA nanofiber mats could be cross-
linked by immersing them for 24 h in a solution of gluteraldehyde (GA) in
0.01 N HCl in acetone (Wang, X. F., et al. 2005).

Gluteraldehyde (GA) is a particularly versatile crosslinking agent used to
crosslink a number of different types of polymer nanofibers. Reaction
of PVA mats with GA could also be conveniently carried out in the vapor
phase (Wu, L. L., et al. 2005) by exposing the mats to saturated GA
vapor. After exposure, the mats were rinsed with a suitable solution
(e.g., glycine) to remove any unreacted GA. This is particularly important
in scaffolding studies where even low levels of GA residues can affect
cell proliferation rates (Zhang et al. 2006b). Vapor phase reactions have
been used to crosslink PVA (Wu, L. L., et al. 2005), gelatin (Zhang et al.
2006b), blends of collagen with glycosaminoglycan (GAG) (Zhong et al.
2005), type I collagen (Rho et al. 2006), and poly(styrene-co-maleic anhy-
dride) (Kim, B. C., et al. 2005) nanofibers. The extent of crosslinking
obtained in each case depends on the levels of crosslinking agent used
and the extent of reaction. Above an optimum level of crosslinking,
however, polymers tend to be too brittle for use.

Li and Hsieh (2005a) reported the use of b-cyclodextrin (CD) as a cross-
linking agent for poly(acrylic acid) PAA nanofibers. The22COOH groups in
PAA are believed to condense into six-membered cyclic anhydride rings that
react with the 22OH functionalities in CD to yield water-insoluble ester
groups. Others have shown an inorganic polyoxometalate compound,
H3PW12O40, at 20 wt%, that primarily acts via hydrogen-bonded interactions,
to be an effective crosslinking agent for PVA (Gong et al. 2004).

Polyelectrolyte hydrogel nanofibers are of interest in biomedical and sensor
applications because their degree of swelling is particularly sensitive to
factors such as pH, temperature, ionic strength, and solvent polarity (Li and
Hsieh 2005a; Seki and Okahata 1984). The kinetics of these responses are
diffusion-controlled and sensitive to the available specific surface area of
the material (Fei et al. 2002). Among the most widely studied are the poly-
electrolyte gel formed when PAA is mixed with PVA in aqueous solution
(Li and Hsieh 2005a, 2005b). The anionic polymer PAA undergoes
copious hydrogen bonding between its 22COOH repeat units and the
22OH units of PVA, and the complex can be thermally esterified into a cova-
lently bonded network. Several investigators have electrospun the PVA/PAA

11PVA is best dissolved in water by stirring in the powder at a temperature of 908C for 6 h or
more. Incomplete dissolution leads to invisible microgel particles in the solution.
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system. The electrospun mats of the polyelectrolyte, heated at 120–1408C,
resulted in crosslinking via esterification. Both the duration of heating (Jin
and Hsieh 2005b) as well as the curing temperature (Li and Hsieh 2005a)
have been used to control the crosslink density. In nanofiber mats, most of
the crosslinking is intrafiber, as might be expected, but a significant
amount of interfiber crosslinking has also been observed (Jin and Hsieh
2005b) at points where the nanofibers overlap.
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continuous nanofiber yarn, 270

392 INDEX



core–shell geometry, 263–264
core–shell nanofibers, 257–264
crosslinked nanofibers, 277–282
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current, 69
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electrical charge, 68–70
electrode arrangement, 78
experiment, 8
fiber diameters, 97
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infrared dichroism, 272–273
introduction, 76–80
400-jet modular spin head, 80
jet whipping region, 19
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materials and process variables, 82
mats, 233
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274–276
molecular weight effects, 56–67
nanofiber scaffolding, 197
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patents chronological development, 3
PCL, 75
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PEUU, 269
phase separation, 252–256
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photocrosslinked nanofibers, 277–278
PLGA, 94
PLGA nanofibers, 110
PLLA, 93, 98, 110
PMMA, 95
point-plate, 77
polymer solutions, 4
polymer tacticity, 108
poly(methyl methacrylates), 60
polystyrene, 73
porous cylindrical needleless apparatus, 107
PS, 61
recent developments, 249–279
rotating cylinder collectors, 267–270

scale-up, 80
Simha–Frisch parameter, 56–62
single capillary tip, 78
solution entanglement number, 63–67
solvents, 87
surface porosity nanofibers, 249–256
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PEO, 72

Electrostatic attraction, 227–228
Electrostatic spinning, 9–22
droplet generation, 10–12
instability region whipping, 18–21
jet launching, 14–15
nanofiber solidification, 22
straight segment elongation, 16–17
Taylor’s cone formation, 13

Entanglement, 64
Enthalpy change
polymer solutions, 39–40

Entropy change
polymer solutions, 36–38

Environment
nanofiber quality, 97–98

Environmental scanning electron
microscope (ESEM), 127, 198, 254

Enzymes
polymer nanofibers, 221

ESEM. See Environmental scanning electron
microscope (ESEM)

Ethyl cellulose, 287
Ethylcyanoethyl cellulose (ECEC)

nanofibers, 150, 287
Ethylene glycol dimethacrylate

(EGDMA), 279
Ethylene-vinyl alcohol copolymer, 291
Exfoliated graphite carbon, 168
Exocomposite nanofibers, 177–182
Experimental approach, 7–8
Extracellular matrix (ECM), 194–195

Feed rate
nanofiber quality, 105

FESEM. See Field emission scanning
electron microscope (FESEM)

FGF. See Fibroblast growth factors (FGF)
Fiber
diameter, 85, 97
initiation and formation, 65
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Fibroblast growth factors (FGF), 222
Fibrochondrocytes
meniscal, 265

Fickian kinetic expression, 188
Fick’s Law, 185
Field emission scanning electron

microscope (FESEM), 251
PS, 256

Filters
apparel, 24
efficiencies, 233
Ultra-Web nanofiber, 24

FITC BSA, 191–193
Flat plate collectors, 99
Flory–Huggins parameter, 37, 40
Flory temperature, 36
Flow rate vs. applied gas pressure
capillary porometry, 122

Flow-through porosimetry, 119
Formhals, Anton, 4
Fourier transform infrared (FTIR)

spectroscopy, 245–246
Fovea Pro, 128
Fractional void volume, 115
Freely-rotating chain, 42
FTIR. See Fourier transform

infrared (FTIR) spectroscopy

GA. See Gluteraldehyde (GA)
GAG. See Glycosaminoglycan (GAG)
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nanofiber quality, 108

Gas-phase post-reaction
composite nanofibers, 172

Gelatin (GT), 289–290, 291
GA, 280
PCL, 252
polyaniline (PANi), 291

Gel permeation chromatographic (GPC)
studies

PS, 21
Gentamycin sulfate, 193
Geometry
chain, 45
core–shell, 263–264
nanofiber quality, 99–100

nanomaterials, 1
Taylor’s cone region, 15

Gluten (wheat), 290
Gluteraldehyde (GA), 280

b-cyclodextrin, 280
GAG, 280
poly(styrene-co-maleic anhydride), 280
PVA, 280
type I collagen, 280

Glycosaminoglycan (GAG)
GA, 280

GPC. See Gel permeation chromatographic
(GPC) studies

Gravimetric sensors
nanofiber mats applications, 236

Grounded ring electrodes, 99
GT. See Gelatin (GT)

HA. See Hyaluronic acid (HA)
Halpin–Tsai equation, 155
Hansen solubility parameters, 33, 34
Heparin, 193
Hepatocytes, 197
Hexafluoroisopropanol (HFP), 179
High efficiency particulate air (HEPA)

filters, 232
Hilderbrand solubility parameter, 31, 40
Historical background, 3–6
HLF. See Human ligament fibroblast (HLF)
Horseradish peroxidase (HRP), 240
HSMC. See Human smooth muscle cells
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Huggins equation, 49, 53, 56
Human ligament fibroblast (HLF), 265
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Infrared dichroism
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Jet launching
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400-jet modular spin head
electrospinning, 80

Jet trajectories
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Langmuir model, 123
Lightweight protective apparel
military personnel, 25

Liquid
applied shear stress, 46
extrusion porosimetry, 119–120
extrusion technique, 119, 121

L-polylactide (PLLA), 89, 139,
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electrospinning, 93, 98, 110
mercury intrusion porosimeter data, 118
nanoindentation, 143
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tensile properties, 141
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Macromolecular models
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Mandrel velocity
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function, 121
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Metal–nanofiber composites
composite nanofibers, 169–172
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synthetic polymers, 208–215
wound care, 218–219
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PLGA, 190
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surface tension, 91–92
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Nanomaterials, 1
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Newtonian liquids, 47
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Poly(dicyclopentadiene)
AFM, 131

Poly(2-(dimethylamino)ethyl methacrylate
hydrochloride) (PDMAEMA HCl)

electrospinning, 63
Poly(D,L lactide) (PDLA), 210, 298
Polyelectrolyte hydrogel nanofibers, 280
Polyesters, 300
Poly(ester urethane) urea (PEUU)
electrospinning, 269

Poly(etherimide) (PEI), 305
PHBV, 307

Poly(ethersulfone) (PES), 217, 284
Polyethylene (PE), 5
Poly(3,4-ethylenedioxythiophene)

(PEDOT), 237
Poly(ethylene glycol) (PEG), 191
electrospinning, 61
WAXD, 151

Poly(ethylene naphthenate) (PEN), 55
DSC, 148
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degree, 28
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dilute viscosity, 45–49
electrospun nanofibers, 4
enthalpy change, 39–40
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solubility thermodynamic criteria, 35–40
solvent selection, 31–34
solvent solubility, 31–34
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volatility, 96
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zero-shear viscosity, 58, 59

Poly(m-phenylene isophthalamide) (PMPI),
149, 306

Polyoxides, 298–300
Polyphosphazene, 307
Polypropylene (PP), 5
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GA, 280
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tensile stress–strain curves, 139
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yield sensitivity, 88
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volume distribution function, 121
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silsesquioxane (POSS) nanoparticles
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PP. See Polypropylene (PP)
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PPX. See Poly(p-xylene) (PPX)
PPy. See Polypyrrol (PPy)
Protective apparel, 24
lightweight, 25
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SAAPPN. See Succinyl-ala-ala-pro-phe
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Sample arrangement
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three-point bending test, 144

SAXS. See Small-angle X-ray diffraction
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SBR. See Styrene-butadiene rubber (SBR)
SBS copolymer, 320
Scaffolding, 116, 194–217
drug delivery, 25
natural biopolymers, 198

Scale-up
electrospinning, 80

Scanning electron microscopy (SEM), 126
MMA/MSCNT, 163
nanofibers, 234
PC nanofibers, 254
PMMA electrospun nanofibers, 9
poly(1-caprolactone) nanofiber mat, 129
PS, 21, 87
silk fibrin, 204
titanium dioxide nanofibers, 245

Screening
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SDS. See Sodium dodecyl sulfonate (SDS)
SEM. See Scanning electron microscopy

(SEM)
Sensors
gravimetric, 236
nanofiber application areas, 26
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Side chain crosslinking reaction, 278
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nanofiber biomedical applications, 203–205
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Single-fiber characterization
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Single-walled CNT (SWCNT), 155, 162
Skin artificial, 184
Small-angle X-ray diffraction (SAXS), 149
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Sol–gel chemistry
nanofiber mats applications, 241

Solubility thermodynamic criteria
polymer solutions, 35–40

Solution entanglement number
electrospinning, 63–67

Solvents
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nanofiber quality, 86–88
polymer solutions, 31–34, 86–88
quality parameter, 45
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solubility, 31–34
THF, 92
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FTIR, 245–246
positron annihilation, 154
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biodegradable polymer nanofiber

scaffolds, 218
nanofiber biomedical applications,

216–217
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Straight jet
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Stress–strain curves
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Surface tension
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PGA, 209
PLA, 210
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electrostatic spinning, 13
Taylor’s cone region, 75
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voltage-induced instability, 103
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(TBAC)

Teas plot PMMA, 35
TEBAC. See Triethyl benzyl ammonium
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TEM. See Transmission electron microscopy

(TEM)
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Tensile modulus
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Tensile properties
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PAN/MWCNT, 164
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Textile fibers
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Three-point bending test
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Titanium dioxide nanofibers
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Vapor deposition, 178
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jet trajectories, 21
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XPS. See X-ray photoelectron spectroscopy
(XPS)
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nanofiber crystallinity, 148–152
PEO, 168
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XRD. See X-ray diffraction (XRD)
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