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Nano and biotechnology are two of the 21st century’s most promising technologies. 
Nanotechnology is demarcated as the design, development, and application of 
materials and devices whose least functional make up is on a nanometer scale (1 to 
100 nm). Meanwhile, biotechnology deals with metabolic and other physiological 
developments of biological subjects including microorganisms. These microbial 
processes have opened up new opportunities to explore novel applications, for 
example, the biosynthesis of metal nanomaterials, with the implication that these 
two technologies (i.e., thus nanobiotechnology) can play a vital role in developing 
and executing many valuable tools in the study of life. Nanotechnology is very 
diverse, ranging from extensions of conventional device physics to completely new 
approaches based upon molecular self-assembly, from developing new materials 
with dimensions on the nanoscale, to investigating whether we can directly control 
matters on/in the atomic scale level. This idea entails its application to diverse fields 
of science such as plant biology, organic chemistry, agriculture, the food industry, 
and more.

Nanobiotechnology offers a wide range of uses in medicine, agriculture, and the 
environment. Many diseases that do not have cures today may be cured by 
nanotechnology in the future. Use of nanotechnology in medical therapeutics needs 
adequate evaluation of its risk and safety factors. Scientists who are against the use 
of nanotechnology also agree that advancement in nanotechnology should continue 
because this field promises great benefits, but testing should be carried out to ensure 
its safety in people. It is possible that nanomedicine in the future will play a crucial 
role in the treatment of human and plant diseases, and also in the enhancement of 
normal human physiology and plant systems, respectively. If everything proceeds as 
expected, nanobiotechnology will, one day, become an inevitable part of our 
everyday life and will help save many lives.
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Preface

Plant diseases are caused by bacteria, fungi, insects, nematodes, phytoplasmas, and 
viruses; the diseases provoked by these pests cause financial losses by reducing 
attainable yields, product quality, and/or shelf life; only in the United States, over 
$600 million is expended annually on fungicides in challenge to control plant patho-
gens. Traditional plant protection strategies often prove insufficient, and application 
of chemical-based pesticides has negative effects on animals and human beings 
apart from causing decline in soil fertility. Recent industrial advancements have led 
to the fabrication of nanomaterials of diverse sizes and shapes. These innovations 
are the base for further engineering to create unique properties targeted toward spe-
cific applications. Nanotechnology would deliver green and efficient alternatives for 
the management of plant diseases without harming the nature, while the most favor-
able strategies, in recent scenario, are the use of micro- and nanotechnology to 
promote a more efficient assembly and then release of specific and environmental 
sustainable active principles. The wide range of nanotechnology applications in 
agriculture also includes nanopesticides for the control of plant pathogen interac-
tions and provides new techniques for crop disease control. However, use in agricul-
ture, especially for plant protection and production, is an under-explored area in the 
research community. Nanotechnology has many applications in all stages of pro-
duction, processing, storing, packaging, and transport of agricultural products. 
Nanotechnology will revolutionize agriculture and food industry by innovation of 
new techniques such as precision farming techniques, enhancing the ability of 
plants to absorb nutrients, improving seed germination and growth, more efficient 
and targeted use of inputs, plant protection, pathogen detection, control diseases, 
pesticide/herbicide residue detection, and withstand environmental pressures and 
effective systems for processing, storage, and packaging.

This book deals with the application of nanotechnology for quicker, more cost- 
effective, and precise diagnostic procedures of plant diseases. Additionally, the 
combination of nanotechnology with microfluidic systems has been effectively 
applied in molecular plant pathology and can be adapted to detect specific patho-
gens and toxins. Moreover, the application of nanotechnology in plant disease 
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 control, antimicrobial mechanisms, and nanotoxicity on plant ecosystem have been 
discussed in detail.

The first chapter by Sabry and Ragaei reviews nanotechnology and its applica-
tions in insect’s pest control. Chapter 2 highlights the nanoparticles-based plant 
disease management tools for agricultural sustainability presented by Yadav and 
Yadav. In Chap. 3, Gabal et al. describe copper nanostructures and their applications 
in plant protection. Nanoantimicrobials for phytopathogens control by mechanistic 
approaches and potential applications are described by Mohamed and Abd–Elsalam 
in Chap. 4. In Chap. 5, Kaushal highlights on the role of microbes in plant protec-
tion using intersection of nanobiotechnology. Chapter 6 highlights on the role of 
nanoemulsions as antimicrobial agents in plant protection by Hashim et al. In Chap. 
7, Mohamed et al. describe the application of nano-carbon in plant growth promo-
tion and protection.

In Chap. 8, Jampílek and Kráľová highlight on benefits and risks factor of nano-
technology applications in crop protection. In Chap. 9, Gupta et  al. highlight on 
applications of silver nanoparticles in plant protection. Tahsin Shoala details on 
positive impacts of nanoparticles in plant resistance against different stimuli in 
Chap. 10. In Chap. 11, Mostafa et al. give an overview of nanoantimicrobials mech-
anism of action. Sustainable nanotechnology approaches for mycotoxin detection 
and protection are discussed in Chap. 12 by Thipe et  al. Finally, application of 
chitosan- based nanostructures in plant protection has been discussed by Al-Dhabaan 
et al. in Chap. 13.

We wish to thank Springer officials, particularly William F. Curtis, Eric Schmitt, 
Eric Stannard, and Sanjana MeenakshiSundaram, and Anup Kumar, for their gener-
ous support and efforts in accomplishing this volume. We are highly delighted and 
thankful to all our contributing authors for their vigorous support and outstanding 
cooperation to write altruistically these authoritative and valuable chapters. We spe-
cially thank our families for consistent support and encouragement.

With a bouquet of information on different aspects of plant protections from 
nanomaterials, editors hope this book is a valuable resource for the students of dif-
ferent divisions; researchers and academicians, working in the field of nanosci-
ence, nanotechnology, plant sciences, agriculture microbiology, and fungal 
biology; and the scholars interested in strengthening their knowledge in the area of 
nanobiotechnology.

Giza, Egypt Kamel A. Abd-Elsalam
Guangzhou, China Ram Prasad 
Noida, UP, India

Preface
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Chapter 1
Nanotechnology and Their Applications 
in Insect’s Pest Control

Al-kazafy Hassan Sabry and Mohamed Ragaei

1.1  History of Nanotechnology in Insect’s Control

It was estimated that about 2.5 million tons of conventional pesticides are used in 
agriculture against insects each year. This quantity is expected to increase and cause 
worldwide hazards due to high toxicity, long persistence of pesticides, lack of sci-
entific formulations, leaching, and loss during application going into soil, water 
bodies, and atmosphere causing pollution or remnants on the crop surfaces affecting 
ecology and public health. On the other hand, the use of integrated pest manage-
ment (IPM) is not enough to reduce the insect population under the threshold econ-
omy. So, it is badly needed to develop new and modern strategies for the management 
of insect pest. This new strategy is a nanotechnology in agriculture. By this approach 
it can use nanomaterials against insect pest infestation.

The potential uses and benefits of nanotechnology are enormous. These include 
management of insect pests through the new insecticide formulations based on 
nanomaterials (Ragaei and Sabry 2014). It was known that one nanometer is one 
billionth of a meter or one millionth of a millimeter or one thousandth of a microm-
eter. That is about 1/80,000 of the diameter of a human hair or ten times the diam-
eter of a hydrogen atom.

The American physicist Richard Feynman lectured, “There’s Plenty of Room at 
the Bottom,” at an American Physical Society meeting at Caltech on December 29, 
1959, which is often held to provide attention for the field of nanotechnology. 
Feynman had discovered a process by which the ability to manipulate individual 
atoms and molecules might be developed, using one set of precise tools to build and 
operate another proportionally smaller set, down to the needed scale, and so on. 
In the course of this, Feynman stated that scaling issues would arise from the changing 
magnitude of various physical phenomena: gravity would become less important, 

A.-k. H. Sabry (*) · M. Ragaei 
Pests and Plant Protection Department, National Research Centre, Cairo, Egypt
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and surface tension and van der Waals attraction would become more important 
(Gribbin and Gribbin 1997). So, it can be said that Richard Feynman is the father of 
nanotechnology.

Nanoinsecticides are plant protection products used against insect pests. 
Nanotechnology is employed to enhance the efficacy or reduce the environmental 
contamination. Nanotechnology started in the sixth revolutionary technology in the 
current era after the Industrial Revolution of the mid-1700s (Rosen and Abribat 
2005), Nuclear Energy Revolution of the 1940s, the Green Revolution of the 1960s, 
Information Technology Revolution of the 1980s, and Biotechnology Revolution of 
the 1990s.

Nanotechnology has developed in the past decade and was able to make many 
new nanomaterials used in all fields of life. These fields include nanoinsecti-
cides. Some of those nanoinsecticides are used against harmful insects. After the 
Second World War, the organic insecticides such as chlorinated hydrocarbon, 
organophosphorus, carbamates, etc. were used. Due to the extensive use of all 
conventional insecticides against insect pests, the insects acquired resistance to 
all of these insecticides. The scientists researched for alternative methods in 
insect control such as new and unconventional insecticides to face the insect 
outbreak. Unfortunately, these new methods cannot suppress the insect out-
break. Scientists have been extremely working over the past decade to develop 
new insecticide products based on nanotechnology. Nanopesticide research was 
used at high speed at the agrochemical labs; however, these topics have not 
reached public awareness or state authorities so far nor are any products avail-
able at the market. Since those nanoinsecticides have new or enhanced proper-
ties, this will change in the near future and will inevitably result in both new 
risks and new benefits to human and environmental health (Kah et  al. 2013; 
Prasad et al. 2014, 2017a). At this scale, particles have a disproportionately large 
surface area relative to their overall size. The high surface area makes the differ-
ence, because the greater surface area ratio means more of the total volume of 
pesticide comes into contact with the pests and that in turn means being able to 
reduce the amount of pesticide needed.

Field application of nanoinsecticides would be spread in large quantities of 
nanoparticles into the environment. Innovation always results in both drawbacks 
and benefits for human and environmental health. Nanoinsecticides may reduce the 
environmental pollution through the reduction of insecticide application rates and 
reduced losses. On the other hand, nanoinsecticides may also make new types of 
soil contamination and waterways due to enhanced transport, longer persistence, 
and higher toxicity. Many studies carried out on the nanoparticles and reported that 
these nanomaterials were effective against plant pathogens, insects, and other pests. 
So, these nanomaterials are not only used in the preparation of new formulations 
like pesticides and insecticides but also as insect repellants (Barik et  al. 2008; 
Gajbhiye et  al. 2009; Goswami et  al. 2010; Owolade et  al. 2008; Bhattacharyya 
et al. 2016; Prasad et al. 2017b; Sangeetha et al. 2017). Bhattacharyya et al. (2010) 
stated that nanotechnology will revolutionize agriculture including pest manage-
ment in the near future.

A.-k. H. Sabry and M. Ragaei
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1.2  Formulations of Nanoinsecticides

Nanoformulations are miraculous surfactants that can simply multiply the effects of 
formulation sprayed on the plants with its unique properties of surface tension 
reduction. These insecticides formulations can help in reducing the number of field 
applications of insecticides due to enhancement of efficacy, making maximum out-
put of money, and time spent on these insecticides.

There are at least four different nanoformulation types of nanoinsecticides: 
nanoemulsions, nanosuspension, nanocapsules, and nanoparticles.

The aims of all of them are to improve the efficacy of the active ingredient in the 
insecticides, improve the safety of the products in the environment, and control 
active ingredient release.

1.2.1  Nanoemulsions

Nanoemulsion has been identified as a promising delivery system for various chem-
ical compounds including insecticides. Nanoemulsions are defined also as isotropic 
and kinetically stable emulsion systems in which the oil droplets containing the 
hydrophobic component are stabilized by a thin layer of emulsifier. They appear to 
be either transparent (droplet diameter  <  200  nm) or milky (droplet diameter ≈ 
500 nm) with the mean droplet diameters ranging from 50 to 1000 nm.

Generally, emulsion is usually a homogenous mixture consisting of various oils 
and/or fats intimately dispersed throughout the aqueous continuous phase in the 
presence of an emulsifying agent (also called emulsifier) (Fig. 1.1). So, it can be 
said that emulsion is the agent that makes the oil and water mix. Or an emulsifier is 
defined as a molecule with two different ends, one that loves water (hydrophilic) 
and a second one that loves lipids and hates water (hydrophobic).

It was known that most insecticides used in agriculture or used against medical 
insects (mosquitoes and housefly) are oily. By using of nanoinsecticides, the using of 
nanoformulations are suitable with nanoactive ingredient and nanoemulsifier is needed.

Fig. 1.1 Emulsion contents. (Cited from Praveen and Divya 2015)

1 Nanotechnology and Their Applications in Insect’s Pest Control
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The types of emulsion formed, normally oil-in-water (o/w) or water-in-oil (w/o), 
were commonly determined by the volume ratio of the two liquids and also by the 
phase addition sequence and by the nature of emulsifier. The average droplet sizes 
of nanoemulsion, say oil-in-water type, fall typically in the range of 100–500 nm. 
The former type finds a wide area of applications in oral and topical formulations of 
oil-soluble drugs as it is not only pleasant to take/use but also provides a remarkable 
masking effect with the inclusion of a suitable flavor.

The Differences Between O/W and W/O
O/W means water is the dispersion medium and oil is the dispersed phase, nongreasy 
and easily removable, used externally to provide cooling effect, and preferred for inter-
nal use. The oil component influences curvature by its ability to penetrate. Stability in 
high temperature can be used as carriers for wide range of organic compounds. 

W/O means oil is the dispersion medium and water is the dispersed phase, greasy 
and not water washable, used externally to prevent evaporation of moisture from the 
surface and preferred for external use. So, it can be used on the wax layer of some 
plant leaves.

As shown in Fig. (1.1), nanoemulsion consists of oils, emulsifiers, and co- 
emulsifiers as recipients in their preparation or formulation strategy. It should be 
noted that the combination of these three components are essential to impart and 
control physical stability and consistency of nanoemulsion in the formulations. The 
oil phase of nanoemulsion plays a vital role in nanoemulsion formulation as it can 
solubilize highly potent lipophilic compound to facilitate their transport via the 
intestinal lymphatic system.

The Differences Between Emulsion and Nanoemulsion
There are many differences between the normal or microemulsion and nanoemul-
sion. All these differences showed that the nanoemulsion is better than the normal 
emulsion. These differences include:

 1. The nanoemulsion is more stable than the normal emulsion. This means that the 
nanoinsecticides are more effective and stable than the conventional insecti-
cides which have nanoemulsion.

 2. The color of nanoemulsion is transparent, while normal emulsion is milky in 
color.

 3. The nanoemulsions have a wide surface area and free energy than the normal 
emulsion; this means that little quantity of nanoemulsion can cover a wide area.

 4. The nanoemulsions don’t produce the inherent creaming, flocculation, coales-
cence, and sedimentation. So, nanoinsecticides will be homogenous.

 5. The nanoemulsions are in the sub 100 nm size range not more than 100 nm.
 6. Nanoemulsions are attractive for the aforementioned applications because they 

are relatively the least sensitive to physical and chemical changes.
 7. Increase the rate of absorption. This means that the nanoactive ingredient was 

more conjugated with the nanoemulsion.
 8. Dispersibility of nanoemulsion is very high compared with normal emulsion 

because the small droplet prevents the flocculation of droplets, and this process 
makes the system dispersed without separation and homogenous.

A.-k. H. Sabry and M. Ragaei
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 9. Nanoemulsion formulation provides a rapid penetration of active ingredients 
through the plant leaves. So, this formulation is very effective against sucking 
insects.

 10. These formulations may be used to increase the bioavailability of poor water- 
soluble insecticides (Wagner et al. 1966; Kim et al. 2001).

 11. Nanoemulsion can be formulated into different dosage forms with ease of man-
ufacture and scale-up.

 12. Nanoemulsion can be used as a template for producing nanoparticles and 
nanocapsules.

1.2.1.1  Preparation of Nanoemulsion

Emulsion is a heterogeneous mixture of lipid (hydrophobic) and aqueous phase 
(hydrophilic). The stability of this mixture is created by using a suitable material 
known as emulsifying agents. So, the nanoemulsion is a translucent system com-
pared with the ordinary emulsion or some time microemulsion. Nanoemulsion has 
been demonstrated that with the help of nanoemulsion as a delivery system, reten-
tion time of nonchemical in the environment can be increased, so low amount of 
chemical is required for the treatment.

Two factors must be made when preparing nanoemulsion:

 1. The size of droplets must be ranged between 60 and 100 nm.
 2. The stability of nanoemulsion formulation.

The size of particles in nanoemulsion is a very important trait because it influ-
ences its optical, rheological, stability, and released characteristics. The particle size 
distribution of nanoemulsion can be controlled by varying emulsion preparation 
conditions and/or system composition. For example, in high-energy methods, the 
droplet size depends on the intensity and duration of the energy input, the type and 
concentration of emulsifier used, the interfacial tension, and the relative viscosities 
of the disperse and continuous phases (McClements 2004; Jafari et  al. 2006). 
Smaller droplets can be produced by increasing the intensity or duration of homog-
enization, by increasing the concentration of emulsifier used, or by controlling the 
viscosity ratio (Wooster et al. 2008). The size of the droplets in an emulsion can be 
reduced by using solvent displacement and/or solvent evaporation methods (Horn 
and Rieger 2001; Chu et al. 2007).

In general, droplets stabilized by nonionic surfactants such as Tweens and Spans 
should have no droplet charge, but in practice it often has a significant negative 
charge which may be due to the presence of free fatty acids or other ionic impurities 
within them. Droplets stabilized by anionic surfactants have a negative charge such 
as lecithin, DATEM, CITREM, and fatty acids, whereas those stabilized by cationic 
surfactants have a positive charge (e.g., lauric arginate) (Mun et al. 2005).

The droplets of nanoemulsions often have an electrical charge because of adsorp-
tion of ionized emulsifiers, mineral ions, or biopolymers to their surfaces 
(McClements 2005). The sign and magnitude of the electrical charge on the droplets 
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of nanoemulsion play an important role in the functional performance and stability, 
e.g., aggregation stability, interaction with other food components, and ability to 
adhere to biological surfaces such as the waxed plant leaves. The electrical charac-
teristics of nanoemulsion droplets can be controlled by careful selection of particu-
lar emulsifier types.

1.2.1.2  Components of Nanoemulsion

Nanoemulsion consists of three main components:

 1. Oils such as oleate, sesame oil, castor oil, arachis oil, corn oil, lanolin, jojoba oil, 
etc.

The oil component was used to increase the ability of penetration and swill 
that tail group region of the surfactant monolayer.

 2. Emulsifier as natural lecithins from plant or animal source
 3. Some additive as antioxidants (ascorbic acid), tonicity modifier (glycerol or sor-

bitol), pH adjustment (NaOH or KOH), and preservative

1.2.1.3  Types of Nanoemulsion

 1. Oil-in-water (O/W): means water is the dispersion medium and oil is the dis-
persed phase.

 2. Water-in-oil (W/O): means oil is the dispersion medium and water is the dis-
persed phase.

 3. Bi-Contentious nanoemulsion: Microdomains of oil and water are dispersed 
within the system.

1.2.1.4  Methods of Nanoemulsion Preparation

Phase Inversion Temperature (PIT)

This method was created by changing in phase by using a higher temperature to a 
microemulsion (El-Aasser et  al. 1986; Pouton 1997). The high temperature con-
verted the microemulsion to nanoemulsion.

This method uses an oil-in-water emulsion (O/W) initially formed by homoge-
nizing an organic phase (lipid and organic solvent) with an aqueous phase (water 
and hydrophilic emulsifier) (Fig. 1.2). The organic solvent is selected according to 
its water miscibility, boiling point, safety, and legal status.

Izquierdo et  al. (2004) studied the effect of phase behavior on nanoemulsion 
droplet size and stability. The obtained results showed that although the breakdown 
of droplet process of nanoemulsions was due to the oil transference from the smaller 
to the bigger droplets, the increase in stability is found with the increase in surfac-
tant concentration. This result may be attributed to the higher surfactant excess, 
favoring of the oil micellar transport between the emulsion droplets.
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This method depends on changes in solubility of polyoxyethylene-type surfac-
tant with temperature. The surfactant becomes lipophilic (soluble in lipids) by the 
increase of temperature. These changes are attributed to dehydration of polymer 
chain. On the other hand, at low temperature, the surfactant monolayer has a large 
positive spontaneous curvature forming oil-swollen micellar solution phase 
(Shinoda and Saito 1968).

By this method nanoemulsions can be formed continuously by varying the 
temperature- time profile of certain mixtures of oil, water, and nonionic surfactant. 
This type of phase inversion is usually used to the controlled transformation of an 
emulsion from one type to another (e.g., W/O to O/W or vice versa) through an 
intermediate liquid crystalline or bicontinuous microemulsion phase (McClements 
and Rao 2011).

Sonication Method

In this method the size of droplet in normal emulsion is reduced in size by the soni-
cation mechanism. Only a small quantity of nanoemulsion can be prepared by this 
method. This method is not suitable for large quantity (Walstra 1996). The energy is 
provided through sonotrodes called as sonicator probe. As the tip of sonicator 

Fig. 1.2 Schematic diagram of the temperature dependence of the spontaneous curvature of surfactant 
monolayers and their influence on emulsion properties. (Cited from McClements and Rao 2011)
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contacts the liquid, it produces a mechanical vibration and cavitations occur. 
Cavitations mean that the formation and collapse of vapor cavities in liquid are 
used. Thus, ultrasound can be directly used to produce nanoemulsion. This method 
is mainly used in laboratories where emulsion droplet size as low as 0.2 μm can be 
obtained (Jaiswal et al. 2015). In this method, the sample was homogenized and 
made to flow through a channel containing an element capable of generating intense 
ultrasonic waves (Fig. 1.3).

High-Pressure Homogenizer

This method is conducted by using a high pressure over the system having oil phase, 
aqueous phase, and surfactant or co-surfactant. The pressure is obtained by the help 
of homogenizer (Fig. 1.4). In this method some problems associated with homoge-
nizer are poor productivity, component deterioration attributed to generation of 
much heat. According to this method, only oil-in-water (O/W) liquid nanoemulsion 
of less than 20% oil phase can be prepared, and cream nanoemulsion of high viscos-
ity or hardness with a mean droplet diameter lower than 200  nm cannot be 
prepared.

Microfluidization

In this method a high-pressure positive displacement pump (500–200 PSI) which 
forces the product through the interaction chamber, consisting of small channels 
called micro channels, is used (Fig.  1.5). The microemulsion flows through the 
micro channels toward to an impingement area resulting in very small particles. 
Both aqueous phase and oily phase are combined together and processed in an 
inline homogenizer to produce a course emulsion. The course emulsion is converted 
to a micro fluidizer where it is further processed to obtain a stable nanoemulsion.

Microfluidization typically involves forming a coarse emulsion and then passing 
it into an interaction chamber, where the emulsion is split into two streams that are 
made to impinge to one another at high velocity (Jafari et al. 2007).

Fig. 1.3 Using of 
ultrasonic in nanoemulsion 
formation. (Cited from 
McClements 2011)
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1.2.1.5  Nanoinsecticides with Nanoemulsion Formulation

Hexane-soluble fraction from ethanolic crude extract from fruits of Manilkara sub-
sericea and its triterpenes was used as an effective extract against a cotton pest 
(Dysdercus peruvianus). Unfortunately, most of the plant extracts which have an 
insecticidal activity have poor water solubility, including triterpenes. So, 

Fig. 1.4 Schematic representation of the nanoemulsion preparation using high-pressure homoge-
nization and solvent evaporation stages. (Cited from Troncoso et al. 2012)

Fig. 1.5 Microfluidizer for nanoemulsion formation. (Cited from Panagiotou and Fisher 2012)
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nanotechnology has solved this problem by a good alternative nanoemulsion formu-
lation (Fernandes et al. 2014). The authors made a new extract formulation extracted 
from Manilkara subsericea fruits. This formulation consists of 5% of a polar frac-
tion from M. subsericea, 5% of oil (octyldodecyl myristate as a fatty acid), 5% of 
surfactants (sorbitan monooleate/polysorbate 80%), and 85% of water. The droplets 
size of this new formulation was 155.2 ± 3.8 nm. This formulation increased the 
mortality of D. peruvianus pest. On the other hand, this formulation has no effects 
on mammalian (nontarget organisms).

The plant extract of Copaiba (Copaifera duckei Dwyer, Fabaceae) oleoresin is an 
important plant extract. This extract is poor water solubility. By using nanotechnol-
ogy, this problem was solved, especially oil-in-water nanoemulsions. The nano-
emulsion of these extracts was effective against Aedes aegypti larvae. The size of 
formulation droplets was 145.2 ± 0.9 nm. This nanoemulsion consists of 90% of 
distilled water, 5% of oil, and 5% of surfactants. The main advantage of this product 
is low cost and ecofriendly green natural-based nanoformulations and considered a 
promising insecticidal products (Veerakumar et al. 2014). Eucalyptus is a diverse 
genus of flowering trees and shrubs in the Myrtle family, Myrtaceae. The oil extrac-
tion of eucalyptus leave has an allelopathic property and prevents insects from 
attacking it, thereby, acting as a natural insecticide (Brooker and Kleinig 1990; 
Batish et al. 2008).

Sugumar et al. (2014) prepared a nanoinsecticide extracted from plant extracts. 
The oil-in-water nanoemulsion was prepared by using eucalyptus oil, non-ionic sur-
factant (Tween 80), and water. The concentration of eucalyptus oil (6%, v/v) was 
fixed for all formulations. Firstly, coarse emulsion was prepared by adding water to 
organic phase containing oil and surfactant in different ratios, 1:1, 1:2, and 1:3 (v/v) 
using a magnetic stirrer, which was then subjected to ultrasonic emulsification using 
a 20 kHz Sonicator (Ultrasonics, USA) with a power output of 750 W. Energy input 
was given through sonotrode containing a piezoelectric crystal with a probe diam-
eter of 13 mm. Sonicator probe generates disruptive forces that reduce the droplet 
diameter converting coarse emulsion to nanoemulsion.

Nanoemulsion formulation of pyrethroids was prepared such as γ-cyhalothrin, 
β-cypermethrin, nanopermethrin, etc. Nanopermethrin was prepared by oil-in-water 
emulsion (O/W) which proved to have larvicidal property. β-Cypermethrin nano-
emulsion covers the leaves uniformly due to its small-sized droplets. Wetting, 
spreading, and penetration of pesticide are also enhanced.

1.2.2  Nanosuspensions

The main usage of nanosuspensions is for the compounds that are water insoluble 
(hydrophobic) and soluble in oil. The nanosuspension insecticides have an easy 
dispersibility, high stability, and high bioavailability. There are many disadvantages 
for the powder insecticides including dust drift, environmental pollution resulting 
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from the use of organic solvent, and poor dispersion, further decreasing their pest 
control efficacy (Qian and Li 2005).

Recently, nanosuspensions, consisting of nanoparticles less than 1 μm in diam-
eter, are suspended in aqueous phase using surfactants as stabilizers (Fig. 1.6). The 
nanosuspensions have attracted a large amount of attention as an effective formula-
tion (Dubey 2006).

Advantages of Nanosuspension Compared with Normal Suspension
 1. Increase the bioavailability of materials used
 2. Easy and simple methods for preparation
 3. Solving the problem of poor aqueous solubility
 4. Suitable for hydrophilic insecticides (Liversidge and Cundy 1995)
 5. Increase the stability of insecticides used
 6. Reduction in insecticide concentrations used

1.2.2.1  Preparation of Nanosuspensions

High-Pressure Homogenization (HPH)
According to Kalvakuntla et  al. (2016), the nanosuspension can be prepared by 
using aqueous solutions of stabilizers such as Tween 80, Poloxamer 188, PVA, and 
SLS. The nanosuspension was prepared by different concentrations using purified 
water. Aprepitant (125 mg) was diluted and suspended in 10 mL of the Tween 80. 
The dispersion was homogenized using high-speed homogenizer (Polytron PT 
3100, Kinematica) at 10,000 rpm for 10 min to form homogeneous microsuspen-
sion. This microsuspension was subjected to probe sonication (Vibracell VCX130; 
Sonis, USA) at amplitude of 80% and pulse 4 s for 15 min to form presuspension. 
During this sonication, the temperature does not exceed 0 °C by using an ice bath. 
This presuspension was added dropwise to the remaining stabilizer solution and 
homogenized. Firstly, the first step was conducted at 5000 psi for five cycles using 
high-pressure homogenizer (Emulsiflex-C3, Avestin, USA). Then an HPH step was 
applied at 15,000 psi for ten cycles.

Fig. 1.6 Nanosuspension content. (Cited from Talekar et al. 2013)
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Grau et al. (2000) stated that there were two methods for nanosuspension prepa-
ration called “bottom-up technology” and “top-down technology.” The top-down 
technology method involves the disintegration of larger particles into nanoparticles, 
examples of which are high-pressure homogenization and milling methods.

The bottom-up approach is more advantageous than the top-down approach 
because the former has a better chance of producing nanostructures with less 
defects, more homogenous chemical composition, and better short- and long-range 
ordering.

H96 (Lyophilization + HPH)
The H96 process includes both of lyophilization and HPH techniques. The amount 
of active ingredient and organic solvent was the most important factor to be consid-
ered for lyophilization in H96 process (Salazar et al. 2012). In the last step of mate-
rial (aprepitant) synthesis, no crystallization of the synthesis material was formed, 
but the material solution was made by using methanol as a solvent. Methanol was 
the solvent of aprepitant and observed to be freely soluble in it. The prepared solu-
tion was then lyophilized. In the next step, the lyophilized product was dispersed in 
different stabilizer solutions in many concentrations by using purified water, which 
was immediately released through a homogenizer 15,000 psi for five cycles. Four 
different stabilizers (Tween 80, Poloxamer 188, PVA, and SLS) were conducted in 
different concentrations, alone and in combinations. After freeze-drying, the dry 
powder was investigated for possible aggregation by visual inspection. Shape and 
surface morphology of the freeze-dried nanocrystals was studied using SEM (JEOL, 
JSM 50A, Tokyo, Japan). An appropriate amount of freeze-dried nanocrystals was 
mounted on metal (aluminum) stubs; the samples were mounted onto aluminum 
specimen stubs using double-sided adhesive tape and fractured with a razor blade. 
The samples were sputter-coated with gold/palladium for 120  s at 14 mA under 
argon atmosphere for secondary electron emissive SEM and observed for morphol-
ogy, at acceleration voltage of 20 kV.

1.2.2.2  Preparation of the Lambda-Cyhalothrin Nanosuspension

Lambda-cyhalothrin is the most important insecticide used against some crop pests. 
This insecticide belongs to the pyrethroid insecticide group. This insecticide is 
poorly water-soluble (5 μg/L at 21  °C); lambda-cyhalothrin nanosuspension was 
produced by the melt emulsification-HPH method (Pan et al. 2015). The powder of 
lambda-cyhalothrin was dispersed in deionized water-containing surfactants at 
80 °C (this melting point is above the lambda-cyhalothrin melting point) and emul-
sified with C25 shearing machine (ATS, Germany) at 10,000 rpm for 2 min. After 
that the emulsified mixture was homogenized using AH100D high-pressure homog-
enizer (ATS Engineer Inc., Canada) under different pressures in the range of 200–
1000 bar for 15 cycles. Finally, the nanosuspension was obtained by cooling down 
the homogenized mixture to room temperature in order to solidify the melted drop-
lets into nanoparticles (Fig. 1.7).
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Pyridalyl is a new insecticide intended for the control of lepidopterous larvae and 
thrips (Thysanoptera) as part of insect resistance management (IRM) and integrated 
pest management (IPM) programs. This insecticide inhibits cellular protein synthe-
sis in insect without any effects on mammalian.

Pyridalyl nanosuspension is prepared by using sodium alginate two- and sixfold 
more effective as stomach poison against Helicoverpa armigera than the technical 
product and the commercial formulation, respectively (Saini et al. 2014).

1.2.3  Nanocapsules

A nanocapsule is a nanoscale cover made from a nontoxic substance called polymer 
(Fig. 1.8). It was made of a polymeric membrane which encapsulates an inner liquid 
or powder core at the nanoscale to protect the active ingredient from the environ-
ment factors, control of material release, and precision targeting (Ezhilarasi et al. 
2012). The size of nanocapsule ranged from 10 to 1000 nm. This size is according 
to use of nanocapsule. Nanocapsules (<1 μm in diameter) containing a rubber-like 
consistency solid core are loaded with any insecticides. Active ingredient is found 
in the solid core at a controlled and determined rate. Consequently, the active ingre-
dient can be delivered gradually over months.

The nanocapsules are defined as nano-vesicular systems that exhibit a typical 
core-shell structure in which the compound is confined to a reservoir or within a 
cavity surrounded by a polymer membrane or coating (Letchford and Burt 2007; 
Anton et al. 2008).

Nanocapsules are vesicular systems in which specific compounds, solubilized in 
an aqueous or oil core, are covered by a single polymeric membrane (wall material) 
(Couvreur et al. 2002). After synthesis, the evaluation of the nanocapsule stability is 
crucial mainly in relation to important parameters, such as size, polydispersity index 
(PDI), zeta potential, morphology, pH, and release profile.

Advantages of nanocapsules

• Longer period of effective action in a single use of any insecticides effectively 
reduces the level of insect infestation.

Lambda-cyhalothrin
powders

Shearing

Cavitation Shearing

Cooling down

32

80˚C

HPH

Fig. 1.7 Preparation of nanosuspension of lambda-cyhalothrin. (Cited from Pan et al. 2015)
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• Operational safety: The active ingredients are gradually and successively released 
by the core and polymer walls of the capsules. This makes it possible to maintain 
a low concentration of those ingredients in sprayed places.

• Easier removal.
• Nonstain effect of the sprayed surface.

1.2.3.1  Preparation of Insecticide Nanocapsules

The nanocapsules are colloidal-sized, vesicular systems in which the active ingredi-
ent is confined to a reservoir or within a cavity surrounded by a polymer membrane 
or coating (Soppimath et al. 2001). Any nanoparticle needs a suitable protectant to 
prevent them from undergoing aggregation during the reaction that is to be cata-
lyzed. Polymer–nanoparticle contents are suitable materials used for the purpose of 
exploiting or enhancing the unique properties of the nanoparticles, while the poly-
mer matrix can control host–guest interactions to ensure the well-defined spatial 
distribution of nanoparticles (Gao et al. 2007). The most important component of 
insecticide nanocapsules is the polymer. There are many sources of polymers such 
as polysaccharides (e.g., chitosan, alginates, starch) and polyesters (e.g., poly-ε- 
caprolactone, polyethylene glycol) that have been used for the synthesis of nanoin-
secticides. The first formulation containing polymer for controlled release of 
bioinsecticides started in the early 1970s. With the growing awareness for environ-
mental pollution, application of biodegradable and biocompatible polymers of natu-
ral origin is preferred over the synthetic ones. The metabolites produced from the 
degradation of such polymers are of little concern. It was known that most of 

Fig. 1.8 Nanocapsules. (Cited from Wilton 2010)
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nanoinsecticides are prepared as nanoemulsion. Due to biodegradation and environ-
mental factors affecting these formulations, the nanocapsulated insecticides may be 
better than this formulation.

1.2.3.2  Preparation of Polymer

Polymer is a Greek word divided into parts: poly means many, and meres means 
parts so this word means many parts.

Polymers are defined as large molecules made with hundreds of monomers con-
jugated to form long chains.

The ideal polymers must be:

 1. Nontoxic
 2. Compatible with environment
 3. Not expensive
 4. Good mechanical strength

Lactic acid (2-hydroxypropanoic acid) is the simplest 2-hydroxycarboxylic acid 
with a chiral carbon atom and exists in two optically active stereo isomers, namely, 
L and D enantiomers (S and R in absolute configuration, respectively). These L- and 
D-lactic acids are generally synthesized by fermentation using suitable microorgan-
isms. Racemic DL-lactic acid (RS configuration) consisting of the equimolar mix-
ture of D- and L-lactic acids shows characteristics different from those of the 
optically active ones. DL-lactic acid is conveniently synthesized by chemical 
method rather than fermentation.

For example, polymerization of citric acid onto the surface of oxidized multi-
walled carbon nanotubes is leading to MWCNT-graft-poly (citric acid) (MWCNT- 
g- PCA) hybrid materials. Due to the presence of conjugated citric acid branches, 
synthesized MWCNT-g-PCA hybrid materials were not only soluble in water but 
also able to trap water-soluble chemical species and metal ions.

Polylactic acid (PLA) is synthesized from lactic acid and naturally occurring organic 
acid that can be produced by fermentation. Polylactic acid is different than most poly-
mers in that it is derived from renewable resources like cornstarch or sugarcane.

PLA production is a popular idea as it represents the fulfillment of the dream of 
cost-efficient, nonpetroleum plastic production. The huge benefits of PLA as a bio-
plastic are versatility and the fact that it naturally degrades when exposed to the 
environment. PLA and its copolymers are being used in many biomedical trends as 
a biomaterial substance in the form of implants or devices due to its excellent bio-
compatibility and biodegradability. PLA production is a simple idea as it represents 
the fulfillment of the dream of cost-efficient, nonpetroleum plastic production.

There are two important methods for PLA synthesis:

 1. Ring-opening polymerization of lactic acid cyclic dimmer, known as lactide
 2. Direct polycondensation of lactic acid
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The most common polymerization technique is known as ring-opening polymer-
ization. This is a process that utilizes metal catalysts in combination with lactide to 
create the larger PLA molecules. The condensation process is similar with the prin-
cipal difference being the temperature during the procedure and the by-products 
(condensates) that are released as a consequence of the reaction.

Polycondensation of polymer formation is processed by linking small molecules 
(monomers) together, accompanied by elimination of by-products (e.g., water and 
alcohols). In the case of PLA, polycondensation of lactic acid by connecting car-
boxyl and hydroxyl groups produces water by-product simultaneously. Due to the 
difficulty in removing by-products completely from the highly viscous reaction 
mixture, polymer produced through direct polycondensation is usually of low 
molecular weight (<50,000 g/mol) and low quality. In order to overcome this main 
disadvantage, numerous newly developed polycondensation methods have been 
proposed. In recent years, azeotropic polycondensation (AP) and solid-state polym-
erization (SSP) are two main directions.

1.2.3.3  Insecticides with Nanocapsule Formulation

Methomyl Nanocapsule

Methomyl is a c conventional insecticide which belongs to the carbamate group. 
This insecticide was used in control of many insect pests and has good efficacy 
against these pests. Although they have advantages, these insecticides have some 
disadvantages such as a short residual activity and an easy decomposition into non-
toxic compounds during 3 days after application (Sun et al. 2014). Methomyl nano-
capsules were prepared by adding 10.0 mg Az CMC Sand to 5.0 mg methomyl and 
were dissolved into 20.0 mL distilled water to obtain a solution. pH of all mixture 
must be adjusted to 4.0. After that the solution was sonicated for 3 min using a 
probe-type sonifier (JY92-2D, made by Ningbo Xinzhi Bio-tech Co. LTD.) at 
100 W using a pulse function (pulse on 2.0 s, pulse off 2.0 s) to produce a methomyl- 
loaded nanocapsule dispersion solution. After that methomyl insecticide-loaded 
nanocapsule dispersion solution was exposed to UV light for 5 min using an ultra-
violet lamp (20 W, 253.7 nm) to get a methomyl-loaded shell cross-linked nanocap-
sule solution. The nanocapsule methomyl had a hollow spherical configuration and 
a relatively uniform size, indicating that incorporation of methomyl had little effect 
on the topology and distribution of the nanocapsules.

Temephos

Temephos is a synthetic insecticide which belongs to organophosphate group. This 
insecticide was used against mosquito larvae and adults. The stock solutions of 
temephos were obtained by diluting 0.01 mL of insecticide in 1000 mL water to 
obtain a concentration of 10 mL/L. Different parts of polyethylene glycol (PEG) 
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(6000), viz., 49.5, 49.0, 48.0, 46.0, and 42.0 g, were heated separately at 65 °C. To 
these molten PEG, different parts 1%, 2%, 4%, 8%, and 16% (w/v) of temephos 
were mixed and stirred gently with the help of glass rod to ensure even distribution 
of the mixture. The mixtures were allowed to cool at room temperature, and the 
solidified mass was grounded completely in a mortar and sieved using a 200 mesh 
sieve. The resultant powders were finally placed in airtight, self-sealable polyethyl-
ene containers and stored at 25 °C in desiccators containing calcium chloride to 
prevent moisture absorption prior to further experiments (Bhan et al. 2015a,b).

Imidacloprid

Imidacloprid is a very important new insecticide which belongs to neonicotinoid 
insecticide group. It acts as a systemic insecticide, and the main target in insect is a 
nicotinic acetylcholine receptor stimulator. This insecticide is less toxic to humans 
and highly effective against pests. It was known worldwide for these qualities (Guan 
et al. 2008; Zhou et al. 2006).

PEG (Mn¼1000) and citric acid (molar ratio of CA/PEG¼1/10) were used for 
synthesis of PCA–PEG–PCA copolymers using the method described by Naeini 
et al. (2010). Three steps were involved in the polymerization process. The first step, 
the temperature of polymerization was increased to 110 °C for 20 min so that a 
transparent viscose compound was formed. In the second step, the temperature was 
increased to 130 °C to the melting state for 15 min. In the third step, the temperature 
was maintained at 150 °C for 30 min, and mixture was stirred vigorously. During 
these processes, water was removed from the reaction medium by a vacuum pump. 
After these steps, these contents were dissolved in tetrahydrofuran and then precipi-
tated in diethyl ether several times. The PCA–PEG–PCA copolymers formed a vis-
cous yellow compound with a yield of 8%.

Imidacloprid dissolved in acetone (1 g/100 mL) and PCA–PEG–PCA copoly-
mers dissolved in ethanol as a basic solvent (1 g/20 mL) were mixed at room tem-
perature and stirred for 8  h. Applying a dialysis bag (Mn cutoff 2000), free 
imidacloprid was separated, and then resultant solution containing nano- imidacloprid 
was maintained at 4 °C.

In general it can be said that preparation of nanocapsules involving the organic 
phase which consists of solvent, polymer, oil, and active ingredient is penetrated into 
the pores of an ultrafiltration membrane by the filtrate side, and then it is pressed. The 
aqueous phase consists of water, and surfactant circulates inside the membrane mod-
ule and removes the nanocapsules forming at the pore outlets (Fig. 1.9).

Neem Oil

Neem oil was extracted from the seed of neem plants and used as a botanical extract 
against some insect pests. The efficacy of neem oils against insects is due to the 
presence of some active ingredients such as limonoids and azadirachtin which is 
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considered the most complex and potent agent (Mordue and Nisbet 2000). 
Azadirachtin acts as antifeedant activity due to its efficacy on insect chemorecep-
tors, ecdysteroid, and juvenile hormone titers by blocking morphogenetic peptide 
hormone flow, resulting in growth and molting disturbance, and has histopathologi-
cal effects on insect muscles, fat body, and gut epithelial cells (Mordue and 
Blackwell 1993). Giongo et al. (2016) used nanocapsule of neem oil against fall 
armyworm, Spodoptera frugiperda.

Cypermethrin Nanocapsule

Cypermethrin is an important insecticide which belongs to pyrethroid insecticide 
group. The sodium and potassium gate in nervous cells is a main target for this 
insecticide. Cypermethrin nanocapsules were prepared by mixing microemulsion 
polymerization with the emulsifiers (DNS-86/OP-10). The effects of emulsifier 
contents, mixture ratio of emulsifiers, shell-core ratios, and temperature of emulsi-
fication on the particle sizes and size distribution of the nanocapsules were studied 
by Xiaomiao et al. (2009). The results showed that the microemulsion is very stable. 
This stability was due to the better emulsification of the mixed emulsifiers. Excellent 
nanocapsules can be obtained when the emulsifier content is 9.29%, the ratio of 
emulsifiers DNS-86: OP-10 is 4:3, the ratio of pesticide and monomer is 3:2.5, and 
the temperature of polymerization is 60.

1.2.4  Nanoparticles

Nanoparticles is defined as a small material that behaves as one unit with its trans-
port and properties. The size of nanoparticles ranged between 1 and 100 nm. The 
main objective of nanoparticle insecticides is to improve insecticide distribution on 
the plant leaf surface. Silica particles (Fig. 1.10) were transformed to nanoparticles 
to use in insect pest control.

Fig. 1.9 Optical microscopy images of globular segments resulting from ethanol solution of 
PCA–PEG–PCA copolymers (12.5 g/L) and imidacloprid (2500 mg/L), after 20 days. (D) Optical 
microscopy images of fibers resulting from water solution of PCA–PEG–PCA copolymers 
(250 mg/L) and imidacloprid (50 mg/L), after 10 days. (Cited from Memarizadeh et al. 2014)
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1.2.4.1  Types of Nanoparticles

There are two types of nanoparticles:

 1. Organic nanoparticles
These include micelles, dendrimers, liposomes, and hybrid and compact 

polymeric nanoparticles.
 2. Inorganic nanoparticles
These include fullerenes, quantum dots, silica, and gold nanoparticles.

Araj et al. (2015) used five sources of silver nanoparticles (Ag NPs) and sulfur 
nanoparticles (SNPs) on larval, pupal, and adults of the fruit fly Drosophila melano-
gaster under laboratory conditions. The authors used nanoparticles of silver and 
sulfur in different concentrations (10, 50, 100, 200 ppm) against D. melanogaster. 
The results showed that silver nanoparticles (Ag NPs) were most effective against 
larvae, pupae, and adults’ mortality and egg suppression. The results also showed 
that silver nanoparticles can be used as an effective method in integrated pest man-
agement of D. melanogaster.

1.2.4.2  Synthesis of Silver Nanoparticles

Bae et al. (2010) synthesized the silver nanoparticles as in Fig. (1.11) by adding 
silver nitrate solution to sodium citrate and sodium borohydride stirred at room 
temperature. The color of sodium nitrate changed from yellow to red after stirring. 

Fig. 1.10 Silica nanoparticles. (Cited from Hernandez-Leon et al. 2017)
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The mixture solution was heated for 30 min to produce solution nanoparticles. Then 
the solution is put in centrifuge for 30 min. After that the red color decreased, and 
the solution changed into transparent solution, and the silver nanoparticles was 
produced.

On the other hand, Araj et  al. (2015) prepared silver nanoparticles by adding 
5  mL of plant leaf extract (olive, fig, loquat, citrus, pistachio, and mulberry) to 
100 mL of 1 mM of aqueous solution of silver nitrate (AgNO3) with stirring mag-
netically with the room temperature or heating at 20–80 °C. The produced solution 
became brown and then changed to gray-black in color. The changing in color indi-
cated that the silver nanoparticles were formed (Ag NPs). The concentrations of 
silver nitrate solutions, the quantity of plant extract, and the temperature were also 
varied at 1–4  mM, 5–10% by volume, and at temperature 20–80  °C.  The silver 
nanoparticles were centrifuged at 15,000 rpm for 5 min and subsequently dispersed 
in sterile distilled water to get rid of any uncoordinated biological materials.

Rouhani et al. (2012b) used the silver nanoparticles against the oleander aphid, 
Aphis nerii. The authors compared the effectiveness of silver nanoparticles with the 
traditional insecticide imidacloprid. The lethal concentration of 50% for insect pop-
ulation (LC50) values was 0.13 μL/mL and 424.67 mg/mL for imidacloprid silver 
nanoparticles, respectively. The authors recommended that the silver nanoparticles 
can be used in integrated pest managements. The use of imidacloprid and silver 

Fig. 1.11 Preparation of silver nanoparticles using a citrate synthesis method (Bae et al. 2010)
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nanoparticles in combination increases the potency of imidacloprid. So, the silver 
nanoparticles have a synergist action.

Babu et al. (2014) synthesized the silver nanoparticles by using marine bacteria 
Shewanella algae bangaramma in the laboratory.

The silver nanoparticles are characterized by using UV–vis spectrum, TEM, FTIR, 
EDAX, XRD, and AFM analysis. The synthesized silver nanoparticles are spherical, 
crystalline, and 5–30 nm in diameter. The maximum LC50 and LC90 values were 4.529 
and 9.580 mg/mL against the third instar larvae of Lepidiota mansueta (Burmeister). 
Rouhani et al. (2012a) synthesized the silica and silver nanoparticles through a solvo-
thermal method and used different concentrations against Callosobruchus maculatus. 
In this experiment, the LC50 value for SiO2and Ag nanoparticles was 0.68 and 2.06 g/
kg cowpeas on adults and 1.03 and 1.00 g/kg on larvae, respectively.

Sadowski et al. (2008) synthesized the silver nanoparticles from microorganisms 
(Penicillium strain). The inoculated fungi were put in Petri dish and male extracts 
added to 0.5% yeast extract in a room temperature. The fungi were grown aerobi-
cally in liquid medium containing (g/L): KH2PO4 7.0, K2HPO4 2.0, MgSO4 × 7H2O 
0.1, (NH4)2SO4 1.0, yeast extract 0.6, and glucose 10.0. All of them were inoculated 
in Erlenmeyer flasks with spores and incubated at 25 °C with shaking (150 rpm) for 
72 h. After the cleaning steps, AgNO3 (1 mM of final concentration) was mixed with 
cell-free filtrate in an Erlenmeyer flask and agitated at 25 °C in dark.

Yasur and Rani (2015) tested the effect of silver nanoparticles (AgNPs) on 
growth and feeding responses of two lepidopteron insects, namely, Asian army-
worm, Spodoptera litura, and castor semilooper, Achaea janata L. (Lepidoptera: 
Noctuidae). The larvae were fed on PVP-coated AgNP-treated castor leaf at differ-
ent concentrations. The efficacy of silver nanoparticles was compared to that of 
silver nitrate (AgNO3)-treated leaf diets. Larval and pupal body weights decreased 
along with the decrease in the concentrations of AgNPs and AgNO3 in both the test 
insects. On the other hand, Debnath et  al. (2012) found that silica nanoparticles 
(SNPs) could effectively kill second-stadium larvae of S. litura.

1.2.4.3  Synthesis of Sulfur Nanoparticles

In agriculture fields sulfur is used as a fertilizer, insecticides, antimicrobial agents 
and/or fumigants (Ober 2003). Also, nanosulfur was used in pharmaceuticals and 
synthesis of nanocomposites for lithium batteries (Kobayashi et al. 2008). Chaudhuri 
and Paria (2010) prepared sulfur nanoparticles by acid-catalyzed precipitation of 
thiosulfate in aqueous surfactant solutions: the nanoparticles size is generated in the 
presence of CTAB.

On the other hand, Salem et al. (2016) synthesized the nanosulfur by using the 
pomegranate extract. By this method sulfur nanoparticles were synthesized as fol-
lows: 24.8  g of sodium thiosulfate pentahydrate (Na2S2O3·5H2O) was added to 
500 mL of pomegranate extract under mild stirring for 10 min at room temperature 
and then diluted with 500 mL deionized water. After that 10% HCl was added drop 
by drop under stirring for allowing the sulfur precipitations uniformly. The obtained 
suspended sulfur particles were centrifuged at 5000 rpm for 10 min at ambient tem-
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perature. The supernatant was discarded, and the precipitate was repeatedly washed 
with distilled water and absolute ethanol to get rid of any biological materials. The 
product was finally dried in a vacuum at 60 °C for 4 h. In pomegranate extract and 
acidic solution, sodium thiosulfate (Na2S2O3) undergoes through a disproportion 
reaction to sulfur and sulfonic acid according to:

 Na S O H O HCl NaCl S SO H O2 2 3 2 2 25 2 2 6+ + → + ↓ + +  

Araj et al. (2015) synthesized sulfur nanoparticles (SNPs) also, by mixing amount 
of sodium thiosulfate (Na2S2O3 + 5H2O) dissolved in 100 mL of sterile deionized 
water in a beaker 250 mL under mild stirring with magnetic stirrer at room tempera-
ture and atmospheric pressure. Ten milliliter of aqueous solution of citrus leaf 
extract acidified with dilute hydrochloric acid (HCl) was added to the aqueous solu-
tion of sodium thiosulfate with rate 1 mL/min with mild stirring for allowing the 
sulfur precipitations uniformly. The suspended sulfur particles produced were sepa-
rated by centrifugation at 1000 rpm/min for 5 min and then repeatedly washed with 
sterile distilled water to remove any biological materials. The sulfur nanoparticles 
are divided into two parts. In the first part, the sulfur nanoparticles remained in the 
sterile distilled water without any additives added. In the second part, the sulfur 
nanoparticles after purification were dried in a vacuum at 80 °C for 2 h.

Rao and Paria (2013) used sulfur nanoparticles (SNPs) against two phytopatho-
gens, Fusarium solani and Venturia inaequalis. The authors found that the small- 
sized particles are very effective in preventing the fungal growth.

1.2.4.4  Silica Nanoparticles

Silica is the name related to a group of minerals consisting of silicon and oxygen. 
These two elements are the most abundant elements in the earth’s crust. Silica is 
found commonly in the crystalline state and rarely in an amorphous state. Silicon 
dioxide is mostly obtained by mining and purification of quartz. Quartz comprises 
more than 10% by mass of the earth’s crust (Flörke et al. 2008). It consists of one 
atom of silicon and two atoms of oxygen resulting in the chemical formula SiO2. 
Silica nanocomposites have received much attention because of its thermal degrada-
tion behavior and applications in chromatography, medicine, optics, etc. Silica, a 
new and safety material, was used as a safety and effective material against the 
second-instar larvae of tomato leaf miner, Tuta absoluta (Ragaei et al. 2013). Hunt 
et al. (2008) found that silica acts on insect pests by reducing its digestibility, not 
just palatability. How? One possibility is that the silica acts chemically, preventing 
digestion or absorption. Another mode of action is by reducing the amount they 
chew when eating high-silica grass, to avoid excessive abrasion. Subramanyam and 
Roesli (2000) hypothesized that silica nanoparticle (SNP)-based insecticide is phys-
ically active against some insects and causes damage to the cuticular water barrier 
of the insects mostly by abrasion and to some extent due to adsorption. Insect death 
occurs due to desiccation. Silica is suitable for many purposes, while for others 
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chemical processing is needed to make a modification or otherwise more suitability. 
Silicon (Si) was used in agriculture that has been started since the 1970s (Laing 
et al. 2006). It can be said that silicon application can significantly act on insect pest 
and disease resistance in plants and cause yield increases in many crops.

Miller et al. (1960) found that when the stems of wheat (Triticum aestivum L.) 
contained high levels of silicon, these stems are not infested by Hessian fly 
(Phytophaga destructor Say) larvae. Moreover, in a greenhouse experiment, the 
authors showed that the most resistant wheat varieties had dark shapes of silicon 
depositions ranging from round to oblong and a relatively dense and grainy cover-
ing of silicon over the entire surface of the leaf sheath.

Preparation of Silica Nanoparticles

According to Park et al. (2002), silica nanoparticles were prepared by dissolving 
tetraethyl orthosilicate (TEOS) in ethanol to control particle size (Fig. 1.12).

Lovingood et al. (2012) prepared silica nanoparticles by dissolving tetraethyl 
orthosilicate (TEOS) in 50 mL acetone in conical tube. This amount is added to 
850 μL of the 1 mM HCl in conical tube. By micropipette add 150 μL of TMOS 
to the plastic conical tube containing the 850 μL of 1  mM HCl. The mixture 
resulted in colorless layers. By flipping the mixture, this mixture will turn into 
clear colorless solution. Add acetone to the plastic conical tube containing the 
silicic acid solution and dilute to a total volume of 40 mL.

On the other hand, Sugimoto (2000) found that silica nanoparticles can be pre-
pared by hydrolysis of tetraethyl orthosilicate (TEOS) in water and added ethanol. 
This reaction will give silicon tetra hydroxide Si(OH)4. Silicon tetra hydroxide sus-
pension in ethanol will give nano SiO2.

Si(OC2H5)4 + 4H2O

Tetra ethyl orthosilicate (TEOS)

Si(OH)4
Silicon tetra hydroxide Nano SiO2 + 2HO

Nano silica

Suspension in ethanol
pH 11−12 (NH3)

pH 11−12 (NH3)

Suspension in ethanol

 

Role of Silica Nanoparticles in Insect Control

Rouhani et al. (2012a) tested the efficacy of silica nanoparticles against the larvae 
and adults of Callosobruchus maculatus. The results showed that the silica nanopar-
ticles were very effective against both larvae and adults. Vani and Brindhaa (2013) 
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evaluated the efficacy of silica nanoparticles against the stored grain pest Corcyra 
cephalonica. The percentages of mortality reached at 100%.
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Chapter 2
Nanoparticle-Based Plant Disease 
Management: Tools for Sustainable 
Agriculture

Anurag Yadav and Kusum Yadav

2.1  Interactions Between NPs, Pathogens, and Plants

2.1.1  NP Interaction with Plants

Plant parts remain protected from external components by organ-specific coatings. 
However, NPs being smaller can easily penetrate cell wall to show useful or harmful 
effects, as plant cell wall is nearly porous to 3.5–20 nm range macromolecules. NPs 
penetrate the plant cells via cytoplasmic membrane proteins and ionic channels or 
through endocytosis by forming vesicles around the transport component. Plant 
roots permeate solutes through tips via root hairs; the rest of the root surface is 
waterproof due to suberin. NPs can easily be absorbed and transported through 
these openings. As a general assumption, NPs may be transported inside leaves 
through stomatal openings. However, it should be noted that stomata are present on 
the dorsal side of leaves, making difficult for airborne particles to penetrate inside 
(Chichiriccò and Poma 2015). NPs of size ≤43 nm can easily penetrate stomata 
(Eichert et  al. 2008; Schreiber 2005). Table  2.1 shows the positive and negative 
effect of NPs on the plant.
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2.1.1.1  NP-Induced Plant Growth

Several studies demonstrated the effect of metal NPs on plant growth. For example, 
AuNPs significantly enhanced seed germination of Arabidopsis thaliana (Kumar 
et al. 2013) and Boswellia ovalifoliolata (Savithramma et al. 2012), and zinc oxide 
nanorods enhance broccoli plant (Singhal et al. 2017). Similarly AgNPs increase 
root length of maize, cabbage (Pokhrel and Dubey 2013), and barley plants (Gruyer 
et al. 2013) and enhance a number of leaves, leaf area, and plant height in borage 
(Sah et al. 2011) and chlorophyll content of asparagus (An et al. 2008). Also, few 
other NP types interact with plants to alter their growth. Metal oxide NPs help 
tomato plant growth by controlling Verticillium, a wilt fungus (Elmer and White 
2016). Carbon NPs are unique due to their thermal, electrical, and chemical proper-
ties. In an experiment on tomato plants exposed to multiwalled carbon nanotubes 
(MWCNTs), a significant improvement in seed germination was recorded due to 
NP-mediated water uptake from the cell wall of seed coat; also enhancement in 
vegetation biomass was recorded by the author (Khodakovskaya et al. 2009). The 
same has been reconfirmed on tomato (Villagarcia et al. 2012) and maize plants 
(Tiwari et al. 2014).

2.1.1.2  NP-Induced Phytotoxicity

The NP interaction with the plant is a poorly studied domain. Much of the interac-
tion aspects are still unclear, especially with plant biomolecules; but it can be pre-
sumed that NPs produce a mixed effect on the plant. NPs interact with plant through 
dissolution, direct contact, and co-transport with other materials. Direct contact of 
NPs with plant influences their growth, germination, and reactive oxygen species 
(ROS) production (Prasad et al. 2017b). Most of the time, such interactions show a 
negative effect on the plant by lowering seed germination rate (El-Temsah and Joner 
2012), root elongation (Gruyer et  al. 2013), and germination index (Zafar et  al. 
2016). NPs show phytotoxicity inside the plant body by easily penetrating inside. 
For example, carbon-based NPs can easily enter leaves through stomata and pene-
trate chloroplast to be accumulated in thylakoids and stroma (Giraldo et al. 2014). 
NPs can induce cytotoxic effects on roots by chemically changing their vicinity or 
by blocking absorption. They can reduce the photosynthesis rate in plants. In an 
experiment on Zea mays magnetic Fe3O4NPs, the production of chlorophylls a and 
b and carotenoids was stimulated at 10–50 μL/L but inhibited at higher concentra-
tions with overall low photosynthesis rate (Racuciu and Creanga 2007). Toxic heavy 
metals when associated with NPs alter their toxicological profile. Also, they alter 
pesticide uptake in plants (Mukherjee et al. 2016).

2.1.1.3  NP-Induced Genotoxicity

Genotoxicity refers to the effect on genetic material or alteration in gene expression 
of the cell that affects its integrity (Chichiriccò and Poma 2015). The toxic effects 
of NPs on plants are not perfectly measurable because the impacts depend on NP 

A. Yadav and K. Yadav



35

type, physicochemical properties, and the plant type. The initial report state that 
CuONPs damage DNA of some grassland plants (Raphanus sativus, Lolium 
perenne, and Lolium rigidum) (Atha et al. 2012) perhaps by accumulating inside the 
cells, causing DNA mutagenic lesions to inhibit the plant growth. In tomato plants, 
CNT-dependent activation of stress-related genes or genes regulating plasma 
membrane- based water channels has been shown (Cañas et al. 2008). In an experi-
ment on Allium cepa, the ZnONP treatment caused increased mitotic index, lipid 
peroxidation, pyknotic cells, and micronucleated cells (Kumari et al. 2011). In a 
similar experiment on the same plant, ZnONPs induced loss of membrane integrity, 
increased chromosome aberrations, micronucleus formation, DNA strand breaks, 
and cell cycle arrest at the G2/M checkpoint (Ghosh et al. 2016). In another experi-
ment, treatment of Hordeum vulgare L. with CeO2NPs influenced ROS generation 
and ATP content (Mattiello et al. 2015).

2.1.2  NP Interaction with Microbes

It is proposed that bacteria may be exposed to natural NPs without adverse effect. 
Most of the studies focused on medical applications of NPs, especially antibacterial 
properties. Few other reports show that microbial communities are easily influenced 
by CuO or ZnO (Rousk et al. 2012); CeO2, Fe3O4, or SnO2 (Antisari et al. 2013; 
Pawlett et al. 2013); or Ag-based NPs (Gitipour et al. 2013; Mirzajani et al. 2013). 
The CuONPs inhibit and ZnONPs enhance pyoverdine levels in Pseudomonas chlo-
roraphis O6 cells (Dimkpa et al. 2012). The Ag, CuO, and ZnONPs variably alter the 
major metabolic pathways of bacteria (Dimkpa et al. 2012). The antimicrobial role 
of AgNPs is well established in the scientific community (Kim et al. 2007; Swamy 
and Prasad 2012; Prasad and Swamy 2013; Aziz et al. 2015, 2016). However, their 
antimicrobial properties differ in field experiments because components present in 
soil negate their antimicrobial property which is proportional to the number of free 
Ag+ as Ag ions get precipitated as AgCl to lose toxicity. Very less is known about 
carbon nanotube (CNT) interaction with microbial communities. Carbon nanomate-
rials prove toxic to soil microbes, alter nutrient availability to microbes, or may 
reduce the toxicity of metabolites (Dinesh et al. 2012). Although their exact mecha-
nism is unknown, however, it is proposed that CNTs destroy microbial cell by inter-
acting with cell membranes. Such interactions disrupt the membrane integrity by 
oxidative stress or physical damage (Jackson et al. 2013; Prasad et al. 2017b). The 
antimicrobial effect of NPs has opened a new avenue for the development of nano-
technology-based formulations for targeting plant pathogens (Dimkpa et al. 2012). 
They are attractive alternatives against agrochemicals, and their use to control plant 
pathogens indirectly helps plant growth. Most of these studies were generally done 
in liquid or solid defined bacteriological media under optimum growth conditions. 
However, it can be assumed that effect of NPs in environmental conditions will be 
more intense due to limited nutrient and sub-optimal growth conditions.
The effect of NPs on plants is dynamic and depends on soil and water components. 
The soluble metal NPs interact with plants to show particle-based as well as ion-
related toxicities. Since plants rely on microbial activity for their growth and 
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metabolism, the introduced NPs indirectly affect the root-associated soil microbial 
community (Dimkpa 2014; Sangeetha et al. 2017a). Also, NPs directly affect soil 
microorganisms by altering their metabolism through modification of synthesized 
metabolic products. Microorganisms mitigate such effects through the factors 
secreted on their surface, components of root exudates, and particles present in soil 
pores. Such metabolites help bacteria to interact with other soil microbes and plants 
by altering their stress responses. Most of the time, such alterations prove lethal to 
bacteria. NPs at sub-toxic level form complexes with microorganisms, which are 
detectable through sensors. Many of these microorganism-specific metabolites have 
been harnessed commercially. But, often such experiment shows variable results 
when reproduced due to the soil factor (Dimkpa et al. 2012).

2.2  Plant Disease Diagnosis Using NPs

Conventionally, plant diseases are identified visually by human raters followed by 
microscopic evaluation. Microbial diagnostic involves pathogen morphology (spore 
shape, color and arrangement, mycelium, and fruiting bodies). Pathogens later can 
be isolated and cultivated on specific culture medium for further diagnosis and stud-
ies. Such practices, which are routinely done in research labs and industries, are 
time- consuming, need experienced workers, are expensive, and require a laboratory. 
These bottlenecks have restricted their widespread use in disease diagnosis, espe-
cially in developing countries. In addition, plant diseases are identified by molecu-
lar, serological, and microbial diagnostics. A variety of direct methods are available 
for plant disease monitoring like nucleic acid detection based on polymerase chain 
reaction (PCR), fluorescence in situ hybridization, enzyme-linked immunosorbent 
assay (ELISA), immunofluorescence, flow cytometry, and indirect methods like 
thermography, fluorescence imaging, hyperspectral techniques, and gas chromatog-
raphy (Fang and Ramasamy 2015). For example, molecular methods are used to 
detect phytopathogens and to study fungicide resistance in wheat. The preliminary 
information generated from such studies has helped in developing better fungicides 
and resistant cultivars. Molecular methods have also been applied to study phyto-
pathogen populations and their way of interaction in plants (McCartney et al. 2003). 
Lateral flow ELISA was used for detecting Phytophthora infestans (late blight), 
Ralstonia solanacearum (brown rot), Erwinia amylovora (fire blight), Pepino 
mosaic virus, Tomato mosaic virus, Potato virus Y, and Potato virus X (Danks and 
Barker 2000). Future development in phytopathological disease diagnosis requires 
techniques that are automated, cheap, portable, precise, reliable, and sensitive. Most 
of the phytopathological research needs to be focused on developing plant disease 
diagnostic biosensors. The developed sensors can measure reflectance, temperature, 
and fluorescence of canopy (Sankaran et al. 2010) and are sensitive to detect changes 
in plant tissue color, leaf shape, transpiration rate, canopy morphology, plant density, 
and variation in wavelength of reflected light from the leaves (West et al. 2010).

New NP-based sensors are in the process of development that could diagnose 
plant pathogen cheaply, efficiently, and rapidly. They are equipping farmers to 
detect volatiles, chemical residues in crops, pathogens, and environmental changes 
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(Omanović-Mikličanina and Maksimović 2016). In agriculture, the commonly used 
NPs are carbon NPs, metal, and metal oxide NPs. Adoption of nanosensing devices 
along with new state-of-the-art strategies is sure to revolutionize the agriculture. 
Some of the nanosensor types are described below.

2.2.1  Diagnosis Through Metal NPs

Metal NPs are distinctively unique due to their high melting points, catalysis, tough-
ness, and coloration (Singh et al. 2017). Metal NPs have a higher surface area to 
volume ratio and are sensitive in detecting pathogens with lower detection limits. In 
addition, detecting metal NPs in the form of electrochemical signals is simpler and 
cost-effective compared to enzyme assays. Due to these advantages, they are now 
replacing enzyme labeling system in phytopathogen diagnostics. The AuNPs and 
AgNPs along with ZnS, PbS, and CdS are in wide use for sample detection. The 
AgNPs are the most studied and used NPs for biosystem. AgNPs have the greater 
surface area, a higher fraction of surface atoms, and more antimicrobial properties 
compared to bulk silver. Also, AgNPs quickly disperse in water and are highly sta-
ble and effective in reducing microorganisms from planter soils and hydroponic 
systems. They are usable as foliar spray to check fungal and bacterial plant diseases. 
Also, they help plant growth by inducing disease and stress resistance. Based on the 
optical properties of AgNPs, some sensor has been developed. Such sensors detect 
color change of measured. For example, AgNPs show color change from yellow to 
brown between dispersed and aggregated forms. The intensity of color change can 
be correlated with the concentration of the analyte (Schofield et al. 2006). These 
sensors are used for detecting metal ions (Yoosaf et al. 2007), proteins (Schofield 
et al. 2006), and pesticides (Saini et al. 2017).

2.2.2  Diagnosis Through Metal Oxide NPs

Metal oxides possess a high density of edge surface sites and are used in several 
fields of plant science. Due to this advantage, metal oxide NPs are used as solid- 
state gas detecting devices which are applicable in domestic, commercial, and 
industrial sectors (Sun et  al. 2012). With some modifications, such devices can 
detect pathogen-specific volatile metabolites. Due to additional advantages of lower 
cost, suitability for electron conduction, and easiness to be shaped at desired dimen-
sions, they are used as sensors for volatile organic compound detection (Fang and 
Ramasamy 2015). For example, the ZnONPs are used for building gas sensors and 
biosensors (Sabir et al. 2014). The TiO2NP and SnO2NPs attached on carbon elec-
trodes were used in detecting volatile p-ethylguaiacol secreted due to infection of 
pathogenic fungus Phytophthora cactorum in plants (Fang et al. 2014). Due to the 
extreme sensitivity of NP-based sensors, such devices are successful in detecting 
the volatile in ultralow concentrations.
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2.2.3  Diagnosis Through Magnetic NPs

Magnetic NPs are distinctive in their features as their size is comparable to the 
dimensions of the magnetic domain. They display dual behaviors as single-domain 
ferromagnetism and superparamagnetism. The use of magnetic NPs in biomedical 
science is not a newer concept, but it is only partially explored in plant pathology. 
Carbon-coated magnetic NPs have been used to visualize the path, deposition, and 
transport of NPs inside the plant cells (González-Melendi et al. 2008). A novel NP 
immunoassay was developed to detect real-time mycotoxin level in plants, which 
was done using magnetic nanotags onto spin valve sensor surface immobilized with 
capture antibodies (Mak et al. 2010). A reliable and rapid ELISA method was devel-
oped using superparamagnetic NPs that reduced coating, enzyme blocking, and 
competition time of routine ELISA (Radoi et al. 2008). In a unique approach, the 
intracellular spaces of plant cells can be filled with magnetic NPs loaded with plant 
protection chemicals. With the help of strong magnets, such particles can be tar-
geted to disease-specific sites in plants. They can be used to build a system to track 
the movement of internalized magnetic NPs, and to develop advanced, target- 
specific chemicals for release. For example, magnetic NPs coated with carbon were 
developed that can visualize the transport channel and deposition of NPs inside the 
plant (González-Melendi et al. 2008).

2.2.4  Diagnosis Through Polymeric NPs

The “polymer nanoparticle” term specifically refers to nanospheres and nanocap-
sules made from synthetic polymers like polyacrylamide, polyacrylate, polyanhy-
drides, and polycaprolactone or natural polymers like albumin, alginates, chitosan, 
DNA, gelatin, gliadin, and poly(L-lactides) (Chakravarthi et al. 2007; Prasad et al. 
2017c). Polymeric nanomaterials are specifically used to prepare biosensors, 
whereas conductive polymers like polyacetylene, polyaniline, or polypyrrole con-
vert biological signals to electrical signals (Sadanandom and Napier 2010). It has 
been reported that conjugated polymer nanoparticles are efficient in the transfecting 
vehicle for small interfering RNA (siRNA) delivery in plant protoplast. Other avail-
able transfection methods cause up to 40% loss of viable protoplast. However, 
CPN-assisted delivery causes only 5–25% protoplast loss during the first 24 h of 
delivery (Silva et al. 2010). Reports establish application of chitosan nanofibrous 
membrane in enzyme immobilization due to biocompatibility, high surface area, 
and large porosity (Bhatia 2016). Henceforth, biosensors can be developed from the 
chitosan-based system (Huang et al. 2007). Tyrosinase biosensor was used to detect 
phenolic compounds by employing carbon electrode modified with tyrosinase- 
Fe3O4 magnetic nanoparticles-chitosan nanobiocomposite film.

The role of glutathione as a signaling molecule in plant defense response is well 
established (Kovacs et al. 2015). Amperometric nanobiosensors have been devel-
oped to estimate glutathione concentration by covalently immobilizing glutathione 
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oxidase onto the surface of gold-coated magnetic nanoparticle-modified Pt  
electrode (Chauhan et al. 2012). The combination of glutathione oxidase/chitosan/
gold- coated magnetic nanoparticles was very sensitive in glutathione detection.

2.2.5  Diagnosis Through Quantum Dots

Quantum dots (QDs) are NPs with semiconductor properties that fluoresce when 
excited by light. They are nanocrystals made of semiconductor material with 
2–10 nm range and are used in cell labeling, cell tracking, and DNA detection. QDs 
exhibit distinctive electronic properties of bulk semiconductors and are unique mol-
ecules due to the exceptionally high surface to volume ratio. Fluorescence is the 
most prominent property of QDs that produces unique colors depending on particle 
size. Such fluorophores have edge over organic fluorophores in accurately detecting 
nucleic acid or proteins concentration. QDs (1) have narrow emission peak, (2) have 
longer fluorescence lifespan, (3) are resistant to photobleaching, and (4) possess 
10–100 times greater molar extinction coefficient. Due to these advantages, multi-
color QDs can be excited from single fluorescent dye without emission peak over-
lapping, causing vivid color and brighter probes (Kashyap et  al. 2016). QDs are 
widely used in medical science to detect specific biological markers, but their use in 
plant pathology is limited (Sharon et al. 2010). In an experiment on Fusarium, QDs 
were shown to be readily absorbed by the fungal hyphae, reflecting their potential 
in the development of novel control agents in minimum dosage (Rispail et al. 2014). 
QD-based highly sensitive nanosensor has been developed to detect Phytoplasma 
(Candidatus Phytoplasma aurantifolia) from infected lime trees (Rad et al. 2012). 
QDs were used in disease diagnosis by fluorescence resonance energy transfer 
(FRET) mechanism through energy transfer between two light reactive molecules 
(Grahl and Märkl 1996). The method was later adopted for detection and identifica-
tion of Aspergillus amstelodami (Kattke et al. 2011).

2.2.6  Diagnosis Through Carbon NPs

Carbon is one of the most abundant elements on Earth and is the backbone of most 
biochemical activities. Carbon has some unique advantages over other elements. As 
a result carbon NPs are the most used NPs among all the synthesized nanomaterials. 
CNTs are cylindrical carbon allotropes that help plant growth by increasing water 
uptake. Due to the unique electrochemical properties, CNTs are used as compo-
nents in biosensors. Their properties include larger length to diameter ratio, media-
tion of fast electron transfer kinetics (Yu et al. 2003), and ability to attach with any 
chemical species (Balasubramanian and Burghard 2006).

The CNTs are being employed for plant disease diagnosis which can sense plant 
metabolites, as all phytopathological diseases can be associated with a change in 
metabolism of aromatic compounds (Farkas and Kiraaly 1962). Among volatile 
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metabolites, phenolic compounds play a major role in plant disease suppression. 
Due to the ease of oxidizability, phenols are detected using amperometric and 
potentiometric devices. However electrochemical sensors harbor a major drawback 
of electrode corrosion due to phenol exposure which forms dimeric or polymeric 
oxidation products (Balasubramanian and Burghard 2006). The use of electrodes 
made of CNT reduce electrode surface fouling effect by accumulating biomolecules 
like nucleic acids (Wang et al. 2003a, b). As a result, the CNTs either solely or with 
enzymes are used in phenolic compound detection.

Indole-3-acetic acid (IAA) is the major plant growth-regulating hormone that is 
associated with countless developmental processes. Sensors for IAA detection have 
been developed using coating DHP (dihydropyran)-stabilized MWCNT dispersion 
onto a carbon electrode (Wu et al. 2003). A wide range of electrochemical nanosen-
sors like amperometric enzyme electrodes and DNA hybridization biosensors have 
been prepared using CNTs.

2.3  Nanodiagnostic Sensors and Equipment

Early detection of crop pathogens is crucial in agriculture for managing polycyclic 
diseases, which requires effective identification methods and sensitive devices. 
Plant diseases are generally detected by measuring plant stress response metabolites 
(jasmonic acid, methyl jasmonate, and salicylic acid), volatiles, molecular or sero-
logical methods to detect the pathogen, or analysis of host-induced biomarkers like 
transcripts, proteins, and volatiles (Martinelli et al. 2015).

Such nanosensors can be used for pathogen detection or through the compounds 
secreted by pathogens. For example, nanosensors with gold electrode and CuNPs 
have been developed to detect plant pathogenic fungus Sclerotinia sclerotioriim. 
The nanosensor measures the rate of production of salicylic acid through which the 
intensity of infection can be estimated (Wang et al. 2010).

2.3.1  Portable Diagnostic Equipment

The requirement of early diagnosis always inspired us to develop effective diagnos-
tic equipment that may detect the minutest of disease traces. These devices should 
(1) contain competitive sensors, (2) accommodate entire on-chip processing steps 
for sample preparation, and (3) contain least manipulation steps (Weigl et al. 2008). 
Due to technological advances made during the last decade, portable plant disease 
diagnostic devices are becoming a reality in agriculture. Portable devices in the 
form of immunoprinting kits, lateral flow devices (LFDs), portable PCR, portable 
genome sequencers, nanodiagnostic kits, and loop-mediated isothermal amplifica-
tion (LAMP-PCR) are available. These tools are simpler to use, robust, and quicker. 
But often such devices are costly and not easily available and are mostly under 
development stage (Khiyami et al. 2014).
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Grain spoilage due to pathogen attack is the leading cause of crop loss faced by 
farmers. The CO2-based sensors are already in use to check grain spoilage 
(Neethirajan et  al. 2009). A nanosensor has been developed for detecting grain 
spoilage at very early stage due to sensitivity toward CO2 emission and odor- causing 
chemicals from grains at the level of parts per billion (Joyner and Kumar 2015; 
Neethirajan et al. 2010). The sensor contains a chip that detects insect or fungus 
causing the spoilage. Another type of sensor, a fabric sensor, is also under develop-
ment that warns farmers over their mobile phones at the time of pathogen attack and 
can even start pathogen-specific remediation.

2.3.2  Nanofabrication Imaging

Nanodiagnostic imaging tools can visualize plant tissues and cells to diagnose phyto-
pathogens. The new device has broadened the diagnostic capabilities available to a 
phytopathologist. This has helped in early detection of diseases (Rosen et al. 2011) by 
modulating the physical and chemical properties of NPs, which enhanced the con-
trast, imaging time, tissue specificity, and signal strength. These imaging techniques 
are important in studying the nature of pathogen, how it interacts with host and starts 
infection process. A better understanding of the disease mechanism will help to 
develop effective chemicals to circumvent the effect of pathogens (Meng et al. 2005).

2.4  Types of NPs Used in Nanodiagnostics

2.4.1  Nanobarcodes

Barcodes are tags used for fast, accurate, and easy identification of goods. Likewise, 
nanoparticle-based barcodes can be used for nanoscalar disease detection by tag-
ging pathogens. Nanobarcodes (NBs) are in use for multiplexed disease detection in 
agriculture and ecology sectors. They are battery-powered portable devices usually 
integrated with computing devices, multiplexed with several pathogen detectors. 
Such devices are still in the developmental phase and have the drawback of limited 
pathogen detection. Once their development completes, such an interface will help 
researchers and end farmers to track several species on the real-time basis. These 
systems if applied with Global Positioning System (GPS) would provide a complete 
picture of the specific area and will be applicable in getting a holistic view through 
remote sensing. NBs are already in use for tagging agricultural products. Such sys-
tems have equipped us with auto-ID technologies which were practically not achiev-
able with conventional methods (Branton et al. 2008). Microscopic probes or NBs 
have been developed that can tag multiple phytopathogens and which are easily 
detectable through fluorimetry. A group of scientists has developed quantum dot 
(Qd) nanobarcodes useful in quantifying gene expression in multiplexed format, 
which has wide applications in phytopathology (Eastman et al. 2006).
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2.4.2  Nanosensors

The demand for onsite and real-time and sensor-based pathogen detection is 
expanding due to dynamic changes in plant-pathogen types. The biosensor is a 
device used to detect a sample through a sensitive component, transducer, along 
with a detector which converts the recognition into an electrical signal (Mody 
2011). Although sensors for detecting antibiotic and complementary DNA 
sequence have been developed for detecting pathogen-infected cells, however, the 
incorporation of nanomaterials in building biosensors has enhanced its sensitivity, 
which has helped in devising novel signal detection procedures. Methods have 
been developed to detect DNA or protein-functionalized gold NPs to be used as 
target-specific probes. Such methods are based on direct-charge transfer conduc-
tometric biosensor (Pal et al. 2008), CNTs (Serag et al. 2013), and silver and gold 
NPs (Sadowski 2010). Gold NP biosensors can detect pathogens through several 
optical or electrochemical procedures. Silica-based NPs have been developed that 
fluoresce under UV radiation when attached to microbial surface antigen-specific 
antibodies. Some of these techniques are sensitive enough to detect a single 
microbe (Zhao et al. 2004). A CO2 sensor was developed using polyaniline boronic 
acid conducting polymer for detecting real-time spoilage of stored grain. It works 
on the concept that during grain spoilage, CO2, heat, and moisture are produced 
due to the metabolism of grain, pests, and microorganisms. Such sensors are ultra-
sensitive to CO2 detection in the range of 380–2400 ppm (Neethirajan et al. 2010). 
Advances in nanotechnology have influenced enzyme immobilization technology 
by improving biosensing abilities. The conjunction of NPs with enzymes has 
enhanced the sensitivity and stability of biosensors. Several NP-based enzymatic 
biosensors like nanofibers, nanocomposite, graphene, and nanotubes have been 
developed. Enzyme biosensors are available for detecting organophosphorus and 
non-organophosphorus pesticides (Zhang et al. 2015). In an experiment, acetolac-
tate synthase-inhibitor herbicides metsulfuron-methyl and imazaquin were detected 
by atomic force microscope tip functionalized with acetolactate synthase (da Silva 
et al. 2014). Another nanobiosensor type was made by entrapping acetylcholines-
terase in the liposome setup which successfully detected organophosphorus pesti-
cides paraoxon and dichlorvos (Vamvakaki and Chaniotakis 2007). The aforesaid 
systems provide protection for enzymes inside the nanoenvironment. Nanosensors 
based on CNT-immobilized enzymes are also in use. For example, nanobiosensor-
based MWCNT-immobilized acetylcholinesterase was introduced for pesticide 
detection (Du et al. 2007). The same setup was used to detect aflatoxin through 
MWCNT-immobilized aflatoxin oxidase (Chuan Li et  al. 2011). Such sensors 
have a higher sensitivity limit of pesticide residue detection. Due to the higher 
surface area and catalytic mode of nanomaterial- immobilized enzymes, the sta-
bility and reproducibility of the process have improved. Such ultrasensitive 
enzymatic nanobiosensors have a pesticide detection limit of 50  pg per liter 
(Verma 2017).
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2.5  Nanotechnology in Microbial Plant Pathogen 
Management

Among plant pathogens fungi bear prime importance as they encompass more than 
70% of all major crop disease (Agrios 2012). Farmers continually battle to protect 
their crops from microbial diseases. For the purpose, they rely on agrochemicals 
which are costly, toxic to health, and environment unfriendly. Also, such practices 
are augmenting rather than impeding the situation. For example, pest resistance is 
now a serious worldwide problem that has increased with pesticide use. This is the 
high time to reevaluate conventional agricultural practices and replace them with 
novel alternatives (Bhattacharyya et al. 2016; Ismail et al. 2017).

Agronanotechnology is one such alternative that can mitigate problems in agron-
omy (Sangeetha et al. 2017a). Plant disease can be controlled and pathogens tar-
geted using NPs or nanotechnology-based tools. Studies have shown the use of NPs 
in controlling fungal pathogens like Alternaria alternata (Kim et  al. 2012), 
Aspergillus flavus (Rajiv et al. 2013), A. niger (Rajiv et al. 2013), Bipolaris soroki-
niana (Jo et  al. 2009), Botrytis cinerea (He et  al. 2011; Park et  al. 2006), 
Colletotrichum sp. (Lamsal et al. 2011), Fusarium oxysporum (Kim et al. 2012), 
Magnaporthe grisea (Jo et al. 2009; Park et al. 2006), Penicillium expansum (He 
et al. 2011), and Pythium spinosum (Kim et al. 2012) and bacterial diseases includ-
ing Azotobacter chroococcum, Bacillus subtilis, Pseudomonas syringae, Rhizobium 
tropici, Xanthomonas campestris (Park et al. 2006), and X. perforans (Ocsoy et al. 
2013). The AgNPs have received great attention due to their multiple ways of inhib-
itory activities against phytopathogens (Bhaskar et al. 2016; Park et al. 2006; Rabab 
and EL-Shafey 2013). Silver finds tremendous potential in the antifungal industry 
due to its safeness over other available fungicides. Silver ions are used in many 
formulations as Ag and Ag-based composites and are highly toxic to microorgan-
isms. The AgNPs with ampicillin hyperbranched macromolecules are effective in 
the antimicrobial surface coating. The smaller nanosilver (1–5 nm) are more effec-
tive in fungal growth suppression as they easily pass through the fungal cell mem-
brane (Wainwright et al. 1986). The effect of nanosilver increases multifold as it 
enters the fungal cell, providing dynamic resistance against disease by forming a 
physical barrier against pathogenic fungi (Kim et al. 2002). Nanosilver application 
prevents fungal recurrence for a long time. These particles can suppress disease at 
concentrations as low as 3 ppm (Huang et al. 2015). Besides, NPs of copper, zinc, 
titanium, magnesium, gold, and alginate have been tested. Use of copper-based NPs 
dissolved in water is in practice since the early 1930s against grapes and fruit dis-
eases (Hatschek 1931). About 15 nanoforms of micronutrients along with CuSO4 
and NA2B4O7 were effective against rust disease of peas (Singh et al. 2013). In a 
study, SiO2NPs were reported successful in reducing the severity of F. oxysporum 
and A. niger on maize plants (Suriyaprabha et al. 2014). Titanium (TiO2) is a non-
toxic compound widely used in the paint industry, cosmetics, ceramics, etc. There 
is the tremendous potential of TiO2 in agriculture due to its nontoxicity against 
plants. The antifungal property of ZnONPs has been reported against fruit mold P. 
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expansum and Botrytis cinerea (He et al. 2011) and A. flavus and A. niger (Jayaseelan 
et al. 2012). ZnONPs show less toxicity in comparison with AgNPs to the plant and 
can be applied as nanopesticide. Moreover, the antibacterial activity of ZnONPs has 
also been reported (Padmavathy and Vijayaraghavan 2008; Bhuyan et al. 2015). The 
CuNPs with soda-lime glass powder is antimicrobial toward some Gram-positive 
and Gram-negative bacteria and some fungi (Esteban-Tejeda et al. 2009). Polymer-
based nanocomposites of copper NPs are effective against several plant pathogenic 
fungi (Cioffi et al. 2004). Table 2.2 shows the list of NPs effective against fungal 
plant pathogens.

The combination of NPs with biocontrol agents, essential oils, and biopolymer- 
based cupric and sulfur NPs could show a synergistic effect to enhance antimicro-
bial activity and reduce their net quantity of usage. In some studies, synergism was 
obtained when antimicrobial NPs were combined with bioorganic pesticides (Dar 
and Soytong 2014; Xue et al. 2014). Such combinational studies may help in reduc-
ing the overall dosage of pesticides and could delay pest resistance. Accommodation 
of active ingredients that inactivate themselves with solar radiation encourages the 
development of green “nanocides” with synergistic pesticide activity with pesticide 
residue photocatalytic degradation ability. Development of such smart delivery sys-
tem holds the key for improving fungicide efficiency in agriculture for better and 
targeted crop protection. For example, nano-dispersed formulations as fungicide 
can be prepared very cheaply, which will be suitable for developing fungicide on a 
mass scale. Moreover, such formulations will be less toxic than conventional agro-
chemicals used in plant protection.

Development of resistant plant varieties through breeding or genetic engineering 
can help in combating fungal pathogens. Use of nanodiagnostic methods (nano- 
fluidics, nanomaterials, bioanalytical nanosensors) in plant breeding (Abd-Elsalam 
2015) or nanoparticle-mediated gene transfer to improve crop varieties for disease 
resistance (Rai et al. 2012) can minimize the expenditure on agrochemicals used in 
disease management. Also, NP-based plant genetic transformation can be applied 
(Rai et al. 2012). The use of NPs in plant pathology opens new avenues for plant 
protection, pathogen detection, and studying plant-pathogen interaction for effec-
tive plant disease management (Ismail et al. 2017).

2.6  Nanotechnology in Insect Pest Management

Due to population explosion, the present agricultural system is facing hurdles in 
meeting the food supply and is limited by several abiotic and biotic factors. 
Environmental impacts on agriculture like storms, drought, and floods add to the 
abiotic cause. Among biotic factors, the insect pest is the important limiting compo-
nent that severely damages crops leading to a loss in the global economy. Insects 
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Table 2.2 List of NPs effective against fungal plant pathogens

S# NP Size (nm) Quantity used Application Plant pathogenic fungi References

1. Ag ~ 20 0.12–10 ppm In vitro Fusarium culmorum Kasprowicz 
et al. (2010)

2. Ag 10–50 5, 10, and 
15 mg L−1

In vitro Alternaria alternata, 
Sclerotinia 
sclerotiorum,
Macrophomina 
phaseolina, 
Rhizoctonia solani,
B. cinerea, and 
Curvularia lunata

Krishnaraj 
et al. (2012)

3. Ag 10 ± 5 50, 100, and 
150 ppm

In vitro Alternaria alternata, 
A. citri,
Penicillium digitatum

Abdelmalek 
and 
Salaheldin 
(2016)

4. Ag 4–8 10, 30, 50, 
100 ppm

In vivo 
(pepper 
plant) and 
in vitro

Colletotrichum sp. Lamsal 
et al. (2011)

5. Ag 10–50 5, 10, 
15 mg/10 μl

In vitro Alternaria alternata, 
Botrytis cinerea, 
Curvularia lunata, 
Macrophomina 
phaseolina, 
Rhizoctonia solani, 
Sclerotinia 
sclerotiorum

Krishnaraj 
et al. (2012)

6. Ag 20 0.12–10 ppm In vitro Fusarium culmorum Kasprowicz 
et al. (2010)

7. AgNO3 
and 
AgCl

20–30 25–200 ppm In vitro and 
growth 
chamber

Bipolaris sorokiniana 
and Magnaporthe 
grisea

Jo et al. 
(2009)

8. AgNPs 5–27 6 μg per well 
in agar 
containing 
petri plates

In vitro Amylomyces rouxii 
strain KSU-09

Musarrat 
et al. (2010)

9. Cu 30 ± 5 2.6 and 4 wt% In vitro Escherichia coli, 
Micrococcus luteus, 
Issatchenkia orientalis

Esteban- 
Tejeda et al. 
(2009)

(continued)
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Table 2.2 (continued)

S# NP Size (nm) Quantity used Application Plant pathogenic fungi References

10. Cu 7–25 10,000–
50,000 μl mL−1

In vitro Alternaria alternata, 
A. brassicicola, A. 
solani, Botrytis 
cinerea, Cladosporium 
cucumerinum, 
Corynespora 
cassiicola, 
Cylindrocarpon 
destructans, Didymella 
bryoniae, Fusarium 
oxysporum f.sp. 
cucumerinum, F. 
oxysporum f. sp. 
lycopersici, F. 
oxysporum, F. solani, 
Fusarium sp., 
Glomerella cingulata, 
Monosporascus 
cannonballus, Pythium 
aphanidermatum, P. 
spinosum, 
Stemphylium 
lycopersici

Kim et al. 
(2012)

11. CuO 20 250, 500, and 
750 mg kg−1

In vitro Botrytis cinerea, 
Colletotrichum 
graminicola, 
Colletotrichum musae, 
Magnaporthe oryzae, 
Penicillium digitatum, 
Rhizoctonia solani, 
Sclerotium rolfsii

Huang et al. 
(2015)

12. CuO 
and 
Cu2O

11–55 35, 54, 110, 
and 224 g hl−1

In vivo 
(foliar)

Phytophthora infestans Giannousi 
et al. (2013)

13. SiO2 ---- In vitro Blumeria graminis Huang et al. 
(2015)

14. ZnO 70 ± 15 0, 3, 6, and 
12 mmol l
−1

In vitro Botrytis cinerea and 
Penicillium expansum

He et al. 
(2011)

15. ZnO 27 ± 5 
(spherical) 
and 84 ± 2 
(hexagonal)

25, 50, 
100 μg mL−1

In vitro Aspergillus flavus, A. 
niger, A. fumigatus, 
Fusarium culmorum, 
and F. oxysporum

Rajiv et al. 
(2013)

16. ZnO 57.72 1.2–
2.9 μg mL−1

In vitro A. flavus, A niger, and 
C. albicans

Jayaseelan 
et al. (2012)

(continued)
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cause more damage among all plant-pathogen types leading to 14% loss which 
equals $2000 billion per year (Pimentel 2009). To counter crop damage, farmers 
heavily rely on traditional practices like crop rotation, improved crop varieties, 
changing crop sowing dates, and integrated pest management (IPM). But the con-
ventional methods for insect pest management are now losing efficiency. The asso-
ciated problems with chemical pesticide use like environmental degradation, pest 
resistance, and low efficiency of traditional methods are pushing researchers to dis-
cover novel ways to counteract pests. The implementation of such methods can be 
more efficacious in crop protection and could reduce the pesticide input through 
host-specific targeted delivery of the agents (Prasad et al. 2014, 2017a, b).

2.6.1  Development of Nanoformulations

The requirement for early diagnosis of plant diseases is compelling us to explore 
“nano-solutions” for safeguarding food and agriculture from pests. There is a requi-
site to develop techniques that are simpler, portable, accurate, and less time- 
consuming and do not need complicated procedures. In a step further, integration of 
GPS for real-time monitoring of soil and field condition of the crop can help in 
getting a holistic view of crop pattern and disease outspread. Such technology could 
be made possible by infusing knowledge of biotechnology, electronics, bioinfor-
matics, etc.

These techniques can help in the targeted delivery of pesticides and agrochemi-
cals (Gogos et al. 2012). Although, nanomaterial-based pesticide formulations are 
available past few decades, however, the focus has now shifted in developing con-
trolled release formulations (CRFs) containing active compounds with some inert 
material. The inert compound is required for controlled release of the desired prod-
uct for the required length of time. The release rate of such formulations entirely 
depends on the chemical nature of agents, i.e., chemical properties of NPs and inert 
material, their particle size, and the strength of chemical bonds between them. They 
are released by breaking chemical interaction between insecticide and polymers, 
which is achieved by hydrolytic reactions that affect polymer-insecticide bounds in 

Table 2.2 (continued)

S# NP Size (nm) Quantity used Application Plant pathogenic fungi References

17. ZnO 57.72 1.2–
2.9 μg mL−1

In vitro Aeromonas hydrophila, 
Enterococcus faecalis, 
Pseudomonas 
aeruginosa, 
Staphylococcus 
aureus, Streptococcus 
pyogenes

Jayaseelan 
et al. (2012)
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a chain reaction. Further study is required for finding the mechanism through which 
such inert materials control the chemical release. The “slow release” concept envi-
sions surety of pesticide availability after delivery in the field. Such smart delivery 
system will not let buildup of pesticide surge during field application, which could 
be toxic to other non-harmful insects or crops. These field-applied pesticides easily 
end up in the human food chain at toxic levels. By using nanoencapsulation, pesti-
cides can be trapped inside them for requirement-based controlled delivery. Such 
nanomaterials are available in the form of nanospheres, nanocapsules, nanogels, 
and micelles (Ragaei and Sabry 2014). There is a need to develop formulations 
containing insoluble compounds that can be readily dispersed in aqueous solutions. 
Such formulations due to their solid nature may have reduced drift or leaching in 
agricultural fields. Such smart delivery agents can afford to be comparatively more 
selective to insect pests, and microencapsulation ensured the protection of their bio-
active compounds (Peteu et al. 2010).

Nanosilica holds several potential benefits as a pesticide. It easily gets absorbed 
into cuticular lipids of insects causing their death by physical means because lipid- 
based insect cuticle retains water balance inside and is impermeable to water. 
However, no side effects on photosynthesis and leaf and stem surface are observed 
by their application on plants (Barik et al. 2008). In addition, they do not cause gene 
expression inside insect gut. Nanosilica can be used to control a variety of insect 
diseases. In a remarkable study, it has been found that insects use Earth’s magnetic 
field to find directions for food and shelter (Riveros and Srygley 2010). These sig-
nals are received by insects with the help of magnetic NPs (Abraçado et al. 2005; 
Wajnberg et al. 2010) present in the abdomen, thorax, and head (Wakeil et al. 2017). 
The specific insets possess specific kind of nanoparticle in their body parts. In a 
unique approach, insect pests can be targeted with magnetic nanomaterials to alter 
their biological magnetic sensors.

A smart agriculture is an emerging concept in modern farming. By using smart 
nanosensors, the precise amount of plant-specific fertilizers and insecticides can 
be delivered. Nanosensor integration with the smart delivery system can help to 
efficiently manage agricultural resources. Designing diagnostic nanosensors that 
can be integrated with pesticide delivery system for automatically combating 
insect attack, fungal infection, or drought could revolutionize the agriculture field. 
Porous hollow silica NPs (PHSNs) complemented with a pesticide have been 
tested with success in agriculture for prolonged controlled delivery of a chemical 
agent (Liu et al. 2006).

2.6.2  Nanopesticides

Nanopesticides are crystalline structures which are thermally stable, water-soluble, 
and biodegradable. Nanopesticides deal with tiny or altered particles with lethal 
activity against pests. There is an array of nano-chemicals or agents known that are 
proven pesticides. The synthesis of nanoporous zeolites that can slowly and effi-
ciently release active components on target has opened new horizons in agricultural 
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productivity. In addition, they seem to have the capability to reduce the carbon 
footprint on the environment. However, our limited understanding of the mode of 
action is limiting their commercial release.

The great volume of active ingredients of pesticides have limited water solubility 
and therefore need a delivery system (Kah and Hofmann 2014). In addition, they 
may be unstable in the environment and need protection from degradation. The size 
of NPs in nanoformulation also matters for efficient pesticide delivery, as we know 
that NPs’ surface area to volume ratio increases with a decrease in size. Reports 
demonstrate rapid release of formulation containing very small NPs (Ao et  al. 
2012), which is not desirable when the slow release of the formulation is required. 
The designing of better NPs requires thorough understating of their interaction with 
active agents. It should be kept in mind that the release of active ingredients is  
influenced by the length of polymer chains (Sarkar et al. 2012), gum to chitosan 
ratio (Abreu et al. 2012), and cellulose content of nanocrystals (Xiang et al. 2013). 
Due to the associated problems of nanopesticide delivery and stability, efforts are 
underway to develop hybrid formulations like encapsulation of nanoemulsions 
(Jerobin et al. 2012) or liposome coatings (Kang et al. 2012). Novel formulations 
are available in the form of nanoemulsions, polymer-based nanopesticides compris-
ing of nanospheres, nanogels, and electron spin nanofibers (Kah and Hofmann 
2014). To enhance nanopesticide efficacy, either inorganic nanoparticles are associ-
ated with organic active ingredients or inorganic nanoparticles as such are active 
ingredients. The organic active ingredients accommodate mesoporous silica or tita-
nium dioxide associated with polymer matrix. The inorganic NPs include silica, 
titanium dioxide, silver, copper, and aluminum (Kah and Hofmann 2014). The sil-
ica-based NPs are considered biologically active and environmentally safer for 
nanopesticide development. The silica NPs easily enter inside insects through their 
hairs; also insects feed on pesticide-filled nanotubes. Such formulations are com-
mercially available from leading pesticide companies. Moreover, the silica-based 
nanoparticle has been reported to deliver DNA in a plant system, thus creating a 
cheaper yet powerful tool for targeted plant delivery.

2.7  Nanotechnology in Nematode Management

Nematodes are the most abundant soil organisms that attack several agronomy 
plants, causing global loss of 125 billion dollars per year in tropics (Chitwood 
2003). They feed on plant roots to cause nutrient loss, poor crop yield, and some-
times death of plant (Bhau et al. 2016). Nematode-infected plants are prone to sec-
ondary infections from pathogenic bacteria and fungi. Very few nematode-resistant 
varieties are available as plant breeder needs several years to develop nematode- 
resistant variety.

Traditionally crop nematodes are controlled through crop rotation or by sowing 
trap crops, which are later burnt to kill trapped nematodes. Although chemical treat-
ment using nematicides is an effective way to combat nematodes, however, the prac-
tice is highly toxic to plants. Moreover, chemical methods do not provide long-term 
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protection against nematodes (Bhau et al. 2016). Very few workers have reported 
NPs to control nematodes, but the trials were mostly encouraging (Cao et al. 2015; 
Huang et al. 2008; Kuźniar et al. 2011; Li et al. 2012; Ma et al. 2009; Roh et al. 
2010; Wang et al. 2009). In an experiment on nematicide, abamectin, encapsulated 
with NPs produced from the red clover necrotic mosaic virus on tomato plant, 
caused a significant reduction in nematode disease incidence (Cao et  al. 2015). 
Abamectin is a combination of two nematicides, avermectin B1a and avermectin 
B1b, in 4:1 ratio. Abamectin toxicity is based on its action on γ-aminobutyric acid 
that blocks the neural signal transmission of insects at the neuromuscular junction, 
causing paralysis and death (Khalil 2013). Nematicidal effects of silver NPs on  
root-knot nematode (Meloidogyne spp.) in Bermuda grass has been established 
(Cromwell et al. 2014). Similar effects were reported with NPs of ZnO (Ma et al. 
2009), CeO2 and TiO2 (Roh et al. 2010), and Al2O3 (Li et al. 2012). NPs of TiO2, 
ZnO, Al2O3, and silver are effective against Caenorhabditis elegans (Wang et al. 
2009). In a unique but interesting study, magnetic Fe3O4NPs reduced the mobility 
and caused differential gene expression and apoptosis in nematode C. elegans 
(Huang et al. 2008).

2.8  Nanotechnology and the Crop Protection Industry

Agriculture is the backbone of most developing nations. The development of such 
countries could be envisioned if they adopt novel agricultural technologies for smart 
and future-ready agriculture. Take phytopathology, for instance. It is estimated that 
plant pathogens damage 10–20% crop yield, causing considerable loss in the global 
economy. The mounting pressure for increased food production is compelling us to 
discover novel ways of disease management. Use of nanotechnology tools for tar-
geted delivery of pesticides and fertilizers is paving the path for low waste genera-
tion through “precision farming,” a concept which has appeared recently.

Nanotechnology can help in achieving the future goal of “precision farming” for 
maximizing crop yield with minimal input. Precision farming involves monitoring 
environmental factors in real time and inferring the targeted action, which is done 
by integrating wireless networking, nanosensors for regulating agricultural prac-
tices (Prasad et  al. 2014, 2017a). This requires the use of computers, GPS, and 
remote sensing devices to sense localized environmental conditions, drought, and 
pests. This site-specific crop management uses “smart dust” comprised of sensors, 
robots, and transponders that are regulated through a wireless computer network. 
On detection of pests or drought, the automated pesticides can be applied at irriga-
tion levels. Precision farming involving nanosensors can reduce environmental pol-
lution due to agricultural practices. Such nanosensors will have a strong impact on 
future farming by helping farmers to make better decisions. LOFAR_Agro has 
adopted the technique to measure microclimate of potato crop to regulate 
Phytophthora infection (Dwivedi et al. 2016).

For field application, the crop targeted delivery of NP-based agrochemicals is 
important, which can be achieved with the aid of nanocapsules that are highly stable 
and biodegradable structures (Jha et al. 2009). The growing use of NPs in agricul-
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ture is enhancing the effectiveness of chemical pesticides by targeted delivery, 
safety, disease, and adherence of pesticide which is eventually reducing the cost 
involved in plant protection (Anwunobi and Emeje 2011; Prasad et al. 2014, 2017a). 
Chemical agents mixed with polymers or encapsulated on metal surfaces provide 
sound delivery systems. Several companies have formulated NPs of 100–250 nm 
range that can effectively dissolve in water. NPs are being used as a smart pesticide 
or fungicide delivery agents in agriculture. Several oil-based or water-based nano-
emulsions of the range 200–400 nm are also available that have multi-applications 
in plant pathology (Goswami et al. 2010). Such agents improve pesticide stability 
and are less toxic and less likely to leach from the soil. NPs added with a constituent 
for slow release can reduce the frequent application of chemicals. Nanotechnology 
as a modern science is continually evolving to accommodate enzymes, metabolites, 
and the entire cell along with nanostructures to develop hybrid systems that are 
applicable in agriculture and pest control (Bailey et al. 2010).

Agronanotechnology can turn agriculture into more sustainable business. The 
application of such technologies for plant disease management, gene delivery, 
development of nanopesticides, and encapsulation will revolutionize the agriculture 
industry. These technologies are the promising future of agriculture and have poten-
tial to reduce the carbon footprint generated from agricultural practices (Sangeetha 
et al. 2017a).

2.9  Agronanotechnology Limitations and Issues

While dealing with IPM we should look for even better alternatives because in the 
near future the national regulatory bodies may limit and control the availability of 
already available agrochemicals (Srinivasan and Tung 2015). As an alternate, nano-
technology has shown several potentials but has not yet been satisfactorily commer-
cialized in agriculture. The farming community seems disinterested in 
nanotechnology-based biochemicals due to lack of sufficient economic returns. 
Other factors responsible for sluggish growth of nanotechnology include (1) disin-
terest from government (Mukhopadhyay 2014), (2) more attention on conventional 
farming practices, (3) lack of competition in agriculture sector, (4) less fascination 
of youth, (5) higher input cost, (6) lack of proper farming knowledge, and (7) disin-
terest in public (Mukhopadhyay 2014).

Agronanotechnology has tremendous potential to alleviate farmer lives by facili-
tating agriculture. It is important to make people aware of this science to enhance 
its acceptability that could accelerate the discovery of newer applications in this 
domain. For nanotechnology to penetrate agriculture, there is a requirement of well- 
trained human resources who could translate the available techniques into tools of 
nanotechnology. The nanotechnology as a subject is taught in engineering stream 
which is not agriculture-specific. There is an urgent need for curricula that may 
amalgamate nanotechnology with agriculture to cater the agronanotechnology 
research. Further developments in agronanotechnology require a high degree of 
multidisciplinary and cross-sector collaboration within and between academic 
researchers, industry, and government. The application of such technologies in 
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plant disease management, gene delivery, development of nanopesticides, and 
encapsulation can revolutionize the agriculture industry (Sangeetha et al. 2017a, b). 
Once it develops as full science, it will need newer tools for visualization, charac-
terization, and fabrication, which is not possible without multidisciplinary 
collaboration.

In addition, some issues associated with NPs are yet to be resolved, like NPs 
floating in the air can deposit on leaves and flowers causing blockage of stomata, 
creating a toxic barrier on stigma to prevent pollen germination and tube penetration 
in stigma. NPs can also alter plant vascular transport of water, minerals, and photo-
synthesis (Khan and Rizvi 2014).

2.10  Conclusion

Human population is exploding at an unprecedented rate from the past few decades, 
causing expansion of industries, shrinkage of arable land, and land urbanization. To 
feed billions of people, the current agricultural practices like plant breeding and 
IPM are not sufficient and need smart alternatives that could match our current and 
future food demands. It is worth investing in novel agronanotechnology science 
which is only a decade or two old. By employing NPs we can reduce input on plant 
protective chemicals, minimize nutrient loss, and enhance crop yield. The technol-
ogy is sufficient in alleviating problems of higher chemical input cost, poor pesti-
cide efficiently, and pesticide contamination in land and groundwater. For example, 
zerovalent iron NPs could be employed for remediation of pesticide-infested soil as 
they possess high absorption affinity toward heavy metals and organic compounds. 
Moreover, FeNPs harbor wonderful soil-binding qualities like CaCo3. In addition, 
to reduce the environmental footprint, more emphasis should be provided on the use 
of agricultural waste products as raw material for NM production.
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3.1  Introduction

According to global economic reports, the global agribusiness market estimation in 
2010 was found to lie in the range of US$ 20.7 billion to US$ 0.98 trillion. However, 
it is expected that by 2020 such estimation will rise to exceed US$ 3.4 trillion 
(Hooley et al. 2014). The USA has recently started with a 4-year initiative concern-
ing nanotechnology studies (National Nanotechnology Initiative), with estimated 
3.7 USD investments (Hirsh et al. 2014). Moreover, the path adopted by the USA 
has been followed by other countries including Japan and the European Union with 
annual funding of 750 million USD and 1.2 billion USD, respectively, adding to 
contributions possessed by the individual country (Sodano and  Verneau 2014). 
Today, more than 400 companies in the world are active in nanotechnology research 
and development, and this number is expected to increase more than 1000 in the next 
10 years (www.bhartbook.com). With the use of nanotechnology, it became possible 
to rely on well-known antimicrobial materials (e.g., silver, copper, zinc oxide) for 
developing and creating engineered nanostructures/nanocomposites (NCs). Such 
engineered materials showed significant activities on living organisms, encompass-
ing controlled toxicity to humans, and have been generally known as nano-antimi-
crobials (Cioffi and Rai 2012). Nanotechnology represents a promising technique 
that can be used in agricultural sectors and food production systems. It is considered 
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as developed means to improve the quality of produced crop yields through enhanc-
ing the management and conservation of field inputs (Garcia et al. 2010; Sekhon 
2014). Moreover, nanotechnology can play a crucial role in the sectors of food secu-
rity and safety using nanosensors to detect pathogens and food packaging systems 
through the capsulation of food products using nano-compounds (Sekhon 2014; 
Sonkaria et  al. 2012; Pérez-de-Luque and Hermosín 2013; Prasad 2014; Prasad 
et  al. 2014, 2017a). Inorganic nanoparticles (NPs), because of their stability and 
long shelf life, offer many distinctive advantages in reducing acute toxicity, over-
coming resistance, and lowering cost compared with the conventional organic anti-
microbial agents and thus have been proposed as a convincing alternative (Whitesides 
2003; Weir et al. 2008). Metallic copper (Cu), cupric oxide (CuO), cuprous oxide 
(Cu2O) NPs, and composites of Cu/Cu2O, Cu2O/CuO, or core–shell NPs, commonly 
called copper-based nanoparticles (Cu-based NPs), have attracted attention from 
diverse disciplines because of their widespread use in electronics, optics, sensors, 
catalysts, and medical applications (Patolsky et al. 2006; Kumar 2009; Giannousi 
et al. 2017). It has been investigated that nano-formulations can be used in limiting 
the hazardous effects of pesticides and fertilizers providing an eco- friendly means 
due to the possessing of antimicrobial activities against a wide range of known plant 
and animal pathogens. Developing such nanostructures can represent novel applica-
tions to be introduced in agricultural systems and disease management (Scrinis and 
Lyons 2007). It is widely known that plant pathogenic fungi are among the most 
destructive factors threatening environmental adaptation and hindering plant growth. 
Interestingly, applying strategies relied on the introduction of nanotechnology, and 
metal nanoparticles could help in developing estimated data against plant fungal 
diseases (Park et al. 2006; Wani and Ahmad 2013). Nanotechnology provides a wide 
range of applications enhancing the agricultural researches through converting agri-
cultural and food wastes to useful energy and other by-products with the help of 
enzymatic nano-bioprocessing, enhancing agricultural management through con-
troling  the development of many diseases. (Carmen et  al. 2003; Sangeetha et  al. 
2017a,b). The high surface-to-volume ratio and unique optical properties of nano-
materials have enhanced their introduction in plant protection and agricultural sys-
tem management (Ghormade et al. 2011). Hence, copper nanoparticles could gain 
the recent interest due to their optical, catalytic, mechanical, and electrical proper-
ties enabling them to be a good alternative from other metal nanoparticles being 
introduced in different applications (Kim et al. 2008; Salavati- Niasari et al. 2008; 
Eastman et al. 2001). A brief overview of the main applications of Cu NPs as a bio-
active material is also involved in this chapter (Fig. 3.1).

3.2  Why Copper is the Best Nanoagrochemical?

According to Boehm et al. (2003), it is crucial to have the knowledge required for 
designing nano-encapsulated agrochemicals guaranteeing their constant effectivity 
and stability under diverse environmental conditions with the necessity of taking 
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considerations regarding controlled release in response to a specific promoter, 
enhancing their desired activity and the choice of successful delivery system avoid-
ing the repeat of their application. The prepared nano-encapsulated agrochemicals 
will avoid the negative effects accompanying applied agrochemicals of polluted 
water and soil caused by the leaching of chemicals and their degradation through 
hydrolysis and microbial activity due to the repeated application of these chemicals 
for reaching an effective concentration since their chemical concentration is usually 
below the minimum effective concentration sufficient for approaching the crops' 
target sites.

Copper has a long history for being used as antimicrobial agent since it was used 
in ancient Egypt (2000 BCE) in sanitation and sterilizing water. Copper cooking 
utensils had been used for controlling diseases in the Roman Empire as well as by 
early Phoenicians for increasing the speed of their ships through introducing copper 
stripes that hindered fouling, while Japanese soldiers used it during World War II for 
sanitizing their water bottles (Borkow and Gabbay 2009). Moreover, copper was 
first introduced to agriculture in 1761 when it was investigated that seed-borne fungi 
could be inhibited by soaking seed grains in weak solution of copper sulfate. Since 
then, copper was found to adopt fungicidal characteristics, which helped in its intro-
duction in the agricultural management systems (García et al. 2003). Since then, 
copper has been introduced in agricultural practices such as developing of fungi-
cides with mixed combinations of copper sulfate, lime, and water or copper sulfate 
and sodium carbonate used in the USA and France by the 1880s (Ingle et al. 2014). 

Fig. 3.1 Applications of copper nanomaterials in plant protection
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It was in 1882 when Bordeaux mixture was developed in France to be used as fun-
gicide, encompassing a mixture of copper sulfate and calcium found to have a 
strong inhibitory effect on the fungal growth of Plasmopara viticola, the pathogenic 
fungi of grapes. In addition, Bordeaux mixture is still being used in agriculture for 
limiting crop damages caused by different pathogenic fungi (Somers 1959). Hence, 
copper represented a good antimicrobial agent used in generating many agrochemi-
cals to be introduced and applied in agricultural sectors as copper oxychloride 
[Cu(OH)2.CuCl2], copper hydroxide [Cu(OH)2], and cuprous oxide [Cu2O] (Montag 
et al. 2006).

Copper nanoparticles (Cu NPs) have gained the recent concern as potential anti-
microbial agents with applications in plant pathology and disease management due 
to their biological, physical, and chemical characteristics (Honary et  al. 2012; 
Prasad et al. 2017b). Interestingly, Cu-NPs were found to possess a wide range of 
applications as bactericidal, fungicidal, and antiviral agents, gas sensors, and cata-
lysts, allowing them to be introduced in diverse fields. Studies have revealed the 
antibacterial activities provided by Cu NPs, while less is known about their inhibi-
tory effects on fungi and fungi-like organisms (Navarro et al. 2008). Moreover, Kah 
and Hofmann (2014) have indicated the raised interest regarding the development of 
copper-based nanopesticides in agricultural markets, principally that of organic 
farming. According to Chatterjee et al. (2012), the different attitudes and specificity 
possessed by different forms of Cu-NPs including metallic copper (Cu), cuprous 
oxide (Cu2O), and cupric oxide (CuO) shown under in vitro studies have raised the 
matter of determining the form of copper NPs that fits the target of its application.

However, synthesis of copper nanoparticles is still a sensitive subject, requiring 
care and enhanced knowledge. The type of synthesized method can affect on the 
efficiency of copper nanoparticles in their antimicrobial characteristics. Moreover, 
it was markedly illustrated that efficiency of Cu NPs antimicrobial activity can be 
reduced by the influence of rust layer formation (oxide layer) on the surface of cop-
per nanoparticles (Jeong et al. 2008; Chen and Sommers 2001; Salzemann et al. 
2004). This comes from the fact that copper nanoparticles are characterized with a 
high surface-to-volume ratio, which enables them to undergo reactions with other 
particles and microbial membranes with high ratio (El-Sayed 2003).

3.3  Copper Nanostructure Applications in Plant Protection

3.3.1  Nanosensors

Nanoparticles can be used as an identification tool for detecting bacterial, viral, and 
fungal plant pathogens in agriculture (Boonham et al. 2008; Khiyami et al. 2014; 
Prasad 2014). As well, they can be exploited in conductivity-based sensors where 
they can induce a change in the signal upon the attachment of the antibody-tagged 
nanoparticles with the antigen captured on the sensor surface (Servin et al. 2015). 
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Wang et al. (2016c) have exploited an indirect stimulus to develop a sensitive elec-
trochemical sensor, using modified gold electrode with copper nanoparticles, to 
monitor the levels of salicylic acid in oil seeds to detect the pathogenic fungus, 
Sclerotinia sclerotiorum. They successfully and accurately measured salicylic acid 
using this sensor. Research on similar sensors and sensing techniques needs to be 
expanded for detecting pathogens and their by-products or monitoring physiologi-
cal changes in plants due to infections. Copper oxide (CuO) nanoparticles and nano-
layers were prepared by solgel and spray pyrolysis techniques, respectively. Both 
CuO nanoparticles and nanostructural layer biosensors were used for detecting 
Aspergillus niger fungi (Etefagh et al. 2013).

3.3.2  Antimicrobial

Scientists have focused their attention on applying copper NPs in different applica-
tions because of their unique properties and antimicrobial activities as well as the 
low cost of their preparation. It was investigated that cuprous oxide nanoparticles 
(CuO NPs) have the possibility to be used  in the development of formulations 
required for generating pesticides, thanks to their antimicrobial activities (Ahamad 
et al. 2014). According to Rai and Kratosova (2015), metal nanoparticles such as 
that of copper, silver, chitosan, and titanium were found to be beneficial in limiting 
the development of pathogenic microorganisms and hence hindering their spread 
among agricultural crops due to the antimicrobial activities possessed. Moreover, 
copper NPs have shown their significant ability to inhibit the conidial germination 
and hyphal development of fungi under different experiments. These activities have 
proved the potentiality of copper nanoparticles as promising tools for managing and 
detecting diseases with the possibility of involving them in developing nanopesti-
cides and nanoherbicides. Hence, the introduction of nanoparticles in agricultural 
management and pathogen detection will open up new avenues of sustainable agri-
cultural development with increase in crop productivity (Rai and Kratosova 2015). 
This section deals with the antimicrobial activity studies carried out with the copper 
nanoparticles and nanocomposites.

3.3.3  Antifungal

3.3.3.1  Copper Nanoparticles as Antifungal

Copper agrochemicals applied in agriculture have the ability to inhibit fungal 
growth such as that of Phytophthora infestans, the causal agent of late blight disease 
in tomato (Nelson 2008). However, the relatively high increase of fungicide resis-
tance adopted by a wide range of plant pathogens has raised the necessity for devel-
oping other alternatives to be used as fungicidal agents. This target could be fulfilled 
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through the application of nanotechnology, which enabled the transformation of 
copper metal into nanoparticles showing high efficiency of fungicidal activity 
(Kanhed et al. 2014).

Nanoparticles have showed antimicrobial activity against various known plant 
pathogens as Phytophthora and Corticium salmonicolor (Dang et  al. 2010). 
However, it is a challenging subject to rely on copper NPs for developing agro-
chemicals as it is a new field with some assumptions regarding the reduction of 
formulated product concentration once being applied in the field (Young and Santra 
2014). Hyperbranched polyamine/Cu NPs, low-polydispersion Cu NPs, functional-
ized Cu NPs, and Cu-grafted carbon nanotubes are well known as new nano- 
antimicrobial- coated materials that are applicable in agricultural sectors with 
advanced functions for adding improvements (Mohan et al. 2011; Wei et al. 2010). 
The increase in the current concern regarding the use of copper NPs in agricultural 
management than other metal NPs was a consequence of their wide antimicrobial 
activities and availability and the cheap facilities required for their generation (Van 
Acker et al. 2014).

Ramyadevi et al. (2012) have observed the strong antifungal activity performed 
by Cu-based NPs against fungal strains of Aspergillus flavus and A. niger, while the 
antimicrobial activity of copper NPs against four filamentous fungal species of 
Alternaria alternata, Aspergillus flavus, Fusarium solani, and Penicillium chrys-
ogenum was investigated by Ghasemian et  al. (2012). Moreover, studies have 
showed that copper NPs have antimicrobial efficiency higher than 8% against phy-
topathogenic fungi of vines comparing to the same dose of commonly used 
non-nano-chemicals of cupric hydroxide as Cuprozin and Spiess-Urania Chemicals 
(Gogos et al. 2012). Interestingly, copper nanoparticles and nanocomposites were 
considered more effective than commercially known copper chemical products in 
suppressing tomato fungal disease caused by Phytophthora infestans (Giannousi 
et al. 2013). Cu-chitosan NPs adopt an inhibitory effect on the spore germination 
and growth of plant pathogenic fungi as Alternaria alternata, Macrophomina pha-
seolina, and Rhizoctonia solani (Saharan et  al. 2013). In addition, Kanhed et  al. 
(2014) investigated the significant antifungal activity was performed by Cu NPs of 
3–10  nm size against known fungal strains of Phoma destructiva, C. lunata, A. 
alternata, and F. oxysporum considered as superior effect exceeding that of the 
commercially known fungicide Bavistin.

According to Van et  al. (2014), copper nanoparticles were shown to exhibit 
strong fungicidal activity against Corticium salmonicolor when applied to the 
infected rubber trees, causing inhibition of the development and spread of fungal 
pink disease. Both silver and copper nanoparticles and their combination (Ag/Cu 
NPs) showed the ability to perform fungicidal activity against plant pathogenic 
fungi Alternaria alternata and Botrytis cinerea where silver nanoparticles (Ag-NPs) 
have shown the maximum inhibitory efficiency (Ouda 2014). Through testing the 
antifungal activity possessed by Cu NPs using Kirby-Bauer disk diffusion protocol, 
Fusarium culmorum was found to be the most sensitive fungus to the treatment of 
Cu NPs, followed by F. oxysporum and F. graminearum (Shende et al. 2015).
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Zabrieski et al. (2015) have studied the significant sensitivity shown by isolates 
of soilborne phytopathogen P. aphanidermatum under treatment with NPs aiming to 
investigate the potential of metal NPs as pesticides in a study where authors found 
that CuO NPs could cause inhibition in the enzymatic activity of ferric reductase at 
the mycelial surfaces. In a study conducted by Bramhanwade et al. (2016), authors 
performed chemical synthesis of copper nanoparticles using cetyltrimethylammo-
nium bromide and copper nitrate. The resulting Cu-NPs were tested for the antimi-
crobial activity where they could significantly inhibit the fungal growth of Fusarium 
spp., i.e., F. oxysporum, F. culmorum, and F. equiseti. Another study to investigate 
the antifungal activity adopted by copper nanoparticles has been conducted by 
Ponmurugan et al. (2016) where authors synthesized copper nanoparticles through 
treating Actinomycetes spp., namely, Streptomyces griseus biomass, with the aque-
ous solution of copper sulfate. The extracellularly formed copper nanoparticles have 
been introduced to naturally infected plants to determine their fungicidal activity 
against Poria hypolateritia, the causal agent of red root-rot disease in tea plants. 
Within the study conducted by Ponmurugan et al. (2016), copper nanoparticles have 
been applied on the infected tea plants in the field experiments as sprays at different 
concentration rates of 1–2.5 ppm for each 1.5 L/bush. The study results have shown 
reduction in the incidence of red root-rot disease in response to the application of 
Cu NPs. The maximum reduction in the disease accounting for 52.7% was achieved 
at copper nanoparticle dosage of 2.5 ppm concentration.

As proven by Viet et al. (2016), Cu NPs of 450 ppm concentration showed fun-
gicidal activity enabling them to inhibit the fungal growth of Fusarium sp. by 94% 
under 9-day incubation. Banik and Pérez-de-Luque (2017) have investigated the 
antimicrobial activity of copper NPs against fungi, bacteria, beneficial microbes 
such as Trichoderma harzianum and Rhizobium spp., and wheat seeds under in vitro 
conditions. Moreover, mycelial development and sporulation of A. alternata and 
Pseudomonas syringae could be reduced by applying Cu NPs with volume of 
200  mg/L along with copper oxychloride (Banik and Pérez-de-Luque 2017). 
However, the previous study showed the inductive effect of Cu-NPs at low concen-
trations promoting the fungal development of Botrytis fabae, Fusarium oxysporum 
f.sp. ciceris, F. oxysporum f.sp. melonis, Alternaria alternate, and P. syringae and 
sporulation of T. harzianum. Bouson et al. (2017) have declared the significant anti-
fungal activity adopted by water-stable Cu-based benzenetricarboxylate (Cu-BTC) 
which could inhibit the fungal spores’ development of A. niger, A. oryzae, and F. 
oxysporum. Under both in vitro and in vivo conditions, Cu NPs could inhibit the 
growth of pathogenic fungi since they completely hindered the fungal growth of P. 
digitatum and F. solani under concentrations of 20 and 40 μg/mL, respectively, 
in vitro while reducing the development of both green mold and Fusarium rot with 
concentrations of 20 and 60 μg/mL, respectively, under in vivo conditions (Youssef 
et  al. 2017). From the aforementioned studies and investigations illustrating the 
fungicidal activity possessed by Cu NPs, we can come up with the possibility of 
involving copper NPs in the development of new fungicide formulations, aiming to 
generate eco-friendly methods for agricultural management and crop disease 
control.
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3.3.3.2  Copper Nanocomposites as Antifungal

Adding to their potential as effective structures for generating agrochemicals, it is 
assumed that copper nanoparticles can enhance food quality and extend the shelf 
life of food products since Cu NP modified chitosan showed significant inhibitory 
impact on the development of two microbes affecting food quality (Cárdenaz et al. 
2009; Cioffi et al. 2004 and 2005). Moreover, some reports have proved the inhibi-
tory activity of polymer molecules combined with copper nanocomposites against 
plant pathogenic fungi (Cioffi et  al. 2004). The use of Cu/Zn chitosan NPs was 
effective against many plant pathogenic bacteria and fungi and was found to be 
more beneficial for plants through enhancing their nutrition, causing acceleration in 
their development with protection against both biotic and abiotic stresses. Moreover, 
Cu/Zn chitosan NPs have showed a functional role in mobilizing food required for 
seed development and germination through stimulating the activity of amylase and 
protease enzymes, adding to other functions regarding the response to diseases, and 
activating plant defense system through activating defense enzymes. Most of the 
studies support the assumption that polymer/metal nanocomposites can exhibit their 
antimicrobial activity through releasing the metal ions then leaching the particle as 
a mechanism for inferring their action (Choudhary et al. 2017a).

With an attempt to generate effective copper NP-based agrochemicals, it was 
investigated that combining copper with chitosan nanogels is better than using chi-
tosan solutions as a promising means for developing bio-fungicides. Copper- 
chitosan nanogels showed strong fungicidal activity against Fusarium graminearum, 
with potential advantages regarding the ease in handling and the long-term release 
of copper on leaves or in soil which in its turn can enhance the treatment distribution 
without loss or reduction in its antifungal function, guaranteeing their potential par-
ticipation in the development of copper-based pesticides and fungicides with effec-
tive transporting systems (Brunel et al. 2013). In an in vitro study conducted by 
Saharan et  al. (2015), authors could synthesize Cu-chitosan nanocomposites and 
test their effects when applied to tomato plants (Fig. 3.2). The study indicated that 

Fig. 3.2 Effect of Cu–chitosan NCs on growth of tomato seedling. (Reprinted from Saharan et al. 
2015)
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treating tomato with synthesized Cu-chitosan CNs could enhance seed germination, 
seedling length, and both fresh and dry weight at different concentrations of 0.08%, 
0.10%, and 0.12% (Fig. 3.1) with effective inhibitory effect on the spore germina-
tion of Alternaria solani and Fusarium oxysporum by 61.5% and 83.0% as well as 
on mycelial growth by 70.5% and 73.5%, respectively, at a concentration of 0.12% 
(Saharan et al. 2015).

It is assumed that Cu-chitosan NCs can help in controlling destructive diseases 
affecting crops of economic importance as they showed significant fungicidal activ-
ity against Curvularia leaf spot (CLS) disease in maize (Fig.  3.3). Hence, 
Cu-chitosan NPs are believed to be beneficial in inducing the systemic acquired 
resistance in maize as well as promoting its development (Choudhary et al. 2017b). 
In addition, exposing both R. solani and S. rolfsii to 100 mg of Cu-chitosan NPs 
could reduce their mycelial growth and inhibit their sclerotia formation. Such an 
activity can be explained by the ability of treatment solution to adhere to fungal 
hyphae and hinder their growth (Rubina et  al. 2017). Various applications of 
Cu-based chitosan NCs in plant pathology are described in Table 3.1.

3.3.4  Antibacterial

Among their diverse antimicrobial activity, copper nanoparticles exhibit antibacte-
rial activity against various bacterial strains, enabling them to be the promising 
alternatives for agrochemicals in plant protection and disease management with low 
cost and toxicity (Bogdanović et  al. 2014; Young and Santra 2014). Moreover, 
Cu NPs showed inductive effect on the growth and nutrient accumulation of both 
Vigna radiata and maize (Pradhan et al. 2015; Saharan et al. 2016). However, it is a 

Fig. 3.3 Symptoms of 
Curvularia lunata disease 
on maize plant leaf in pot 
experiments (a) large 
necrotic lesion in control 
(b) micro lesions on 
Cu-chitosan NCs 
(0.16%)-treated leaf 
(Choudhary et al. 2017b)
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critical consideration for search for possible means to limit Cu NPs agglomeration 
which can reduce their antibacterial activity and efficiency (Karlsson et al. 2008). 
The global awareness about the bactericidal effect of copper nanoparticles has not 
been drawn until 2008 when copper was approved by the United States Environmental 
Protection Agency as an antimicrobial agent with inhibitory effects against harmful 
bacteria related to potentially deadly microbial infections (Theivasanthi and Alagar 
2011). Gunawan et al. (2011) have illustrated that Cu NPs possess the ability for 
reducing the microbial growth of a wide range of microorganisms involving patho-
genic bacteria. Moreover, Esteban-Tejeda et al. (2009) illustrated that adding copper 
NPs to the low melting point of soda-lime glass powder could inhibit the bacterial 
growth of both gram (+) and gram (−) bacteria, fungi, and yeast with a potential 
increase in its activity due to Ca+2 lixiviated from glass with some reports discussing 
their effectivity against Xanthomonas sp. such as limiting the spread of bacterial 
blight disease in rice caused by Xanthomonas oryzae and mung leaf spot causal 
agent Xanthomonas campestris.

Schlich and Hund-Rinke (2015) indicated that tests performed under two differ-
ent soil types (sandy loam and sandy clay loam) for studying the effects of cuprous 
oxide and magnetite NPs have revealed their significant and various effects on the 
microbial community and bacterial activities in sandy loam soil. Copper nanopar-
ticles showed bactericidal effect when applied on Xanthomonas axonopodis pv. 
punicae (Xap), causing inhibition to the water-soaked lesions caused by this bacte-
ria under a concentration of 0.2 ppm which is lower by >10,000 times than that of 
recommended copper oxychloride dose (Mondal and Mani 2012). Treating tomato 

Table 3.1 Applications of Cu-based chitosan NCs in plant pathology

Application Nanocomposites Targeted Pathogens References

Antifungal 
activity

Cu–chitosan NCs Fusarium graminearum Brunel et al. 
(2013)

Cu–chitosan NCs R. solani and S. rolfsii Rubina et al. 
(2017)

Plant growth and 
antifungal 
activity

Cu–chitosan NCs Increased seed germination, seedling 
length, fresh and dry weight, and 
antifungal activity against Alternaria 
solani and Fusarium oxysporum

Saharan et al. 
(2015)

Plant growth 
promoting

Cu-chitosan 
hydrogel

Positive effects on tomato growth Juarez- 
Maldonado 
et al. (2016)

Plant growth and 
antifungal 
activity

Cu–chitosan NCs Increased seedling length, fresh and dry 
weight, and antifungal activity against 
Rhizoctonia solani

Abd-Elsalam 
et al. (2018)

Plant growth 
promoting 
activity

Cu–chitosan NCs Increased seedling growth by 
upregulation of amylase and protease 
enzyme in maize seed germination

Saharan et al. 
(2015)

Cu-chitosan 
hydrogel

Positive effects on tomato growth and 
quality

Juarez- 
Maldonado 
et al. (2016)
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with copper NPs loaded on graphene oxide sheets (GO-Cu NPs) under in  vivo 
experimental conditions has shown significant antibacterial activity through reduc-
ing the severity of bacterial speck diseases caused by Pseudomonas syringae pv. 
tomato (Pst). (Li et al. 2017).

3.4  Antimicrobial Mode of Actions

It is reported that copper is a redox-active metal which can produce reactive oxygen 
species (ROS) as hydroxyl radical through which copper-based fungicides can 
exhibit their inhibitory activity against microbes by destroying many crucial bio-
molecules and causing damages in their DNA, proteins, and lipids (Borkow and 
Gabbay 2005; Nimse and Pal 2015). Fenton reactions are responsible for copper 
toxicity through which free copper ions (Cu2+) can undergo interconversion between 
Cu (I) and Cu (II) generating ROS that cause the degradation of lipids, proteins 
oxidation, and DNA damages (Suresh et al. 2013). Copper particles can destroy and 
kill bacterial cells through adhering to their membranes and produce ROS which on 
their turn can increase the cell permeability, causing bacterial cells to lose the 
 control of managing CuO transporting through their cytoplasmic membranes 
(Subramanian et  al. 2014). Moreover, Zhao et  al. (2017) demonstrated the data 
regarding metabolomics showing the crucial role played by Cu(OH)2 nanopesti-
cides in activating the antioxidant defense and enhancing tolerance in both maize 
and cucumber. Therefore, a good knowledge and further investigations regarding 
Cu-based nanopesticides are essential to determine their potential impacts on crop 
development for better understanding and appliction of these novel materials.

3.5  Stimulate Crop Growth and Induce Resistance

Copper is one of the micronutrients essential for plant growth promotions and 
development. It has several functions in important physiological processes affecting 
the living organisms by being involved in protein and metabolic enzyme structures 
(Kasana et al. 2017). Different studies have discussed the possibility of nanoparti-
cles to exhibit both negative and positive effects on crops, depending on the plant- 
nanoparticle interactions affected by some characteristics such as the plant species, 
size, structure, shape, concentration, and chemical properties of nanoparticles and 
their stability (Mirzajani et al. 2013; Rafique et al. 2014; Nhan et al. 2015; Tripathi 
et al. 2015, 2017; Costa and Sharma 2016; Wang et al. 2016a,b). While some studies 
showed the negative effects of NPs on plants represented in productivity reduction 
through hindering growth and affecting the content of pigments (Landa et al. 2016; 
Tripathi et al. 2017), others considered well-designed NPs in the form of nanopes-
ticides, nanosensors, and growth regulators to possess positive effects on plants by 
stimulating their development and growth as well as increasing crop productivity 
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(Fraceto et  al. 2016; Wang et  al. 2016a,b). However, both Landoltia (Spirodela) 
punctata and Zea mays were found to be negatively affected by copper nanoparti-
cles, which showed toxic effects on their growth and development (Shi et al. 2011; 
Wang et  al. 2012). Depending on the postulates afforded by Wang et  al. (2012), 
copper nanoparticles are consumed by different plant species which device  their 
roots to uptake Cu-NPs from the surrounding, transporting them to the other plant 
parts through xylem tissues. However, the back translocation of Cu-NPs through the 
phloem can be accompanied by risks affecting the food safety since copper undergo 
reduction from Cu(II) to Cu(I). The effect of CuO nanoparticles of <50 nm size on 
germination and growth of seeds of Glycine max L. and Cicer arietinum L. showed 
that in both the crops, germination occurred up to 2000 ppm copper applied through 
copper oxide-nanoparticles, but the root growth was stopped above 500 ppm copper 
(Adhikari et  al. 2012). Metal- and metal oxide-based nanomaterials have been 
shown to act as mediators of DNA damage in mammalian cells, organisms, and 
even in bacteria, but the molecular mechanisms through which this occurs are 
poorly understood (Atha et al. 2012). Along with the promising Cu NPs antifungal 
efficacy against Phytophthora infestans on tomato, it was also found that copper- 
based nanoparticles did not induce any permanent damage/deleterious effect to the 
plants (Giannousi et al. 2013). Furthermore, on the contrary findings concerning the 
negative effect of Cu NPs application on the soil nutrients, the current report has 
shown that applying Cu-NPs was accompanied by minor variation in the degree of 
soil pH and electrical conductivity (Karunakaran et al. 2013). Additionally, consid-
erable variations were observed in the soil content of organic matter and macronu-
trients of NPK.  However, the authors concluded that these results verify that 
application of copper nanoparticles has influences on the soil but in a considerable 
way. The application of CuNPs (10–50 ppm) to soil in pots caused a considerable 
increase of growth and yield of wheat, whereby treatment with 30 ppm CuNPs led 
also to a significantly higher Chl content, leaf area, number of spikes/pot, number 
of grains/spike, 1000-grain weight, and grain yield as compared with the control 
(Hafeez et al. 2015). The number of grains per spike and 1000-grain weight were 
improved in wheat varieties with Cu NPs exposure (Yasmeen et al. 2017). CuO NPs 
(<50 nm) supplied in solution culture as well as in the form of spray enhanced the 
growth of Z. mays plant by 51% compared to the control and significantly affected 
the activity of glucose 6-phosphate dehydrogenase and the pentose phosphate path-
way of maize plant (Adhikari et al. 2016). Very recently, positive effects on tomato 
plant growth and fruit quality were observed by copper nanoparticles absorbed in 
chitosan hydrogel (Juarez-Maldonado et al. 2016). The influence of Cu and CuO 
NPs on the soil microbial community which was calculated using culture-dependent 
and culture-independent procedures showed that nanoparticles changed the micro-
bial community structure. Some bacterial strains isolated from agricultural soil 
were used to evaluate the cytotoxicity of copper oxide nanoparticles, and strains like 
Brevibacillus laterosporus, Chryseobacterium indoltheticum, and Pantoea ananatis 
showed high sensitivity (Guerrero et al. 2014). Pseudomonas syringae was inhib-
ited at 200  mg/L of Cu  NPs. Cu  NPs were not significantly biocidal against 
Rhizobium spp. and Trichoderma harzianum compared to CoC (Banik and 
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Pérez-de-Luque 2017). The effect of chitosan-PVA and Cu NPs absorbed on 
chitosan- PVA on growth, antioxidant capacity, mineral content, and saline stress in 
Solanum lycopersicum plants was investigated. Chitosan-PVA + Cu NPs promoted 
the vegetative and reproductive growth of plants and increased the quality of tomato 
fruit (Hernández-Hernández et  al. 2018). Chitosan was reported as an excellent 
metal chelating or encapsulating agent for micro- or nanosize particles for Cu indi-
vidually (Saharan et al. 2013; Rajasekaran and Santra 2015). So, Cu-based chitosan 
NPs can exhibit a dual role in plant as antimicrobial agents and plant growth enhanc-
ers (Du et al. 2009; Saharan et al. 2013, 2015). To date, fundamental studies have 
been performed to induce the plant innate system for plant defense and subsequent 
higher growth and yield by NP applications, thus, need further study of Cu-chitosan 
NCs for its effect on plant growth and protection for its comprehensive application 
in crop (Choudhary et al. 2017a,b). Dimkpa et al. (2017) briefed data, by no means 
exhaustive, from soil-based studies with micronutrient nanomaterials, in which the 
bioactivity of the nanomaterial is regulated based on soil property, in comparison 
with their bulk or ionic equivalents. Notably, Table  3.2 shows clearly that crop 
responses are more often than not positive at low doses compared to doses of tradi-
tional micronutrients used in real settings but negative at high doses, many of which 
are too high for the crop requirements of the respective nutrients. The increasing 
concentration of different metal nanoparticles in the agroecosystem may cause a 
negative impact on agriculture in the future (Kasana et al. 2017).

3.6  Phytotoxicity

 Phytotoxicity of Cu and Cu ions and Cu/CuO NPs was carefully evaluated in details 
(Yruela 2005; Dimkpa et  al. 2013; Rastogi et  al. 2017). Many plant species are 
known to absorb NPs by the roots and translocate them in stems and leaves, depend-
ing on the physicochemical features of NPs, the type of plant, and the growth 
medium. For example, CuO NPs gathered on the plant epidermis of conventional 
cotton leaves, whereas it entered transgenic cotton leaf cells by means of endocyto-
sis (Le Van et al. 2016). Spraying of Indian mustard (Brassica juncea L.) with CuO 
NPs (0, 20, 50, 100, 200, and 500 mg/L) suppressed both root and shoot boom in a 
dose-established manner (Nair and Chung 2015). At 500 mg/L, CuO NPs was inhib-
ited  plant growth pramaters including; (plant height, fresh weight, and leaf surface) 
of maize (Zea mays L.) (Adhikari et al. 2016). The phytotoxic effect of Cu NPs was 
investigated at the developmental increase of Raphanus sativus, Lolium perenne, 
and Lolium rigidum with the aid of inhibiting their practical structures and degrada-
tion  their DNA by using introducing mutations and inducing DNA lesions (Atha 
et al. 2012). Instead, remedy of plants with excess Cu concentrations effects in plant 
growth inhibition and insufficiency of vital cellular processes (Yruela 2005). The 
root morphology was observed to be harmfully affected with Cu and CuO NP, with 
nearly complete inhibition with a high dose of NP (Lee et al. 2008; Adhikari et al. 
2012; Perreault et al. 2014; Shaw et al. 2014; Song et al. 2016; Adams et al. 2017). 
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Cu NPs inhibited increase rate of mung bean (Phaseolus radiatus) and wheat 
(Triticum aestivum), which is one of a symptom of toxicity (Lee et  al. 2008). 
Phytotoxicity of CuO nanoparticles was evaluated in wheat plants, which were 
treated, these nanoparticles found to be toxic to wheat and causing a reduction in 
root length (Dimkpa et al. 2013). It was discovered that Cu-NPs have robust phyto-
toxic results when applied as colloidal solution at Allium cepa roots (Konotop et al. 
2014). CuO NP was  evaluated to negatively affect the photosynthetic activ-
ity  through inactivating PS II response centers, and inflicting a lower in electron 
shipping, thylakoid range in line with grana, photosynthetic rate, photosynthetic 
pigments, transpiration rate, stomatal conductance (Perreault et al. 2014; Costa and 
Sharma 2016). A combined treatment on the plant with ultraviolet radiation and 
CuO NP was investigated to significantly increase the phytotoxic impact of CuO NP 
(Regier et al. 2015). It was found out in the assessment of the effect of CuNP on 
wheat that the charge of germination of wheat seeds becomes higher in the presence 
of CuNPs and CoC compared to control. Germination index, root length, shoot dry 
weight, and seed metabolic performance of wheat had been negatively affected 
(Banik and Pérez-de-Luque 2017). The growing release of CuO NPs from each 
intended and unintended resources into plant surroundings may additionally pose 
hazards to rice plant life, thereby lowering the quality or amount of this staple grain 
in the human food regimen. Few studies have addressed CuO NP phytotoxicity to 
rice, and the interactions of CuO NPs with As are poorly described (Liu et al. 2018). 
Phytotoxicity assays are executed in two stages of plant development: (1) all through 
germination, when the germination percent is measured, where the seeds ought to 
be exposed to the take a look at solution during germination (ideally as a minimum 
4 days), and (2) at some point of seedling growth, wherein root/shoot elongation 
and dry weight are regularly used variables to evaluate the effects of plant exposure 
to dangerous materials (Wang and Freemark 1995). Genotoxic and phytotoxic con-
sequences of various nanoparticles inside the roots of Fagopyrum esculentum seed-
lings was estimated the usage of the RAPD assay (Lee et al. 2013). It was found that 
the seedling growth was affected due to remarkable regulations in root morphology 
and root length as nanoparticles have been found to be accumulated, within the root 
epidermis. High doses of CuO NPs disturbed mobile homeostatic balance after 
altering intracellular signalling pathways which led to genotoxic effects for plant 
cells. Adverse results of different Cu/Cu NPs on special plant species were defined 
in Table 3.3.

3.7  Conclusion and Future Prospective

Research during the last years has documented the toxic effects of Cu NPs, both during 
the germination stage or with regard to the shoot-root length, while few others have 
explored the opportunities of using them as agrochemicals such as fungicides, bacteri-
cides, fertilizers, and nanosensors. Particularly, improved yield might not only be 
directly related to the decreased presence of pathogenic organisms but also to the 
potential nutritional value of the nanoparticles themselves, mainly for the essential 
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micronutrients important for host defense. Many researchers have proven the effect of 
nanoparticles on plant growth and their accumulation in food source; however there are 
necessities for research to recognize the molecular mechanism of plant nanoparticle 
interaction. There are few researches displaying the useful role of metal and metallic 
oxide nanoparticles in agriculture, but the mechanism at huge extent are not under-
stood, and the studies are in its primary stages. Therefore, screening and assay of 
nanoparticles is requested for enforcing them in specific fields alongside with agricul-
ture. Copper oxides or composite NPs together with Cu/Cu2O protected by means of 
polymers or embedded in matrices appear to be an effective nano-metal fungicide util-
ity as inexpensive eco-fungicide for agriculture.

Table 3.3 Negative effects of different Cu/Cu NPs on different plant species

Copper 
NMs Plant Negative effect References

Cu NPs Allium cepa Inhibited the root growth of onion Konotop et al. 
(2014)

Cu NPs Cucumis sativus Decrease in root length, reduction of root 
biomass, bioaccumulation mainly in roots, a 
little in stems

Zhao et al. 
(2017)

CuO NPs Cucurbita pepo Reduced emerging root length Stampoulis 
et al. (2009)

CuO NPs Fagopyrum 
esculentum

Inhibition of root length, genomic DNA 
damaging, altered gene expression

Lee et al. 
(2013)

CuO NPs Brassica juncea Inhibited both root and shoot growth Nair and Chung 
(2015)

CuO NPs Zea mays Inhibited plant height, fresh weight, leaf 
surface area

Adhikari et al. 
(2016)

CuO NPs Lactuca sativa Reduction of seed germination and root 
elongation

Liu and Lal 
(2015)

Core–shell 
NPs Cu/
CuO

Lactuca sativa Reduction of water content, root length, and 
dry biomass of the plant, alteration of the 
nutritional quality of lettuce

 Liu and Lal 
(2015)

CuO NPs Raphanus sativus, 
Lolium perenne, 
Lolium rigidum

Oxidative damage to plant DNA, inhibition 
of seedling growth (root and shoot growth)

Atha et al. 
(2012)

Cu NPs 
and CoC

Triticum aestivum Germination vigor index, root length, shoot 
dry weight and seed metabolic efficiency of 
wheat were negatively affected

Banik and 
Pérez-de-Luque 
(2017)

CuO NPs Elsholtzia 
splendens

No effect on seed germination, reduction of 
root length, accumulation of CuO NPs in 
root and leaf cells

Dimkpa et al. 
(2013)

CuO NPs Zea mays, Oryza 
sativa

Inhibited root elongation at 2000 mg/L 
(95.73% for maize and 97.28% for rice) of 
two crop plants and reduced shoot length of 
maize by 30.98%

Yang et al. 
(2015)

CuO NPs Zea mays Did not affect the germination of maize, but 
suppressed root elongation.

Wang et al. 
(2012)

CuO NPs Oryza sativa Reduced the fresh weights and root length Shaw and 
Hossain (2013)
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Chapter 4
Nanoantimicrobials for Plant Pathogens 
Control: Potential Applications 
and Mechanistic Aspects

Mohamed A. Mohamed and Kamel A. Abd–Elsalam

4.1  Introduction

Nanotechnology is an emerging field of applied science and cutting-edge  technology 
that utilizes the physicochemical properties of the bulk material as a means to mini-
mize and control their size, shape, and surface area, in order to generate different 
nanosized materials with new unique physical, chemical, and biological properties 
(Prasad et  al. 2016). Nanotechnology is directly linked with physics, chemistry, 
biology, material science, and medicine. Up to now, nanotechnology finds a deep 
accurate application in multiple aspects of research and in everyday life such as 
electronics, agriculture, medicine, pharmaceutical research, and new material 
design. However, their use particularly in medical treatment research as antimicro-
bial or antiviral agents compared to agricultural research is probably one of the 
fastest growing areas in which the functional mechanisms of nanoparticles and 
especially metal-based nanoparticles are just beginning to be exploited.

Implementation of new technology like nanoscience in agriculture sector is of 
extreme importance, particularly in dealing with major problems facing this sector 
like plant growth, climate change, pest management, and nutrient shortage (Yaseen 
et al. 2018). The growing risk offered by viral and bacterial infections regarding the 
danger of annual food production loss is considered the scope of interest by many 
scientists nowadays; this is why it represents the subject of the present chapter. 
There are many more important factors, with single aim to solve: how to introduce 
a reliable safe and cost-effective solution in controlling those microbial plant patho-
gens and protect or improve the crop production?
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Nanotechnology may play an effective role for this purpose. Already, there are 
many important developments on this aspect like enhancement of nutrients absorp-
tion by plants, protection of plants, nanoformulated food ingredients, and water 
treatment processes. However, protection of plants with metal-based nanomaterials 
having a much greater surface area to volume ratio and unique antimicrobial agents 
compared to their bulk materials represents one of the best recent applied solution 
offering successful results in controlling microbes particularly bacterial and viral 
plant microbial pathogens (Prasad et al. 2014, 2017a,b). The most simple and obvi-
ous way is direct application of nanoparticles in the soil, on seeds, or on foliage to 
protect plants from pathogen invasion. In this way, the nanoparticles may suppress 
the pathogen in a way comparable to chemical pesticides. When nanoparticles are 
to be applied directly in soil, their effects on nontarget organism especially the min-
eral fixing/solubilizing microorganisms will be of great significance (Sangeetha 
et al. 2017). Secondly, the nanomaterials, carbon tubes, cups, etc., can also be used 
as a carrier of some fancy chemicals such as pheromones, polyamine, synthesis 
inhibitors, or even concentrated active ingredients of pesticides for their controlled 
release especially under flooded conditions (Khan et al. 2013).

Metal-based nanomaterials have a much greater surface area to volume ratio, 
which can exhibit completely new or improved and unique properties compared to 
their bulk counterparts, can be wisely exploited, and are found to be interesting 
candidates for various varied biological applications (Raveendran et al. 2003). In 
this regard, different types of the nanoparticles have entered into the arena of con-
trolling plant diseases. Carbon, silver, zinc, silica, and aluminosilicates are best 
examples for nanoparticles that showed excellent antimicrobial activity against 
many plant pathogens.

In consequence, the present chapter aims at a description of the reported bacte-
rial and antiviral activities of different nanomaterials for plant pathogens control 
and their proposed modes of action in the agricultural systems.

4.2  Activities of Engineered Nanomaterials against Plant 
Pathogens

Different types of nanomaterials like copper, zinc, titanium, magnesium, gold 
(Zhao et al. 2010), alginate (Ahmad et al. 2009), and silver (Bhattacharyya et al. 
2016) have come up in recent years, and most of them have proven to be effective 
against diverse microbial pathogens. The present chapter aims at a description of 
the reported antibacterial and antiviral activities of metal nanoparticles and their 
modes of action, with particular regard to the metal nanoparticles (Gholami–
Shabani et al. 2017).
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4.2.1  Carbon Nanotubes

Carbon nanotubes (CNTs) are nanostructures, which are allotropes of carbon with 
extraordinary unique physical, chemical, optical, thermal, electrical, and mechani-
cal properties. Two classes of CNTs are described, namely, single-walled carbon 
nanotubes (SWCNTs), which consist of a single graphite sheet impeccably wrapped 
into a cylindrical tube with a diameter between 0.4 and 2.5 nm, and multi-walled 
carbon nanotubes (MWCNTs), which comprise more layers of graphite sheet with 
different diameters of up to 100 nm. A nanotube can be visualized as a hexagonal 
network of hexagonal carbon atoms which upon rolling give a cylindrical structure. 
The unique structure of CNTs offers excellent physical and chemical properties that 
allow a wide range of applications including microbial control (Zhang et al. 2010).

Their elevated loading capacity and ability to readily penetrate membranes rep-
resent a potential for antimicrobial delivery. One of the best successful trials in this 
regard was done in 2009 by Khodakovskaya and Biris who used CNTs to deliver 
some antimicrobial molecules to provide the target plants protection against dis-
eases during their seed germination stage (Khodakovskaya and Biris 2009). In the 
past few years, Chen and his co-workers indicated that the antimicrobial potentiality 
of CNTs depends on many factors like the length and type of functional groups on 
CNTs surface together with the bacterial shape needed to lyse their walls. Moreover, 
the antibacterial action of CNTs was mainly dependent on the length and diameter 
of CNTs used in penetrating the microbial cells and lysis of their walls, membranes, 
inducing release of intracellular components and loss of bacterial cell membrane 
functionality, resulting in a complete bacterial cell death.

On the other hand, it was indicated that SWCNTs with unique fine thin and rigid 
wall properties show more effective wall/membrane penetration on the spherical 
bacteria cell than MWCNTs. In addition, the long MWCNT may be covering around 
the bacterial cells, offering a high surface area to contact with the bacterial wall. 
Thus, CNTs may be broad-spectrum antibacterial agents in the gut, and selective 
application of CNTs could reduce the potential hazard to probiotic bacteria. Also, 
Pangule et al. (2010) prepared a nanocomposite films embedded with antimicrobial 
lysostaphin-carbon nanotube and revealed the high antibacterial activity to reduce 
the viable bacterial counts of methicillin-resistant S. aureus, for more than 99% in 
only 2 hours. In fact, considering this unique strategy with the CNTs, properties 
may have important application for controlling bacterial contamination in preserved 
foods, preventing the risk of serious bacterial infection and biofouling of surfaces.

4.2.2  Nano Silver

Silver (Ag) has been widely used throughout history for its antibacterial, antiviral, 
and antifungal properties (Castellano et  al. 2007; Rai et  al. 2009; Fabrega et  al. 
2011; Aziz et al. 2014, 2015, 2016). The first scientist who actually connects the use 
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of silver to its action as an antimicrobial agent is believed to be Vonnaegele 
(Alexander 2009). He attributed the effectiveness of silver as an antibacterial agent 
to the silver ion (Ag+), opening up the use of silver as an effective antimicrobial 
agent until the discovery of penicillin. While the golden era of antibiotics flour-
ished, the use of silver as antimicrobial agent is minimized. In the past decade, 
however, almost most known antibiotic has given rise to resistant strains of infec-
tious bacteria like multidrug-resistant (MDR) bacteria. In the quest of finding potent 
and non-microbial-resistant alternatives to antibiotics, the use of the Ag has 
reemerged again and is coming back into mainstream as an antimicrobial and anti- 
infective agent (Rai et al. 2012). Since then the antimicrobial properties of silver 
have been investigated and exploited more extensively than any other molecule 
showing antibacterial potentiality in treatment of diverse diseases caused by bacte-
rial pathogens (Aziz et al. 2015, 2016; Joshi et al. 2018).

Consequently, AgNPs together with their nontoxicity to living tissues at low con-
centrations make them more attractive to be utilized as antimicrobial agents in dif-
ferent biological fields particularly plant disease control. According to literatures, 
silver nanoparticles are the most popular inorganic nanoparticles used as antimicro-
bial agents (Zinjarde 2012; Singh et al. 2018); however, only a few studies were 
done on microbial plant pathogens (Krishnaraj et al. 2012).

The antimicrobial effect of different controlled sized silver nanoparticles to con-
trol different soilborne fungi as well as Bipolaris sorokiniana and Magnaporthe 
grisea was investigated (Jo et al. 2009). Interestingly, their results showed that silver 
nanoparticles with the size (20 to 30 nm) could better penetrate and colonize within 
the plant tissue than larger ones. The results also indicated that Ag nanoparticles had 
a great potential for use in controlling spore-producing fungal plant pathogens. 
They suggested that these nanoparticles might be less toxic than synthetic fungi-
cides (Jo et al. 2009). In the other study, Mishra and his co-workers also indicated a 
strong antifungal activity exhibited against the phytopathogenic fungus Bipolaris 
sorokiniana, causing spot blotch disease of wheat crop, by using small-sized silver 
nanoparticles (Mishra et al. 2014).

On the other side, other reports assayed the antibacterial activity of a well-formed 
silver nanoparticles with 19 nm size against different eight microorganisms using the 
disk-diffusion method. Their results strongly indicated that the used silver nanoparti-
cles have a noticeable antibacterial activity against all used bacterial species. Those 
findings strongly suggest to exploit those AgNPs as commercial antibacterial agents. 
On the other hand, Ali and his co-workers revealed that the exposure of the snails and 
soil matrix to silver nanoparticles in a laboratory experiment reduced the activity and 
the viability of the land snail (20% of silver nanoparticles- treated snails died) as well 
as the frequency of fungal population in the surrounding soil (Ali et  al. 2015). 
Spherical-shaped silver nanoparticles in size range of ∼10 to 20 nm using culture 
supernatant of Serratia sp. BHU-S4 and their effective application for the manage-
ment of spot blotch disease in wheat have been experimented. The experimental 
observations indicated that AgNPs have several mechanisms in its antimicrobial activ-
ity where it can bind not only membrane-bound targets but also penetrate the bacterial 
cell. Also, it can strongly conjugate with the electron donor groups containing N,O, 
and S and exhibit an elevated binding constant for thiol- containing proteins.
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On the other hand, it was revealed that the antimicrobial efficacy of silver 
nanoparticles has been confirmed to be shape-dependent in studies that utilized dif-
ferentially shaped nanoparticles and measured the inhibition of bacterial growth, 
suggesting that the most effective geometry is truncated triangular silver nanopar-
ticles (Morones et al. 2005; Pal et al. 2007).

In this study it was shown that the triangular geometry needed silver content 
>1 μg to exert bactericidal properties, while spherical- and rod-shaped nanoparticles 
needed 12.5 and 50–100 μg, respectively. Moreover, it has been shown that in order 
to function effectively as bactericidal agents, AgNPs have to fall with a narrow size 
range. Those findings backed to the high-atom density facets ({111}) that are found 
in triangular plates when compared to spheres and rods ({100}). Those conclusions 
were also in agreement with that exposed by Morones and his co-workers (Morones 
et al. 2005). Recently, the International Center for Technology Assessment (ICTA) 
has submitted a petition to the Environmental Protection Agency (USA) requesting 
that it regulates nanosilver used in products as a pesticide under the Federal 
Insecticide, Fungicide, and Rodenticide Act (FIFRA). Silver is now globally 
accepted as agrochemical replacement. Silver that exhibits excellent qualities 
should be tasteless, strong nontoxic disinfectant, and good growth stimulator. In 
2013, Ocsoy and his co-workers indicated that DNA-directed silver nanoparticles 
grown on graphene oxide (GO) composites effectively decrease cell viability in 
culture and on plants of Xanthomonas perforans causing bacterial spot of tomatoes 
(Solanum lycopersicum) in Florida while the pathogen has developed resistance to 
Cu fungicides (Ocsoy et  al. 2013). These compounds (Ag@dsDNA@GO) show 
excellent antibacterial activity in culture at a very low concentration of 16 ppm with 
higher adsorption rate. Severity of tomato bacterial spot is significantly reduced by 
application of Ag@dsDNA@GO at 100  ppm in greenhouse when compared to 
untreated and showed no phytotoxicity.

4.2.3  Nanosilica-Silver Composite

Different reports revealed the potentiality of using silica solution in controlling 
microbial plant pathogens causing powdery and downy mildew (Mao et al. 2001; 
Brecht et al. 2004). Moreover, it was suggested that using silica in plant disease 
control may induce disease and stress resistance and promote the growth of plants 
(Mao et al. 2001). However, the biological effect of silica significantly varies with 
the physiological environment, and thus, it is not registered as an agricultural 
chemical- controlling agent. As mentioned above, the antimicrobial activity of the 
metallic silver is well-known as a powerful disinfecting agent killing bacteria by 
inactivating enzymes having metabolic cell functions (Kim et al. 2009). In 2006, the 
scientist Part and his co-workers introduced a unique “nanosized silica-silver for-
mula composed of nanosilver combined with silica molecules and water-soluble 
polymer, prepared by exposing a solution, capable of controlling many plant dis-
eases (Park et al. 2006).
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Park et  al. studied the effect of different concentrations from this formula in 
 controlling different many microbial plant pathogens (Park et al. 2006). Their find-
ings revealed the potent antimicrobial activity (100% growth suppression) of this 
formula against crops’ fungal pathogens particularly Magnaporthe grisea, 
Colletotrichum gloeosporioides, Rhizoctonia solani, Pythium ultimum, and Botrytis 
cinerea, when applied at 10 ppm, while with bacterial pathogens like Azotobacter 
chrococuum, Bacillus subtilis, Pseudomonas syringae, Rhizobium tropici, and 
Xanthomonas campestris pv. Vesicatoria, a complete bacterial growth suppression 
was reported at 100 ppm. On the other hand, their findings indicated that using high 
concentrations from the nanosized silica-silver caused chemical contact injuries on 
cucumber and pansy testing plants.

4.2.4  Titanium Dioxide Nanoparticles

Titanium dioxide nanoparticles (TiO2NPs) are another form of the metallic form of 
titanium (Ti) in the environment. There has been an increasing amount of attention 
in the literature regarding effects of TiO2NPs on plant performance and their poten-
tial as antimicrobial agents (Roy et al. 2010; Haghighi et al. 2013; Lyu et al. 2017). 
Cui and his co-workers indicated that TiO2 NP abled to reduce P. syringae pv. lach-
rymans and P. cubensis infection of cucumber by 69 and 91%, respectively (Cui 
et al. 2009). Their report also revealed an increase in the photosynthetic activity by 
(30%). On the other hand, Paret et al. (2013a,b) also showed that after TiO2 NP 
photoactivation, the bacterial spot (Xanthomonas sp.) control on roses and tomato 
plants was equivalent to or better than other classical control options.

The antimicrobial property of TiO2 is suggested to be related to its crystal struc-
ture, shape, and size (Roy et al. 2010). Furthermore, different reports proposed that 
oxidative stress via the generation of ROS may be particularly important mecha-
nism for their antimicrobial activity, where the produced ROS may cause site- 
specific nucleic acid DNA damage (Roy et al. 2010; Cioffi and Rai 2012). Reports 
by Roy and his co-workers revealed that TiO2 nanoparticles decorated with different 
antimicrobial agents abled to control different resistant bacteria (Roy et al. 2010). 
Furthermore, their experiments indicated the potentiality of TiO2 nanoparticles to 
improve the antimicrobial effect of different antimicrobial agents against many 
bacterial-resistant species and the noticeable decrease of bacterial resistance toward 
different antimicrobial agents. On the other hand, different reports indicated the 
antifungal activity of TiO2 nanoparticles (Haghighi et al. 2013). The unique photo-
catalytic properties of the TiO2 nanoparticles may play a core efficient role in the 
eradication of the microbial cells as a result of lipid peroxidation that cause to 
enhance membrane fluidity and disrupt and destroy the microbial cell integrity 
(Carré et al. 2014). Although TiO2 faced major precaution in their biological use due 
to their toxicity (Shah et al. 2017), however, conjugation of TiO2 nanoparticles with 
eco-friendly polymers may be an acceptable approach for others in a way to avoid 
their toxicity issue (Allahverdiyev et al. 2011)
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4.2.5  Nanoaluminosilicate

Many reports proved that using nanoparticles in nanoformulated products makes 
them highly efficient, biologically active, and environmentally safe against broad 
spectrum of microbial pathogen. Thus, many factories recently started to fol-
low this strategy in producing new nanoformulated products as better alterna-
tives to the nanoparticles alone. Nowadays many factories started to produce and 
utilize nanoparticles in a new nanoformulated products, to improve its effect. 
Aluminosilicate nanotubes with active ingredients are one such type of the best 
example of nanoformulation strategy, which has proved a real advantage when 
sprayed on plant surfaces because of its easy pick by microbes and insect hairs, and 
lastly these nanotubes get consumed by them leading to their rapid direct death.

4.2.6  Zinc Nanoparticles

Zinc nanoparticles were also evaluated as antiviral agents by El-Sawy and his co- 
workers to control Cucumber mosaic virus (CMV) in eggplant in comparison with 
2-nitromethyl phenol and seaweeds extract (El–Sawy et  al. 2017). The nanozinc 
was sized in 100 nm and used as spray solution at three different concentrations of 
50, 100, and 200 μgmL−1. The eggplants were sprayed with 2-nitromethyl phenol, 
zinc nanoparticles, and seaweed extract at 1  day before CMV inoculation under 
greenhouse conditions. In contrast to the potent antiviral activity proved by silver 
nanoparticles in many reports, the results clearly indicated that seaweed extract 
treatment exhibited the highest reduction of CMV infection at a concentration of 3 
gmL−1 followed by 2-nitromethyl phenol and zinc nanoparticles which was also 
significantly higher than the control. Moreover, all treatments showed significant 
increase in morphological and physiological characters of eggplant plants such as 
plant height, leaf area, number of leaves and number of leaves branches, numbers of 
flowers and fruits, and fruit weight per plant (El–Sharkawy et al. 2017). The authors 
concluded that although zinc nanoparticles showed the lowest activity against CMV 
under greenhouse conditions, but it was similarly like other treatments (2- nitromethyl 
phenol, seaweed extract) that induced the activation of free and total phenols which 
resulted in enhanced resistance against the CMV infection.

4.2.7  Copper Nanoparticles

Copper is considered an essential micronutrient which plays a vital role in differ-
ent biological processes for all living organisms. This may come from its incorpo-
ration into an array of proteins and metalloenzymes required for performing 
various metabolic functions by the plant cells/organisms. More interestingly, 
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copper in its metallic form has been used as an antimicrobial agent for hundreds 
of years. In ancient Egypt (2000 BCE), copper was used to heal wounds and steril-
ize water from microbes. During the Roman Empire, the copper cooking utensils 
were ordinary used to prevent the spread of microbial contaminants and their 
infectious diseases. Furthermore, in the Second World War, Japanese soldiers put 
small copper pieces in their water bottles to prevent dysentery. However, copper 
ions and copper compounds can be toxic to microorganisms, humans, and the 
environment (Georgopoulos et  al. 2001). In this respect, copper nanoparticles 
have attracted the attention of researches for using it as an essential component to 
act as a reservoir for the controlled release of copper ions and thus inhibit their 
toxicity. Also, many studies have suggested that copper nanoparticles can be 
directly used as antimicrobial agents against an array of phytopathogenic microbes 
including fungi and bacteria (Kanhed et  al. 2014; Banik and Pérez–de–Luque 
2017; Viet et al. 2016).

The scientist Kanhed and his co-workers as example indicated the broad- 
spectrum antifungal activity of a chemically synthesized copper nanoparticles 
against different phytopathogenic fungi including Fusarium oxysporum (MTCC 
1755), Curvularia lunata (MTCC 2030), Phoma destructiva (DBT66), and 
Alternaria alternata (MTCC 6572) and used disk-diffusion method. Copper 
nanoparticles showed remarkable activity against all the mentioned plant patho-
genic fungi with maximum antifungal activity against Curvularia lunata MTCC 
2030 followed by Alternaria alternata MTCC 6572 and minimum activity against 
Phoma destructive DBT 66 (Kanhed et al. 2014). More interestingly, the experi-
mental results reported by Mondal and Mani on their studies on copper nanoparti-
cles indicated that nanoform of copper (Cu) showed four-order higher activity 
against bacterial blight on pomegranate at 10000 times less concentration of recom-
mended Cu (Mondal and Mani 2012). Similarly, it was reported that the green syn-
thesized copper nanoparticles showed a significant bactericidal activity against 
numerous bacterial pathogens as well as against pathogenic fungi including 
Fusarium culmorum, Fusarium oxysporum, and Fusarium graminearum (Shende 
et  al. 2015). Also, about 21 bacterial strains of Brevibacillus laterosporus, 
Chryseobacterium indoltheticum, and Pantoea ananatis isolated from agricultural 
soil showed strong sensitivity toward copper oxide nanoparticles at low concentra-
tions (Guerrero et al. 2014).

Keeping in mind the above findings and showing a unique antimicrobial activity 
of CuNPs against different phytopathogenic bacteria and fungi, this suggests the 
possibility of using CuNPs antimicrobial agent in a large-scale safe mode, but under 
controlled concentrations. On the other side, copper nanoparticles with antimicro-
bial activity can also be employed for the production of a broad range of polymer 
nanocomposites, by embedding in a polymerated matrix. This can also be employed 
in pesticides and the food-packaging field for delay of deterioration, shelf-life 
extension, maintaining quality, and safety of packaged food.
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4.2.8  Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles (MSNs) are thermally stable nanoparticles with 
tractable porosity and channels, having the tendency to deliver biomolecules like 
bio-antimicrobial agents, chemicals, pesticides, and nucleic acids into plant tissues 
by targeted release (Wang et al. 2010). Mesoporous silica nanoparticles were firstly 
developed by the scientist Trewyn and his co-workers in 2007 (Trewyn et al. 2007). 
In this system, the authors developed a honeycomb-like structure having arrays of 
independently formed channels which can be used as a nanocarrier to fill with the 
bioagents needed to be delivered. Interestingly, this type of nanomaterials has a 
unique capping properties that permit to hold and protect the carried material inside 
the channels without wasting it. Interestingly, the caps of this system can be chemi-
cally activated to pop open and release the cargo inside the cells where it is deliv-
ered. Furthermore, the delivery efficiency of MSNs can also be improved by 
optimizing and controlling the time of release. This system is successfully tested 
using different modeling plants like tobacco (Nicotiana tabacum), Arabidopsis 
(Arabidopsis thaliana) and maize (Zea mays), plants to inject nucleic acid (DNA) 
and other bioactive compounds and desired results were obtained.

4.2.9  Molybdenum Nanoparticles

Molybdenum nanoparticles (MoNPs) are important element of nitrogen-fixation 
system in plants. Many scientists have been working on development of Mo 
nanoparticle. In this context Taran et al. (2014) reported that Mo nanoparticle with 
nitrogen-fixing bacteria treatment to chickpea seed showed enhanced growth two to 
three times in comparison to water, only Mo nanoparticle, and only nitrogen-fixing 
bacterial incubation treatment and concluded that the combination could be the 
optimal treatment for better plant nutrition, and Mo nanoparticle increases the 
microbial activity.

4.2.10  Chitosan Nanoparticles

Chitosan is a naturally occurring compound that has broad-spectrum antimicrobial 
and antiviral activities (El Hadrami et al. 2010; Choudhary et al. 2017). The effi-
ciency of chitosan nanoparticles as natural antimicrobial agent mainly depends on 
its type (native or modified), the polymerization degree, the host, the substrate com-
position, and also environmental conditions (Rabea et al. 2003; Kulikov et al. 2006). 
As example, it was reported that oligomeric chitosans (pentamers and heptamers) 
are more potent against pathogenic fungi compared to the larger ones (Rabea et al. 
2003). In another studies, it was reported that the antimicrobial activity is directly 
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increased with the chitosan molecular weight (Kulikov et al. 2006) and interestingly 
seems to be faster on fungi and algae than on bacteria (Savard et al. 2002). Chitosan 
nanoparticles were shown to inhibit the systemic propagation of viruses and viroids 
throughout the plant and to enhance the host’s hypersensitive response to infection 
(Faoro et al. 2001; Chirkov 2002). The level of viral infection suppression directly 
depends on the chitosan molecular weight (Kulikov et al. 2006). Different reports 
also confirmed this issue on different viral pathogens including the potato virus X, 
tobacco mosaic and necrosis viruses, alfalfa mosaic virus, peanut stunt virus, and 
cucumber mosaic virus (Chirkov 2002; Struszczyk 2002). On the other hand, other 
reports indicated the antibacterial activity of chitosan against a wide range of bacte-
rial species (El Hadrami et al. 2010).

Although the exact mechanism of action of chitosan nanoparticles as unique 
antimicrobial agents in controlling plant disease is not well understood till now, 
however, some reports suggested their toxicity to the microbial pathogens may be 
backed to the biopolymer properties of chitosan itself that can form physical natural 
barriers around the penetration sites of the microbial pathogens, preventing them 
from spreading and infecting the healthy tissues. On the other side, chitosan is also 
known to induce or improve reactions locally and systemically that involve signal-
ing cascades and the activation of some defense-related antimicrobial compounds 
including proteins and also their accumulation inside the plant cells (El Hadrami 
et al. 2010).

4.3  Antiviral Activity of Nanomaterials

Metal nanoparticles have been studied for their antimicrobial potential and have 
proven to be lead antibacterial (Morones et al. 2005; Kim et al. 2007; Shahverdi 
et  al. 2007; Rai et  al. 2009) and antifungal (Kim et  al. 2009) agents. However, 
despite the financial interest, there are very few reports on the effectiveness of 
nano- based materials against plant viruses (Elbeshehy et al. 2015; Cordero et al. 
2017; El–Sawy et al. 2017). Theoretically, any metal could be analyzed for antiviral 
activity; however, little effort has been done as mentioned above to determine the 
interactions of metal nanoparticles with viruses in all biological fields. Mainly, only 
three types of metallic nanoparticles are used, silver, gold, and zinc nanoparticles, 
in testing the antiviral activity of nanomaterials. In medicine, few studies are 
recently emerged to study the antiviral activity of some gold and silver nanoparti-
cles against different human viruses like monkeypox virus (Rogers et  al. 2008), 
herpes simplex virus (Baram–Pinto et al. 2009), HIV (Elechiguerra et al. 2005; Sun 
et al. 2005; Lara et al. 2010), and hepatitis B virus (Lu et al. 2008), respiratory 
syncytial virus, influenza virus (Papp et al. 2010), and Tacaribe virus (Speshock 
et al. 2010).

Similarly, very few reports were published on the effectiveness of nanomaterials 
particularly silver and zinc nanoparticles against plant viruses like Bean yellow 
mosaic virus (BYMV) (Elbeshehy et  al. 2015), Potato virus Y (PVY) (Cordero 
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2017), and Cucumber mosaic virus (CMV) (El–Sawy et al. 2017) and their use as 
antiviral agents in agricultural system (Cordero 2017; El–Sawy et  al. 2017) 
(Fig. 4.1). It is interesting to note that in the case of report published by Elbeshehy 
and his co-workers in controlling CMV, the authors did not detect any beneficial 
effect of silver nanoparticles in pre-infection treatment, and only remarkable posi-
tive results were observed in postinfection treatment (Elbeshehy et  al. 2015), in 
contrast to reported study published by Cordero and her co-workers that clearly 
observed a significant beneficial effect of silver nanoparticles in treatments 48 h 
before and ahead of viral challenging as well.

4.4  Mechanistic Aspects of Nanomaterials as Antibacterial 
Agents

Although different reports revealed the antimicrobial action of nanomaterials 
against microorganisms, however the mechanism of action in controlling the 
microbes is not properly understood. Many reports backed the efficient antimicro-
bial activity of nanoparticles as compared to their salts due to their extremely large 
surface area. This enables the particles at the nanoscale to achieve better attach-
ment with the microorganisms, consequently get adsorbed onto the bacterial cell 

Fig. 4.1 Effect of mycosynthesized silver nanoparticles on potato Y virus (PVY–Ros1) infectiv-
ity: Pictures of representative leaves of tobacco plants mock-treated with different concentrations 
of silver nanoparticles at 100 and 1000 ppm, as indicated. Two days after treatment, the leaves 
were mechanically inoculated with PVY–Ros1. Pictures were taken at 6 dpi with PVY–Ros1
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membrane causing major structural and morphological changes, and also penetrate 
inside the bacterial cell, distributing in the cytoplasm and the respiration process. 
While the nanomaterials enter with the respiration process, they interact with the 
thiolated functional group which is found in the respiratory enzymes of the bacte-
rial cells.

In case of silver nanomaterials as example, the metallic silver itself has the 
potentiality to interact by inhibiting the uptake of phosphate and releasing carbohy-
drate compounds like succinate, mannitol, and amino acids like proline and gluta-
mine and phosphate from the bacterial cells (Yamanaka et al. 2005). Also, different 
studies indicated the effect of nanoparticles on the microorganism nucleic acid 
(DNA), causing complete deformation and lysis for the DNA strands (Hackenberg 
et al. 2011; Ahn et al. 2014; Kasyanenko et al. 2016). This was clarified by follow-
ing the pathway action of the silver nanoparticles (Fig. 4.2), when they penetrate 
inside the bacterial cell, and observing their interaction with sulfur-containing pro-
teins present in the cell membrane as well as with the phosphorous-containing com-
pounds like DNA; thus the DNA molecule is reduced into condensed form and loses 
its replication ability leading to cell death (Feng et al. 2000).

The bactericidal activity of nanoparticles can also be enhanced compared to their 
bulk materials as a result of releasing their ions released inside the bacterial cell and 
interacting with the cell components (Feng et al. 2000; Morones et al. 2005; Rai 
et al. 2009), resulting in a range of effects from inhibition of growth and loss of 
infectivity to cell death. The degree of these effects mainly varied from microorgan-
ism to another one depending on the nanoparticles used regarding their shape (Pal 
et al. 2007), size (Yen et al. 2009), concentration (Asharani et al. 2009), and the 
sensitivity of the microbial species to those nanomaterials (Kim et  al. 2007; 
Illingworth et al. 2000; Yamanaka et al. 2005; Lu et al. 2008; Mehrbod et al. 2009; 
Ruparelia et al. 2008).

On the other hand, in the case of silver nanoparticles, several studies demon-
strated that the positive charge on the Ag + ion is crucial for its antimicrobial activ-
ity through the electrostatic attraction between the negative charges on the microbial 
cell membrane surface and the positive charges on the nanoparticles surface (Kim 
et al. 2007; Prasad and Swamy 2013; Swamy and Prasad 2012; Aziz et al. 2015, 
2016). In contrast, Sondi and Salopek-Sondi suggested that the broad-spectrum 
antimicrobial activity of AgNPs on Gram-negative bacteria depends on the concen-
tration of AgNPs used and is closely responsible for the formation of morphologi-
cal changes like pores and pits on the bacterial cell wall surface (Sondi and 
Salopekk–Sondi 2004); consequently, AgNPs accumulated in the bacterial mem-
brane disturbing the membrane permeability, resulting in bacterial cell death. As 
this assumption is not sufficient enough to explain the antimicrobial action more 
accurately, scientists theorized that there are another possible mechanisms. Hence, 
in 2000 the scientist Amro and his co-workers suggested that their antimicrobial 
activity may be backed to the metal depletion causing the formation of irregularly 
shaped pits in the outer membrane and change membrane permeability, which is 
caused by the progressive release of lipopolysaccharide molecules and membrane 
proteins (Amro et al. 2000).
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Similarly, Sondi and Salopek-Sondi also supposed the same mechanism after 
observing a noticeable cell membrane degradation of in the bacterial cells after 
challenging with a prepared solution of AgNPs (Sondi and Salopek–Sondi 2004). 
Although the assumption of nanoparticles-cell membrane components binding is 
revealed in different studies, but the mechanism of the binding and interaction pro-
cess is still unclear. Recently, Danilczuk and co-workers reported that the nanoma-
terials when interact with the living cell generate free radicals derived from the 
nanomaterial surface may be responsible for the antimicrobial activity (Danilczuk 
et al. 2006). In contrast to Danilczuk study, another mechanism was proposed that 
bactericidal activity of nanomaterials mainly based on inhibition of the cell wall 
synthesis, protein synthesis mediated by the 30s ribosomal subunit, and nucleic 
acid synthesis (Lara et  al. 2010). Similarly, the data recovered from proteomic 
analyses reported in 2006 by Lok et al. stated that a short exposure of the bacterial 
cells to a very low concentration of AgNPs resulted in an accumulation of envelope 
protein precursors, indicative of the dissipation of proton motive force (Lok et al. 
2006). In parallel with those findings, silver nanoparticles were also shown to 
destroy the stability of the outer membrane, collapse the plasma membrane poten-
tial, and finally deplete the intracellular ATP level inside the bacterial cell (Dibrov 
et al. 2002).

Fig. 4.2 A summary of the mechanisms associated with the antimicrobial behavior of metal 
nanoparticles
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4.5  Mechanistic Aspects of Nanomaterials as Antiviral 
Agents

The interaction of antimicrobial nanoparticles with viral particles is still an unex-
plored field. However, the mechanism of action of AgNPs as an antiviral and viru-
cidal has been studied against different enveloped plant viruses causing sever crop 
loss (Elbeshehy et al. 2015; Cordero et al. 2017; El Sawy et al. 2017). In 2015, 
Elbeshehy and his co-workers studied the effect of silver nanoparticles on Bean 
yellow mosaic virus and suggested that antiviral activity of nanoparticles comes 
from their ability to bind with a viral envelope glycoprotein and inhibit the virus 
by binding to the disulfide bond regions of the CD4-binding domain within the 
yellow mosaic viral envelope glycoprotein gp120 (Elbeshehy et al. 2015). Besides 
the immediate interaction with glycoprotein of the virus surface, AgNPs may also 
enter the cell and fulfill their antiviral activity through interactions with the viral 
nucleic acids.

Continually, this strategy concluded in fusion inhibition was later elegantly dem-
onstrated by Lara and her co-workers in their report (Lara et  al. 2010). Their 
obtained results introduced an evidence for the high binding affinity of the used 
nanoparticles for DNA of the virus and extracellular virions with different sizes (10 
and 50 nm). Moreover, the authors also revealed that the silver nanoparticles also 
able to inhibit the production of the viral RNA and extracellular virions in vitro, 
which was determined using a UV-vis absorption titration assay.

In another study, the scientist Sun and his co-workers indicated that AgNPs were 
superior to gold nanoparticles for cytoprotective activities toward virus. It is gener-
ally understood that Ag, in various forms, inactivates viruses by denaturing enzymes 
via reactions with sulfhydra, amino, carboxyl, phosphate, and imidazole groups 

Fig. 4.3 Schematic model of virus particles infecting eukaryotic living cell and antiviral mecha-
nism of metallic nanomaterials
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(Borkow and Gabbay 2004, 2009; Baker et al. 2005; Ruparelia et al. 2008; Rai et al. 
2009). Also, silver nanoparticles were indicated for their ability to interfere with the 
fusion of the viral membrane, inhibiting viral penetration into the host cell (Mehrbod 
et al. 2009) (Fig. 4.3). It has also been suggested that the antiviral activity of AgNPs 
depends on the particle size, as well as on the distribution of interacting ligand/recep-
tor molecules (Lu et al. 2009; Papp et al. 2010). However, it is necessary to design 
studies in vivo to increase their application benefits and minimize adverse effects.

4.6  Factors Affecting Antimicrobial/Antiviral Activity 
of Nanomaterials

Different studies indicated that the biological activity of any nanomaterial is gov-
erned by their physical properties regarding their size, shape, and surface area 
(Kreibig and Vollmer 1995; Mulvaney 1996). The large surface area of the smaller- 
sized nanoparticles permits to come in contact with the bacterial surface cells cover-
ing large area on their surface cells, and therefore, it has higher efficiency than 
bigger particles and better chance to kill (Morones et al. 2005). Different reports 
revealed that AgNPs with size less than 10 nm have more antibacterial affinity com-
pared to larger ones, proving that the antibacterial activity is a size-dependent man-
ner (Raimondi et al. 2005; Morones et al. 2005). Furthermore, it was also indicated 
that the antimicrobial activity of nanoparticles is varied depending on the nanopar-
ticle shape (spherical, rod-shaped, nanoshells, nanocages, nanowires, triangular, 
dimensional, etc.). Pal and his co-workers indicated that the content of the metallic 
silver content in the nanoparticles is varied depending on the AgNPs shape (triangu-
lar =1 μg, spherical =12.5 μg, rod, = 50–100 μg); consequently different effects on 
bacterial cell inhibition based on the AgNPs were observed.

In another study, Pan et al. (2007) studied the cytotoxic effect of different sized 
gold nanoparticles (1.2 nm, 1.8 nm, and 15 nm) on four cell lines (HeLa, Sk-Mel-28, 
L929, J774A1). According to the MTT assay results, it was found that the larger 
nanogold particles (15  nm sizes) showed less cytotoxic activity as compared to 
those ones with 2 and 1 nm size, respectively, which can irreversibly bind to the 
nucleic acid (DNA) and possibly other crucial molecules as well (Pan et al. 2007). 
Similarly, Dasgupta and his co-workers studied the size-dependent toxicological 
behavior of AgNPs prepared by thermal co-reduction approach. Those findings con-
firmed that although both AgNPs with 85 and 60 nm size had high antimicrobial and 
cytotoxic potential against the bacterial cells and cancerous cell lines, respectively, 
but the antimicrobial and cytotoxic behavior of AgNPs with 60 nm size was higher 
than that with 85 nm (Dasgupta et al. 2015). The surface plasmon resonance also 
plays a major role in the determination of optical density of metal nanoparticles. 
Particle size is proportional to the wavelength. The large surface area of nanoparti-
cles will result in a higher intensity of interaction than larger particles size in 
micrometers or more. Thus, it is corroborated that the antibacterial effect of silver 
nanoparticles is size-dependent.
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4.7  Demerits and Limits of Nanoparticles in Plant Disease 
Management

As the kinetics associated with the nanomaterials is very fast and is highly reactive, 
they inherently interact with contaminants and impurities. Furthermore, it is notice-
able that most experimental studies with nanoparticles have been carried out with a 
degree of aggregates/agglomerates. Hence, retaining a high purified nanoparticles 
with 100% can become a challenge hard to overcome. This has significant repercus-
sions on the biokinetics of the material. Consequently, many questions can be 
raised: What is the degree of nanoparticles stability and the size distribution of the 
aggregates/agglomerates, and what is the portion of the formed nanoparticles pres-
ent as a mono-dispersed material?

On the other hand, current research work revealed that the uptake, translocation, 
and accumulation of nanoparticles depend on different factors including the micro-
bial pathogen that needs to be controlled, the plant part which will be sprayed, the 
species of plant, and the size, chemical composition, functionalization, and stability 
of the nanoparticles used (Kole and Vittal 2013; Raliya et  al. 2015). Among the 
carbon-based nanoparticles, only the fullerene C70 and fullerols were shown to get 
readily accumulated in plants (Rico et al. 2011; Nair et al. 2012). Most of the data 
corresponds to the germination stage and cell culture, because the protocols for 
quantification of nanoparticles within tissues are not well-defined yet. The discus-
sion of the current research is more oriented to the effect of the nanoparticles on 
plants. A very few of the nanoparticles to the next generation of plants exposed to 
nanoparticles are unknown.

On the other hand, although the broad-spectrum antimicrobial activity of 
nanoparticles against different microbial plant pathogens is a well-known and 
accepted fact worldwide, their impact on soil biota is still less documented, 
 consequently attracting noteworthy attention from scientists. Many gaps need to be 
filled in our knowledge regarding the toxicity of those nanomaterials on the environ-
ment and the ecological systems. Therefore, when talking about the application of 
nanomaterials in agroecosystems, their major interaction with residing soil biota 
cannot be ignored. The negative effect of nanoparticles is found to be more pro-
nounced on denitrifying bacteria, disrupting the process of denitrification in soil 
(VandeVoort and Arai 2012). As a result, nanoparticles in soil have been used as a 
model system to evaluate the dose-dependent effects of metal itself (Throbäck et al. 
2007). In this viewpoint, Yang et al. (2013) studied the interaction of a carbon coated 
AgNPs with 35  nm in size and Ag  +  (provided as AgNO3) with Pseudomonas 
stutzeri (denitrifier), Azotobacter vinelandii (nitrogen fixer), and Nitrosomonas 
europaea (nitrifier).

They concluded lower toxicity of AgNPs toward these bacteria compared to 
20–48 times higher toxicity exerted by the Ag +  ions. Conversely, low and sub-
lethal concentrations of Ag  +  and AgNPs (20–25  μg/L) yielded no significant 
impact on the expression pattern of denitrifying genes and nitrogen-fixing genes 
but showed 2.1- to 3.3-fold upregulation in nitrifying genes, indicating the 
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 sensitivity of the nitrification process toward silver. Another study representing the 
impact of nanosilver on aerobic denitrification process by Shahrokh et al. (2014) 
advocated that a low dose of AgNPs had no adverse effect on nitrate reductase 
activity of Rhizobium and Azotobacter. Interestingly, 0.2 ppm of AgNP treatment 
enhanced the process of nitrate reduction in Azotobacter. Also and in another study, 
when nanosized silica- silver particles were applied under in vivo condition to con-
trol the fungal disease cucurbit powdery mildew, 100% control was achieved after 
25 days (Park et al. 2006).

These nanoparticles were found to be phytotoxic only at a very high dose of 
3200 ppm when tested in cucumber and pansy plants. Taken together, these findings 
clearly indicate a dose-dependent effect of AgNPs on the microbial process of nitro-
gen cycle, giving us clue that entering an optimum concentration of AgNPs into the 
environment could be favorable for microbial processes with no hindrance in ben-
eficial plant-microbe interactions in agroecosystems. On the other hand, size- 
dependent toxicity of AgNPs has also been evidenced by Choi and Hu (2008), 
where they found that AgNPs of size less than 5 nm were more toxic to nitrification 
bacteria. So, beside the need to understand the possible benefits of applying nano-
technology to agriculture, there is also an urgent need to feel secure about nanoma-
terials phytotoxicity when applied on crop plants. In consequence, the first step 
should be to analyze penetration of those particles and the pathway of their transport 
inside plant cells. Formulation stability is also an important aspect of the biosafety 
of nanomaterials. Liu et al. (2008) successfully formulated a stable nanopesticide 
(bifenthrin) using polymer stabilizer such as poly(acrylic acid)-b-poly(butyl acry-
late) (PAA-b-PBA), polyvinylpyrrolidone (PVP), and polyvinyl alcohol (PVOH). A 
flash nanoprecipitation technique was used to prepare 60–200 nm bifenthrin parti-
cles. While using such techniques commercially, the stability profile of the poly-
mers over an extended time period needs to be firstly considered.

4.8  Conclusion and Future Road Map

The growing challenges facing the humanity and food security demonstrate clearly 
that there is a growing demand and need in the agriculture field to produce more 
output with less input. The application of large amounts of microbial pesticides 
together with the existence of new microbial-resistant strains is one of the main 
critical problems facing the sector of food safety. Hence, we are on the edge of time 
where we have to adopt modern agriculture techniques and new innovative tech-
nologies to control those threats more wisely and in accurate way, as conventional 
agricultural practices will not be sufficiently able to control those threats without 
putting the human health under critical risk. Among the most recent technical 
approaches in the field of agriculture and plant disease control, nanotechnology 
holds an eminent position in remodeling agriculture and fighting plant microbes 
which directly reflects positively on the level of a healthy food production and fulfill 
the demands in an efficient and cost-effective way. Nanotechnology being studied 

4 Nanoantimicrobials for Plant Pathogens Control: Potential Applications…



104

since the last few decades is still in its premature phase of development. However, 
the whole course of action is very broad and being popularized day by day.

Nanotechnology in combination with biotechnology has led to the rapid develop-
ment of marketable formulations involving deployment of artificially designed 
nanoparticles for crop protection. To restrict the indiscriminate use of excess pesti-
cides and pesticides in plants, nanoparticles are proved to be a gifted tool of this age. 
Different nanomaterials have been proved to have beneficial and functional role 
with potent antimicrobial/antiviral efficiency against plant pathogens, whereas 
some nanoparticles have been reported to have a deleterious role regarding reactiv-
ity and phytotoxicity in plants. Hence, we are supposed to be very careful during 
screening and selection of the type of nanomaterial needed to be used regarding 
their physical, chemical, and accumulation behavior, concentration, and toxicity.

Otherwise, they could become the source of potential serious threat toward the 
whole ecosystem. Effect of nanoparticles depends on multiple factors, and their 
results can easily and completely change, if the condition varies. Such aspects 
would include the type of nanomaterials used and their concentrations, the chemi-
cal/biological coating surface agent, the plant type regarding its age, and the target 
part tissue. Nowadays, nanobiotechnology industries are growing very rapidly, and 
new generated antimicrobial nano-based systems were produced; however, there is 
an urgent need to perform profound research studies regarding this matter in order 
to develop comparatively economic, safe, and eco-friendly stabilized nanomaterials 
in the long run. The widespread assessment of these nanomaterials particularly in 
food production and agri-food sectors should also be carried out more wisely for 
public acceptance to avoid the unlike challenges as were faced by genetically modi-
fied organisms worldwide. In conclusion, the unique impact of nanotechnology and 
their applied applications in farmers’ field is just in its infancy, but the expectations 
hoped from this science to erase challenges associated with plant disease control, 
food production, environment sustainability, and even fossil fuel are still very high.
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Chapter 5
Role of Microbes in Plant Protection Using 
Intersection of Nanotechnology and Biology

Manoj Kaushal

5.1  Introduction

Plant diseases have escalated internationally which results in about 50% estimated 
loss caused by insect pests, and the value of this crop disaster was assessed to be 
US $2000 billion per year (van Lenteren and Martin 1999). Pathogens and pests 
trim growth of plants due to several adverse soil and climatic factors and thus lead 
to diminish the overall crop productivity. Habitually, worldwide the crops are pro-
tected from pathogens and pests with pesticide operations. This extensive usage of 
pesticides raises the resistance of crop pathogens and pests (Dzhavakhiya et  al. 
2012; Alghuthaymi et al. 2015), recedes nitrogen fixation, and scales down soil 
biodiversity which later contributes to the bioaggregation of pesticides in environ-
ment. Moreover, maximum share of the pesticides and fertilizers that are utilized 
are lost to air during operational hours and some as runoff which results in ecotox-
icity (Chen et al. 2015; Vu et al. 2015). Also, concerning the global food security 
and climate change objections, crop protection is benefited from technological 
modernizations such as synthetic chemicals and hybrid varieties, but researchers 
are now focusing on green technology in particular. To tackle these situations, 
attempts have been made for secure crop productions with best management prac-
tices under varying circumstances (Leake et al. 2002). Biocontrol management of 
phytopathogens utilizing microbes or their derived products is useful as some of 
them are natural antagonists of pathogens with various inherent challenges 
(Frampton et al. 2012). Worldwide molecular techniques involving enzymes and 
primers are also widely used in laboratories for identification and control of spe-
cific plant pathogens due to their high degree of specificity (harmless to nontarget 
organisms), environmental compatibility, and applicability in integrated pest man-
agement. Still demerits exist for on-site detection of phytopathogens, shorter shelf 
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life, and high diagnostic price especially in developing countries which caps the 
application of these conventional molecular approaches. Therefore, the crop up 
nanobiotechnology sounds to be of preeminent attention for the detection and con-
trol of phytopathogens especially in prior detection of disease and smart delivery 
of biocontrol agents to crop (Prasad et al. 2014, 2017a, b). In general, nanobiotech-
nology refers to the intersection of nanotechnology and biology which involves 
bio-fabrication, manipulation, and utilization of submicron or nano-objects 
(≤100 nm). Ample of products are used to construct nanoparticles, such as lipids, 
polymers, ceramics, quantum dots, silicates, dendrimers, and metal oxides (silver, 
gold, platinum, silica, selenium, titania, zirconia, etc.) (Oskam 2006; Puoci et al. 
2008). Usually nanoparticles are synthesized chemically which is curbed by high 
cost, toxicity, and complexity of the technique. Therefore, microbes are considered 
as the ideal architect of these diversified nanostructures due to their small size, 
control culturability, genetic manipulability, regeneration, high biosorption capac-
ity, wide diversity, selective adsorption of metal ions, and indeed allowing an easier 
downstream purification procedure. Accordingly, the links between nanotechnolo-
gies and microbiology are bolstering in the last few years with continuous reveal-
ing the potentials of microbes as nanoparticle industries. Also, higher surface area 
to volume ratio and unique optical properties of nanoparticles enables more inter-
action chances with pathogens and destroys them. Nanoparticle biosynthesis by 
microbes can be classified into intracellular and extracellular synthesis according 
to the site (Simkiss and Wilbur 1989; Mann 2001; Prasad et al. 2016). Transportation 
of ions occurs into microbial cell to form nanoparticles in the existence of enzymes 
during intracellular method. Trapping of metal ions on cell surface and reducing 
ions again in the companionship of enzymes appear during extracellular synthesis 
of nanoparticles (Zhang et al. 2011; Prasad et al. 2016). Known fact of bacteria is 
to use an enzyme and metabolize oxygen for sustaining life. Silver ions stop this 
oxygen metabolization by debilitating the enzyme which results in suffocation to 
fungi and bacteria and ultimately death (Puebla et al. 2004). If the concentrations 
of nanoparticles exceed a limit, some bacterial genera such as Geobacter sulfurre-
ducens and Shewanella oneidensis reduce and precipitate the cations as nanopar-
ticles that are counterpart of metabolic processes enabling nanoparticle synthesis 
as a protective mechanism (Tanzil et al. 2016). Magnetotactic bacteria (Magneto 
spirillum) that are known to generate natural magnetic nanoparticles due to their 
size, homogeneity, and stabilization have also been used for bioremediation, sensor 
development, and agrochemical degradation (Jacob and Suthindhiran 2016). Also, 
polyhydroxyalkanoate (PHA) nanobead biosynthesis proved to be a less costly 
technique due to accessible downstream procedure of PHA intracellular granules 
(Dinjaski and Prieto 2015). There are the evidences which provide in vitro efficacy 
of distinct nanoparticles (Guo et al. 2015) and biodegradable nanoparticles that can 
be opted for plant disease management (Chowdappa and Gowda 2013). Unique 
nanosize of nanoparticles makes them suitable in gene transfer (Rai et al. 2012a, b) 
and management of pathogens in crop production (Mishra and Singh 2015). 
Efficacy of nano-based materials provides the quick on-site detection of phyto-
pathogens, addresses toxicity issues to manage different plant diseases, and allows 
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only minor doses to be used (Prasad et al. 2017b). Many researchers over the globe 
reported development of nanoparticles for the diseases detection and phytopatho-
gen management employing bacteria (Tiwari et  al. 2014), fungi (Potara et  al. 
2015), actinomycetes (Golinska et  al. 2014), algae (El-Kassas and El-Sheekh 
2014), and plants (Mallikarjuna et al. 2015).

This chapter provides a brief overview of the concepts and current state of the 
nanobiotechnology applications in disease management and plant protection involv-
ing nanoparticles that either incorporate biological elements or are entirely biologi-
cal in origin. Next, biosynthesis mechanisms along with examples and current 
applications of diversified nanoparticles biosynthesized in the agricultural fields are 
presented. The chapter concludes with discussions on the current limitations and 
prospects of nanobiotechnology in sustainable agriculture.

5.2  Synthesis and Application of Nanoparticles

Nanoparticles are synthesized by a variety of physical, chemical, and biological 
methods which involve size reduction, high-pressure homogenization, sonication, 
reactive precipitation, and solvent displacement (Sasson et al. 2007). Nanoparticles 
generated from various natural resources such as plant extracts (pectin, cellulose, 
and chitin) are more expedient in terms of biodegradability, environmental safety, 
and biodegradation. Microbiocidal nanoparticles such as AgO and MgO due to their 
high stability, versatility, and biocompatibility are employed for agrochemical deg-
radation, soil remediation, detection, and control of food spoilage (Baruah and 
Dutta 2009). Immunomolecules labeled ultrasensitive QD bioconjugates are devel-
oped as sensors for disease detection crops due to their potential for recognition of 
specific antibodies or antigens (Vinayaka et  al. 2009). Other inorganic materials 
such as montmorillonite and other clay nanoparticles have a structure of stacked 
platelets with one dimension of the platelet in the nanoscale. Several investigations 
also demonstrated the potential use of nanoclays in the deployment of agrochemi-
cals such as plant growth promoters, pesticides, and fertilizers (Bin et al. 2009).

5.2.1  Microbial Synthesis of Nanoparticles

Development of efficient and green nanoparticles is a crucial facet of nanobiotech-
nology. To achieve this objective, soil microorganisms and natural bioresources 
(plant−/marine-based material) are important options. However, soil microorgan-
isms have gained preferences over plant material due to their natural ability of bio-
control agents. Also, the macro matter can be reformed into nanomaterials with the 
use of microbes through either intracellular or extracellular routes (Table 5.1). A 
diverse range of microbes have been found to produce nanoparticles in the substrate 
(El-rafie et al. 2012).
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Various microbes (e.g., culture supernatant of E.coli) reduce the Ag+ ions to form 
silver nanoparticles, most of which are found to be spherical particles (Mukherjee 
et al. 2001; Ahmad et al. 2003a, b; Fayaz et al. 2010). Further purification is done by 
using sucrose density gradient centrifugation, and purified sample was characterized 
by fluorescence spectroscopy, TEM, and UV-vis spectra. Pseudomonas stutzeri 
AG259 isolated from silver mines, when placed in a concentrated aqueous solution of 
silver nitrate, reduce Ag+ ions and form silver nanoparticles (AgNPs) of well- defined 
size within the periplasmic space of the bacteria (Klaus et al. 1999). E. coli was used 
for the extracellular biosynthesis of AgNPs and characterized by UV-vis spectra, 
FTIR, and SEM of nanoparticles (Manonmani and Juliet 2011). Some researchers 
also focused on optimum reaction conditions which resulted in the reduction of par-
ticle size and maximize the synthesis of AgNPs (Gurunathan et al. 2009) using differ-
ent medium (nitrate medium as the most efficient one), varying concentrations (5 mM 

Table 5.1 Synthesis of 
nanoparticles by various 
microbes

Mode Microbe Nanoparticle

Extracellular Bacteria
Penicillium sp. Ag
Klebsiella pneumonia Ag
Pseudomonas aeruginosa Au
Thermomonospora spp. Au
Rhodopseudomonas capsulate Au
Bacillus subtilis Ag, Au
Shewanella oneidensis U
Clostridium thermoaceticum CdS
Fungi
Aspergillus fumigates Ag
Aspergillus flavus Ag
Phanerochaete chrysosporium Ag
Phoma sp. Ag
Verticillium Ag
Trichoderma asperellum Ag
Fusarium oxysporum Ag, magnetite

Intracellular Bacteria
Bacillus licheniformis Ag
Pseudomonas stutzeri Ag
Streptomyces albidoflavus Ag
Bacillus subtilis Ag, Au
Lactobacillus sp. Ag, Au
Escherichia coli Au, CdS
Clostridium thermoaceticum CdS
Shewanella oneidensis Magnetite
Yeast
Pichia jadinii Au
Candida glabrata CdS
Schizosaccharomyces pombe CdS
Torulopsis CdS
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AgNO3), pH (10.00), and reaction temperatures (60 °C). Utilizing these ideal condi-
tions, 95% conversion was obtained with culture supernatant of E. coli in a time inter-
val of 30  min. Mourato et  al. (2011) investigated the biosynthesis of AgNPs by 
utilizing extremophilic yeast strain isolated from acid drainage mine. A mechanism 
involving c-type cytochromes reduces Ag(I) as insoluble AgCl or Ag+ ions, precipitat-
ing extracellular nanoscale silver by Geobacter sulfurreducens (Law et  al. 2008). 
Silver nanoparticles are also isolated from Morganella morganii, Gram-positive bac-
teria (Abd et al. 2013). Fungi are considered as sometimes advantageous in the syn-
thesis of nanoparticles due to their ease of handling in laboratory and production of 
large quantities of enzymes (Mandal et  al. 2006; Mohanpuria et  al. 2007). When 
nanoparticles are synthesized outside the cell (extracellularly), it becomes easy to 
purify and can be used as direct applications (Mukherjee et al. 2008; Gaikwad et al. 
2013). Also, fungal mycelial mesh can withstand flow pressure in bioreactors in 
resemblance to bacteria or plant extract (Narayanan and Sakthivel 2010). AgNPs were 
synthesized in film or solution (intracellulary) or accumulated on the cell surface 
(extracellulary) when fungi, Verticillium, Fusarium oxysporum, Aspergillus flavus, 
and Penicillium, were employed (Senapati et al. 2004; Bhainsa and D’Souza 2006; 
Vigneshwaran et al. 2007; Jain et al. 2011). Extracellular biosynthesis of AgNPs has 
been also achieved by using bacterium Bacillus licheniformis (Kalimuthu et al. 2008) 
and fungus Aspergillus niger (Gade et al. 2008). F. oxysporum and Verticillium sp. 
synthesized magnetite nanoparticles in the presence of ferric and ferrous salts. F. oxy-
sporum f. sp. lycopersici was found to be efficiently producer of inter- and extracel-
lular platinum nanoparticles and AgNPs using nitrate reductase-mediated technique. 
Biosynthesis of spherical and silver colloidal NPs was also investigated using F. oxy-
sporum (Ahmad et al. 2003a, b). Biosynthesis of AgNPs was obtained by Penicillium 
fellutanum using AgNO3 from coastal mangrove sediment as a substrate (Shaligram 
et al. 2009). Culture supernatants of A. niger, A. fumigatus, A. clavatus, and A. terreus 
were utilized for extracellular biosynthesis of AgNPs (Bhainsa and D’Souza 2006; 
Saravanan and Nanda 2010; Verma et al. 2010; Jaidev and Narasimha 2010; Li et al. 
2012) that effectively suppress different plant pathogens. Stable forms of AgNPs were 
synthesized extracellularly with aqueous silver nitrate solution employing Phoma 
sorghina; Phanerochaete chrysosporium, the white rot fungus (Birla et al. 2009; Gade 
et al. 2013); and Mucor (Aziz et al. 2016). Single or aggregated AgNPs (8–60 nm) 
with round and uniform shape were produced by the biocontrol agent, Trichoderma 
asperellum, and other five Trichoderma species, viz., T. asperellum, T. harzianum, T. 
longibrachiatum, T. pseudokoningii, and T. virens, which remain stable for several 
months (Devi et  al. 2013). AgNO3 were reduced to polydispersed and spherical-
shaped AgNPs with extracellular solution of Cladosporium cladosporioides revealed 
by TEM analysis (Balaji et al. 2009). Biosynthesis of AgNPs was also investigated 
using Pleurotus sp. (Gade et  al. 2007) and Pleurotus sajor-caju (Nithya and 
Ragunathan 2009) with antimicrobial activities.

A superb quality of gold nanoparticles was synthesized extracellularly by  
fungus Fusarium oxysporum and extremophilic bacteria Thermomonospora sp., 
respectively (Ahmad et al. 2003a, b), and intracellularly by fungus Verticillium sp. 
Mesophilic bacterium, Shewanella, was utilized for synthesis of gold nanoparticles 
using H2 as an electron donor. Monodisperse gold nanoparticles of size 10–20 nm 
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have been synthesized by using Rhodopseudomonas capsulata (He et al. 2007) and 
alkalotolerant Rhodococcus sp. under intense alkaline and exalted temperature con-
ditions. Synthesis of different shapes (spherical, cubic, and octahedral), gold nano-
structures, and analysis of their formation mechanisms by filamentous cyanobacteria 
from Au(I)-thiosulfate and Au(III)-chloride complexes were identified by various 
researchers (Lengke et  al. 2006). Intracellular synthesis of gold nanoparticles of 
various morphologies and sizes were obtained by fungi V. luteoalbum and Penicillium 
sp. (Kathiresan et al. 2009). Particle formation rate and size can be manipulated by 
controlling various factors such as concentration, pH, temperature, and exposure 
time to AuCl4−. Hormoconis resinae also proved as an excellent source with high 
stability for extracellular synthesis of gold NPs (Mishra et al. 2010).

On the other hand, Au-Ag alloy nanoparticles were synthesized via an extracel-
lular approach as marked by TEM and fluorescence microscopy. Some workers 
reported the synthesis of bimetallic Au-Ag alloy by fungus F. oxysporum and con-
tend that the secreted cofactor NADH plays an influential role in determining the 
configuration of Au-Ag alloy nanoparticles (Senapati et al. 2005). Biosynthesis of 
Au-Ag alloy nanoparticles by yeast cells were also studied by Zheng et al. (2010a, 
b). Sawle et  al. (2008) also proved the synthesis of core-shell Au-Ag alloy 
nanoparticles from fungal strains Fusarium semitectum and revealed that the 
nanoparticle suspensions remain highly stable for weeks. Au, Ag, and Au-AgNPs 
as reducing and protecting agents were also synthesized by a newly developed 
extracellular synthesis method utilizing an extract from edible mushroom, 
Volvariella volvacea (Philip 2009).

Several studies were conducted successfully to achieve the nanoparticles using 
heavy metals. Many heavy metals such as U(VI), Tc(VII), Cr(VI), Co(III), and 
Mn(IV) were reported to reduce by Pyrobaculum islandicum, an anaerobic hyperther-
mophilic bacterium. Platinum nanoparticles were accomplished using the metal ion-
reducing bacterium Shewanella algae (Konishi et  al. 2007) which reduce aqueous 
PtCl6

2− ions into elemental platinum at room temperature and neutral pH within 
60 min with lactate as the electron donor. Uniform-sized (2–5 nm) and monodispersed 
intracellular mercury nanoparticles can also be synthesized by Enterobacter sp. cells 
(Sinha and Khare 2011) at pH  8.0 and lower concentration of mercury. Sulfate-
reducing bacterium, Desulfovibrio desulfuricans, and metal ion-reducing bacterium, 
S. oneidensis, enable the synthesis of palladium nanoparticles (DeWindt et al. 2005). 
Long-term studies immobilized fungus Coriolus versicolor which bioremediates cad-
mium and is utilized for synthesizing stable CdS NPs in continuous column mode 
(Sanghi and Verma 2009). Mono- and bimetallic Au/AgNPs are synthesized from a 
biological agent Neurospora crassa, a filamentous fungus  (Castro- Longoria et  al. 
2011). Mycelia-free culture filtrates of Nigrospora oryzae with gold chloride were 
used for mycosynthesis of AuNPs of size 6–18 nm (Kar et al. 2014).

Many magnetotactic bacteria also played a crucial role in the synthesis of oxide 
nanoparticles due to their super paramagnetic and high coercive force properties 
and unique micro-configurations. Magnetic nanoparticles such as Fe3O4 (magne-
tite) and Fe2O3 (maghemite) are found to be highly biocompatible, synthesized 
intracellularly by magnetotactic bacteria, and are referred to as bacterial magnetic 
particles (BacMPs) (Arakaki et al. 2008). BacMPs consist of phospholipids and 
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proteins and thus smoothly spread in aqueous solutions. BacMPs aligned in chains 
within the bacterium, which enable the bacterium to shift along oxygen gradients 
in aquatic environments, with the clout of the Earth’s geomagnetic field. 
Furthermore, magnetotactic bacteria are observed to possess various morphologi-
cal types (ovoid bacteria, rod-shaped bacteria, cocci, vibrios, spirilla) and to 
inhabit various aquatic environments such as aquatic sediments, salt marshes, 
freshwater sediments, etc. Already established magnetic isolation techniques and 
different growth medium resulted in the isolation of a considerable number of the 
magnetotactic bacteria including Magnetospirillum magnetotacticum strain MS-1, 
Magnetospirillum gryphiswaldense strain MSR-1, and Magnetospirillum magne-
ticum AMB-1 (Arakaki et  al. 2008), and various others are uncultured. Among 
these isolated magnetotactic bacteria, the cultured ones are mostly mesophilic in 
nature and only a few reports describing thermophilic magnetotactic bacteria. 
Magnetotactic bacteria HSMV-1 were found in samples from springs that can 
grow at temperatures ranged from 32 to 63 °C (Lefevre et al. 2010). Besides mag-
netic oxide nanoparticles, a green low- cost and reproducible Saccharomyces cere-
visiae-mediated biosynthesis of Sb2O3 nanoparticles was also investigated with a 
spherical aggregate of 2–10 nm size (Jha et al. 2009). Several other workers pre-
pared tetragonal BaTiO3 (4–5  nm) and quasispherical ZrO2 nanoparticles 
(3–11 nm) from F. oxysporum (Bansal et al. 2006).

In addition to nanoparticles mentioned above, SrCO3 crystals were retrieved with 
Fusarium oxysporum when incubated with aqueous Sr2+ ions and zinc phosphate 
nanopowders with yeasts as biotemplates (Pandian et al. 2009). Other researchers 
showed that highly luminescent CdSe quantum dots can be generated by F. oxyspo-
rum at room temperature (Kumar et al. 2007a, b). Clostridium thermoaceticum pre-
cipitate CdS on the surface of cell in existence of cysteine hydrochloride in growth 
medium where cysteine acts as the source of sulfide. 20–200 nm CdS was found on 
the cell surface when Klebsiella pneumoniae was exposed to Cd2+ ions in the growth 
medium. When Escherichia coli is incubated with CdCl2 and Na2SO4 intracellular 
CdS nanocrystals are formed which poised a wurtzite crystal phase (Sweeney et al. 
2004). S. pombe and C. glabrata (yeasts) have also successfully utilized to produce 
intracellular CdS nanoparticles with cadmium salt solution. ZnS and PbS were the 
other successfully synthesized nanoparticles by different microbes. ZnS nanoparti-
cles were generated from Rhodobacter sphaeroides and Desulfobacteraceae intra-
cellularly with 8 nm and 2–5 nm size, respectively (Bai et al. 2006; Bai and Zhang 
2009). Eukaryotic organisms such as fungi (F. oxysporum) were also found for the 
synthesis of metal sulfide nanoparticles by extracellular means when exposed to 
aqueous solution of metal sulfate.

5.2.2  Mechanism of Nanoparticle Synthesis by Microbes

In general, nanoparticles are synthesized by microbes through entrapment of metal 
ions on the surface of cell (extracellular) or inside the cell (intracellular) followed 
by reduction with the help of enzymes (Fig. 5.1). Absorption and reduction of these 
metal ions are done with the help of fungal cell wall and cell wall sugars. However, 
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mechanisms of nanoparticles synthesis vary with different microorganisms. For 
instance, synthesis of nanoparticles by extracellular means includes three possible 
mechanisms, viz., nitrate reductase action, electron shuttle quinones, or both. 
Nanoparticle synthesis was initiated by nitrate reductase utilizing Penicillium spe-
cies and many other fungal species (Perez-de-Luque et al. 2008; Deepa and Panda 
2014). The nitrate reductase assay was performed by the reaction of nitrite with 
2,3-diaminophthalene (Duran et al. 2005; Kumar et al. 2007a, b). AgNP synthesis 
for F. oxysporum was involved with extracellular shuttle quinone, a-NADPH- 
dependent reductases, and nitrate-dependent reductases. Investigation also revealed 
that AgNP synthesis for A. flavus takes place earlier with a “33 kDa” protein and 
then by a protein (cysteine and free amine groups) which forms a capping agent and 
stabilizes the NPs (Soni and Prakash 2011).

During intracellular synthesis, metal ions were first entrapped at the cell surface 
of fungi via electrostatic interaction which further reduced by the enzymes within 
the cell wall, which leads to the accumulation and development of NPs (Singh et al. 
2014). Synthesis of silver nanoparticles in B. licheniformis was involved with nitrate 
reductase enzyme (Kalishwaralal et al. 2008). B. licheniformis secretes the NADH 
and NADH-dependent enzymes that are responsible for the bioreduction of Ag+ and 
the subsequent formation of AgNPs (Husseiny et  al. 2007). Reduction of Ag+ 
involves electron shuttle enzymatic metal reduction mechanism convinced with 
nitrate ions and dwindle silver ions to metallic silver.
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Fig. 5.1 Microbial synthesis of nanoparticles
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Heavy metal (Co2+, CrO4 2+, Pb2+, Zn2+, Hg2+, and Cd2+) nanoparticles are syn-
thesized by the microbes that developed genetic and proteomic responses to 
strictly regulate metal homeostasis and counter the toxic effects (Reith et al. 2007). 
On the other hand, synthesis of magnetite using Shewanella oneidensis involves 
both passive and active mechanisms. Initially, when bacteria utilize ferrihydrite, 
pH value rises due to amino acid metabolism, and active production of Fe2+ occurs 
followed by passive concentration of Fe2+ and Fe3+ which enabled the magnetite 
phase to precipitate. Investigation was done for the synthesis of CdS NPs through 
disulfide (cysteine) bridges which causes cleavage of S–H bond and generation of 
a new bond (Cd–S–CH2COOH) complex on nanoparticle (Sanghi and Verma 
2009). The –COOH groups from cadmium–thiolate complex react with hydrogen 
bond resulted in the capping of CdS nanoparticles bonding to –NH2 groups (Tang 
et al. 2005). One oxygen atoms of carboxylic group (–COOH) formed coordinate 
bond between oxygen atom and Cd2+ ions, which competes with thiol group to 
accumulate on the CdS nanoparticles surfaces (Li et al. 2011).

5.2.3  Microbial-Based Nanoparticle Applications for Crop 
Protection

Nanobiotechnology can have ample of utilizations such as the identification and 
control of phytopathogens, protecting food from pathogens through nanosensors 
fabrications, biofertilizers, and biopesticide delivery in agriculture and highly 
competent gene transfer approach (Fig. 5.2). NP application is considered as suc-
cessful for crop protection if it remains active in extreme environments (such as 
temperature fluctuations); penetrates the target pathogen; resists defense of phyto-
pathogens; has low cost to formulate, preferably with advanced mode of action; 
and caters to social benefits and economic returns (Smith et al. 2008). NPs are also 
playing a dominant act for heighten the efficacy and stability of cells and enzymes 
used. The integration of biomolecules (enzymes, metabolites, etc.) or whole cells 
with nanomaterials leads to hybrid systems with numerous applications in agricul-
ture (Bailey et  al. 2010). Nanoparticles embedded with microbes offered the 
advantage of improved biological efficacy, easy attachment through larger surface 
area, higher solubility and mobility, lower toxicity, and enhanced mass delivery 
systems. After the entrapment of NPs and bonding of the nanomaterials, controlled 
release of the active ingredient is accomplished. The use of NP assisted delivery 
will require a targeted delivery approach focused on the behavior of phytopatho-
gens and environmental conditions. For instance, for bombardment of plant cells 
and tissues to achieve gene transfer, DNA-coated AuNPs were used as bullets in 
“gene gun” system (Vijayakumar et al. 2010). Microbes (bacteria, fungi) and their 
products (enzymes, inhibitors, antibiotics, and toxins) can serve as biocontrol 
agents from decades for crop protection from phytopathogens as well as productiv-
ity boost. Coating of polymeric NPs offered advanced paths to enhance the effi-
ciency and stability of these biocontrol agents as biofertilizer preparations to yield 
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formulations with directed delivery mechanism toward targeted pathogens. 
Furthermore, nanomaterial entrapped products would promote plant growth and 
soil health (Peteu et al. 2010).

Fungal biocontrol agents are relatively specific, act by contact without  
ingestion, and are easy for mass production. Some fungal genera (Nomuraea, 
Beauveria, and Verticillium) spread infection through conidia that require the mois-
ture for their germination to activate host pathogenesis (Kulkarni et al. 2008). In oil 
emulsion formulation of L. giganteum (a water mold), inclusion of hydrophobic 
silica NPs (7–14 nm) to water in oil mycelium diminishes the desiccation, which 
reduced cell sedimentation and imparted N95% efficiency (Vandergheynst et  al. 
2007). A saprophytic fungus (Myrothecium verrucaria) produced endochitinase 
that assassinates mosquito larvae within 48  h of Aedes aegypti (Chavan 2009). 
Nanoformulation was prepared using chitosan and montmorillonite clay NPs to 
stabilize Myrothecium enzyme complex and observed for the biocontrol activity 
against Fusarium spp. and Phenacoccus gossypiphilous (cotton mealy bug) with 
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slow discharge of the enzymes. Plants of Curcuma longa treated with chitosan 
nanoparticles induce antifungal hydrolases and increased chitinases and chito-
sanases enzymes responsible for the defense of host plants which enabled them to 
become resistant to Pythium aphanidermatum, the causal organism of rhizome rot 
of turmeric (Anusuya and Sathiyabama 2013). Sensitive detection of phytopatho-
gens (even for a single bacterial cell) was demonstrated with silica-based NPs 
(60 nm) filled with a fluorescent dye and conjugated to an antibody specific to a 
surface antigen of the microbe of interest. With the assistance of endomycorrhizal 
fungi, the common wetland plants (Phragmites australis and Iris pseudacorus) 
transform copper into metallic NPs when grown in contaminated soil (Manceau 
et  al. 2008) to prevent copper biomagnification. Ag2S nanocrystals and ZnTiO3 
exhibited higher growth inhibition efficacy against A. niger (Fateixa et al. 2009; Jo 
et al. 2009; Ruffolo et al. 2010). Higher resistance against Fusarium oxysporum 
and Aspergillus niger was demonstrated in maize plants treated with silica NPs of 
20–40 nm (Suriyaprabha et al. 2014). Titania NPs increased bacterial population 
(Bacillus amyloliquefaciens) in the rhizosphere of Brassica napus and provides 
protection against Alternaria brassicae (Palmqvist et al. 2015). ZnO NPs proved 
for the inhibition of conidiophores and conidia of Penicillium expansum resulting 
in the disappearance of fungal mats (He et al. 2010). A highly specific and more 
sensitive method employs magnetic nanoparticle-based reverse. Transcription 
loop-mediated isothermal amplification (RTLAMP) was developed for the prompt 
detection of Prunus necrotic ringspot virus (Zong et al. 2014).

Highly fluorescent CdSe QDs and CdTe QDs were biosynthesized with F. oxys-
porum when incubated with a mixture of CdCl2 + SeCl4 and CdCl2 + TeCl2, respec-
tively, at ambient conditions by transmission electron microscopy (TEM) and 
selected area electron diffraction (SAED) (Shaligram et al. 2009). Yeast cells were 
also utilized for biosynthesis of biocompatible cadmium telluride (CdTe) QDs with 
tunable fluorescence emission (Nayak et al. 2010). Nucleic acid probe attached with 
the surface of a quartz crystal microbalance biosensor can also be combined with 
fast PCR protocols to reduce the time for specific detection of phytopathogens 
(Maliszewska et al. 2013).

Recently, nanobiotechnology received a greater effectiveness against various 
phytopathogens with the use of AgNPs. Contacts of AgNPs with microbes increase 
due to their larger surface area-to-volume ratio and thus more ability to permeate 
(Kim et  al. 2008). When aqueous silver (Ag+) ions exposed to a filtrate of 
Trichoderma viride, it reduced in solution resulted in the formation of extremely 
stable AgNPs with 5–40 nm size (Fayaz et al. 2010). When evaluated for antimi-
crobial activities, it was observed that combination of antibiotics with AgNPs has 
better antimicrobial effects against various Gram-positive and Gram-negative bac-
teria (Aziz et al. 2014, 2015, 2016). Pathogenic bacterial (Staphylococcus aureus) 
infection was minimized into textile fabrics with extracellularly produced AgNPs 
incorporating Fusarium oxysporum (Duran et al. 2007). AgNPs were also demon-
strated for highest-disease inhibition rate against six species of Colletotrichum (C. 
acutatum, C.dematium, C. gloeosporioides, C. higginsianum, C. nigrum, and C. 
orbiculare) and powdery mildew in cucumbers and pumpkins (Lamsal et al. 2011). 
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Leaf-spot disease caused by Xanthomonas perforans can be suppressed by DNA- 
directed AgNPs (Ocsoy et  al. 2013). In another study, biogenically synthesized 
silver nanoparticles impregnated antibiotic discs (chloramphenicol) and reported 
excellent antibacterial activity against two bacteria (Citrobacter freundii and 
Erwinia cacticida) causing diseases on Abelmoschus esculentus and Citrullus 
lanatus (Paulkumar et al. 2014). AgNPs using Serratia spp. were biosynthesized 
and demonstrated for remarkable antifungal activity against spot blotch disease in 
wheat caused by Bipolaris sorokiniana (Mishra et al. 2014). Xanthomonas axo-
nopodis pv. vesicatoria causing bacterial spot disease in tomatoes and peppers was 
successfully detected by fluorescent silica nanoparticles (FSNP) combined with 
antibody molecules (Mishra et al. 2010). The nanoparticles embedded with anti-
bodies are used for detection of Xanthomonas axonopodis (Yao et  al. 2009). 
AgNPs as antimicrobial agents are rapidly growing attraction toward researchers 
worldwide to make their production more economical and profitable for the con-
trol of plant diseases. Various studies also revealed strong impact of AgNPs when 
used in consortium with other nanocrystals. Botrytis cinerea was diminished by 
strong antifungal effect when used with Ag-SiO2 NPs (Oh et  al. 2006). AgNPs 
were evaluated for antifungal activity along with fluconazole by disc diffusion 
technique against Phoma glomerata, Phoma herbarum, F. semitectum, Trichoderma 
spp., and C. albicans (Gajbhiye et  al. 2009). Colletotrichum gloeosporioides 
(responsible for anthracnose), Bipolaris sorokiniana, Magnaporthe grisea, 
Sclerotium cepivorum, and sclerotium-forming phytopathogenic fungi were sig-
nificantly suppressed in a dose-dependent manner with the existence of Ag NPs 
(Jung et al. 2010; Aguilar-Mendez et al. 2010). Fungistatic and fungicidal effect of 
the AgNPs was assayed against ambrosia fungus Raffaelea spp., F. culmorum, and 
certain pathogenic yeasts (Candida tropicalis, C. albicans, and C. parapsilosis) 
(Kasprowicz et al. 2010). It was also demonstrated that 15 mg concentration of 
AgNPs showed excellent inhibitory activity against Alternaria alternata, 
Sclerotinia sclerotiorum, Macrophomina phaseolina, Rhizoctonia solani, B. cine-
rea, and Curvularia lunata (Krishnaraj et al. 2012).

5.3  Microbial-Based Nanoparticles Delivery Systems

With the utilization of NPs, nanofibers and nanocapsules, nanobiotechnology 
offers a novel set of procedures to multiply genes and upgrade plant resistance 
(Rai et  al. 2012a, b). Delivery of genetic material (DNA and small interfering 
RNA) is important for the development of phytopathogen-resistant strains of 
plants by alteration of gene expression (Price and Gatehouse 2008). Gene expres-
sions confirmed the successful insertion and integration of plasmid DNA in plant 
genome (Filipenko et al. 2007) and thus have more potential to develop disease 
resistance embedded with genetic modifications. The methods (microinjection, 
Agrobacterium-mediated transformation, and microprojectile bombardment) 
applied for gene delivery systems have very low efficiency (0.01%–20%) and 
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were mostly applied for dicotyledonous plant transformation (Sivamani et  al. 
2009). When NPs were employed, these technologies expand to both dicotyledon-
ous and monocotyledonous plants with tissue specificity. During transformation of 
plant cells, delivery of genetic material (DNA) was employed with AuNPs 
(5–25  nm) embedded carbon matrices in both monocotyledonous Oryza sativa 
and dicotyledonous Nicotiana tabacum. This resulted in the easy access to plant 
cell due to its increased size transformation efficiency. In comparison to the com-
mercial micrometer-sized gold particles, NPs also reduced plasmid and gold 
requirement (Vijayakumar et  al. 2010) with minimal plant-cell damage and 
enhanced plant regeneration. Gene expressions were also triggered in the plants 
when uncapped with AuNPs by disulfide reduction in cellular environment under 
controlled release conditions (Torney et  al. 2007). Starch NPs (50–100  nm) 
embedded with fluorescent material Tris-(2,2′-bipyridine) ruthenium-(Ru 
(bpy)3)2+ were used to transfer plasmid DNA through Dioscorea spp. plant cell 
wall, cell membrane, and nuclear membrane (Liu et al. 2008).

Polymer/DNA complexes are more stable for the protection against nuclease 
degradation. Also, cationic polymers (chitosan) are used to condense and deliver 
DNA both in vitro and in vivo (Kim et al. 2007) because of biocompatibility and 
low cytotoxicity. Biocontrol of crops from the phytopathogens that feed upon the 
double-stranded RNA (dsRNA)-producing plants was improved by RNA-based 
silencing (Auer and Frederick 2009). Due to the properties of binding with RNA in 
a highly efficient manner, safety, and ability to invade the cell membrane, chitosan 
NPs can prove to be competent in dsRNA delivery. In C. elegans, delivery of dsRNA 
was followed by the feeding of bacteria-expressing dsRNA or even soaking in 
dsRNA solution (Tomoyasu and Denell 2004). For siRNA delivery vehicles, chito-
san NPs (<500 nm) entrapped with siRNA performed well as vectors (Katas and 
Alpar 2006). Studies also demonstrated that chitosan NPs (100–200 nm) stabilized 
and delivered dsRNA (against chitin synthase genes) resulted in enhanced larval 
susceptibilities, in existence of chitin synthase inhibitors (Zhang et  al. 2010). 
Nucleic acid sensors were fabricated via immobilization of ssDNA onto a chitosan 
nanobiocomposite film containing Fe3O4 NPs (22 nm) for cypermethrin and perme-
thrin detection at 0.0025 ppm (Kaushik et al. 2009).

5.3.1  Nanosensors for Crop Protection

In addition to crop protection by NPs, nanosensors help farmers in maintaining 
farm with precise control, crop monitoring, accurate analysis of nutrients, report 
of plant needs (Mousavi and Rezaei 2011), as well as detection of phytopathogens 
to foster a smart agriculture (Prasad et al. 2014, 2017a, b; Bhattacharyya et al. 
2016; Sangeetha et  al. 2017a, b). More accurately, nanosensors can be used to 
monitor presence and identification of phytopathogens in order to carry out reme-
dial activities timely for crop protection. Nanosensors located in cultivated fields 
will provide a real-time and comprehensive monitoring of the crop growth with 
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high-quality data for best management practices (ElBeyrouthya and ElAzzi 2014). 
Some of the strategies such as antibody–antigen, adhesion receptor, antibiotic, 
and complementary DNA sequence recognitions are used for a specific detection 
between target phytopathogenic cells and bio-functionalized nanomaterials 
(Sastry et al. 2010; Duran et al. 2010). Gold nanoparticles are used in biosensors 
to develop biomolecular detection with DNA or protein-functionalized gold 
nanoparticles as the target- specific probes (Khosravi and Shojaosadati 2009). 
Bacillus subtilis were known to form spherical selenium nanoparticles with diam-
eters of 50–400 nm employed for building HRP (horse radish peroxidase) biosen-
sor (Wang et  al. 2010). Yeast cells were used for biosynthesis of Au-Ag alloy 
nanoparticles to fabricate a sensitive electrochemical vanillin sensor (Zheng et al. 
(2010a, b). AuNP-based glucose oxidase (GOx) biosensors were synthesized for 
the enhancement of enzyme activity of GOx (Zheng et al. (2010a, b). Reaction 
rates in microbiology have also been enhanced using magnetic nanoparticles. 
Magnetic (Fe3O4)-coated nanoparticles with cells of Pseudomonas delafieldii 
were utilized to fulfill desulfurization of dibenzothiophene (Shan et  al. 2005). 
Various researchers also emphasize on the incorporation of nanobiotechnology to 
emerging biotechnological methods for mycotoxin bioassays (Babu and 
Gunasekaran 2009) and utilization of nanosensors to reduce the fungal pathogen 
detection time with high sensitivity. Escherichia coli also rapidly determined 
using flow-injection system approach in which electrochemical measurement of 
K3Fe(CN)6 was shortened by microbial metabolism and thus allowed the quantita-
tive determination of bacteria within 20 min. A new biosensor system utilizing 
equal quantities of two different microbes was developed for the rapid diagnosis 
of soil-borne diseases in which each microbe is individually immobilized on an 
electrode (Perez-Gonzalez et  al. 2010). Copper oxide (CuO) nanoparticles and 
nanostructural layer biosensors fabricated by sol-gel and spray pyrolysis methods, 
respectively, were employed for detecting the A. niger fungi (Bao et al. 2003).

5.4  Nanotoxicity: A Major Obstacle

Although nanoparticles proved to have very huge applicability for the biocontrol 
of phytopathogens and thus management of various plant diseases, this increased 
application emerges the possibilities of getting nanoparticle accumulation in the 
environment which results in the toxicity of soil ecosystem (with more effect on 
soil microflora) leading to various harmful impacts. Activities of soil enzymes 
(protease, catalase, and peroxidase) were inhibited by TiO2 and ZnO nanoparti-
cles, thereby affecting the soil quality and health, and also have negative impact 
on the biomass of wheat growth (Du et al. 2011). Root elongation of Zea mays, 
Cucumis sativus, Glycine max, Brassica oleracea, and Daucus carota was 
affected with Al2O3, Al, Zn, and ZnO when conjugated with and without phenan-
threne (Yang and Watts 2005) which resulted in suppression of plant germina-
tion. TiO2 was observed for the reduction of the water usage in Z. mays which 
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changes the path of apoplast (Asli and Neumann 2009). Accumulations of Fe2O3 
and Pd nanoparticles were found in tissue of pumpkin and leaves of barley, 
respectively (Battke et al. 2008; Zhu et al. 2008). One hundred percent control 
was achieved for powdery mildew diseases of cucurbits with silica-silver 
nanoparticles but become phytotoxic at 3200 ppm (Park et al. 2006). ZnO and 
TiO2 nanoparticles also affected diversity of soil microbial community and bio-
mass. Soybean exposed to ZnO and TiO2 nanoparticles impacted directly on bio-
mass or plant-microbe interactions, including N2- fixing symbiosis (Ge et  al. 
2011). ZnO NP toxic effects on rhizospheric population might be reduced with 
soil–plant interactive system (Lee et al. 2012). NPs also have an impact on plant 
sensitivity to bacterial infection, bacterial growth and stress resistance, and the 
interactions occurring between host plants and associated bacterial community 
(Degrassi et al. 2012).

5.5  Advantages of Microbial-Based Nanoparticles

Biosynthesis of microbial-based nanoparticles is considered as nontoxic, clean, 
and environmentally green. Biosynthesis mechanism by microbes (bacteria, fungi, 
and yeast) can be classified according to the location where NPs are formed, i.e., 
intracellular or extracellular. Various parameters (pH, substrate concentration, 
reaction temperature, etc.) influence the rate of NP biosynthesis and thus can be 
manipulated as per needs.

NP biosynthesis can also be manipulated through gene expression by genetic 
delivery materials (DNA and small interfering RNA). Below are the some of the 
advantages of microbial NPs in crop protection: highly effective and on time 
response for integrated plant disease management, quick and reliable response on 
phytopathogens with antifungal and bactericidal effects, smart delivery along with 
modification as genomic and proteomic levels, development of nanobiosensor for 
biodetection and management of plant pathogens in field, advanced nanosystem 
procedures for sampling of soil and plant, and enhancement of microbiological 
reaction rates.

5.6  Current Prospects and Way Forward for more Efficient 
Microbial-Based Nanoparticles

Till date nanotechnology has a wide range of potential applications in agriculture, 
enabling intense research at academic and industrial levels (Chen and Yada 2011; 
Dasgupta et al. 2015; Parisi et al. 2015). Besides the numerous advantages of NPs, 
still, there are many issues that remain to be resolved for this technology to make 
significant contributions in sustainable agriculture. Some aspects require immediate 
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attention such as mode of uptake, impact of size, agglomeration, penetration, trans-
port and stability of nanoparticles on crops, and consequences of their exposure to 
the environment. These factors indicate the promises of NPs for suppression/inhibi-
tion to various phytopathogens. Phytotoxicity study of NPs to determine root length, 
germination effect, and adsorption into the plant systems needs to be addressed 
(Kumari et al. 2012). Biocompatibility and biodegradability studies of nanoparticles 
are also desirable. Attention may also be given on the development of specific 
hybrid carriers for delivering active agents in order to maximize their efficiency 
(DeOliveira et  al. 2014), upscaling of technology, risk assessment, and advance-
ment in the regulations for the use of nanoparticles (Amenta et al. 2015). Nanosensors 
developed are also very specific, fast, and inexpensive, but their commercialization 
is again a major concern. Mechanisms of nanoparticles should be taken care to 
understand the interactions with target (Oliveira et al. 2015a) and nontarget organ-
isms (Oliveira et al. 2015b) as well as risk-assessment analysis (Sadiko et al. 2014). 
Quantification at different concentrations in the localized environment (Kah et al. 
2014) and advances in life cycle assessment (Kookana et al. 2014) are other two 
important factors to consider while developing any new nanoparticles. Isolation and 
characterization of the compounds responsible for reduction of NPs can be carried 
out at genomic and proteomic levels to expect shorter reaction time and high bio-
synthesis efficiency. Efforts are also required in defining the interactions of nanopar-
ticles with microbes, plants, and soil for both constructive and catastrophic impacts 
on plant and soil health. In this context, expertise among the researchers from mul-
tidisciplinary fields would be imperative (Malysheva et al. 2015).

5.7  Conclusion

Nanobiotechnology has potential applications in the multiple detection and control 
of phytopathogens utilizing microbial-based nanoparticles, nanosensors, and quan-
tum dots which greatly contribute to address the issue of sustainability. Biosynthesis 
of nanoparticles by microbes is eco-friendly, green, and economical viable, and 
issue of phytotoxicity and microbes resistant to microbicides or fungicides is also 
resolved. Moreover, nano-based diagnostic kits enhanced the rate of specific patho-
gen detection in field with high diagnosis accuracy. Additionally, nanosensors are 
able to detect phytopathogens at early stages of plant disease before these can be 
observed by farmers. Apart from detection, nanobiotechnology can be applied to 
know the interaction between plant and phytopathogens as well as solutions for soil 
remediation. Thus, application of green nanobiotechnology can greatly contribute 
to the management of phytopathogens and appropriate disease management action. 
However, experimental field trials at large scale are required to figure out the host 
and phytopathogen synergy, infection steps, and disease interpretation which will 
help in developing modern disease management approach to make agriculture as 
smart systems.
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Chapter 6
The Role of Nanoemulsions as  
Antimicrobial Agents in Plant Protection

Ayat F. Hashim, Khamis Youssef, and Kamel A. Abd-Elsalam

6.1  Advantages of Nanoemulsion

Nanoemulsions have several advantages and can be summarized as follows: (i) it 
may be used as substitute for liposomes and vesicles (Bouchemal et al. 2004); (ii) 
it is nontoxic and non-irritant in nature; (iii) it has improved physical stability; (iv) 
it has small-sized droplets having greater surface area providing greater absorp-
tion; (v) it can be formulated in variety of formulations such as foams, creams, 
liquids, and sprays; (vi) it provides better uptake of oil-soluble supplements in cell 
culture technology; (vii) it is helpful in taste masking; (viii) less amount of energy 
is required; and (ix) it improves the bioavailability of drug (Kim et  al. 2001; 
Wagner et al. 1996).

6.2  Preparation of Nanoemulsions

Nanoemulsions are prepared using aqueous phase, oils, surfactants, and co- 
surfactants (Adnan et al. 2009) (Fig. 6.1). Oils used in nanoemulsions preparation 
include Captex 355, Captex 8000, Witepsol, Myritol 318, Isopropyl myristate, 
Capryol 90, triacetin, isopropyl myristate, castor oil, olive oil, etc. Surfactants for 
nanoemulsions stabilization may be nonionic, zwitterionic, cationic, and anionic. 
The surfactants may include Capryol 90; Gelucire 44/14; 50/13; Cremophor RH 
40; Imwitor 191, 742, 780 k, 928, and 988; Labrafil CS; Lauroglycol 90; Tween 20, 
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Tween 60, and Tween 80; etc. Co-surfactants are used to obtain nanoemulsion  
systems at low surfactant concentration (Kreilgaard et al. 2000). Short- to medium- 
chain length alcohols (C3–C8) are frequently added as co-surfactants, which fur-
ther reduce the interfacial tension and increase the fluidity of the interface (Tenjarla 
1999; Attwood 1994). They also increase the hydrocarbon tail mobility and allow 
greater penetration of the oil into this region. Alcohols may also increase the mis-
cibility of the aqueous and oily phases due to its partitioning between these phases. 
Co-surfactants used in nanoemulsions include glycerin, ethylene glycol, ethanol, 
propanol, ethanol, isopropyl alcohol, Carbitol, propylene glycol, etc. Nanoemulsion 
area is used as the assessment criterion for the evaluation of co-surfactants. The 
larger the size of the nanoemulsion field, the greater the nanoemulsification effi-
ciency of the system.

So these nanoemulsions are non-equilibrated systems (Ravi and Padma 2011; 
Mason et al. 2006), and so their preparation involves the input of a large amount of 
either energy or surfactants and in some cases a combination of both. As a result, 
high-energy or low-energy methods can be used in their formulation (Anton and 
Vandamme 2009).

6.2.1  High-Energy Method

This method uses devices that use very high mechanical energy to generate nano-
emulsions with high kinetic energy. The high-energy method employs mechani-
cal devices to produce intensely disruptive forces which break up the oil and 
water phases to form nano-sized droplets. This can be reached with high-pressure 
homogenizers, microfluidizer, and ultrasonicators (Mason et  al. 2006; Jafari 
et al. 2007). Particle size will depend on the type of instruments used and their 

Fig. 6.1 Preparation of nanoemulsions
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operating conditions like time and temperature along with sample properties and 
composition (Quin and Mc Clement 2011).

6.2.1.1  High-Pressure Homogenization

High-pressure homogenization is the most common method used for the production 
of nanoemulsions. During high-pressure homogenization, the coarse macro- 
emulsion is passed through a small orifice at an operating pressure in the range of 
500–5000 psi. During this procedure, several forces, such as hydraulic shear, intense 
turbulence, and cavitation, act together to produce nanoemulsions with extremely 
small droplet size. The resulting product can be re-subjected to high-pressure 
homogenization until nanoemulsion with desired droplet size and polydispersity 
index is achieved (Mason et al. 2006).

6.2.1.2  Micro-fluidization

Micro-fluidization uses a high-pressure positive displacement pump operating at 
very high pressures, up to 20,000 psi. This pump forces macro-emulsion droplets 
through the interaction chamber consisting of a series of micro-channels. The 
macro-emulsion flowing through the micro-channels collides with high velocity on 
to an impingement area resulting in very fine nanoemulsions. The nanoemulsions 
with desired size range and dispersity can be achieved by changing the operating 
pressure and the number of passes through interaction chambers like high-pressure 
homogenization.

6.2.1.3  Ultrasonication

Ultrasonic emulsification utilizes a probe that emits ultrasonic waves to disintegrate 
the macro-emulsion by means of cavitation forces. The nanoemulsions with desired 
properties can be obtained by changing the ultrasonic energy input and time (Graves 
et al. 2005; Quin and Mc Clement 2011).

High-pressure homogenization and microfluidization can be used for fabrication 
of nanoemulsions at laboratory and industrial scale, while ultrasonic emulsification 
is mainly used at laboratory scale. Furthermore, high-energy methods need sophis-
ticated instruments and extensive energy input, which considerably increases the 
cost of nanoemulsions production (Graves et al. 2005; Quin and Mc Clement 2011).

These methods can be employed to prepare both o/w and w/o nanoemulsions. 
High-energy methods allow for a greater control of particle size and a large choice 
of composition, which in turn controls the stability, rheology, and color of the emul-
sion. Although high-energy emulsification methods yield nanoemulsions with 
desired properties and have industrial scalability, they may not be suitable for 
 macromolecules, including proteins, enzymes, and nucleic acids. Besides, these 
methods alone normally do not yield oil droplets (<100 nm).
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6.2.2  Low-Energy Methods (Condensation Method)

Lower-energy method, also called the condensation method, is based on the 
phase transitions occurring during the emulsification process (Lamaallam et al. 
2005; Solans et al. 2002). It involves low energy for the preparation of nanoemul-
sions. These methods are dependent on changing of interfacial phenomenon/
phase transitions and intrinsic physicochemical properties of the surfactants, co-
emulsifiers/co- surfactants, and oil to produce nano-sized emulsion droplets. 
These phase transitions result from modulation in the spontaneous curvature of 
the surfactant and can be achieved (i) at constant composition by changing the 
spontaneous curvature of nonionic surfactants with temperature, the well-known 
phase-inversion temperature (PIT), commonly used in industry (Izquierdo et al. 
2005; Shinoda and Saito 1968), or (ii) at constant temperature by varying the 
composition of the system by the emulsion inversion point (EIP) method 
(Forgiarini et al. 2001; Porras et al. 2008).

Low-energy emulsification method was dependent on the phase behavior and 
properties of the constituents, to promote the formation of ultra-small droplets 
(Sonneville-Aubrun et al. 2004; Solans et al. 2005). These low-energy techniques 
include self-emulsification, phase-transition, and phase-inversion temperature 
methods (Wang et  al. 2007). The low-energy method is interesting because it 
utilizes the stored energy of the system to form small droplets. This emulsifica-
tion can be brought about by changing the parameters which would affect the 
hydrophilic- lipophilic balance (HLB) of the system like temperature, composi-
tion, etc. (Sole et  al. 2006, 2010). The limitations include complexity, precise 
approach required, and use of synthetic surfactants. In a nutshell, the most com-
monly used low-energy emulsification methods include:

6.2.2.1  Phase-Inversion Temperature (PIT) Method

It employs temperature-dependent solubility of nonionic surfactants, such as 
polyethoxylated surfactants, to change their affinities for water and oil as a func-
tion of the temperature. Polyethoxylated surfactants become lipophilicon heating 
due to dehydration of polyoxyethylene groups. In this method, oil, water, and 
nonionic surfactants are mixed together at room temperature. The mixture con-
tains o/w micro-emulsions coexisting with excess oil, and the surfactant mono-
layer shows positive curvature. When this macro-emulsion is heated gradually, 
the polyethoxylated surfactant becomes lipophilic. The surfactant gets com-
pletely solubilized in the oily phase, and the initial o/w emulsion undergoes 
phase inversion to w/o emulsion at higher temperatures. The surfactant mono-
layer has negative curvature at this stage (Izquierdo et al. 2005). The structure of 
the particles in a nanoemulsion is also very similar to those found in a micro-
emulsion: the nonpolar tails of the surfactant molecules protrude into the hydro-
phobic core formed by the oil phase, while the polar head groups of the surfactant 
molecules protrude into the surrounding aqueous phase (Fig. 6.2).
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At HLB temperature (an intermediate temperature), the nonionic surfactant 
has similar affinity for aqueous and oily phase, and this ternary system has 
extremely low interfacial tension (in the order of 10−2–10−5 mNm−1), and sponta-
neous curvature typically reaches zero (Sole et al. 2006, 2010). The ternary sys-
tem at this stage typically consists of a D-phase bicontinuous micro-emulsion or 
a mixture of a D-phase bicontinuous micro-emulsion and lamellar liquid crystal-
line phases. Rapid cooling of the single-phase or multiphase bicontinuous micro-
emulsions maintained at either PIT or a temperature above PIT (transitional-phase 
inversion) can generate nanoemulsions with very small droplet size and polydis-
persity index (Shinoda and Saito 1968).

Nanoemulsion (o/w or w/o) can be obtained by rapidly diluting the single 
bicontinuous micro-emulsions with the aqueous or oil phase (catastrophic phase 
inversion). It has been detected that the nanoemulsion characteristics are mainly 
dependent on the structure of the surfactant at HLB temperature (bicontinuous or 
lamellar) and also on the surfactant/oil ratio. Initially, PIT method was believed 
to be useful for fabricating o/w nanoemulsions. However, in recent years, the 
application of the PIT method has been established for fabricating w/o emulsions 
and nanoemulsions. It is important to note that the use of lipophilic polyethoxyl-
ated surfactants and appropriate modifications in the typical PIT protocol are 
required for obtaining w/o nanoemulsions (Wang et al. 2007).

6.2.2.2  Solvent Displacement Method

This method for spontaneous nanoemulsion fabrication has been based on the 
nano- precipitation method for polymeric nanoparticles. In this method, oily 
phase is dissolved in water-miscible organic solvents (i.e., acetone, ethanol, and 
ethyl methyl ketone). Spontaneous nanoemulsion was prepared by pouring 
organic phase into an aqueous phase having surfactant through rapid diffusion of 
organic solvent. Suitable means (i.e., vacuum evaporation) are used to remove 
organic solvent from the nanoemulsion (Pey et al. 2006; Solans et al. 2005).

6.2.2.3  Phase-Inversion Composition Method (Self-Nanoemulsification 
Method)

It produces nanoemulsions at room temperature without heat and any organic  
solvent. Kinetically stable nanoemulsions with small droplet size (~50 nm) can be 
prepared by the stepwise adding of water into solution of surfactant in oil, with 

Fig. 6.2 Differences in the 
appearance of a 
conventional emulsion (a) 
and nanoemulsion (b) 
fabricated from oil, water, 
and surfactant
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gentle stirring and at constant temperature (Forgiarini et  al. 2001). Although the 
components used in this nanoemulsion were not of pharmaceutical grade, the 
research has to open doors to prepare pharmaceutically acceptable nanoemulsions 
via a similar method. The spontaneous nanoemulsification has been related to the 
phase transitions during the emulsification process and includes lamellar liquid 
crystalline phases or D-type bicontinuous micro-emulsion during the process 
(Forgiarini et al. 2001).

6.3  Formulation Factors that Affect the Stability 
of Nanoemulsions

Nanoemulsions stability studies are achieved by storing at room temperatures and 
refrigerator over a number of months. The viscosity, refractive index, and droplet 
size are determined during this period of storage. Insignificant changes in these 
parameters indicate formulation stability. Accelerated stability studies can also be 
performed on the nanoemulsions.

Factors to be considered during preparation of nanoemulsion include the  
following (Haritha et al. 2013):

• The main requirement in nanoemulsion production is that an ultra-low interfacial 
tension should be attained at the oil water interface, so surfactants must be care-
fully chosen.

• Concentration of surfactant must be high enough to provide the number of sur-
factant molecules needed to stabilize the nanodroplets.

• The interface must be flexible to promote the formation of nanoemulsion.

6.4  Characterization of Nanoemulsions

Characterization of nanoemulsions involves the physical and chemical tests as 
following.

6.4.1  Differential Scanning Calorimetry (DSC)

It provides information on the interactions of different components and polarization 
microscopy using crossed polarizers. It is employed to confirm isotropicity of the 
formulation (Chiesa et al. 2008).

6.4.2  Self-Diffusion Nuclear Magnetic Resonance (SD NMR): 
Small Angle X-Ray Scattering (SAXS)

SD NMR and SAXS have studied the structural features of nanoemulsions.
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6.4.3  Freeze Fracture Electron Microscopy

It has used to study nanoemulsion structure; however, extremely rapid cooling of 
the sample is required in order to maintain the structure and minimize the possibility 
of artifacts (Debnath et al. 2011; Karthikeyan et al. 2012).

6.4.4  Scanning Electron Microscopy (SEM)

It provides a three-dimensional image of the drops (Kayes 1999). The samples are 
scanned at suitable accelerating voltage, usually 20 kV, at different magnifications. 
A good analysis of surface morphology of disperse phase in the formulation is 
achieved through SEM.  Image analysis software may be employed to obtain an 
automatic analysis result of the shape and surface morphology (Barea et al. 2010).

6.4.5  Transmission Electron Microscopy (TEM)

In TEM, higher-resolution images of the disperse phase are acquired. The sample 
is negatively stained with 1% aqueous solution of phosphotungstic acid or by 
dropping 2% uranyl acetate solution onto a 200 μm mesh size Pioloform™-coated 
copper grid or a microscopic carbon-coated grid using a micropipette and the sam-
ple examined at appropriate voltage. A digital image processing program can make 
qualitative measurements of sizes and size distribution of TEM micrographs.

6.4.6  Dynamic Light Scattering (DLS)/Photon Correlation 
Spectroscopy (PCS)

It is used to assess nanoemulsion droplet size, polydispersity, and zeta potential 
using a particle size analyzer. This instrument also measures polydispersity index, 
which is a measure of the broadness of the size distribution derived from the cumu-
lative analysis of dynamic light scattering. The polydispersity index indicates the 
quality or homogeneity of the dispersion (Li et al. 2011). PCS gives z-average par-
ticle diameter.

6.4.7  Laser Diffraction

It is another technique for measuring particle size. The fundamental particle size 
distribution derived by this technique is volume based and is expressed in terms 
of the volume of equivalent spheres (DN%) and weighted mean of the volume 
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distribution (mass mean diameter). Since the laser diffraction system is used for 
this analysis, a rough equivalent of particle polydispersity could be given by two 
factors/values, namely, uniformity (how symmetrical the distribution is around 
the median point) and span (the width of the distribution). The span value is 
defined by the expression: Span  =  (D90%–D10%)/D50% (2) where DN% 
(N = 10%, 50%, 90%) means that the volume percentage of particles with diam-
eters up to DN% equals to N%. The smaller the span value, the narrower the 
particle size distribution.

6.4.8  Viscosity Measurement

This carried out using a viscometer. Viscosity measurement can indicate the 
presence of rod-like or worm-like reverse micelles, and conductivity measure-
ments provide the means of determining whether a nanoemulsion is oil-continu-
ous or water-continuous, as well as providing a means of monitoring 
phase-inversion phenomena (Chiesa et al. 2008). The viscosity of nanoemulsions 
is a function of the surfactant, water and oil components, and their concentra-
tions. Increasing the water content lowers the viscosity, while decreasing the 
amount of surfactant and co- surfactant increases interfacial tension between 
water and oil resulting in increased viscosity. Monitoring of viscosity change is 
a method of assessing stability of liquid and semi-solid preparations including 
nanoemulsion formulations (Chiesa et al. 2008).

6.4.9  Surface Tension Analysis

Surface tension was measured by using the Du Nouy ring method through Kruss K6 
tension meter (Kruss, UK) equipped with a platinum plate. Prior to measurements, 
calibration was conducted using deionized water with a surface tension of 
70.2 mN/m. Sufficient time was allowed to reach equilibrium until no significant 
modifications were detected. The ring was washed with methanol and acetone and 
finally flamed prior to the next measurement. Each run was repeated three times. All 
measurements were carried out at 25 °C.

6.5  Stability Test

Selected formulations were centrifuged at 3500 rpm for 30 min and kept at room 
temperature for 4 weeks (Shafiq et al. 2007). The formulations were then assessed 
for the ability to keep transparent one-phase appearance after 4 weeks in order to 
indicate the presence of a nanoemulsion.
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6.5.1  Thermostability Test

The selected formulations were stored at room temperature (25 °C) for 3 months 
and kept at 54 °C for 14 days, prescribed by the Food and Agricultural Organization 
(FAO) as a standard evaluation of agrochemical products to show stability in the 
tropical climate (Chen et al. 2000). The change in physical appearance of samples 
was visually detected.

6.5.1.1  Turbidity Measurement

It is used to determine the rapid equilibrium reached by the dispersion and repro-
ducibility of this process.

6.6  Prevention of Food Spoilage

Essential oils are natural organic compounds and have antibacterial, antifungal, and 
antiviral properties. Some of the essential oils used in food industry are carvacrol, 
eugenol, carvone, citral, geraniol, terpineol, thymol, vanillin, and cinnamaldehyde 
(Burt 2004). Essential oils, including clove essential oil, cinnamon oil, mandarin 
essential oil, lime oil, cinnamon oil, and basil oil, are commonly used ingredients as 
natural antibacterial agents. They can endow the nanoemulsion powerful antimicro-
bial activity due to the components, including pinene, benzaldehyde, carvacrol, car-
vone, eugenol, eugenyl acetate, geraniol, limonene, menthol, terpineol, thymol, and 
vanillin (Ghosh et  al. 2013b). Nanoemulsions containing essential oils are thus 
emerging as alternative food preservation method to control the growth of patho-
gens on food products. It has been confirmed that nanoemulsions possess a wide 
antimicrobial activity against various food pathogens (McClements and Rao 2011; 
Karthikeyan et al. 2011; Hamouda et al. 2001; Sugumar et al. 2013), including bac-
teria (Lactobacillus delbrueckii, E. coil, S. aureus, Vibrio cholera, and so on), 
viruses (herpes simplex, influenza A, vaccinia viruses, and so on), fungi (Candida 
albicans, Dermatophytes, and so on), and spores (Bacillus anthracis, Bacillus 
cereus. Eucalyptus oil nanoemulsions were formulated and characterized by 
Sugumar et al. (2013) in order to test their antimicrobial activity against food-borne 
pathogens. Also, nisin is a kind of natural antibacterial compound commonly con-
tained in nanoemulsions to combine with some essential oils. It was found that the 
combination with D-limonene displayed the positive effect (Zhang et al. 2014).

6.7  Antimicrobial Nanoemulsions

O/w nanoemulsions for antimicrobial applications contain droplets of size from 200 
to 600 nm. The droplets are stabilized by surfactants and medium-chain alcohols, 
which act as co-surfactant. The co-surfactant concentration in these formulations is 
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generally low, and it helps to reduce the interfacial tension promoting the formation 
of small droplets. The nanoemulsion is active against a broad spectrum of bacteria, 
viruses, fungi, and spores.

Anise oil and its (nano and coarse) emulsion antimicrobial activities were tested 
by the minimum inhibitory concentration (MIC) and time kill assay. It was showed 
that bulk anise oil reduced the population of Escherichia coli O157:H7 and Listeria 
monocytogenes by 1.48 and 0.47 log CFU/ml, respectively, after 6 h of contact time. 
However, anise oil nanoemulsion (AO75) reduced Escherichia coli O157 : H7 and 
Listeria monocytogenes count by 2.51 and 1.64 log CFU/ml, respectively, under the 
same condition. Microbial analysis and physicochemical showed that both nano- 
and coarse emulsions of anise oil showed better and long-term physicochemical 
stability and antimicrobial activity compared to bulk anise oil (Topuz et al. 2016).

A terpenes mixture extracted from Melaleuca alternifolia and D-limonene 
were encapsulated into nanoemulsions based on food-grade ingredients, prepared 
by high-pressure homogenization (300  MPa). The antimicrobial activity of ter-
penes was examined by determining the minimum inhibitory concentration and 
minimum bactericidal concentration (MBC) for three different types of microor-
ganisms (Lactobacillus delbrueckii, Saccharomyces cerevisiae, Escherichia coli). 
The increase of the antimicrobial activity depended on the formulation and mean 
diameter of the delivery systems and on the microorganism type. Furthermore, gas 
chromatography- mass spectrometry (GC-MS) analysis has shown that 
 high- intensity processing for nanoemulsion preparation may affect the chemical 
stability of several active compounds. The antimicrobial activity of nanocapsules 
was tested in pear and orange juices inoculated with Lactobacillus delbrueckii. 
The higher the antimicrobial activity of the nano-encapsulated mixtures, the lower 
antimicrobial concentrations are needed under accelerated aging for a bactericidal 
action, with a minimal alteration of the organoleptic properties of the juice. The 
encapsulation into nanoemulsion-based delivery systems of two essential oils, a 
terpenes mixture and D-limonene, was examined as a process to improve the 
safety and quality of foods through the addition of natural preservatives. The car-
rier system lecithin- based nanoemulsion for the terpenes mixture is highly effi-
cient, while D-limonene was successfully nano-encapsulated pure or in a blend 
with palm oil using as emulsifier modified starch and soy lecithin, respectively. 
The nano-encapsulated terpenes (minimum inhibitory concentration and mini-
mum bactericidal concentration) values, tested on three different microorganisms 
(Lactobacillus delbrueckii, Saccharomyces cerevisiae, Escherichia coli) resulted 
in equal or lower than the unencapsulated mixture values. On the other hand, the 
nano-encapsulation of D-limonene was able to reduce only the minimum inhibi-
tory concentration values, without any significant variation of the minimum bac-
tericidal concentration values in comparison to the unencapsulated D-limonene. 
The terpenes nanocapsules were tested in orange and pear juices, inoculated with 
Lactobacillus delbrueckii. The nano-encapsulated terpenes at low concentrations 
were able to delay the microbial growth (1.0 g/l terpenes) or completely inactivate 
the microorganisms (5.0 g/l terpenes) while minimally altering the organoleptic 
properties of the fruit juices (Donsì et al. 2011).
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Some micro-/nanoemulsions may be effective as anti-biofilm agents and have 
antimicrobial activities. It was designated TEOP and BCTP, to inactivate suspen-
sions of vegetative cells of Salmonella spp., Escherichia coli 0157  :  H7 (VT-), 
Pseudomonas aeruginosa, Staphylococcus aureus, and Listeria monocytogenes. 
TEOP is an O/W micro-emulsion of ethyl oleate with Tween 80 as emulsifier and 
n-pentanol as a co-emulsifier, while BCTP is an O/W nanoemulsion of soybean oil 
and tri-n-butyl phosphate emulsified with Triton X-100. BCTP was effective in 
reducing the cell numbers of Listeria monocytogenes, while TEOP was effective 
against all five bacteria examined. The abilities of these emulsions to reduce pre-
formed biofilms of the above bacteria were also studied. With the exception of the 
biofilm formed by Listeria monocytogenes, which surprisingly was not signifi-
cantly affected by BCTP, all biofilms were inhibited by both BCTP and TEOP 
(Teixeira et al. 2007).

Different concentrations of whey protein isolate (WPI) (e.g. 0.1%, 0.5%, 1.0%, 
2.5%, and 5.0% (w/v), having 1.0% (w/v) eugenol, were prepared by high-speed 
homogenization to formulate nanoemulsions (NEs) and to examine their antimi-
crobial activity. It was shown that particle size decreased with increases in whey 
protein isolate concentration. Also, the potential value was reduced to a negative 
charge when using whey protein isolate concentrations >0.1% (w/v). In contrast, 
no significant differences in particle size were detected during 1 month of storage, 
except for the 0.1% (w/v) whey protein isolate nanoemulsion. The potential value 
depended on the increase in whey protein isolate concentration and storage dura-
tion, except for NE1 and NE5, suggesting that a low or high concentration of emul-
sifier was not effective for maintaining the droplet form of the eugenol NE. It was 
indicated that the growth of Escherichia coli was inhibited based on an increase in 
eugenol concentration in all NE formulations. Moreover, a membrane permeability 
study showed that total leakage content increased according to incubation time 
(Bejrapha et al. 2011).

Geraniol and linalool have been found to be effective against food-borne micro-
organisms in  vitro. However, due to their hydrophobic nature, it is difficult to 
achieve an even dispersion in foods with high-water content resulting in dramatic 
loss of activity. It was fabricated with geraniol or linalool nanoemulsions, and their 
effect was investigated against Escherichia coli K12, Listeria innocua, and 
Pseudomonas lundensis in a meat simulation medium. The agar diffusion assay 
revealed that geraniol and linalool had a potent antimicrobial activity against all 
tested bacteria. Dynamic light scattering showed that geraniol and linalool nano-
emulsions had a mean diameter of 68.22 ± 2.46 and 173.59 ± 4.15 nm, respectively. 
Killing assay results showed that both nanoemulsions were able to significantly 
reduce Escherichia coli and Listeria innocua counts by approx. 3  log  CFU/ml. 
Pseudomonas lundensis proved to be more resistant to both nanoemulsions showing 
a reduction of approx. 1.2 log CFU/ml. Overall, it was shown that nanoemulsions 
loaded with geraniol or linalool represent a promising antimicrobial system to 
improve food preservation and food safety (Balta et al. 2017).

Huanglongbing is the most serious disease affecting the citrus industry world-
wide to date. Nanoemulsion formulation (water/oil) may provide a useful model 
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for the effective delivery of chemical compounds into citrus phloem via a foliar 
spray for controlling citrus Huanglongbing. The causal agent, Candidatus 
Liberibacter asiaticus, lives in citrus phloem, which makes it difficult to success-
fully treat with chemical compounds. A transcuticular nanoemulsion formulation 
was developed to enhance the permeation of an effective antimicrobial compound 
(ampicillin) against Huanglongbing disease through the citrus cuticle into the 
phloem via a foliar spray. It was demonstrated that efficiency of cuticle isolation 
using an enzymatic method (pectinase and cellulase) was dependent on the citrus 
cultivar and Las-infection, and it was more difficult to isolate cuticles from Valencia 
orange (Citrus sinensis) and Huanglongbing symptomatic leaves. Of eight adju-
vants tested, Brij 35 provided the maximum increase in permeability of the 
Huanglongbing-affected cuticle with a 3.33-fold enhancement of cuticular perme-
ability over water control. An in vitro assay using Bacillus subtilis showed that 
nanoemulsion formulations containing ampicillin (droplets size = 5.26 ± 0.04 nm 
and 94 ± 1.48 nm) coupled with Brij 35 resulted in greater inhibitory zone diame-
ters (5.75 and 6.66 mm) compared to those of Brij 35 (4.34 mm) and ampicillin 
solution (2.83 mm) alone. Additionally, the nanoemulsion formulations removed 
Candidatus Liberibacter asiaticus bacteria in Huanglongbing-affected citrus in 
planta more efficiently than controls (Yang et al. 2015).

Biodegradable antibacterial agent clove oil is vital oil in food products. Emulsions 
are used to stabilize and increase the antimicrobial efficacy of oils in aqueous 
 solutions. Smaller droplets provide better distribution of the oil. Clove oil was for-
mulated in aqueous solution by nanoemulsion. The parameters key in the formula-
tion of stable clove oil nanoemulsion were optimized to obtain emulsions with less 
than 50  nm droplet size. The evaluated parameters include the concentration of 
clove oil, concentration of emulsifier, hydrophilic-lipophilic balance number, and 
ultrasonication time. It was determined the following parameters: droplet size, poly-
dispersity index, and zeta potential, and to achieve <50 nm droplet size with low 
polydispersity index and a highly negative zeta potential. The optimization and 
evaluation was obtained via Taguchi method. Taguchi method identified the concen-
tration of clove oil and the hydrophilic-lipophilic balance as the most affecting fac-
tors in the preparation of nanoemulsions. The optimum conditions for the preparation 
of nanoemulsion such as mean droplet size, polydispersity index, and zeta potential 
were 50 nm, 0.49, and −40.7 mV, respectively. This formulation of clove oil resulted 
in minimum inhibitory concentration against Escherichia coli and Bacillus cereus 
of 16 and 32 μg/ml, respectively, and minimal bactericidal concentrations of 16 and 
64 μg/ml, respectively (Shahavi et  al. 2016). Recently, the citral nanoemulsions 
showed significantly different antimicrobial activities against Listeria monocyto-
genes and Staphylococcus aureus (Lu et al. 2018).

6.8  Nanoemulsion Against Plant Pathogens

The application of nanoemulsion as an antimicrobial agent is a promising and new 
innovation (nano.med.umich.edu). The nanoemulsion has a broad spectrum activity 
against fungi (e.g., Ganoderma sp., Fusarium oxysporum, Colletotrichum sp.), 
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bacteria (e.g., Escherichia coli, Bacillus cereus, Saccharomyces cerevisiae, 
Staphylococcus aureus), and Candidatus Liberibacter asiaticus, the causal agent of 
Huanglongbing, the most serious disease affecting citrus industry worldwide.

Nanoemulsions have attracted much attention due to their applications espe-
cially in plant protection field. It was developed and characterized oil-in-water 
(O/W) phenazine extract nanoemulsions for controlling Ganoderma boninense (as 
the major pathogen that affects the oil palm tree) PER71. A phase diagram (PD) 
was fabricated based on nonionic surfactant Tween 80, oil carrier E2126 and 
water, and 30% crude phenazine extract as active ingredient by low-energy 
method. As primary screening, six formulations were examined for its stability 
and thermostability over time after constructing PD.  Four formulations were 
selected to proceed in physiochemical characterizations. The characterized formu-
lations have a mean droplet size ranging from 130.54 to 309.9 nm with polydisper-
sity index varied between 0.32 and 0.97. The larger drop size (309.9 nm) shifted 
to a smaller size of 130.54 nm with decrease in the concentration of oil carrier 
Emereen 2126. The zeta potential of all formulation is yet stable with the value 
ranged from −11.8 to −16 mV. The surface tension was around 30.82–30.88 mN/m. 
The fungicidal effect of the phenazine nanoemulsion was tested against Ganoderma 
boninense PER71. Nanoemulsion with 174.43  nm size was obtained at a ratio 
5:5:90, and it was found to be stable in terms of polydispersity index (0.6), zeta 
potential (−16.0 mV), and surface tension (30.88 mN/m) and effective in control-
ling Ganoderma boninense PER71 at 70.74%. This is the first time that a phen-
azine extract nanoemulsion has been reported. The results obtained might 
corroborate to the application of phenazine extract nanoemulsion as potential can-
didate for controlling Ganoderma boninense PER71. The nanoemulsion with 
active ingredient phenazine extracts containing Tween 80, E2126, and deionized 
water was effectively improved by the low-energy method. A nano-sized droplet 
of 174.43 nm was obtained. Phenazine nanoemulsion with this droplet size was 
found to be more effective in controlling Ganoderma boninense compared with 
any larger or smaller droplet size. Phenazine nanoemulsion is the green innovation 
alternative to chemical fungicide in agricultural field and provides a lower cost, 
nontoxic, and effective agent for development as a biofungicide for basal stem rot 
disease (Lee et al. 2016).

Antifungal activity of eugenol oil nanoemulsion against Fusarium wilt of cot-
ton was evaluated in in vitro and in vivo tests (Fig. 6.3). The inhibitory effect of 
eugenol oil nanoemulsion on growth of Fusarium oxysporum f. sp. vasinfectum 
was confirmed. The biobased oil in water nanoemulsion was characterized by par-
ticle size analyzer, stability test, TEM, and thin-layer chromatography (TLC). 
Thin-layer chromatography assay confirmed the presence of eugenol as an active 
antifungal component in all tested concentration. Total protein SDS-PAGE assay 
further investigated the molecular weight of the decreased and stimulated proteins. 
Phytotoxic effects were determined on cottonseed treated with high concentration 
of eugenol oil nanoemulsion. The strong antagonistic activity against Fusarium 
oxysporum f. sp. vasinfectum recommends that eugenol oil nanoemulsion could be 
used as an efficient nanofungicide in plant disease control (Abd-Elsalam and 
Khokhlov 2015).

6 The Role of Nanoemulsions as Antimicrobial Agents in Plant Protection
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It was showed that chitosan in the form of nanoemulsions displayed better anti-
fungal activity as compared to its conventional form. The effect of chitosan in the 
form of nanoemulsions against Colletotrichum musae and Colletotrichum gloeo-
sporioides, important pathogens of fresh fruits and vegetables in the tropics, was 
studied. Therefore, it could be used as a potential alternative treatment to synthetic 
chemicals for controlling postharvest anthracnose of tropical fruits and vegetables. 
Also, it was suggest that instead of applying chitosan in a conventional form, chi-
tosan in the form of nanoemulsions could be more effective as a biofungicide for 
controlling anthracnose of fresh fruits. Moreover, it could be cost-effective as the 
amount of chemical used is reduced when applied in the form of nanoemulsions 
(Zahid et al. 2012).

6.9  Future Perspectives in Nanoemulsions Applications

Further studies in this area are clearly needed to improve the nanoemulsions  
production and to obtain formulations that add high stability, higher shelf life, and 
satisfactory physical characteristics. Toxicological studies should be also conducted 
to ensure that the new technologies are safe for widespread use in food and agricul-
tural sectors especially in plant protection applications.

Fig. 6.3 Effectiveness of EON in controlling Fusarium wilt under greenhouse conditions. (a) 
Cotton seedlings treated with eugenol oil nanoemulsion. (b) Severely affected seedlings after 
planting in artificially infested soil in a greenhouse test (untreated cottonseed) (Vein discoloration 
began at the margin of cotyledonary leaf). (Cited from Abd-Elsalam and Khokhlov 2015)

A. F. Hashim et al.



151

Acknowledgments This research was supported by the International Foundation for Science, 
Stockholm, Sweden, through a grant to Hashim Ayat (F5853).

References

Abd-Elsalam KA, Khokhlov AR (2015) Eugenol oil nanoemulsion: antifungal activity against 
Fusarium oxysporum f. sp. vasinfectum and phytotoxicity on cottonseeds. Appl Nanosci 
5:255–265

Adnan A, Mohammad R, Farhan JA, Zeenat I, Roop KK, Aqil M, Sushama T (2009) Nanoemulsion 
components screening and selection: a technical note. AAPS PharmSciTech 10(1):69–76

Anton N, Vandamme T (2009) The universality of low-energy nano-emulsification. Int J Pharm 
377(1–2):142–147

Attwood D (1994) Microemulsions. In: Kreuer J  (ed) Colloidal drug delivery systems. Marcel 
Dekker, New York, pp 31–71

Balta I, Brinzan L, Stratakos A, Linton M, Kelly C, Pinkerton L, Corcionivoschi N (2017) Geraniol 
and linalool loaded nanoemulsions and their antimicrobial activity. Bull UASVM Anim Sci 
Biotechnol 74(2):157–161

Barea MJ, Jekins MJ, Gaber MH (2010) Evaluation of liposomes coated with a pH responsive 
polymer. Int J Pharm 402(1–2):89–94

Bejrapha P, Choi M, Surassmo S, Chun J, Min S (2011) Formulation and antimicrobial activity on 
Escherichia coli of nanoemulsion coated with whey protein isolate. Korean J Food Sci Anim 
Resour 31:543–550

Bouchemal K, Briancon S, Perrier E, Fessi H (2004) Nano-emulsion formulation using 
 spontaneous emulsification: solvent, oil and surfactant optimization. Int J  Pharm 
280:241–251

Burt S (2004) Essential oils: their antibacterial properties and potential applications in foods—a 
review. Int J Food Microbiol 94:223–253

Chen F, Wang Y, Zheng F, Wu Y, Liang W (2000) Studies on cloud point of agrochemical  
microemulsions. Colloids Surf A 175:257–262

Chiesa M, Garg J, Kang YT, Chen G (2008) Thermal conductivity and viscosity of water in oil 
nanoemulsions. Colloids Surf A 326:67–72

Debnath S, Satayanarayana P, Gampa VK (2011) Nanoemulsion-a method to improve the  
solubility of lipophilic drugs. Int J Adv Pharm Sci 2(2–3):72–83

Donsì F, Annunziata M, Sessa M, Ferrari G (2011) Nanoencapsulation of essential oils to enhance 
their antimicrobial activity in foods. Food Sci Technol 44:1908–1914

Forgiarini A, Esquena J, Gonzalez C, Solans C (2001) Formation of nano-emulsions by low-energy 
emulsification methods at constant temperature. Langmuir 17:2076–2083

Ghosh V, Saranya S, Mukherjee A, Chandrasekaran N (2013) Cinnamon oil nanoemulsion  
formulation by ultrasonic emulsification: investigation of its bactericidal activity. J Nanosci 
Nanotechnol 13:114–122

Graves S, Meleson K, Wilking J (2005) Structure of concentrated nanoemulsions. J Chem Phys 
122(13):134703

Hamouda T, Myc A, Donovan B, Shih AY, Reuter JD, Baker JR (2001) A novel surfactant  
nanoemulsion with a unique non-irritant topical antimicrobial activity against bacteria, envel-
oped viruses and fungi. Microbiol Res 156:1–7

Haritha A, Syed PB, Koteswara RP, Chakravarthi V (2013) A brief introduction to methods of 
preparation, applications and characterization of nanoemulsion drug delivery systems.  
Indian J Res Pharm Biotechnol 1(1):25–28

Izquierdo P, Feng J, Esquena J, Tadros TF, Dederen JC, Garcia MJ (2005) The influence of  
surfactant mixing ratio on nano-emulsion formation by the pit method. J Colloid Interface Sci 
285(1):388–394

6 The Role of Nanoemulsions as Antimicrobial Agents in Plant Protection



152

Jafari SM, He Y, Bhandari B (2007) Optimization of nanoemulsion production by microfluidiza-
tion. Eur Food Res Technol 225:733–741

Karthikeyan R, Amaechi BT, Rawls HR, Lee VA (2011) Antimicrobial activity of nanoemulsion on 
cariogenic Streptococcus mutans. Arch Oral Biol 56:437–445

Karthikeyan S, Jeeva PA, Jerobin J, Mukherjee A, Chandrasekaran N (2012) Formulation and 
characterization of nanoemulsion coatings from Azadirachta indica. Int J  ChemTech Res 
4(4):1566–1570

Kayes JB (1999) Disperse systems. In: Aulton ME (ed) Pharmaceutics the science of dosage form 
design. Churchill Livingstone, Edinburgh, pp 81–118 571

Kim CK, Cho YJ, Gao ZG (2001) Preparation and evaluation of biphenyl dimethyl dicarboxylate 
microemulsions for oral delivery. J Control Release 70:149–155

Kreilgaard M, Pedersen EJ, Jaroszewski JW (2000) NMR characterization and transdermal drug 
delivery potential of microemulsion systems. J Control Release 69:421–433

Lamaallam S, Bataller H, Dicharry C, Lachaise J (2005) Formation and stability of mini- emulsions 
produced by dispersion of water/oil/surfactants concentrates in a large amount of water. 
Colloids Surf A 270–271(1–3):44–51

Lee KW, Omar D, Abdan K, Wong MY (2016) Physiochemical characterization of nanoemulsion 
formulation of phenazine and their antifungal efficacy against Ganoderma boninense PER71 
in vitro. Res J Pharm Biol Chem Sci 7(6):3056–3066

Li X, Anton N, Ta TMC, Zhao M, Messaddeq N, Vandamme TF (2011) Microencapsulation of  
nano- emulsions: novel Trojan particles for bioactive lipid molecule delivery. Int J Nanomedicine 
6:1313–1325

Lu W, Huang D, Wang C, Yeh C, Tsai J, Huang Y, Li P (2018) Preparation, characterization, and 
antimicrobial activity of nanoemulsions incorporating citral essential oil. J Food Drug Anal 
26:82–89 https://doi.org/10.1016/j.jfda.2016.12.018

Mason TG, Graves SM, Wilking JN, Lin MY (2006) Extreme emulsification: formation and  
structure of nanoemulsions. Condens Matter Phys 9(1):193–199

McClements DJ, Rao J  (2011) Food-grade nanoemulsions: formulation, fabrication, properties, 
performance, biological fate, and potential toxicity. Crit Rev Food Sci Nutr 51:285–330

Pey CM, Maestro A, Solé I, González C, Solans C, Gutiérrez JM (2006) Optimization of nano- 
emulsions prepared by low-energy emulsification methods at constant temperature using a fac-
torial design study. Colloids Surf A 288(1–3):144–150

Porras M, Solans C, González C, Gutiérrez JM (2008) Properties of water-in-oil (W/O) 
nano- emulsions prepared by a low-energy emulsification method. Colloids Surf A 
324(1–3):181–188

Quin C, Mc Clement DJ (2011) Formation of nanoemulsions stabilized by model food grade 
emulsifiers using high pressure homogenization: factors affecting particle size. Food Hydrocoll 
25(5):1000–1008

Ravi TPU, Padma T (2011) Nanoemulsions for drug delivery through different routes. Res 
Biotechnol 2(3):1–13

Shafiq S, Shakeel F, Talegaonkar S, Ahmad FJ, Khar RK, Ali M (2007) Development and  
bioavailability assessment of ramipril nanoemulsion formulation. Euro J  Pharm Biopharm 
66(2):227–243

Shahavi MH, Hosseini M, Jahanshahi M, Meyer RL, Darzi GN (2016) Clove oil nanoemul-
sion as an effective antibacterial agent: Taguchi optimization method. Desalin Water Treat 
57(39):18379–18390

Shinoda K, Saito H (1968) The effect of temperature on the phase equilibria and the types of 
dispersions of the ternary system composed of water, cyclohexane, and nonionic surfactant. 
J Colloid Interface Sci 26(1):70–74

Solans C, Esquena J, Forgiarini AM, Uson N, Morales D, Izquierdo P (2002) Nanoemulsions: 
formation and properties. In: Mittal KL, Shah DO (eds) Surfactants in solution: fundamentals 
and applications. Marcel Dekker, New York, p 525

A. F. Hashim et al.

https://doi.org/10.1016/j.jfda.2016.12.018


153

Solans C, Izquierdo P, Nolla J, Azemar N, Garcia-Celma MJ (2005) Nano-emulsions. Curr Opin 
Colloid Interface Sci 10(3–4):102–110

Sole I, Maestro A, Pey CM, Gonzalez C, Solans C, Gutierrez JM (2006) Nanoemulsions prepara-
tion by low energy methods in an ionic surfactant system. Colloids Surf A 288:138–143

Sole I, Pey CM, Maestro A, Gonzalez C, Porras M, Solans C, Gutierrez JM (2010) Nanoemulsions 
prepared by phase inversion composition method: preparation variables and scale up. J Colloid 
Interface Sci 344(2):417–423

Sonneville-Aubrun O, Simonnet JT, L’Alloret F (2004) Nanoemulsions: a new vehicle for skincare 
products. Adv Colloid Interface Sci 108–109:145–149

Sugumar S, Nirmala J, Ghosh V, Anjali H, Mukherjee A, Chandrasekaran N (2013) Bio-based 
nanoemulsion formulation, characterization and antibacterial activity against food-borne 
pathogens. J Basic Microbiol 53(8):677–685

Teixeira PC, Leite GM, Domingues RJ, Silva J, Gibbs PA, Ferreira JP (2007) Antimicrobial 
effects of a microemulsion and a nanoemulsion on enteric and other pathogens and biofilms.  
Int J Food Microbiol 118(1):15–19

Tenjarla S (1999) Microemulsions: an overview and pharmaceutical applications. Crit Rev Ther 
Drug Carrier Syst 16:461–521

Topuz OK, Özvural EB, Zhao Q, Huang Q, Chikindas M, Gölükçü M (2016) Physical and  
antimicrobial properties of anise oil loaded nanoemulsions on the survival of foodborne 
pathogens. Food Chem 203:117–123

Wagner JG, Gerrard ES, Kaiser DG (1996) The effect of the dosage form on serum levels of  
indoxole. Clin Pharmacol Ther 7:610–619

Wang L, Li X, Zhang G, Dong J, Eastoe J  (2007) Oil-in-water nanoemulsions for pesticide  
formulations. J Colloid Interface Sci 314(1):230–235

Yang C, Powell CA, Duan Y, Shatters R, Zhang M (2015) Antimicrobial nanoemulsion formula-
tion with improved penetration of foliar spray through citrus leaf cuticles to control citrus 
huanglongbing. PLoS One 10(7):e0133826

Zahid N, Ali A, Manickam S, Siddiqui Y, Maqboo M (2012) Potential of chitosan-loaded  
nanoemulsions to control different Colletotrichum spp. and maintain quality of tropical fruits 
during cold storage. J Appl Microbiol 113:925–939

Zhang Z, Vriesekoop F, Yuan Q, Liang H (2014) Effects of nisin on the antimicrobial activity of 
D-limonene and its nanoemulsion. Food Chem 150:307–312

6 The Role of Nanoemulsions as Antimicrobial Agents in Plant Protection



155© Springer International Publishing AG, part of Springer Nature 2018 
K. A. Abd-Elsalam, R. Prasad (eds.), Nanobiotechnology Applications in Plant 
Protection, Nanotechnology in the Life Sciences, 
https://doi.org/10.1007/978-3-319-91161-8_7

Chapter 7
Nano-carbon: Plant Growth Promotion 
and Protection

Mohamed A. Mohamed, Ayat F. Hashim, Mousa A. Alghuthaymi, 
and Kamel A. Abd-Elsalam

7.1  Introduction

Carbon nanomaterials are materials of diverse structure and size such as fullerenes, 
nano-onions, nano-cones, nanohorns, carbon dots, carbon nanotubes, nano-beads, 
nano-fibers, nano-diamonds, and graphene (Sharon et al. 2010; Chai et al. 2013). 
Carbon-based nanomaterials were utilized by scientists in various environmental 
applications such as in solar cells, for the production of renewable energy, soil 
remediation, and contaminant degradation, and in the detection as sensors for pol-
lutants (Mauter and Elimelech 2008; Rasool and Lee 2015). In agriculture, carbon- 
based nanomaterials contribute to approximately 40% of the total engineered 
nanoparticles used and are mainly used either as additives or as active components 
(Gogos et al. 2012). For example, fungicides encapsulated in multi-walled carbon 
nanotubes were more toxic to Alternaria alternata compared to bulk pesticides 
which were not capsulated (Sarlak et al. 2014). In the case of fertilizer application, 
for slow and efficient release, encapsulation with graphene oxide films was found to 
be effective (Zhang et  al. 2014). For example, Zhang et  al. (2014) reported that 
encapsulation of potassium nitrate in graphene oxide prolonged the release into the 
soil thereby making the availability of potassium nitrate more efficiently to the 
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plants. Carbon nanomaterials could be used as additives for the development of 
efficient fungicides due to antifungal properties (Wang et al. 2014a,b,c). In nano- 
biotechnology areas, the ability of carbon nanomaterials to penetrate and enter into 
cells could be used for the purpose of delivery of DNA molecules (Burlaka et al. 
2015). In the past few years, it was proposed that carbon-based nanomaterials pres-
ent about 40% of the total exploitation of nanotechnology in agriculture field, acting 
as additives as well as active components (Gogos et al. 2012). The diverse applica-
tions of carbon nanomaterials in plant crop protection are shown in Fig. 7.1.

7.2  Classification of Carbon-Based Nanomaterials

Carbon is one of the few elements known since antiquity with the ability to polym-
erize at the atomic level, thus forming very long carbon chains. It is nonmetallic and 
tetravalent—making four electrons available to form covalent chemical bonds. 
Carbon atoms have a valence of four due to the four electrons in the outer electron 
layer. The carbon atoms can bond together in different ways, termed allotropes of 
carbon. Until recently, only two natural carbon allotropes were known: diamond 
and graphite. In the meantime, various forms of new allotropic have been defined, 
including carbon nanomaterials. Generally, materials containing particles with at 
least one dimension between 1 and 100 nm in size are defined as nanomaterials 
(European Commission 2011). Carbon-based nanomaterials are composed of 

Fig. 7.1 Carbon nanomaterials applications in plant protection
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carbon atoms in their structure. Its classification is most commonly performed 
according to their geometrical structure. Particles of carbon nanostructures can be 
tube-shaped, horn-shaped, spherical, or ellipsoidal. Nanoparticles having horn- 
shaped particles are nanohorns and spheres or ellipsoids that belong to the group of 
fullerenes; the shape of tubes is termed as carbon nanotubes.

7.2.1  Fullerenes

In 1966, Harold W. Kroto, Robert F. Curl, and Richard E. Smalley have won Nobel 
Prize for their discovery in 1985 of fullerenes, in which the atoms are arranged in 
closed shells. Fullerenes consist of 20 hexagonal and 12 pentagonal rings as the basis 
of icosahedral symmetry closed-cage structure. Each carbon atom is bonded to three 
others and is sp2 hybridized. Fullerenes are an allotropic carbon modification, often 
termed as a molecular form of carbon, or carbon molecules. The fullerene family 
includes a number of atomic Cn clusters (n > 20), composed of carbon atoms on a 
spherical surface. Carbon atoms are usually located on the surface of the sphere at the 
vertices of pentagons and hexagons. Fullerene C60 (is not super aromatic) is the most 
common and best-investigated fullerene. The spherical molecule is highly symmetric 
and consists of 60 carbon atoms, located at the vertices of 20 hexagons and 12 penta-
gons. The diameter of fullerene C60 is 0.7 nm (Yadav and Kumar 2008).

7.2.2  Carbon Nanotubes (CNTs)

In 1991, the Japanese researcher S. Iijima discovered CNTs. They are characterized 
by cylindrical structures with a diameter of several nanometers, consisting of rolled 
graphene sheets. Carbon nanotubes may vary in length, diameter, chirality (sym-
metry of the rolled graphite sheet), and the number of layers. CNTs may be classi-
fied into two main groups according to their structure: single-walled nanotubes 
(SWCNTs) and multi-walled nanotubes (MWCNTs). Some researchers addition-
ally isolate a separate class of CNTs called double-walled carbon nanotubes 
(DWCNTs). Generally SWCNTs have a length of a few micrometers and a diameter 
around 1–3 nm. Multi-walled CNTs have a length around 10 μm and a diameter of 
5–40  nm. Recently, synthesis of CNTs with a length of even 550  mm has been 
reported (Zhang et al. 2013). The valuable advantage of adding CNTs to polymeric 
membranes has been reported. These include increased oleophobicity and hydro-
philicity (Zhang et  al. 2016) and improved thermal, (Namasivayam and Shapter 
2017) electrical, (Sarno et  al. 2013) and mechanical properties of the composite 
membranes (Bai et al. 2017). CNTs as nanofiller in polymer matrix have attracted a 
great attention because of their easy functionalization, high specific surface area, 
proper compatibility, and chemical stability (Das et al. 2014a,b).
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Bakajin et al. described a possible to modify CNTs pores to selectively rejections 
(Bakajin et al. 2009). Therefore, CNTs membrane can be used as a “gate keeper” for 
size-controlled separation of multiple pollutants. The fast and efficient method to 
separate emulsified oil from oily wastewater using functionalized multi-walled car-
bon nanotubes (F-MWCNTs) as a demulsifier was reported (Liu et al. 2016). Lately, 
CNTs could be covalently attached onto the surface of polymer to produce hybrid 
CNTs/polymer membranes for efficient separation of surfactant-stabilized oil/water 
emulsions (Zhang et al. 2016; Gu et al. 2016). Novel Ag/polyacrylic acid (PAA)–
hybrid CNT membranes for treating oil/water/solid three-phase system have been 
developed (Gu et al. 2016). Also, the hybrid membranes exhibited an excellent anti-
bacterial activity due to the carbon-based membrane that was integrated with 
AgNPs. Bacterial cells of E. coli were destroyed after incubating with the Ag/PAA–
CNT membrane, indicating the antibacterial ability of the developed membrane.

7.2.3  Graphene

In 2004, the first graphene samples were defined by A. Geim (Dutch-British physi-
cist) and K. Novoselov (Russian-British physicist), awarded with a Nobel Prize in 
2010. It is a two-dimensional allotropic form of carbon, formed by single layers of 
carbon atoms. Carbon atoms show sp2 hybridization linked by σ- and π-bonds in a 
two-dimensional hexagonal crystal lattice with a distance of 0.142 nm between car-
bon hexagons of closed atoms. Graphene represents a structural element of some 
other carbon allotropes, such as graphite, carbon nanotubes, and fullerenes. 
Graphene oxide (GO), the oxidation state of graphene nanosheets, could be an 
attractive candidate as a carbon filler because it contains epoxide, hydroxyl, and 
carboxylic acid groups.

7.3  Synthesis of Carbon-Based Nanomaterials

Since the discovery of carbon-based nanomaterials, their different methods for syn-
thesis have been developed and outstanding properties have been intensively stud-
ied. The basic components for carbon nanomaterial production are carbon vapors.

7.3.1  Fullerenes

In 1990, W. Krätschmer and D.R. Huffman produced for the first time fullerenes by 
evaporation of graphite electrodes in a helium atmosphere (Kratschmer et al. 1990; 
Kratschmer 2011). Earlier, a reactor was changed by forming an electric arc between 
two graphite electrodes. The resulting soot condenses on the cold surface of the 
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reactor and is collected and processed in boiling benzene, toluene, xylene, or other 
organic solvents. A black condensate is formed after evaporation of the solvents, 
having about 10–15% of C60 and C70 fullerenes, and small amounts of higher 
fullerenes. The ratio between the C60 and C70 fullerenes varies, depending on the 
synthesis parameters, but typically C60 represents the main fraction. The described 
method of arc discharge belongs to the large family of plasma methods which are 
most common and generally used compared to other techniques (Churilov 2008). 
However, the fullerenes are limited in practical use due to the low productivity of 
the methods and high costs currently available from their synthesis.

7.3.2  Carbon Nanotubes

Chemical vapor deposition (CVD), laser ablation, and arc discharge are basic tech-
niques for CNT synthesis (Gore and Sane 2011). Presently, CVD is one of the most 
explored and mostly used methods for CNT production (Kumar and Ando 2010). It 
requires milder conditions and simpler equipment in temperature and pressure, 
making it more appropriate for the large-scale production of CNTs in contrast to 
two other methods (Zhang et al. 2011). CVD production is based on hydrocarbon 
decomposition to carbon, following synthesis of carbon nanostructures on various 
substrates having catalysts on which the nanotubes are rising. Nickel-, cobalt-, or 
iron-based nanoparticles are frequently utilized as catalysts. Their size strongly 
relates to the diameter of nanotubes synthesized on it (8–100 nm for MWCNTs, 
0.5–5 nm for SWCNT synthesis).

Reactors for CVD synthesis usually consist of a reaction chamber and tubes filled 
with inert gas and hydrocarbon. Ethylene or acetylene is commonly used for 
MWCNTs, while methane for SWCNT synthesis. As a simplified method explana-
tion, the substrate is heated up to 550–700 °C for MWCNT and up to 850–1000 °C in 
case of SWCNT production. Carbon is formed by thermal decomposition of hydro-
carbons and dissolves in the metal nanoparticle catalyst. After reaching a certain con-
centration of carbon, it forms a semifullerene cap, as a starting structure for the growth 
of a cylindrical shell nanotube, formed by a continuous flow of carbon from the 
hydrocarbon source to the catalyst particle. Finally, the catalysts from the nanotubes 
tips are removed, and more purification is still under improvement and optimization 
to yield CNTs of a higher quality (Morsy et al. 2014; Matsuzawa et al. 2014).

In large scale, heterogeneous products are formed, containing impurities of amor-
phous carbon, carbon fiber, catalyst residuals, and other nanoparticles. So, production 
costs increase due to additional purification, and separation steps are needed. SWCNT 
production involves small metal catalyst particles to equal dispersion on the substrate 
and prevent aggregation. For example, when fine catalysts are sintering into larger 
particles, SWCNT diameter is increased or DWCNTs and MWCNTs are formed. A 
mixture of semiconductive and conductive SWCNTs is yielded requiring more extrac-
tion steps to get SWCNTs with defined chirality for specific applications. Vertically or 
horizontally aligned CNTs synthesis has numerous structural advantages as compared 
to bundles of agglomerated CNTs. Production of MWCNTs seems to be less compli-
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cated and expensive than SWCNTs. But, the controlled inner and outer diameters or 
defined numbers of walls are still major challenges.

7.3.3  Graphene

Gheim and Novoselov obtained graphene sheets using mechanical splitting of 
graphite with adhesive tape (Novoselov et al. 2004). Various methods for graphene 
production are available (Novoselov et al. 2012). These methods are based on split-
ting or cutting materials, such as graphite or nanotubes (Jiao et al. 2009), using a 
range of physical or chemical methods to obtain nanoscale graphene sheets. 
Graphene sheet synthesis by CVD synthesis or laser ablation methods is possible. 
The different methods are able to provide graphene or reduced graphene oxide 
sheets of different qualities, depending on the requirements of the corresponding 
applications. Moderate quality graphene for structural applications can be obtained 
in large quantities with relatively low production costs. High-quality graphene for 
electronic devices produced in smaller quantities is usually more expensive. The 
major methods suitable for mass production of graphene are liquid phase and ther-
mal exfoliation of graphite, CVD synthesis (potentially most cost-effective), and 
synthesis on silicon carbide (Novoselov et al. 2012).

7.4  Chemical Functionalization of Carbon-Based 
Nanoparticles

Chemical functionalization can explain a wide variety of carbon-based nanomateri-
als. Nanoparticles are often functionalized by linking certain molecules to the 
nanoparticle surface, in order to modify the physical and chemical properties of the 
particles, which in turn greatly expands the field of applications (Hirsch and 
Vostrowsky 2005; Hernandez-Fernandez et al. 2010). One example for functional-
ization of carbon-based nanoparticles is an oxidation of CNTs. This process includes 
an ultrasonic treatment of nanotubes in a mixture of acids, leading to attachment of 
carboxylic functional groups (–COOH) on the sidewalls of the nanotubes. Oxidized 
CNTs attain solubility in aqueous solutions but retain their mechanical and electri-
cal properties. Furthermore, carboxylic groups attached to the nanotube surface can 
serve as sites for further functionalization.

7.4.1  Properties of Carbon-Based Nanomaterials

Molecular manipulation of carbon-based nanomaterials involves controlling the 
conformation and structure of a material including size, length, chirality, and the 
number of layers.
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7.4.1.1  Electronic, Optical, and Thermal Properties

CNTs possess a wide range of electrical and optical properties not only from their 
extended sp2 carbon but also from their tunable physical properties (e.g., diameter, 
length, single-walled vs. multi-walled, surface functionalization, and chirality) 
(Saito et al. 1998). Diameter is a significant factor in determining the properties and 
applications of tube-shaped carbon nanostructures. Diameter of small single-walled 
carbon nanotubes is strongly related to synthesis technique (Andreas 2002). The 
diameter induces higher strain energies, mixing of σ and α bonds and electron 
orbital rehybridization. These bond structure modifications encourage essential 
modifications to the electronic, optical, mechanical, elastic, and thermal properties 
of SWCNTs.

CNTs display high thermal and electrical conductivity compared to other con-
ductive materials. SWCNTs electrical properties depend on their chirality or hexa-
gon orientation with respect to the tube axis. Accordingly, SWCNTs are classified 
into three subclasses: (1) armchair (electrical conductivity > copper), (2) zigzag 
(semiconductive properties), and (3) chiral (semiconductive properties). Due to 
variable chirality of MWCNTs, unusual mechanical properties instead of outstand-
ing electrical characteristics can be revealed.

CNTs and graphene have similar electrical, optical, and thermal properties, but 
the electrical properties of graphene allotrope are basically different from the prop-
erties of three-dimensional materials due to its two-dimensional atomic sheet struc-
ture that allows more varied electronic characteristics.

The CNT structure leads to outstanding properties with a unique mixture of 
strength, rigidity, and elasticity compared with other fibrous materials. For example, 
CNTs display noticeably higher aspect ratios (length to diameter ratios) than other 
materials and larger aspect ratios for SWCNTs as compared with MWCNTs due to 
their smaller diameter. Graphene has several unique physical properties, for exam-
ple, high thermal stability and extremely high mechanical rigidity.

7.4.1.2  Molecular Interaction and Sorption

The molecular interactions and sorption properties controlling carbon-based nanoma-
terials depend commonly on physical-chemical models and theories (electrostatics, 
hydrophobicity, adsorption, etc.). At the nanoscale molecular modeling can supply 
elucidations about physical-chemical processes. The possible energies of interaction 
between carbonaceous nanomaterials are already defined in the literature (Hunter 
2001), considering both van der Waals attractive forces and Pauli repulsion rising from 
overlapping electron orbitals at short separation distances. The adsorption behavior 
and orientation of sorbates in microporous carbon, physic- sorption will be contributed 
by hydrophobicity and capillarity being the sorption dominant mechanism for not 
functionalized nanomaterials. Adsorption reports of high adsorption capacity, low sen-
sitivity to pH value, rapid equilibrium rates, minimal hysteresis in dispersed nanopar-
ticle (Hilding et al. 2001), and consistency with Langmuir were cited.
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The sorptive capacity of traditional carbonaceous sorbents is limited by the 
surface- active site density, the slow kinetics, and the sorption nonequilibrium in 
heterogeneous systems. The large dimensions of conventional sorbents limit their 
transport through low-porosity environments and complicate the subsurface reme-
diation. High surface area to volume ratio of carbonaceous nano-sorbent controlled 
pore size distribution, and their surface chemistry overcomes many of these intrinsic 
limitations.

7.5  Applications

7.5.1  Graphene-Based DNA Sensors

The exceptional electrical, optical, thermal, and mechanical properties of graphene 
oxide (GO) received worldwide attention since it was reported in 2004. Graphene 
with its large surface area reaching up to 2630 m2 g−1 and the unique sp2 (sp2/sp3)-
bonded network and its other remarkable characteristics have led to its rapid devel-
opment for use in the sensors making it an excellent promising candidate for 
biomolecule anchoring and detection (Suvarnaphaet and Pechprasarn 2017). On the 
other hand, the application of specific DNA sequences has been widely used for 
detection of bacteria, fungi, and genetically modified organisms having variety of 
applications such as clinical human disease detection, environmental horticulture, 
and food analysis. In consequence, new innovative types of nanosensor-based gra-
phene using nucleic acid fragments as elements for pathogen detection have been 
developed. Although the nucleobase–graphene binding energy is slightly different 
via various strategies and equipments, one might be certain that ssDNA could be 
adsorbed on graphene sheet surface coupling crossover of several interaction forces 
and employing nucleobases as the anchors. This is also the root cause that ssDNA 
binds more strongly to graphene than dsDNA does in which nucleobases are 
entrapped and shielded by the phosphate–deoxyribose backbones. According to the 
binding affinity difference between ssDNA and dsDNA to graphene sheet, graphene 
oxide (GO) has been successfully adopted as a platform to discriminate DNA 
sequences. On the other hand and based on the specific nucleic acid hybridization 
of the immobilized DNA probe on the sensor and the analyte DNA sequence, DNA- 
based biosensor allows rapid, simple, and economical testing of genetic and infec-
tious diseases. The most commonly adopted DNA probe is single-stranded DNA 
(ssDNA) on electrodes with electro-active indicators to measure hybridization 
between probe DNA and the complementary DNA analyte (Eun and Wong 2000).

There are four major types of DNA-based biosensors depending on their mode 
of transduction, namely, optical, piezoelectric, strip-type, and electrochemical DNA 
biosensors. Different reports revealed practically the potential effect of using this 
kind of nanosensors in detecting viral and bacterial pathogens due to their unique 
nucleic acid sequence, which can be specifically hybridized with the complemen-
tary DNA probe. The recognition of analyte DNA is dependent upon the formation 
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of stable hydrogen bonds between the DNA probe and analyte DNA sequence. This 
is different from the antibody-based biosensors where hydrophobic, ionic, and 
hydrogen bonds play a role in the stabilization of antigen-antibody complex. 
Although the DNA-based nanosensors show a significant and promising rapid solu-
tions for plant disease detection, however, polymerase chain reaction (PCR) tech-
nique may have to be performed prior to the probing process due to the small 
quantity of nucleic acid present in the bacterial cells (Ivnitski et al. 2000; Fang and 
Ramasamy 2015). We should clarify that there is still some limitations around this 
unique kind of sensing including the requirement for the synthesis of specific DNA 
probe, amplification of DNA, and high cost (DNA-based molecular beacons).

7.5.2  Graphene as a Biosensor

Construction of nanosensor-based materials for exploitation in agriculture is new 
and a promising direction of plant nanotechnology. Despite the material advance-
ments, very scanty data is available where electrochemical biosensors have been 
applied for the detection of agricultural pathogens for their rapid and timely identi-
fication to prevent huge economic losses. The number of successful studies is still 
very limited, but nanosensors can be developed in the very near future. A great 
example is the recent building of single-walled carbon nanotubes (SWCNTs) radio-
metric sensors (for H2O2 and NO) performed by Giraldo et al. (2015) which proved 
the efficiency of radiometric nanosensing platform for detecting key compounds in 
plant tissues.

Carbon-based nanosensors were made of different types of carbon materials, 
metal-based nanomaterials, and screen-printed electrodes that generally utilize 
electrochemical mode of measurement and/or microfluidics-based system to achieve 
simple and compact analytical devices for detection of toxins and various 
 applications in food, agriculture, and environmental monitoring. Use of single-
walled carbon nanotubes (SWCNTs) with metal/metal oxide NPs were selected to 
deal agricultural by-products such as ammonia and nitrogen oxide as they are the 
most recent technologies in this issue. These techniques help in the development of 
nanosensor arrays which are of high density with a potential role in monitoring 
agricultural pollutants and their impact on biological and ecological health and thus 
in turn increasing crop productivity. On another side, the scientist Fernández-Baldo 
and his co-workers developed a faster screen-printed immunosensor assay modified 
with carbon nanotubes in a continuous-flow system for detecting the phytopatho-
genic fungus Botrytis cinerea with a detection limit reaching 0.02  μg  mL−1 
(Fernández- Baldo et al. 2009). This system was further modified by involving the 
use of micromagnetic beads coupled to the carbon-based screen-printed electrodes, 
apparently increasing in sensitivity to 0.008  μg  mL−1 “pure” Botrytis antigen 
(Fernández-Baldo et al. 2010). Electrochemically functionalized single-walled car-
bon nanotube (SWCNT)-based nanosensors with metal/metal oxide nanoparticles 
or nanotubes for gases, viz., ammonia, nitrogen oxides, hydrogen sulfide, sulfur 
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dioxide, and volatile organics have also a significant potential application in moni-
toring agricultural pollutants and assessment of impacts on living matter or health 
and in increase of crop productivity (Sekhon 2014). Also, the electrochemical DNA 
biosensor, graphene oxide/gold nanoparticles were also functionalized and used for 
rapid detection some microbial pathogens like Helicobacter pylori with a detection 
limit reaching 27 pM (Hajihosseini et al. 2016). More interestingly, a biosensor is 
reported for the screening of DNA-level modification and damage caused by che-
motherapeutic drugs and a screen-printed gold electrode (SPGE) for the detection 
of Cucumber mosaic virus (CMV) (Ilkhani et al. 2016; Zulkifli et al. 2016).

7.5.3  Gene Delivery

Smart delivery systems of organic and inorganic agrochemicals to deliver the 
nucleic acids into the plant cells have a great attention recently (Zarei et al. 2018). 
This kind of technology is mainly based on the ability of nanomaterials to penetrate 
through cell walls and membranes of plant cells, solving major critical problems in 
agriculture sciences. Different types of nanomaterials with potential advantages 
were used as reliable vehicle systems to deliver therapeutic and agrochemical agents 
(i.e., liposomes, polymersomes, microspheres, and polymer conjugates). Carbon 
nanotubes are the best example showing safe interaction with biomacromolecules 
and a remarkable potential nano-vector to transfect plant cells with genes of interest 
(Wang et al. 2014a,b,c). Liu and his co-workers stated the ability of carbon-based 
nanomaterials particularly carbon nanotubes that showed a good potential to deliver 
nucleic acids (DNA or RNA) and other small molecules into tobacco plants (Liu 
et  al. 2006a,b).  Other studies also confirmed the ability of single-walled-CNTs 
(SWCNTs) act as nano-transporters for delivery of DNA and dye molecules into 
plant cells in more details (Srinivasan and Saraswathi 2010).

Different reports suggested that the multi-walled CNTs (MWCNTs) have a more 
magic ability to influence the seed germination and plant growth and work as a 
delivery system of DNA and chemicals to plant cells (Lahiani et al. 2015). On the 
other hand, scientists indicated that both carbon nanotubes (MWCNTs) and single- 
walled carbon nanohorns (SWCNHs) were documented by using Raman spectros-
copy and transmission electron microscopy (TEM) (Lahiani et  al. 2015). On the 
other hand, Serag and his research team observed that single-stranded DNA mole-
cules wrapped around SWCNTs were able to target the cytoplasm of walled plant 
cells. This property could be used to introduce RNA pieces into the nucleus to acti-
vate or silence the genes of interest. Similarly, protoplast could be a target for deliv-
ering larger DNA molecules such as the delivery of plasmids into the plant cell 
genome. Thus, it is important to take into consideration all possible effects of 
carbon- based materials used as the DNA delivery machine on plant genome and 
proteome (Serag et al. 2015).
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7.5.4  Plant Growth Stimulators and Fertilizers

Multi-walled carbon nanotubes (MWCNTs) are a kind of nanomaterial, and due to 
their unique nanostructures and extraordinary properties such as high electrical con-
ductivity, large and special area, and significant thermal stability, they have been 
seriously taken into consideration in fundamental research and technological devel-
opment (Milne et al. 2004).

7.5.4.1  Seed Germination

The growing consensus suggested that a high degree of the functionalized CNT 
leads to a dramatic reduction and toxic effects on different plant species based on 
CNT concentrations that have been increased daily. This may be backed up by the 
positive effects observed on the growth of Cicer arietinum L. plants after being 
treated by water-soluble MWCNT (wsMWCNT) (Tripathi and Shahi  2011), 
although some reports indicated that the germination rate of corn and rye plants 
treated with MWCNT was reduced, while the root length was increased (Begum 
and Fugetsu 2012). However, inhibitory effect of MWCNTs on plant growth has 
been reported by many researchers (Tiwari et al. 2014; Begum et al. 2014; Fathi 
et al. 2017). The MWCNTs had no effect on the germination of castor seeds and the 
length of plumule. But root length and wet weight in the treatment of 100 mg mL−1 
seedlings were found improved in all factors related to the growth stage of seedlings 
(Fig. 7.2) (Fathi et al. 2017). Thus, the effect of NPs on plants varies from plant to 
plant, their growth stages, and the chemical composition of the used nanomaterial.

Other studies have also supported the positive influence of MWCNTs on seed 
germination and growth of six different crop species such as radish (Raphanus sati-
vus), rapeseed (Brassica napus), rye, lettuce, maize, and cucumber (Lin and Xing 
2007). Similarly, Ma et al. (2010) functionalized SWCNTs with poly-3-amino ben-
zenesulfonic acid and studied the effects of both functionalized and non- 
functionalized SWCNTs on root growth of six crop plants, cabbage, carrot (Daucus 
carota), cucumber, lettuce, onion (Allium cepa), and tomato. Srinivasan and 
Saraswathi (2010) showed enhanced seed germination and growth rate in tomato 
seeds when exposed to CNTs. Highly maximized germination rate was observed in 
crop species such as tomato, hybrid Bt cotton (Gossypium hirsutum), Indian mus-
tard (Brassica juncea), urd bean (Vigna mungo), and rice (Oryza sativa) with 
MWCNT treatment (Ghodake et al. 2010; Morla et al. 2011; Nalwade and Neharkar 
2013). Interestingly, the effect of MWCNTs on the seed germination of Brassica 
juncea L. and Phaseolus mungo L. plants was 100%, which indicated their safety 
for seed germination (Ghodake et al. 2010).

The effects of engineered carbon nanomaterials of various dimensionalities on 
rice seed germination were studied, and an increase in germination rate with 
increased water uptake was observed for treated seeds than the control seeds. 
Surprisingly, the effects of MWCNTs and single-walled CNTs (SWCNTs) have 
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been observed to vary. For example, zucchini plants exposed to MWCNTs did not 
show any detrimental effects on seed germination and root elongation, whereas a 
marked decrease in the biomass was recorded during further growth in the presence 
of SWCNTs (Stampoulis et al. 2009). Anjum et al. (2013) assessed the germinating 
faba bean (Vicia faba L.) seedling tolerance to different concentrations (0, 100, 200, 
400, 800, and 1600  mgL−1) of single-bilayer graphene oxide sheet (GO; size, 
0.5–5 μm) and underlying potential mechanisms. Hu and Zhou (2014) reported a 
novel and biocompatible hydrated graphene ribbon (HGR) could promote aged 
(2 years) wheat seed germination, increase seed germination, and enhance resis-
tance to oxidative stress Onobrychis arenaria (Kit.) DC seedlings treated with 
MWNTs showed an increased germination rate (Smirnova et al. 2012) that can be 
due to the positive role of carbon nanotubes in absorption of water (Kole et  al. 
2013). The growth of the roots and stems of O. arenaria seedlings is stimulated with 
MWNTs treatment (Smirnova et al. 2011). Similarly, it was observed that seed ger-
mination is activated with the sedimentation of MWCNTs on the surface of corn, 
barley, and soybean seeds (Lahiani et al. 2015). Synthesis of MWCNTs in low con-
centrations leads to increased corn seedling germination, while high concentrations 
lead to reduced growth. Increased growth mainly occurs via improvement of water 
transmission by carbon nanotubes. These compounds can be useful for the improve-
ment of water flow, plant biomass, and essential concentrations of calcium and iron 
(Tiwari et  al. 2014). Effects of carbon family-based nanomaterials on plant seed 
germination were shown in Table 7.1, Fig. 7.3.

7.5.4.2  Seedling Growth Promoters

Different studies conducted on CNMs evidently indicated their potential to enhance 
plant growth, nutrient uptake, seed germination, and fruit yield/quality 
(Khodakovskaya et al. 2009; Lahiani et al. 2015). Absorption of carbon nanotubes 

Fig. 7.2 Effects of multi-walled carbon nanotubes (MWCNTs) on root and shoot elongation of 
castor seedlings (Reprinted from Fathi et al. 2017)
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by plants is a new field in nano-agriculture. Carbon nanotubes can change the mor-
phological and physiological properties of plant cells (Pourkhaloee et  al. 2011; 
Lahiani et  al. 2015) and are thought to regulate plant and seedling growth 
(Khodakovskaya et al. 2012; Haghighi and da Silva 2014). This stimulatory effect 

Table 7.1 Effects of carbon family-based nanomaterials on the germination of plant seeds

Carbon NMs Plant Germinationa References

Graphene 
oxide

Faba bean (+) Anjum et al. (2013)

CNTs Onion, rice, Indian mustard 
mung bean, tomato

(+) Ghodake et al. (2010), Nair et al. 
(2010), Mondal et al. (2011), 
Morla et al. (2011)

Garden cress, sorghum, 
tomato, radish, cucumber

(+) Oleszczuk et al. (2011)

MWCNTs Radish, rapeseed, rye, lettuce, 
maize, cucumber, zucchini

N Lin and Xing (2007)

Castor N Fathi et al. (2017)
Carbon 
nanohorns

Barley, maize, rice, soybean, 
switchgrass, tomato, and 
tobacco cell culture

(+) Lahiani et al. (2015)

aPositive effect (+), negative effect (−), no effect (N)

Fig. 7.3 The positive effect of nano-carbon in plants and soil
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can have an important role on their application in the modeling of the plants’ func-
tion. The improved root and stem growth on MWCNTs exposure may be due to the 
uptake and accumulation of MWCNTs by roots with their subsequent translocation 
to leaves (Smirnova et al. 2012). The presence of water-soluble CNTs inside wheat 
plants was evidenced by Tripathi and Sarkar (2015) with scanning electron and fluo-
rescence microscope.

Furthermore, the authors linked this observation to the CNTs-induced root and 
shoot growth under both light and dark conditions. Interestingly, MWCNTs have 
been recognized to augment water retention; improve biomass, flowering, and 
fruit yield; and also enhance medicinal properties of plants (Khodakovskaya et al. 
2013; Husen and Siddiqi 2014). In another study, it was indicated that the expo-
sure of SWCNTs to maize seedlings promotes growth of seminal roots. Carbon-
based fullerol [C60(OH)20] NPs treatment resulted in increases of up to 54% in 
biomass yield and 24% in water content in bitter melon (Momordica charantia). 
A 20% fruit length, 59% fruit number, and 70% fruit weight gain resulted in an 
overall improvement of up to 128% in fruit yield (Kole et al. 2013). The treatment 
of Brassica juncea seeds with oxidized MWCNTs increased moisture content of 
seeds and enhanced water absorption machinery of root tissues resulting in ben-
eficial effect on the growth of mustard plants (Mondal et al. 2011). An interesting 
study published by Miralles and his co-workers indicated that root elongation due 
to MWCNT exposure was enhanced also in alfalfa and wheat seedlings, and it was 
found that carbon nanotubes were adsorbed onto the root surfaces of both plants 
without significant uptake or translocation (Miralles et al. 2012). Similarly, Wang 
et  al. confirmed those findings, and their study indicated that the oxidized 
MWCNTs significantly promoted cell elongation in the root system of wheat 
(Triticum aestivum) and increased the dehydrogenase activity, resulting in faster 
root growth and higher biomass production (Wang et al. 2012). Later, the same 
group documented that tomato plants grown in soil supplemented with MWCNTs 
were able to produce two times more flowers and fruits compared to plants grown 
in control soil (Khodakovskaya et al. 2013). The effect of carbon nanotubes on the 
germination and growth of plants confirms the penetration of materials into the 
thick seed cover and their entrance into cellular space and participation in the 
processes of water absorption, leading to improved germination and growth of 
plants (Ghodake et al. 2010). MWCNTs, by penetrating into the seed cover, stim-
ulated the growth of tomato and mustard seeds. It has also been demonstrated that 
MWCNTs can penetrate the thick cover of wheat, corn, peanut, and garlic seeds, 
thereby leading to absorption of water into the seeds – this was effective on growth 
at lower concentrations (Srivastava and Rao 2014). However, the inhibition of 
root elongation after application of CNTs on tomato was documented (Cañas 
et al. 2008). The inhibitory effects of MWCNTs on plant growth have also been 
reported by many researchers (Begum and Fugetsu 2012; Ikhtiar et  al. 2013; 
Tiwari et al. 2014; Begum et al. 2014). In another study, the uptake, accumulation, 
and transmission of natural organic matter (NOM)-suspended MWCNTs in rice 
were reported (Lin et al. 2009). Some examples of CNTs influencing the yield and 
biomass of plants are compiled in Table 7.2.
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Table 7.2 Positive and negative effects of different carbon nanomaterials on different plant 
species are summarized in the table

Carbon NMs Plant Seedling growth References

CNTs Alfalfa, wheat Root elongation (+) Miralles et al. 
(2012)

Chickpea Growth rate (+) Tripathi and Shahi 
(2011)

Tomato Increased number of flowers 
and fruits (+)

Khodakovskaya 
et al. (2013)

Tomato Seedling growth (+) Morla et al. (2011)
SWCNTs Rice Improved seed germination, 

water uptake, healthier 
seedlings (+)

Nair et al. (2012)

Blackberry Root elongations (+) Flores et al. (2014)
Arabidopsis, 
Rice protoplasts

Programmed cell death (−) Shen et al. (2010)

Maize Enhanced root elongation 
(+)

Yan et al. (2013)

MWCNTs Maize Improved growth (+) Tiwari et al. 
(2014)

Rice Improved seed germination, 
water uptake, healthier 
seedlings (+)

Nair et al. (2012)

Red spinach Exhibited growth inhibition, 
cell death (−)

Begum and 
Fugetsu (2012)

Wheat Root growth (+) Wang et al. (2012)
Tobacco Growth rate (+) Khodakovskaya 

et al. (2012)
Tomato Increase plant height and 

number of flowers (+)
Khodakovskaya 
et al. (2013)

Castor Improved growth (+) Fathi et al. (2017)
Zucchini Reduced biomass (−) Stampoulis et al. 

(2009)
Lettuce Reduced root length (−) Lin and Xing 

(2007)
Rye Promoted root length Lin and Xing 

(2007)
Poly-3-amino 
benzenesulfonic acid 
functionalized SWCNTs

Onion, 
cucumber

Enhanced root elongation 
(+)

Cañas et al. 2008

Lettuce Inhibited root elongation (−) Cañas et al. 2008
Fullerol Bitter melon Increased biomass, fruit 

yield, and improved 
phytomedicines content (+)

Kole et al. (2013)

C60 fullerenes Maize, soybean Reduced biomass Torre-Roche et al. 
(2013)
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7.5.4.3  Plant Growth Promotion Mechanism

The possible mechanism for which the concentration-dependent MWCNTs affect the 
growth of castor seedlings needs to be clarified. Also, the mechanism behind the stimu-
latory effect of MWCNTs on the growth of castor seedlings is that the mentioned com-
pounds can support the absorption of water by the seeds. Probably, carbon nanotubes 
can penetrate the thick seed coat and support the water uptake inside seeds. MWCNTs 
penetrate the cell wall and accumulate in the cells and tissues, and, via the vascular 
system, they are transferred from the root to the stem and to the leaf of the seedling 
(Srivastava and Rao 2014). MWCNTs induce the water and essential Ca and Fe nutri-
ents uptake efficiency that could enhance the seed germination and plant growth and 
development (Villagarcia et al. 2012; Tiwari et al. 2014). The ability of SWCNTs to 
traverse across the plant cell wall and cell membrane was first reported by Liu et al. 
(2009). This has opened novel methods to deliver DNA and other molecules to intact 
plant cells. Liu and his group also studied changes in the cell wall of tobacco cells 
under the repression of water-soluble carboxy- fullerenes. Disruption in cell wall and 
cell membrane was observed on the adsorption of fullerenes which led to complete 
inhibition of cell growth (Liu et  al. 2013a,b). Single-walled carbon nanotubes 
(SWCNTs) have been shown to exert adverse effects on Arabidopsis and rice leaf pro-
toplasts through oxidative stress, leading to a certain amount of programmed cell death 
(PCD)/apoptosis, DNA damage, and chromatin condensation (Shen et al. 2010).

On the other hand, a noticeable increased glycosyl residue was observed in the 
cell wall of fullerene-treated plant cells with elevated levels of reactive oxygen spe-
cies (ROS). Serag et al. (2011) investigated the ability of FITC-labeled MWCNTs 
to penetrate the cell membrane of periwinkle (Catharanthus roseus) protoplasts, 
and their internalization mechanism was studied with the help of confocal imaging 
and TEM techniques.

The direct penetration mode helped MWCNTs to bypass endosomes and hence 
opens new avenues in designing endosomes escaping nano-transporters for plant 
cells. MWCNTs have been shown to improve the peroxidase and dehydrogenase 
activity (Smirnova et  al. 2012). Wang et  al. (2012) reported oxidized MWCNTs 
significantly enhanced cell elongation in the root system and promoted dehydroge-
nase activity. In this regard, Zao and his co-workers noticed that graphene oxide 
(GO) exposure did not induce H2O2 production, formation of oxidative stress, 
increase in malondialdehyde content, or altered activities of antioxidant enzymes in 
Arabidopsis plants (Zhao et al. 2015). Although the role of CNTs in regulating cell 
division and plant growth and improvement of plant production is clear, however, 
the complex interactions of those nanomaterials with the environment and their 
inhabitants particularly terrestrial plant species need further investigation.

7.5.5  Nanofertilizers

Carbon-based nanomaterials significantly help in reducing losses of nutrients by 
leaching or evaporation caused by the classical working with common practice 
fertilizer application (e.g., foliar application by spraying) in conventional 
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agriculture. On the contrary, carbon-based nanomaterials can provide a con-
trolled-release technique for fertilizer delivery precisely functionalized to adapt 
the nutrient supply to the current demand of the target plant, extending the time 
of function, and inhibit losses by leaching with no risk of facing overdose effects. 
Using different cheap carbon nanomaterials like graphene oxide aids the process 
of commercial large- scale encapsulated fertilizer production with controlled-
release technique to be possible with more economic cost (Zhang et al. 2014). 
Most of these fertilizers are based on amendments of mineral and organic fertil-
izers with nano-carbon, which in most cases acts as a fertilizer synergist with the 
aim of improving plant nutrient availability, reducing nutrient losses, and stimu-
lating plant growth (Zaytseva and Neumann 2016). Several carbon-based nano-
materials have found applications in patents on nano-fertilizer formulations 
(Zhang and Liu 2010; Biris and Khodakovskaya 2011; Li and Guan 2011; Liu 
and Wangquan 2012; Xie and Liu 2012; Zhang and Chen 2012). Multi-walled 
carbon nanotubes (MWNTs) can be used as a carrier to improve nutrient uptake 
by plant cells (Torney et al. 2007; Serag et al. 2011). Upon successful delivery 
into the cells, the absorption and utilization of N by the plant can be increased 
leading to enhanced plant growth. Yatim et al. (2015) identified the significant 
process parameters to attach urea fertilizer (UF) onto MWNTs. The UF-MWNTs 
was then characterized by means of spectroscopic and microscopic analyses to 
confirm their bonding. Comparison study was also conducted between 
UF-MWNTs and UF-functionalized MWNTs on total N content bonding to the 
MWNTs. Their results indicated the importance of functionalization and amount 
of MWNTs for further optimization step in developing novel urea fertilizer and 
MWNTs for plant growth (Yatim et al. 2015).

On the other hand, carbon nanotubes could be used as a nutrient carrier for 
macro- and microelements and also as slow-release fertilizers that may reduce 
their higher concentrations which are usually used (Hasaneen et al. 2017). The 
 nano- carbon is used as a coating material for slow-release fertilizer, and incor-
poration of nano-carbon into slow-release fertilizer is beneficial for reducing 
water pollution, especially the Ingzhengda slow-release fertilizer and nano-car-
bon (JSCU+C) (Wu 2013). To investigate the effects of combined application of 
nitrogen fertilizer and nano-carbon on nitrogen use of soil and rice yield, six 
treatments were applied by the scientist Fan and his co-workers. The utilization 
rate of nitrogen fertilizer increased after combined application of nano-carbon, 
which can save the N fertilizer in production practice. Therefore, combined 
treatment is suitable to application and dissemination in soda saline-alkali soil 
in the agriculture (Fan et al. 2012). More knowledge about nano-fertilizers in 
agriculture and the relationships between physicochemical characteristics of 
nanomaterials and biological interactions are still in need, but also more care 
about the risk with handling nanoparticle application in this important field is 
needed (Taha 2016). On the other side, much work should be done by scientists 
in a way to define the optimized concentrations of different types of nano-car-
bons in different plant species as organic fertilizer to reach for the positive 
impacts that are important for promoting plant growth and increasing the crop 
yields (Singh et al. 2017).

7 Nano-carbon: Plant Growth Promotion and Protection



172

7.5.6  Antimicrobial

Generally, nanomaterials have an immense potential in plant disease control, provid-
ing unique novel cost-effective methodologies in crop protection with environment- 
friendly and ignorable limitations (Prasad et  al. 2014, 2017a,b). Carbon-based 
nanomaterials particularly carbon nanotubes, fullerene, and graphene are best exam-
ples showing potent antimicrobial potential giving high possibility to be applied as 
novel fungicides and disinfection agents suitable for agricultural purposes (e.g., in 
plant protection) (Jung et al. 2011; Al-Hakami et al. 2013; Schmitt et al. 2015) that 
can be used to produce innovative nanocomposite materials. Also, Al-Hakami and 
his co-workers showed a good exploitation of using functionalized CNTs with the 
aliphatic alcohol 1-octadecanol (C18H38O) in water disinfection based on interac-
tions of functionalized CNTs with microwaves. Based on their findings, they stated 
that the formed CNTs had outstanding antimicrobial properties since the long car-
bon chains contributed to a better absorption of the microwaves by CNTs (Al-Hakami 
et al. 2013). Zaytseva and Neumann reported interesting findings that revealed the 
broad-spectrum antifungal activity of those nanomaterials against two phytopatho-
genic fungi, namely, Fusarium graminearum and Fusarium poae, compared to other 
carbon-based nanomaterials like fullerenes and graphene oxide (Zaytseva and 
Neumann 2016). Also, it was indicated that CNTs displayed superior inactivation 
effects on the copper-resistant plant microns like Ralstonia solanacearum, Fusarium 
graminearum, and F. oxysporum (Wang et al. 2013, 2014a,b,c). Additionally, multi-
walled carbon nanotubes (MWCNTs) have a noticeable strong antimicrobial activ-
ity against different microbial and viral and wastewater agents, where the MWCNTs 
were coated with different metallic nanomaterials like Ag NPs or Zn NPs in a good 
way to control the fungal growth of the phytopathogenic fungi Aspergillus fumiga-
tus and A. ochraceus (Fosso-Kankeu et al. 2016). From the toxicological point of 
view, single-walled carbon nanotubes have higher antimicrobial properties than 
multi-walled carbon nanotubes (MWCNTs) (Oyelami and Semple 2015).

Although different published articles indicated the possible use of those nanoma-
terials as antimicrobial agents against bacteria and fungi (Upadhyayula et al. 2009; 
Das et al. 2014a,b; Pereira et al. 2014; Joshi et al. 2018), very few studies proposed 
the mechanism of action and suggested that the antimicrobial action may be backed 
up by either physical (cell wall damage and cytoplasm separation) or chemical 
effects (oxidative stress and ROS generation) (Wang et al. 2017). This assumption 
requires much more detailed investigations of the behavior of those nanomaterials, 
considering a wider range of phytopathogenic microbes to be tested under in vivo 
conditions.

7.5.7  Nano-pesticides

Nanomaterials have a great application in agriculture not only for diseases control 
but also for the enhancing growth effect in plants (Patel et al. 2014). Some of the 
nanoparticles that are widely used to control plant diseases are nanoforms of 
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carbon, silver, silica, and aluminasilicates (Saurabh et al. 2015). Carbon nanomate-
rials can have different forms like hollow spheres, ellipsoids (fullerenes), or cylin-
drical [nanotubes such as single-walled carbon nanotube (SWCNT) and multi-walled 
carbon nanotube (MWCNT)] (Saurabh et al. 2015). Due to their antifungal proper-
ties, carbon-based nanomaterials are promising materials for the development of 
nano- antifungal pesticides. The effect of commercial multi-walled carbon nano-
tubes (MWCNTs) on conidia of the entomopathogenic fungus Paecilomyces fumos-
oroseus was investigated by Gorczyca et  al. (2009). The CNTs strongly limited 
spore production of mycelium in applied concentrations. The polyethylene films 
with carbon nanotube nanocomposite base are prepared by solution casting from 
boiling xylene. This nanocomposite showed strong antifungal activity in packaged 
materials (Asgari et al. 2014). Six CNMs including SWCNTs, MWCNTs, graphene 
oxide (GO), reduced graphene oxide (rGO), fullerene (C60), and activated carbon 
(AC) were examined against two plant pathogenic fungi: Fusarium graminearum 
and Fusarium poae (Wang et al. 2014a,b,c).

The SWCNTs had the highest antifungal activity followed by MWCNTs, GO, 
and rGO.  C60 and AC showed no significant antifungal activity. The antifungal 
activities of MWCNTs with different surface groups against Fusarium graminearum 
were explored by Wang et al. (2017). According to their findings, spore germination 
was remarkably inhibited by surface-modified MWCNTs, with germination rate 
being 18%, threefold lower than for pristine MWCNTs. Sarlak et al. (2014) have 
also used the multi-walled carbon nanotube (MWCNT) coated with poly(citric 
acid) as a carrier for the water-soluble dithiocarbamate fungicides. The encapsula-
tion of pesticide was optimized in the pH range of 6–8 with a stirring time of 
30–80 min. The pesticide loaded nanocarriers exhibited superior fungicidal activity 
against the leaf spot fungi Alternaria alternata, when compared to the bulk form of 
the fungicides.

7.5.8  Pesticide Monitoring Using Carbon Nanotube Sensors

Pesticides are organic compounds, which are developed to protect plant crops from 
pest invasion in agriculture. Although pesticides have a significant positive impact 
on the crop yield and food loss, however, intensification of agricultural practices can 
lead to an increase of the pesticide residues that can impose a serious risk to human 
health and the environment worldwide (Damalas and Eleftherohorinos 2011; 
Sangeetha et al. 2017a,b). Furthermore, their residual accumulation in the fresh and 
edible parts is considered a serious problem taken into account in global trade and 
countries particularly around the country borders in import-export exchange 
(Gholipour et al. 2012). On the other hand, transformation produced compounds 
released from the product active ingredients that may also be found in the final stage 
of commercial packages of pesticides which also are considered very toxic for 
human beings. Therefore, there is a need to develop a simple, sensitive, selective, 
cheap, and portable sensing platform for pesticide determination. Carbon nanotubes 
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(CNTs) are currently one of the most promising nanomaterials having unique prop-
erties including lightness, rigidity, high surface area, high mechanical strength in 
tension, good thermal conductivity, or resistance to mechanical damage. More inter-
estingly, their unique properties put it an efficient alternative to other conventional 
analytical sorbents. Besides their analytical sorbent applications, carbon nanotubes 
are also widely enrolled in the development of different nanosensors to detect dif-
ferent biomolecules like drugs, dyes, ions, phenolic compounds, and also pesticide 
residues (Wang et al. 2014a,b,c; De Oliveira et al. 2015; Govindhan et al. 2015; 
Mani et al. 2015). In the past few years, electrochemical sensor-based nanotubes 
have been issued as a very sensitive electroanalytical method for detection of pesti-
cide residues at very low quantities (Herrero et al. 2012).

Electrochemical sensors have been grouped into seven different carbon nanotube- 
based techniques including (1) carbon nanotube sensors, (2) phthalocyanine, (3) 
molecularly imprinted polymers (MIP), (4) ionic liquid, (5) metallic nanoparticles, (6) 
β-cyclodextrin, and (7) fullerene (C60)-functionalized carbon nanotubes (Wong et al. 
2017). Some studies indicated that the possible combined use of carbon nanotube- 
based sensors showed a noticeable improvement in the detection analytical signal 
(Herrero et al. 2012). One of the most interesting studies in pesticide nanosensor-based 
electrode detection was reported by Mercan and his co-workers. They determined that 
the cyromazine insecticide using a multi-walled carbon nanotube paste electrode by 
square-wave adsorptive stripping voltammetry was assayed (Mercan et al. 2011).

Other studies used glassy carbon electrodes and a pyrolytic graphite electrode 
modified with multi-walled carbon nanotubes and iron (II) tetra- aminophthalocyanine 
(MPc) in detection of amitrole and different pesticides (Ribeiro et  al. 2011). 
Molecularly imprinted polymers (MIP) are also used due to their biomimetic recog-
nition of analytes similar to selective enzyme-substrate systems and/or antigen- 
antibody interactions and functionalized in selective sensing of certain pesticides 
(Yaqub et al. 2011). Also, metallic nanomaterials like gold (AU), silver (Ag), and 
palladium (Pd) nanoparticles combined with multi-walled carbon nanotubes show 
significant interesting use in the electroanalytical chemistry as electrode modifiers for 
a set of important advantages that can be achieved (Zhang et al. 2009). In 2013, Torre-
Roche and his co-workers reported the positive impact of using such new detection 
technology in pesticide residue assessment in different crop plants like zucchini, 
corn, tomato, and soybean (Torre-Roche et  al. 2013). Continually, Wong et  al. 
reported the most recent work related to pesticide electrochemical monitoring using 
carbon nanotube-based electrochemical sensors and expressed that electrochemical 
sensors based on carbon nanotubes have an efficient potential to analyze very minute 
amounts of pesticide residues directly on plant surface; this for sure will have a sig-
nificant great value in food production and industry (Wong et al. 2017).

7.5.9  Agricultural Wastewater Treatment

Remediation of pollutants in agricultural areas is considered one of the major global 
challenges up to date. Different protocols worked up in this issue either by improve-
ment the classical and conventional methods or by introducing other innovative 
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approaches in a way to improve the pollutant remediation strategies for environ-
mental sustainability. In history, activated carbon (AC) has already been used as 
good organic sorbent in wastewater treatments due to its unique ability to adsorb a 
broad spectrum of organic and inorganic contaminants. However, AC has slow 
adsorption kinetics; it is a nonspecific adsorbent and its effectiveness against 
microbes is relatively low. On the other hand, in heavy wastewater that was con-
taminated with oils, greases, and hard solids, carbon is not well active and may 
often cause pore blockage in it. Furthermore, activated carbon itself is frequently 
removed together with the adsorbed pollutants and therefore needs to be replaced in 
regular intervals. In this regard, carbon-based nanomaterials offer an attractive and 
promising alternative tool in improving wastewater filtration systems with numer-
ous examples in the available literature (Liu et al. 2013a,b; Das et al. 2014a,b; Smith 
and Rodrigues 2015). More interestingly, Husen and Siddiqi stated that carbon 
nanotubes and fullerene have the potential to increase the water-retaining capacity, 
biomass, and fruit yield in plants up to 118% (Husen and Siddiqi 2014). Carbon 
nanotubes (CNTs) are the best example of carbon nanomaterials that have received 
wide attention due to their unique properties, like large specific surface area with 
high absorption potential, high thermal stability, and high chemical stability. 
Numerous reports revealed the high adsorption capacity of CNTs toward microcys-
tins (cyanobacterial toxins) (Yan et al. 2006), lead (Li et al. 2002), and copper (III) 
(Dichiara et  al. 2015), which are even stronger than that of activated carbon. 
Furthermore, they can be used for sorption of herbicides or nitrogen (N) and phos-
phorus (Ph) elements in wastewater (Zheng et al. 2014). On the other hand, fuller-
enes as well as CNTs exhibit a mobilization potential for various organic pollutants 
(Mishra and Clark 2013), such as lindane (agricultural insecticide) (Srivastava et al. 
2011) and persistent polychlorinated biphenyls (Wang et al. 2013). Despite the sig-
nificant merits offered by carbon nanomaterials (CNMs) compared to activated car-
bon including the unique high surface area, mechanical and thermal stability, high 
chemical affinity for aromatic compounds (Yoo et al. 2011), potential antimicrobial 
properties, and ability to adsorb contaminants, filters based on CNMs can be recy-
cled (Wang et al. 2014a,b,c). However, certain challenges related to the production 
cost, difficulties in obtaining of CNTs with certain morphological characters includ-
ing the size shape, diameter distribution, uncertainties regarding the leaching poten-
tial of CNTs, as well as ecological safety and human health issues, are still limitations 
for commercial applications in wastewater cleanup technologies. The list of some 
environmental pollutants that can be remediated by different types of nano-carbon 
was shown in Table 7.3.

7.5.10  Effect of Carbon Nanotubes on Soil Microorganisms

Different reports indicated that fullerene NPs had no significant antimicrobial 
potential against microbial diversity like Eubacteria and Kinetoplastida (protozo-
ans) community structure on DGGE profiles (20–30% of dissimilarity) (Tong et al. 
2007; Johansen et  al. 2008). In contrast, in 2011, Boonyanitipong and his 
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Table 7.3 List of some pollutants that can be removed by different types of nano-carbon

Pollutants
Initial 
concentration

Carbon 
nanotube 
dose pH Removal efficiency References

1,2-Dichloro- 
benzene

20 mgL−1 0.5 gL−1 3–10 30.8 and 28.7 mg g−1 
for as grown and 
graphitized CNT in 
40 min

Peng et al. (2003)

Aniline 0.1–
10,000 mgL−1

/ 7 114.8 mg g−1 Peng et al. (2003)

Atrazine 5 mgL−1 4 gL−1 5 0.956 mg g−1 El-Sheikh et al. 
(2008)

Cd+2 2–15 mgL−1 0.5 gL−1 5 10.86 mg g−1 Li et al. (2003a)
Cd+2 9.5 mgL−1 0.5 gL−1 7 1.1 mg g−1 Li et al. (2003b)
CHBr2 2 mgL−1 0.33 gL−1 3–11 0.92 mg g−1 Lu and Chiu (2006)
CHCl2Br 2 mgL−1 0.33 gL−1 3–11 1.23 mg g−1 Lu and Chiu (2006)
CHCl3 2 mgL−1 0.33 gL−1 3–11 2.41 mg g−1 Lu and Chiu (2006)
CHClBr2 2 mgL−1 0.33 gL−1 3–11 1.08 mg g−1 Lu and Chiu (2006)
Co+2 10 mgL−1 5 gL−1 9 More than 90% Pyrzynska and 

Bystrzejewski 
(2010)

Cu+2 10 mgL−1 0.5 gL−1 9 Nearly 100% Pyrzynska and 
Bystrzejewski 
(2010)

Cu+2 5–30 mgL−1 0.5 gL−1 5 28.49 mg g−1 Li et al. (2003a)
Fluoride 12 mgL−1 2 gL−1 5–9 14.4 mg g−1 Li et al. (2003a)
Methidathion 5 mgL−1 4 gL−1 5 1.11 mg g−1 El-Sheikh et al. 

(2008)
Ni+2 6–20 mgL−1 0.3 gL−1 6.55 9.8 mg g−1 Chen and Wang 

(2006)
Pb+2 10–80 mgL−1 0.5 gL−1 5 97.08 mg g−1 Li et al. (2003a)
Pb+2 2–14 mgL−1 0.5 gL−1 7 1 mg g−1 Li et al. (2002)
Phenol 0.1–

100,000 mgL−1

/ 7 64.6 mg g−1 Li et al. (2002)

Propoxur 5 mgL−1 4 gL−1 5 0.625 mg g−1 El-Sheikh et al. 
(2008)

Th (IV) 32.32 μmol L−1 0.2 gL−1 1.9 65.8 μmol g−1 El-Sheik et al. 
(2008)

U (VI) 10−7–10−4 M 1 gL−1 4 5.0 mmol g−1 Schierz and Zanker 
(2009)

Zn+2 10–80 mgL−1 0.5 gL−1 7 10.21–11.23 Liu et al. (2006a,b)
Zn+2 60 mgL−1 0.5 gL−1 1–5 37.03–46.94 mg g−1 

and 30.3–
34.36 mg g−1 from 5 
to 45 C

Lu and Chiu (2006)

M. A. Mohamed et al.



177

co- workers revealed that about 10 g kg−1 soil from MWCNT have the potential to 
improve the degraders of recalcitrant contaminants (PAH) Rhodococcus. Also, their 
results suggested that the flourishment of their bacterial community and its diversity 
is passively affected by the MWCNT particularly at the highest concentrations. 
Interestingly, it was found that there is no observed effect on the bacterial commu-
nity by MWCNT after only 1 week. The scientist attributed this early effect to the 
acidic nature of the MWCNT used, which caused a significant decrease in soil pH 
at higher exposure concentrations, and consequently the soil bacterial community 
and its chemistry totally changed (Boonyanitipong et al. 2011). Their studies dem-
onstrated that the bacterial community particularly Cellulomonas, Nocardioides, 
and Pseudomonas was not changed, while the flourishment of some bacterial genera 
like Derxia, Holophaga, Opitutus, and Waddlia was noticeably changed and 
decreased (Shrestha et al. 2013).

More interestingly and by following a meta genomic comparative analysis for 
the bacterial populations and their diversity, Khodakovskaya et al. observed that the 
bacterial diversity and their richness was not significantly affected by MWCNTs, 
while a noticeable modification in the bacterial composition and their species was 
reported (Khodakovskaya et al. 2013; Jin et al. 2014). Those results are in agree-
ment with that reported at the same year by Rodrigues and his co-workers, where a 
noticeable modification in the fungal community and bacterial community was 
reported after only 2  weeks of soil exposure to SWCNT.  On the other hand, 
Gurunathan (2015) demonstrated the negative effect of graphene oxide nanoparti-
cles (GO NPs) on isolated Rhizobacteria from the soil (five Bacillus species: B. 
megaterium, B. cereus, B. subtilis, B. mycoides, and B. marisflavi). They reported 
that after 2 weeks, the soil bacterial community composition was affected by the 
multi-walled carbon nanotubes at the highest concentrations (Kerfahi et al. 2015).

7.6  Phytotoxicity

An increasing number of studies outlined the environmental impacts and the safety 
profile of carbon nanomaterials (Lin and Xing 2007; Stampoulis et al. 2009; Shen 
et al. 2010; Kaphle et al. 2017). Most of the phytotoxicity studies have examined 
germination, cell cultures, and genetic effects (Kaphle et al. 2017). Although carbon 
nanomaterials were evidenced to penetrate through seed coats, enter into the plant 
cells, and translocate into different plant parts more efficiently, some studies indi-
cated that exposure to carbon nanomaterials decreases seed germination and root 
growth and changes the root architecture (Begum and Fugetsu 2012; Kaphle et al. 
2017). Carbon nanomaterials inhibit seedling growth and change morphological, 
physiological, biochemical, molecular, nutritional, and genetic levels in plants 
(Gopalakrishnan Nair 2018). Also, it was reported that carbon nanotubes and fuller-
ene can cause damage to plants (Shen et al. 2010; Begum and Fugetsu 2012). In 
2009, Lin and his co-workers revealed that blossoming of rice plants incubated with 
C70 fullerene was delayed by at least 1  month and their seed-setting rate was 
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reduced by 4.6% compared to the controls (Lin et al. 2009). Also, water-soluble 
fullerene inhibits plant growth and causes shortening of seedling roots and loss of 
gravitropism. These adverse effects may be caused by auxin disruption, abnormal 
cell division, and microtubule disorganization. Furthermore, fullerene effect on fruit 
and crop production in edible plants and vegetables increases the water-retaining 
capacity, biomass, and fruit yield in plants up to ~118%. The internalization and 
accumulation of these compounds in plant roots and seedlings and their phytotoxic-
ity have been investigated by Liu et al. (2013a,b).

Wang et al. (2016) investigated the bioaccumulation of fullerenol (water-soluble 
derivative of fullerene carbon nanomaterial) nanoparticles in wheat using 
13C-labeling methods. Also, it was revealed by Ghosh and his co-workers that the 
internalization of multi-walled carbon nanotubes inside the plant cells results in 
chromosomal aberrations, DNA fragmentation, and apoptosis in Allium root cells 
(Ghosh et al. 2015). Shen et al. (2010) found that certain amounts of single-walled 
carbon nanotubes can induce the production of reactive oxygen species (ROS), 
which eventually leads to programmed cell death, in Arabidopsis leaves, and proto-
plasts. In red spinach (Amaranthus tricolor L.), phytotoxicity of multi-walled car-
bon nanotubes causes growth inhibition and cell death; multi-walled carbon 
nanotubes also cause ROS production and hypersensitive response-type necrotic 
lesions of leaf cells and tissues (Begum and Fugetsu 2012). Although plant cells and 
mammalian cells have different structures, such as the thick and rigid plant cell 
wall, chloroplasts, and large central vacuoles, they show similar responses to fuller-
ene. The bioaccumulation of dichloro-diphenyl-dichloro-ethylene, a persistent and 
estrogenic pollutant, in some food crops such as zucchini, soybean, and tomato, 
increased in the presence of C60 fullerene (De La Torre-Roche et al. 2012; Avanasi 
et al. 2014). Avanasi and his co-workers have measured plant uptake of C60 fuller-
ene and found that 14C-labeled C60 can be slowly absorbed by plants and will likely 
persist in soil for a long period (Avanasi et al. 2014). The modifications induced by 
carboxy-fullerenes to the cell wall of tobacco plants such as the mechanism of inter-
action and survival under repression were analyzed. The adsorption of this compo-
nent led to the disruption of the cell wall and membrane with the consequent 
inhibition of cell growth. A further study evidenced the ability of functionalized 
carbon nanotubes to penetrate the plant cell wall and induce changes in specific 
organelles. Also, the diameter and length of single-walled carbon nanotubes are the 
major restraining features for their effective penetration into the plant cell wall 
(Serag et al. 2013). Toxicity of carbon nanomaterials was found to be largely depen-
dent on their concentrations, growth/exposure conditions, and plant species. Due to 
their smaller size and altered physical, chemical, and structural properties, the 
absorption and translocation of different types of carbon nanomaterials raise serious 
concerns about their toxic effects on plants and soil microorganisms. In conclusion, 
different reports on CNT toxicity and safety were carried out, and it was demon-
strated as a functionalization that reduces toxic effects, while pristine CNTs induce 
different phytotoxic effects, but further investigations are needed. Some examples 
on the mechanism of phytotoxic effects of different carbon nanomaterials on differ-
ent plant species were shown in Table 7.4.
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Table 7.4 The mechanism of phytotoxic effects of different carbon nanomaterials on different 
plant species

Carbon NMs Plant Mechanism References

Graphene oxide 
(GO)

Arabidopsis Fragmented nuclei, membrane damage, 
and mitochondrial dysfunction

Begum and 
Fugetsu (2012)

Faba bean Concentration-dependent decrease in 
oxidative enzyme activity

Anjum et al. 
(2013)

Water-soluble 
graphene oxide 
(ws-GO)

Lettuce, 
cabbage, red 
spinach, tomato

Reduced plant growth, biomass, the 
number and size of leaves, increased ROS 
along with necrotic symptoms

Anjum et al. 
(2013)

CNTs Red spinach Growth inhibition, changes to tissue 
structure

Begum and 
Fugetsu (2012)

MWCNTs Rice cells Increased ROS generation and decreased 
cell viability

Tan et al. 
(2009)

Rice Delayed flowering and seed setting. 
Reduced seed weight

Lin et al. 
(2009)

Rice Chromatin condensed inside the 
cytoplasm and caused cell death, plasma 
membrane detachment from cell wall and 
cell shrinkage

Tan et al. 
(2009)

Zucchini Negatively affected biomass production 
and transpiration

Stampoulis 
et al. (2009)

Wheat Enhanced the uptake of phenanthrene to 
the living cells

Wild and Jones 
(2009)

Onion Chromosomal aberrations, DNA 
fragmentation, and apoptosis in root cells

Ghosh et al. 
(2015)

Onobrychis Enhanced the POD activity Smirnova et al. 
(2012)

ws-C70 Tobacco BY-2 
cells

Cell boundary disruption and growth 
inhibition

Liu et al. 
(2013a,b)

7.7  Conclusion and Future Perspectives

Carbon nanotechnology has the potential to be exploited in different advanced 
applications in agriculture which finds use in biology, plant protection, medicine, 
and chemical engineering. Carbon-based nanomaterials are some of the best exam-
ples that find their application starting from increased crop yield, passing by 
organelle- targeted gene delivery, and ending with wastewater treatment and nano- 
pesticide and antimicrobial pesticide extraction and detection. The antimicrobial 
effect of CNMs either on microbial pathogens or on soil microbiota together with 
the analytical-based information of the ecological interaction between those nano-
materials and organic/inorganic matter present in soil can introduce significant 
information in a more relevant context of a biological “realistic” scenario or will 
reduce the gap between experimental and environmental conditions.

On the other hand, carbon-based nanomaterials may also be helpful for the 
advancement of agriculture and plant protection. But in some cases, they may act a 
negative behavior in certain concentration that may be controlled within the permis-
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sible limit to prevent any damage. Furthermore, the insufficient information, their fate, 
and effects in the environment produce non-accurate assessment of their risk, which is 
necessary before their widespread application in agriculture generally and plant pro-
tection specifically. In some cases, carbon nanotubes were used in a modified form, by 
adding conductive polymers, metallic nanoparticles, phthalocyanines, porphyrins, 
ionic liquids, and graphene. These diverse modified nano-carbon  composite elec-
trodes are efficiently enrolled in different electroanalysis purposes, and future electro-
chemical investigations should be carried out on the sensing and biosensing of 
pesticides. As a result, more comprehensive investigations of chronic exposure under 
environmentally realistic scenarios will be needed at first to enable such efforts. In 
conclusion, we assume that carbon-based nanomaterials will find soon a fairly bright 
future in agriculture fields, introducing an economic solution for critical agronomic 
problems in a way to improve crop production and reduce the food loss.
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Chapter 8
Benefits and Potential Risks 
of Nanotechnology Applications  
in Crop Protection

Josef Jampílek and Katarína Kráľová

8.1  Introduction

Due to the increasing number of human population and changing climatic condi-
tions, it is increasingly difficult to provide sufficient food for the population. With 
global hunger on the rise again, the Food and Agricultural Organization of the 
United Nations (FAO) has issued a sobering forecast on world food production. 
FAO says that if global population reaches 9.1 billion by 2050, the world food pro-
duction will need to rise by 70%, and food production in the developing world will 
need to double. The FAO’s forecast does not take into account any increase in agri-
cultural production for biofuels. The projected 70% increase in food production will 
have to overcome rising energy prices, growing depletion of underground aquifers, 
the continuing loss of farmland to urbanization and increased drought and flooding 
resulting from climate changes (Population Institute 2017; FAO 2009). From the 
report of FAO, it results that crop yields would continue to grow but at a slower rate 
than in the past. Therefore, one of possible strategies is better protection of crops, 
although crop protection from pests and diseases can only reduce the amount lost 
after the potential for increased food production has been attained by proper utiliza-
tion of all means possible. According to the data of FAO, every year the damage 
done to crops by pests and diseases constitutes ca. 20% of the potential world yield 
of food crops (FAO 2009). Crop protection becomes even more important in inten-
sive agriculture, where increased fertilization, genetically uniform, high-yielding 
varieties, increased irrigation, and other methods are used. Crop losses due to 
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diseases and pests not only affect national and world food supplies and economies 
but also affect individual farmers even more, whether they grow the crop for direct 
consumption or for sale. Because operating expenditures for the production of the 
crop remain the same in years of low or high disease incidence, harvests are lost due 
to diseases and pests lower the net return directly (Agrios 2005).

Crop protection can be defined as “the science and practice of managing inverte-
brate pests and vertebrate pests, plant diseases, weeds and other pest organisms that 
damage agricultural crops and forestry. Agricultural crops include field crops, veg-
etable crops and fruit and horticultural crops. Crop protection encompasses (i) pes-
ticide-based approaches such as herbicides, fungicides and insecticides; (ii) 
biological pest control approaches such as cover crops, trap crops and beetle banks; 
(iii) barrier-based approaches such as agrotextiles and bird netting; (iv) animal psy-
chology-based approaches such as bird scarers; and (v) biotechnology-based 
approaches such as plant breeding and genetic modification” (Crop Protection 
Definitions 2017). It is estimated that the discovery and development of a new agent 
costs about 150–200 million USD. A new product must be tested thoroughly for its 
action and its safety for the environment. It takes an average of 10–15 years to do 
this, so it is small wonder that worldwide, only about 12 agrochemicals are intro-
duced each year. However, these chemicals are crucial for the efficient production 
of food (Essential Chemical Industry 2017).

As nanotechnology is one of the key technologies of the twenty-first century 
(Wennersten et al. 2008) that is able to provide “a new dimension”, new properties 
to many current materials (Borm et al. 2006; Buzea et al. 2007; Jampílek et al. 2013, 
2014, 2015; Vaculíková et al. 2016a, b; Jampílek and Kráľová 2017a, 2018a), it has 
been also widely used in food industry and for production of a new generation of 
agrochemicals (Chaudhry and Castle 2011; Rashidi and Khosravi-Darani 2011; 
Khot et  al. 2012; Sekhon 2014; Parisi et  al. 2015; Jampílek and Kráľová 2015, 
2017b, c; Nuruzzaman et al. 2016; Fraceto et al. 2016). Thus, the use of nanotech-
nologies can significantly contribute to sustainable intensification of agricultural 
production (Garcia et al. 2010; Pérez-de-Luque and Hermosín 2013; Prasad et al. 
2014, 2017; Sekhon 2014; Jampílek and Kráľová 2015), and vice versa, the agricul-
tural production and food industry belong to important areas of nanotechnology 
application (Ghormade et al. 2011; Coles and Frewer 2013; Raliya et al. 2013; Chen 
et al. 2014a; Mukhopadhyay 2014).

Based on the definitions of the European Commission and/or US National 
Nanotechnology Initiative, nanomaterials/nanoparticles (NPs) can be generally 
classified as materials with a particle size less than 100 nm in at least one dimension 
(European Commission 2011; National Nanotechnology Initiative 2008). Pesticide 
nanosystems formulated into this particle size (similarly as nanoformulations of 
drugs) acquire enhanced bioavailability, targeted delivery, controlled release, pro-
tection against degradation and higher potency, and when currently applied and 
approved pesticides are used, a rapid and economically favourable solution is pro-
vided. Nanoformulations of pesticides can be classified either according to the 
nature of the nanocarrier, organic polymer-based formulations, lipid-based formula-
tions, nanosized metals/metal oxides, metalloids, clay-based nanomaterials, etc. or 
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according to various structures and morphologies of the nanosystem: nanocapsules, 
nanospheres, nanomicelles, nanogels, nanoemulsions, nanofibers, nanoliposomes, 
solid lipid nanoparticles, etc. (Balaure et al. 2017; Jampílek and Kráľová 2017a, b, 
2018a). Alone pesticides, i.e. herbicides, fungicides and insecticides, can be divided 
into natural or synthetic and of inorganic or organic nature. In some cases, also a 
stabilizer/matrix of the nanosystem shows effectivity against phytopathogens, and 
thus it can be used alone or with a pesticide and amplify its potency.

In this chapter, advantageous effects of nanomaterials/nanoformulations of vari-
ous herbicides, fungicides, bactericides and insecticides on weed and phytopatho-
gens are discussed in detail, and special attention is devoted also to risks of 
applications of nanopesticides.

8.2  Nanoherbicides

Modern agriculture and land management uses chemical agents, i.e. herbicides for 
the control of unwanted vegetation. Although many compounds used for the control 
of unwanted vegetation were designed and applied, currently new agrochemicals 
more effective for specific weeds resulting in less damage of desirable vegetation, 
i.e. safer to human and the environment, are desirable. Since these herbicides of new 
generations should be affordable, attention is focused not only on nanoformulations 
of used current herbicides but also on nanosystems containing metals effective 
against weeds and their combinations. In addition, some polymers used in nanofor-
mulations as excipients were found to potentiate effectivity and selectivity of herbi-
cidal-effective organic compounds.

8.2.1  Synthetic Nanoherbicides

8.2.1.1  Nanoscale Phenoxyacetic Acid Herbicides

Nanohybrids of 2-chloro- (2-CPA) and 2,4,5-trichlorophenoxyacetic acids (2,4,5-T) 
prepared by hybridization of phenoxyacetic acid herbicides into zinc-aluminium-
layered double hydroxide (Zn-Al-LDH) interlamellae, in which the successful 
intercalation of the herbicides into the layered double hydroxide inorganic interlay-
ers was confirmed by basal spacing expansion from 8.9 Å in the layered double 
hydroxide to 18.5 and 26.2 Å, respectively, were reported by Sarijo et al. (2010a). 
The release process was found to be pH-dependent in the order of pH 12 > 3 > 6.25, 
and longer release time estimated for 2,4,5-T compared to 2-CPA indicated stronger 
interaction of 2,4,5-T with the layered double hydroxide inorganic interlayer. The 
obtained results suggested that two-dimensional-type layered structure consisting 
of thin crystalline inorganic layers with a thickness of a few nanometers such as 
Zn-Al-LDH represents a suitable matrix for the controlled release formulation of 
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agrochemicals based on halogen-substituted phenoxyacetic acid such as 2-CPA and 
2,4,5-T. In another study, Sarijo et al. (2010b) investigated the release of chlorophe-
noxy herbicides, namely, 2-CPA, 4-chlorophenoxyacetic acid (4-CPA) and 2,4,5-T, 
from their nanohybrids into various aqueous solutions, carbonate, sulphate and 
chloride, whereby the release was found to be controlled by pseudo-second-order 
rate expression. The calculated t1/2 values for 2-CPA were 71, 77 and 103 min in 
carbonate, sulphate and chloride aqueous solutions. The t1/2 values of 79, 97 and 
146 min and 210, 282 and 442 min were estimated for 4-CPA and 2,4,5-T for car-
bonate, sulphate and chloride, respectively, indicating that the percentage of the 
saturated amount of 4-CPA and 2,4,5,T released decreased in the following order: 
carbonate > sulphate > chloride. Thus, the release of phenoxyacetic acid herbicides 
into the media is preferred if the available anion in the media has higher affinity 
towards the Zn-Al-LDH inorganic interlayers, and, therefore, the exchangeable 
anions, either they are in the release media or in the nanohybrid, can be exploited as 
a means to tune the release properties. On the other hand, for all the media the per-
centage of saturated release decreased in the following order: 2-CPA > 4-CPA > 2,4,5-
T. This can be connected with the fact that electrostatic forces with the host in the 
molecule of 2,4,5-T having three chlorine atoms attached to the benzene ring are 
stronger than in 2-CPA, which results in more difficult release of 2,4,5-T compared 
to 2-CPA; the release from the interlayer of the inorganic host could be also affected 
by the bulkier structure of 2,4,5-T. Easier release of 2-CPA compared to 4-CPA is 
connected with the fact that in 4-CPA, the chloride substituent in position 4 becomes 
more negatively charged and therefore held stronger in the interlayer. The inorganic 
Zn-Al-LDH was also used as a matrix for 2,4-dichlorophenoxyacetic acid (2,4-D) 
by Hussein et al. (2005) who found that the release rate of the 2,4-D anion from the 
interlamellae of the nanocomposite depended on the type of anion and its concen-
tration in the release media, the release from the carbonate solution being more 
effective than from chloride solution or distilled water. Initially, the release of the 
guest 2,4-D into aqueous solutions containing chloride, carbonate and distilled 
water was rapid, followed by a more sustained release thereafter, and this behaviour 
was dependent on the type of anions and their concentrations in the release medium 
(aqueous solution). While in distilled water and NaCl aqueous solutions the layered 
structure of the nanohybrid was not destroyed by the release of 2,4-D anions for at 
least 24 h, in the presence of carbonate in aqueous solution, the release of 2,4-D ions 
from the nanohybrid resulted in the formation of two new phases, LDH and 
ZnO. This indicates higher affinity of carbonate towards the LDH inorganic interla-
mellae compared to chloride. However, independently on the structure of the result-
ing controlled release formulation, the release of 2,4-D anions from Zn-Al-LDH 
inorganic lamella was controlled by the first-order kinetic at least at the beginning 
of the deintercalation up to 12 h.

Using montmorillonite (MMT)-gelatin composites, Alromeed et al. (2015) pre-
pared slow-release formulations of the (4-chloro-2-methylphenoxy)acetic acid 
(MCPA) herbicide, which could reduce the environmental risk associated with her-
bicide application by more effective reduction of leaching and improved bioactivity 
in the upper soil layer compared with a commercial product. MCPA was released 
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much more slowly from the MMT-gelatin formulations prepared at lower pH than 
from those prepared at higher pH values. For all formulations, the herbicide was 
completely released after 48 h, and no fraction was bound irreversibly to the clay-
gelatin matrix. The highest release was obtained for the formulation prepared at pH 
close to the isoelectric point of the protein (7.9–9.0). Increasing of pH results in the 
increased labile fraction of MCPA due to the reduction of strong electrostatic inter-
actions involved in the retention of the herbicide in the clay-gelatin matrix at pH 
value exceeding the value of isoelectric point; this effect is counteracted by the pres-
ence of mostly exfoliated clay particles acting as a barrier to the diffusing out of 
herbicide molecules. By application of glycerol, the interaction of the herbicide 
within the clay-gelatin matrix can be modified by enhancing hydrogen bonding over 
stronger electrostatic interactions, which results in enhanced release of the herbi-
cide. The slower release rate of 2,4-D in water and soil was estimated also from 
carboxymethyl cellulose gel formulation containing some modified bentonites pre-
pared by intercalating inorganic or organic cations in interlayers of Na+-saturated 
bentonite. The t1/2 corresponding to the time when 50% of 2,4-D has been released 
in water varied from 8.8 to 19.8 h, and the largest value was shown by the formula-
tion incorporating hydroxy-iron intercalated bentonite showing the highest sorption 
capacity to 2,4-D. Such gel formulations could also be used for controlled release of 
2,4-D herbicide when applied to a thin soil layer (Li et al. 2009).

Formulations of herbicides 2,4-D and picloram which were anchored on porous 
gel of hexagonal mesoporous silica modified with carboxylic acid showing a nano-
metric structure with spheres <50 nm and porous diameter of 10 nm exhibited the 
controlled release of herbicides, which was lower for picloram than for 2,4-D (Prado 
et al. 2011).

Nanostructured liquid crystalline particles (NLCP) containing 18% (w/w) of 
phytantriol with the size of ~250 nm, polydispersity index of 0.22 and zeta potential 
of −15 mV, which are able safely interact with plant leaf cuticular surfaces with 
minimal impact on epicuticular waxes, were used to deliver 2,4-D to weeds, crops 
and model plants. In field trials, such nanoformulation used for the control of the 
invasive weed wild radish (Raphanus raphanistrum L.) in wheat was found to be 
effective at lower concentrations (0.03% and 0.06%) as compared with commer-
cially available herbicide formulation (Estercide 800), while crop yield remained 
similar for nano- and commercial preparations. In a separate trial, the phytotoxicity 
on the crop Hordeum vulgare was assessed, along with the herbicidal effects on the 
weed R. raphanistrum, and the obtained results were consistent with earlier obser-
vations made on Triticum aestivum. High-concentration spray applications of 2,4-D 
NLCP resulted in greater epicuticular wax solubilization effects, and it was esti-
mated that the area of epicuticular waxes was the highest for untreated controls and 
significantly decreased with the increase in the concentration of NLCP. This indi-
cates that NLCP can reduce the risk of cuticle damage while still efficiently deliver-
ing the active ingredient, which can result in increased yield. The application of 
NLCP can also eliminate adverse environmental effects as well as negative effects 
on nontarget plants observed with the overuse of surfactants in agrochemical formu-
lations (Nadiminti et al. 2016).
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Sustained release and enhanced herbicidal activity against the tested target plant 
(Brassica sp.) were shown also by nanosized rice husk loaded with 2,4-D, while the 
nontarget plant Zea mays L. was not affected, and better herbicidal efficiency of this 
formulation as compared with that of the commercial 2,4-D could be connected 
with the reduced soil sorption or increased bioavailability of 2,4-D in the soil 
(Abigail et al. 2016).

8.2.1.2  Nanoscale Triazine Herbicides

Solid lipid NPs (SLNPs) prepared using glycerol tripalmitate and poly(vinyl alco-
hol) (PVA) containing atrazine (ATZ) and simazine (SMZ) showing the hydrody-
namic diameter of 255 nm and encapsulation efficiency (EE) of 89.7 ± 0.02% of 
ATZ and 97.3 ± 0.05% of SMZ were prepared by de Oliveira et al. (2015). PVA 
used during the preparation of the formulations was adsorbed on the surface of the 
particles, creating a layer that provided steric stabilization. The SLNP formulations 
showed negative zeta potential values that were not affected by encapsulation of the 
herbicides, and after 30 days of storage, a mean value of −15 mV was estimated. 
The release of herbicides from SLNPs was slower compared to that of the free her-
bicides, which was reflected in significantly lower t1/2 values corresponding to 50% 
release that were 2.5 h (ATZ) and 5.3 h (SMZ) compared to t1/2 values estimated for 
free herbicides, namely, 52.9  h for ATZ and 51.1  h for SMZ. The values of the 
release constants showed that atrazine was released faster than simazine. The encap-
sulated herbicides showed decreased cytotoxicity when compared with the com-
mercial formulation, and they were also investigated for pre- and postemergence 
treatments applied to a target species (R. raphanistrum) and a nontarget species (Z. 
mays) at concentrations equivalent to 0.3 and 3 kg/ha. SLNPs containing herbicides 
caused greater phytotoxic effects on both the aerial parts and roots of plants, com-
pared to the commercial formulation, and they remained effective also at tenfold 
lower concentration than the recommended concentration. At postemergence treat-
ment, SLNPs loaded with herbicides showed comparable phytotoxic effects on 
aerial parts and roots at both studied concentrations, and the interaction of SLNPs 
with R. raphanistrum was found to be species-specific, because no toxic effects of 
SLNPs were observed in assays with Z. mays.

Treatment with poly(ε-caprolactone) (PCL) nanocapsules containing ATZ 
induced faster and more severe development of toxicity symptoms, faster inhibi-
tion of photosystem (PS) II photochemistry and greater lipid peroxidation in 
Brassica juncea leaves compared with the commercial ATZ product, and it was 
very effective also when the tenfold diluted concentration of nanoformulation was 
used. The herbicidal effectiveness of nanocapsules containing ATZ could be con-
nected (i) with the protection of the encapsulated active compound against physi-
cochemical degradation; (ii) with the interaction of hydrophobic nanocapsules 
with the leaf cuticle resulting in increased delivery of herbicide to the plant tissues 
and decreased loss of the herbicide to the environment; and (iii) with slow release 
of ATZ from PCL nanocapsules, which can promote a gradual contact between the 
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herbicide and the plant. Thus, PCL nanocapsules could be considered as an effi-
cient carrier system for ATZ enabling the application of lower dosages of the her-
bicide and could be used as an effective tool in the postemergence control of 
weeds. Oliveira et al. (2015) evaluated also postemergence herbicidal activity of 
PCL nanocapsules containing ATZ with the average size of 240.7 ± 2.9 nm using 
mustard (B. juncea) as target plant species model. After 7 days also the leaves of 
the plants treated with tenfold diluted nanoformulation containing ATZ revealed 
similar symptoms of leaf wilt, yellowing, and necrosis as the commercial atrazine 
at the recommended dosage, and a strong reduction of the shoot dry weight was 
observed. Pereira et  al. (2014) evaluated PCL NPs containing ATZ in terms of 
their herbicidal activity and genotoxicity and found that the encapsulation of the 
herbicide resulted in harmlessness to a nontarget organism (Zea mays), but it 
enhanced the effectiveness against a target organism (Brassica sp.), compared to 
the use of the free herbicide, which could be connected with increased herbicide 
bioavailability. At application of nanoencapsulated herbicide, the mobility of ATZ 
in the soil column was found to be increased because of reduced soil sorption, 
which led to better effectiveness of ATZ against the target organism. Moreover, the 
nanoformulations containing ATZ were less genotoxic, compared to the free her-
bicide, which would contribute to the improved level of safety in agricultural 
applications. Clemente et  al. (2013) performed ecotoxicological evaluation of 
PCL nanocapsules containing ametryn and ATZ. The encapsulation of the herbi-
cides in nanocapsules resulted in lower toxicity to the alga Pseudokirchneriella 
subcapitata and higher toxicity to the microcrustacean Daphnia similis compared 
to the herbicides alone. The cytogenetic tests employing human lymphocyte cul-
tures showed that formulations of nanocapsules containing the herbicides were 
less toxic than the herbicides alone. The suitability of polymeric PCL nanocap-
sules containing three triazine herbicides (ametryn, atrazine and simazine) as con-
trolled release systems that could reduce environmental impacts was studied also 
by Grillo et al. (2012), and the obtained results supported the previous findings 
that the use of PCL nanocapsules is a promising technique that could improve the 
behaviour of herbicides in environmental systems.

Controlled release formulations prepared by incorporation of ATZ in ethylcellu-
lose, in which allophanic clays and nanoclays were incorporated as matrix-modify-
ing agents, were designed by Cea et al. (2010), and their effect on the emergence 
and growth of field mustard (Brassica campestris L.) was evaluated under green-
house conditions. The controlled release formulations effectively reduced the seed-
ling emergence and caused greater death of seedlings than the commercial 
formulation, especially when nanoclays were added into the formulation, and they 
were characterized also by prolonged bio-efficiency enabling longer applications 
intervals and in this way minimizing the harmful impact of ATZ on the 
environment.

Metribuzine entrapped within a sepiolite-gel-based matrix with one of two pro-
portions of clay/herbicide and used as either a gel or powder after freeze-drying 
remained active longer than commercial formulation, avoiding the need to use more 
frequently herbicide applications (Maqueda et al. 2009).
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8.2.1.3  Other Nanoscale Aromatic-Type Herbicides

Paraquat encapsulated in the formulation of AgNPs in the chitosan (CS) matrix with 
the particle size of 100 nm and the entrapment efficiency of 90% exhibited steady 
release of herbicide in the early hours, and a total release of about 90% was esti-
mated at 24 h. Surface treatment of the cut pieces of Eichhornia crassipes with 0.5, 
10 and 25 μg/mL of this formulation resulted in greater necrotic lesions than at 
application of free paraquat at doses 10 and 25 μg/mL. The application of the nano-
formulation did not affect soil physicochemical parameters and soil enzymes activ-
ity; nanoherbicide-treated seeds showed 90.1% seed germination, and no plant 
growth parameters of the nontarget plant Vigna mungo were adversely affected 
(Namasivayam et al. 2014). CS/tripolyphosphate (TPP) NPs loaded with paraquat 
showing 62.6 ± 0.7% association of the herbicide with the NPs exhibited delayed 
release of paraquat in laboratory conditions compared to the free herbicide (70% vs 
90% within 350 min), and the diffusion and relaxation of the polymeric chain might 
be a factor affecting paraquat release. The encapsulation did not affect the herbi-
cidal activity of paraquat in cultivations of maize (Z. mays) and mustard (Brassica 
sp.), and herbicide bound to NPs caused less chromosome damage compared to its 
free form (Grillo et al. 2014). Less chromosome damage in samples treated with 
nanoparaquat compared to conventional paraquat was estimated also by Nishisaka 
et al. (2014), indicating that the nanoformulation of paraquat loaded into NPs pre-
pared from CS and TPP can be used to minimize damage caused by bulk herbicide 
and is suitable for safer control of weeds in agriculture. Silva et al. (2011) studied 
the release profile of paraquat from alginate (ALG)/CS NPs with particle size of 
635 nm, zeta potential −22.8 ± 2.3 mV and entrapment efficiency of 74% and com-
pared it with that of the free herbicide. They estimated that the complete herbicide 
release from NPs was extended by 2 h compared to free paraquat, which allows to 
reduce the amount of the herbicide resulting in lower environmental risk and lower 
energy costs. The release process was governed by mechanisms displaying non-
Fickian kinetics, and it could be assumed that the release of paraquat from ALG/CS 
NPs is connected with the rupture of ionic bonds between paraquat and polymeric 
ALG chains. In another experiment, Silva et al. (2010) loaded clomazone herbicide 
into ALG/sodium bis(2-ethylhexyl) sulfosuccinate (AOT) or ALG/CS NPs and 
found that the association of the herbicide with the NPs prolonged the release time: 
in the time period of 240 min ca. 70% of clomazone was released, while from ALG/
AOT or ALG/CS NPs within the same period, this amount was only 50% and 20%, 
respectively, indicating that ALG/AOT NPs have higher rates of association of the 
herbicide clomazone than ALG/CS NPs. The release of clomazone was also found 
to be governed by non-Ficknian kinetic processes, and the kinetic constant value (k) 
indicated a faster release for herbicide of the ALG/CS NPs (k = 1.96 min−1) com-
pared to ALG/AOT NPs (k = 1.12 min−1).

Poly(butyl methacrylate-diacetone acrylamide)-based formulation used for con-
trolled release of acetochlor showed improved herbicide incorporation and slower 
release, obviously due to potential interactions between the herbicide and the poly-
mer (Guo et al. 2014). The evaluation of application of pretilachlor microemulsion 
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and herbicide encapsulated monolithic dispersion with average particle size in the 
range of 1−100 nm against Echinochloa crus-galli in rice fields performed 30, 60 
and 90 days after transplantation confirmed that tested nanoformulations were supe-
rior compared to the commercial pretilachlor formulation Rifit® 50 EC (Kumar 
et al. 2016).

Metsulfuron methyl-loaded pectin nanocapsules with particle size ranging from 
50 to 90 nm, zeta potential value of −35.9 mV and 63 ± 2% EE, which applied on a 
weed (Chenopodium album) grown in a wheat crop were found to be more effective 
at a reduced dose than commercial formulation, showed less toxicity and longer 
lasting effects, while wheat crop was unaffected. The dry biomass of C. album 
treated with nanoformulation containing the herbicide was 5 g/m2, while it reaches 
48 g/m2 at controls and 19 g/m2 at application of the normal herbicide (Kumar et al. 
2017). Subabul stem lignin was used as a matrix material in a controlled release 
nanoformulation of diuron with particle size ca. 166 nm and 74.3±4% EE. This 
nanoformulation exhibited a nonlinear biphasic release profile for diuron, and its 
application into soil caused earlier signs of leaf chlorosis and mortality in Brassica 
rapa seedlings compared to seedlings grown on soil supplemented with a commer-
cial diuron preparation or bulk diuron (Yearla and Padmasree 2016). Isoproturon-
loaded carboxymethyl starch/MMT composite microparticles showing about 75% 
EE demonstrated a significantly reduced release rate of herbicide than its commer-
cial formulation, releasing 95% isoproturon after 700 h compared to 24 h estimated 
with the commercial formulation. Moreover, leaching in soil from composite for-
mulations was relatively slower than release in water, which could positively affect 
the environmental pollution (Wilpiszewska et al. 2016).

Kanimozhi and Chinnamuthu (2012) fabricated manganese (II) carbonate core-
shell NPs, in which the MnCO3 core was coated with a single bilayer of the poly-
electrolytes sodium polystyrene sulphonate and polyallylamine hydrochloride using 
a layer-by-layer method. The particle size distribution of the MnCO3 core and core-
shell was 126 and 250 nm, respectively. Then the NPs were treated with diluted 
hydrochloric acid to prepare inorganic/organic hollow spheres, which were subse-
quently loaded with pre-emergence herbicide pendimethalin programmed to release 
smartly upon requirements. Porous hollow-shell material could be considered as 
suitable also for loading of other active ingredients, e.g. fertilizers for conditional 
release.

The interlayer spaces of the methoxy-modified nanosized tubular halloysite 
(mHal) and platy kaolinite (mKaol) were found to be suitable for the effective inter-
calation of amitrole herbicide, which substantially promoted amitrole loading. The 
slow herbicide release from amitrole-loaded mKaol was connected with the 
restricted diffusion of the intercalated herbicide caused by the lamellar structure of 
mKaol as well as with the long diffusion path of the intercalated herbicide due to the 
large size of mKaol particles compared to mHAL particles (Tan et al. 2015).

ALG/CS and CS/TPP NPs with particle size <400 nm and zeta potentials of −30 
and + 26 mV, respectively, were found to be suitable to encapsulate the herbicides 
imazapic and imazapyr with 60% EE. The treatment of target weed species, Bidens 
pilosa (blackjack), with a dose equal to that used in the field (400 g/ha) resulted in 
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reduced growth compared to the control; the herbicides maintained adequate herbi-
cidal activity, but their toxicity to nontarget organisms was reduced, and the 
researchers emphasized that the encapsulation of two herbicides in one carrier sys-
tem could improve the activity and reduce the impacts on the environment 
(Maruyama et al. 2016). A natural smectite (SW) modified with CS or with Fe3+ 
cation was tested as an adsorbent or a carrier for controlled release formulations of 
imazamox, an herbicide used for the control of root-parasitic plants Orobanche spp. 
The herbicide release into water was inversely related to the strength of imazamox-
clay interactions, whereby the herbicidal activity of the weak complex imazamox-
SW modified with CS was comparable with that of commercial formulation, 
however showing a reduction in the total soil leaching losses (15%) and the peak 
maximum concentration in soil column leachates (40%) (Cabrera et al. 2016). The 
co-exposure of AgNPs (100 μM) and chiral herbicide imazethapyr (IM) (0.2 μM) to 
model plant Arabidopsis thaliana showed that the use of (R)-enantiomer led to pref-
erential Ag uptake by plant roots, and also higher metal amount in shoots was esti-
mated compared to co-exposure of AgNPs with (S)-enantiomer. A significant 
increase of free amino acids (except cysteine) following exposure to racemate IM, 
(R)-IM or their co-exposure with AgNPs resulted in increased release of Ag+ due to 
formation of amino acid adducts with Ag+ ions, which was then reflected in the 
toxicity enhancement under co-exposure of AgNPs and (R)-enantiomers. Treatment 
of roots with (S)-IM led to reduced production of reactive oxygen species (ROS) 
compared to the control, while the administration of (R)-IM and herbicide racemate 
as well as their co-exposure with AgNPs resulted in enhanced ROS formation com-
pared to the control, indicating enantioselective ROS production (Wen et al. 2016).

8.2.1.4  Nanoscale Organophosphorus Herbicides

A nanoemulsion system consisting of long-chain fatty acid methyl esters (LFAMEs)/
mixed surfactant (long-chain alkyl polyglucosides and ethoxylated 
3-(3-hydroxypropyl)-heptamethyltrisiloxane (organosilicone))/water and glypho-
sate isopropylamine (IPA) herbicide was designed by Lim et al. (2012). The pre-
formulation concentrate with less than 20% (w/w) of inerts (LFAMEs + mixed 
surfactant) appeared as a polymerized multi-connected network, and the dilution of 
the pre-formulation with water resulted in the destruction of the polymerized net-
work and formation of dispersed NPs of nanoemulsion formulation. Because the 
emulsion particles had incorporated glyphosate IPA, the herbicide bioactivity, bio-
availability and delivery efficiency were improved. Similar oil-in-water nanoemul-
sions incorporating glyphosate IPA with particle sizes of diameter <200 nm applied 
on narrow-leaved weed Eleusine indica showed lower ED50 (0.40 kg a.e./ha) com-
pared to those estimated using Roundup® (0.48 kg a.e./ha), which indicates that the 
nanoemulsion system could increase penetration and uptake of glyphosate IPA 
(Jiang et al. 2012). The nanoemulsion formulations containing glyphosate IPA dis-
played a significantly lower spray deposition on creeping foxglove (2.9–3.5  ng/
cm2), slender button weed (2.6–2.9 ng/cm2) and buffalo grass (1.8–2.4 ng/cm2) than 
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Roundup® (3.7–5.1 ng/cm2). At 3 and 7 days after treatment, the order of the mortal-
ity rates of the investigated weeds was buffalo grass > slender button weed > creep-
ing foxglove, but the control rates were the same at the 14th day for the three weeds. 
Thus, the different cuticle permeability and foliar structures considerably affected 
the absorption rates of the herbicide and so its bioefficacy. Fourteen days after treat-
ment with nanoformulation, the visible injury rates were comparable with that of 
Roundup® indicating the enhanced bioactivity of the nanoemulsion formulations 
(Lim et al. 2013).

8.2.2  Metal-Based Nanoherbicides

Adverse effects on plants are exhibited also by metal and metal oxide NPs because 
of stress or stimuli caused by the surface, size and/or shape of the particle, while 
inside the cells they might directly provoke alterations of membranes and other cell 
structures and molecules as well as protective mechanisms. The change of mem-
brane permeability connected with the damage of cell membranes due to the pro-
duction of ROS by metal NPs contributes to the enhanced probability of entry of 
NPs into the cell (Nel et al. 2006; Nair et al. 2010). Due to increasing environmental 
pollution with metals, numerous papers are devoted to the study of the negative 
effects of metal NPs on plants. On the other hand, some NPs of essential metals (e.g. 
Cu, Zn, Fe) used in appropriate concentration and also alumina and TiO2 NPs were 
found to exhibit positive effects on plant growth. The beneficial and adverse effects 
of metal and metal oxide NPs were comprehensively reviewed by several research-
ers (e.g. Masarovičová and Kráľová 2013; Ma et al. 2015; Masarovičová et al. 2014; 
Du et al. 2017; Rizwan et al. 2017; Siddiqi and Husen 2017). However, metal NPs 
could be considered as non-selective herbicides, because they can damage not only 
undesired weeds but also crops, and therefore in agriculture selective herbicides 
targeting the weed without affecting nontarget crops are preferred.

8.3  Nanofungicides and Nanobactericides

There are approximately two million different species of fungi on Earth (Gauthier 
and Keller 2013). The vast majority of known fungal species are strict saprophytes 
(De Lucca 2007), but it is estimated that 270,000 fungal species can attack plants, 
such as genera Botrytis, Sclerotinia, Aspergillus, Fusarium and Verticillium (Sharon 
and Shlezinger 2013). Of the over 15,000 species of bacteria, about 200 species of 
phytopathogenic bacteria were identified, such as genera Erwinia, Acidovorax, 
Pseudomonas, Ralstonia, Rhizobacter, Xanthomonas, Agrobacterium, Xylella, 
Arthrobacter, Clavibacter and Streptomyces (Agrios 2005). Thus fungi and bacteria 
can cause crop losses worldwide (Gauthier and Keller 2013; Fisher et  al. 2012; 
Carris et al. 2012; Jampílek 2016). Fungicides and bactericides are a specific type 
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of pesticides that control fungal/bacterial diseases by specifically inhibiting or kill-
ing the fungus/bacteria that causes the disease (Jampílek 2016; Bhattacharyya et al. 
2016; Ismail et al. 2017). As in other classes of pesticides, also dynamic develop-
ment in the field of inorganic and organic nanofungicides and nanoscale bacteri-
cides can be recorded.

8.3.1  Natural and Synthetic Organic Nanoscale Fungicides 
and Bactericides

Zataria multiflora essential oil (ZEO)-loaded SLNPs with ca. particle size 255 nm, 
zeta potential approximately −37.8 ± 0.8 mV and EE 84 ± 0.92%, showed in vitro 
antifungal activity against pathogens such as Aspergillus ochraceus (MIC 200 ppm), 
Aspergillus flavus (MIC 200 ppm), Alternaria solani (MIC 100 ppm), Rhizoctonia 
solani (MIC 50 ppm) and Rhizopus stolonifer (MIC 50 ppm). These formulations 
showed higher potencies than those with pure essential oil (Nasseri et al. 2016). 
ZEO encapsulated in CS NPs with the mean particle size of 125–175 nm demon-
strated a controlled and sustained release of ZEO for 40 days in vitro, and in vivo 
investigation showed that the encapsulated oil at 1500 ppm concentration consider-
ably decreased both disease severity and incidence of Botrytis-inoculated strawber-
ries during 7 days of storage at 4 °C followed by 2–3 more days at 20 °C. Increasing 
of the initial ZEO content in CS NPs led to a decrease of ZEO encapsulation and 
loading efficiency (Mohammadi et al. 2015). Encapsulation of thyme essential oils 
(TEO) in self-assembled polymer of CS and benzoic acid nanogel notably increased 
the half-life and the antifungal properties of TEO, and the estimated MIC of encap-
sulated TEO was 300 mg/L at unsealed and 500 mg/L at sealed condition compared 
to 400 mg/mL and 1000 mg/mL, respectively, determined for free TEO. Good anti-
fungal effects of encapsulated TEO at concentrations >700 mg/L were confirmed 
also in in vivo experiment (Khalili et al. 2015). Similar results were obtained also 
with Mentha piperita essential oils encapsulated in CS-cinnamic acid nanogel 
showing MIC values of 500 ppm against A. flavus under sealed condition, while the 
corresponding MIC value for free oils was 4.2-fold higher. A test under non-sealed 
condition showed that treatment with 800 ppm of uncapsulated oil resulted in com-
plete inhibition of fungal growth, while the same effect could be obtained only with 
3000 ppm of free oils (Beyki et al. 2014). As environmentally friendly alternative 
products for postharvest disease control, polyethylene terephthalate punnets con-
taining thyme oil and sealed with CS/boehmite nanocomposite lidding films were 
designed, which significantly reduced the incidence and severity of brown rot 
caused by Monilinia laxa in artificially inoculated peach fruits (cv. Kakawa) held at 
25 °C for 5 days and caused considerable reduction of the brown rot incidence to 
10% in naturally infected fruits stored at 0.5  °C and 90% relative humidity for 
7 days and at simulated market shelf conditions at 15 °C for 3 days (Cindi et al. 
2015). β-D-glucan (isolated from the cell wall of Pythium aphanidermatum) NPs 
prepared using sodium TPP, in which phosphoric groups of TPP were linked with 
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OH group of β-D-glucan with the size 20−50 nm showing spherical, smooth and 
almost homogenous structure, were found to inhibit the growth of P. aphaniderma-
tum, suggesting that they could be used in crop protection against this devastating 
fungus (Anusuya and Sathiyabama 2014).

The CS NPs inhibited the growth of phytopathogens, namely, Pyricularia grisea, 
A. solani and Fusarium oxysporum, but they were able also to promote germination 
%, seed vigour index and vegetative biomass of chickpea seedlings. For example, 
CS NPs inhibited the radial growth of P. grisea, and their application delayed blast 
symptom expression on fingermillet leaves for 25 days compared to 15 days in con-
trol plants, which could be connected with the induction of ROS and the enhanced 
activity of peroxidase (reaching maximum at day 50) in leaves of fingermillet, 
which might be the reason for the delayed symptom (Sathiyabama and Manikandan 
2016). ROS can directly act at the site of infection or function indirectly as second 
messengers (Arasimowicz and Floryszak-Wieczorek 2007), and H2O2, which could 
diffuse through the membrane, is considered to serve as a signal molecule under 
stress (Mittler 2002), while peroxidases, the scavengers of H2O2, are one of the 
pathogenesis-related proteins which are implicated in plant defence system against 
pathogenic fungi (Hiraga et  al. 2001). Moreover, the disease incidence in CS 
NP-treated fingermillet plants was lower compared to control plants (Sathiyabama 
and Manikandan 2016), and CS NPs showed also potential in suppressing blast 
disease of rice, which can be used further under field conditions to protect rice 
plants from the devastating fungus (Manikandan and Sathiyabama 2016). 
Nanoemulsions prepared using 1.0% of low molecular weight CS showing 600 nm 
droplet size inhibited conidial germination and reduced dry weight of mycelia and 
sporulation of Colletotrichum gloeosporioides in vitro, and they could be used as 
biofungicide for controlling anthracnose of dragon fruit plants in the future (Zahid 
et  al. 2013). CS and CS NPs characterized with low toxicity towards mammalia 
were also found to be effective for the control of Fusarium head blight disease in 
wheat (Fusarium graminearum), and greenhouse experiments showed that plants 
can be protected from the disease by spraying them at anthesis. CS and CS NPs 
showing polycationic properties can affect membrane permeability and leakage of 
cellular contents resulting in disorganized hyphae associated with inhibition of fun-
gal growth. Moreover, application of CS to plant tissues often results in its aggluti-
nation around the penetration sites, and isolation of the penetration site through the 
formation of a physical barrier could prevent the pathogen from spreading and 
invading other healthy tissues (Kheiri et al. 2016).

The CS NPs prepared of CS having low (LMW) and high molecular weight 
(HMW) and N-trimethyl CS (TMCS) exhibited zeta potential ranging from +22 to 
+55 mV, and higher values of zeta potential were obtained when HMW CS was 
used. The CS NPs were tested against Fusarium solani and Aspergillus niger, and it 
was found that the smallest HMW CS NPs (CS concentration of 1 mg/mL) showed 
the best antifungal activity against F. solani (MIC = 0.5−1.2 mg/mL), the effect of 
particle size on the activity being higher than their surface charge. On the other 
hand, A. niger was found to be highly resistant to CS, and inhibition was observed 
only at treatment with CS solution (MIC = 3 mg/mL) and NPs prepared at high 
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concentration (2 and 3 mg/mL) of HMW CS (MIC = 1.71−2.43 mg/mL). Unlike 
other types of CS NPs, TMCS NPs had no inhibitory activity against F. solani (Ing 
et al. 2012). Sulphonated CS showed antifungal activities against Arthrinium sac-
chari (MIC, 64.00 mg/mL) and Botrytis cinerea (MIC, 0.25 mg/mL), and it was 
found to damage and deform the structure of fungal hyphae (Sun et  al. 2017). 
Oleoyl-CS NPs with the particle size of about 297 nm were tested against six plant 
pathogenic fungi in a mycelium growth experiment, and it was found that Alternaria 
tenuissima, Botryosphaeria dothidea and Nigrospora sphaerica were CS-sensitive 
in contrast to Gibberella zeae and Fusarium culmorum, which were CS-resistant. 
Increasing the NP concentration resulted in an increase of the antifungal index of 
CS-sensitive fungi, whereby their plasma membranes contained lower levels of 
unsaturated fatty acid than those of CS-resistant fungi (Xing et al. 2016).

In addition, CS can be also used as a matrix for loading and stabilizing various 
fungicides. For example, hexaconazole nanocapsules prepared using naturally 
occurring CS and TPP through ionotropic gelation showed 73% slowing down of 
the release of the active ingredient compared to a commercial preparation, and this 
effect was greater at pH 7 and pH 10 than at pH 4, and a release study in soil con-
firmed that this nanoformulation is suitable for alkaline soil. Also the antifungal 
activity of nanocapsules against R. solani exceeded that of the commercial prepara-
tion, and they showed lower toxicity on nontarget cell lines (Chauhan et al. 2017). 
The study of the effect of nanohexaconazole on the phenotype and pathogenicity of 
R. solani f. sp. sasakii causing banded leaf and sheath blight in maize showed that 
at the application of 1 ppm, it inhibited growth and sclerotial body formation simi-
larly to commercial hexaconazole, while in vivo it exhibited notable restriction of 
lesion formation in insusceptible cultivar Vivek QPM-9 and also reduced the disease 
rating caused upon inoculation with the fungus R. solani exposed to 0.1 and 
0.01 ppm of nanohexaconazole (Bheemaraya et al. 2014). Biodegradable CS-lactide 
copolymer (CS-PLA) NPs loaded with pyraclostrobin with particle sizes ranging 
from 77 to 128 nm prepared by varying the feed mass ratio of CS-PLA to fungicide 
from 50:1 to 5:1 exhibited an initial burst followed by sustained and pH-controlled 
pyraclostrobin release and better fungicidal activity against Colletotrichum gossypii 
Southw than 25% pyraclostrobin emulsifiable concentrate (Xu et  al. 2014). 
Nanoformulations of carbendazim loaded into polymeric NPs (CS and pectin) with 
mean particle size of 70−90 nm applied at concentration 0.5 and 1.0 ppm caused 
complete inhibition of F. oxysporum and Aspergillus parasiticus, while the antifun-
gal effectiveness of pure carbendazim was lower (80% and 97.2% inhibition at 0.5 
and 1.0 ppm concentrations, respectively, against F. oxysporum; 86.0% and 100.0% 
inhibition at 0.5 and 1.0 ppm concentrations, respectively, against A. parasiticus), 
and even the inhibitory effect of commercial formulation WP 50 (50.5% and 70.0% 
inhibition at 0.5 and 1.0 ppm concentrations, respectively, against F. oxysporum; 
42% and 58% inhibition at 0.5 and 1 ppm concentrations, respectively, against A. 
parasiticus) did not reach the effectiveness of carbendazim nanoformulations 
(Sandhya et al. 2017).

Besides CS, also other natural polysaccharides, synthetic polymers or inorganic 
materials have been used as stabilizers/matrices. Application of nanochitin suspen-
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sion (0.001% (w/v)) exhibited synergistic effects on inhibition of tobacco root rot 
when mixed with metalaxyl mancozeb and thiophanate methyl fungicides indicat-
ing its protecting effects on tobacco plants from tobacco root rot diseases and sug-
gesting that its co-administration could reduce the amount of chemical fungicides in 
tobacco plantations (Zhou et al. 2017). PEG 400 was used as the surface-stabilizing 
agent to prepare nanohexaconazole with a size of about 100 nm showing not only 
better fungicidal potential than the conventional registered formulation, but also it 
did not affect adversely the soil nitrifiers (Kumar et al. 2015a). Controlled release 
nanoformulations of carbendazim prepared using PEG-based functionalized amphi-
philic copolymers released the fungicide between the 10th and the 35th day, while 
the release from a commercial preparation lasted only to the 7th day, and the half-
release (t1/2) values of the nanoformulation ranged between 9.47 and 24.20 days, 
showing increased release of the maximum amount of carbendazim with increasing 
PEG molecular weights. For antifungal activity of the most active formulations 
against R. solani, ED50 values ranging from 0.40 to 0.42 mg/mL were estimated 
(Koli et  al. 2015). Azomethine-based nanofungicides with the particle size of 
100 nm prepared using technically pure azomethines and PEG as a surface stabilizer 
exhibited twofold higher antifungal activity against R. solani, R. bataticola and 
Sclerotium rolfsii compared to bulk azomethines, and they were found to be better 
antifungal formulations than the conventional preparation also in pot experiments 
(Mondal et al. 2017).

NPs prepared by encapsulation of thiamine dilauryl sulphate (TDS), a vitamin 
B1 derivative, into lecithin NPs with a mean diameter of 136 nm exhibited better 
efficacy on the inhibition of mycelial growth and spore germination of F. oxysporum 
as TDS, and their inhibitory effect at a dosage of 100 ppm was similar or even better 
than that of the commercial herbicide dazomet (Cho et al. 2013).

Mesoporous SiO2 nanospheres with the mean particle diameter of 162 nm and 
mean pore size of 3.2 nm loaded with metalaxyl exhibited sustained release of 
fungicide and significantly delayed its release in soil, while compared to 76% of 
free metalaxyl, which was released in soil within a period of 30 days, fungicide 
release from the mesoporous framework was only 11.5% (Wanyika 2013). 
Validamycin-loaded nanosized calcium carbonate was found to improve germi-
cidal efficacy against R. solani compared to conventional technical validamycin 
after about 7 days, and it extended the release time of the pesticide to 2 weeks 
(Qian et al. 2011).

8.3.2  Carbon-Based Nanofungicides and Nanobactericides

Several carbon nanomaterials (CNMs), e.g. single-walled (SWCNTs) or multi-
walled carbon nanotubes (MWCNTs), graphene oxide (GO), reduced graphene 
oxide (rGO), fullerene (C60) and activated carbon (AC), were tested on their activity 
against phytopathogens (Wang et al. 2014, 2017; Chen et al. 2014b; Sarlak et al. 
2014; Sawangphruk et al. 2012). Wang et al. (2014) studied the antifungal activity 
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of six different CNMs against F. graminearum and F. poae and found that it 
decreased in the following order, SWCNTs (128 nm) >>> MWCNTs (78.8 nm) > GO 
(68.06 nm) > > rGO (105.7) nm, while C60 (220.6 nm) and AC (190.1 nm) showed 
no significant antifungal activity. Because in the antifungal activities of carbon 
nanomaterials their direct contact with spores may play an important role, in the 
case of C60 and AC, lack of tight or direct contacts is responsible for their low anti-
fungal activity. The CNMs could inhibit spore germination just by interfering with 
the process of water uptake before inducing plasmolysis. After the deposition of 
spores on CNMs, the CNMs may cause the blockage of the water channels of 
spores. Superior toxic effect on Alternaria alternata fungi was shown also by zineb 
and mancozeb encapsulated into hybrid materials prepared by polymerization of 
citric acid onto the surface of oxidized MWCNTs (Sarlak et al. 2014). The esti-
mated IC50 values related to the inhibition of the mycelial growth of F. oxysporum, 
A. niger and A. oryzae by reduced GO nanosheets were estimated as 50, 100 and 
100 μg/mL, respectively. The effective inhibition of mycelial growth by reduced 
GO having sharp edges is connected with its direct contact with the cell walls of 
fungi and a subsequent chemical reaction of the reactive oxygen-containing func-
tionalities of small rGO nanosheets with the organic functional groups of chitin and 
other polysaccharides on cell walls of fungi (Sawangphruk et al. 2012).

Covalent functionalization of MWCNTs by lysine and arginine under microwave 
radiation resulted in improved antifungal activity of functionalized MWCNTs 
against A. niger and F. culmorum compared to pristine MWCNT reaching a 1.9- and 
1.1-fold increase, respectively, for MWCNTs-lysine, and 2- and 1.7-fold increase, 
respectively, for MWCNTs-arginine (Zare-Zardini et al. 2013). Nitrogen-doped car-
bon nanohorns (NCNHs) with the size of 50−60 nm applied at a dose of 150 μg/mL 
inhibited R. solani after 72 h. It could be assumed that in the toxic effect against R. 
solani, primarily the interaction of NCNHs with the pathogens by mechanically 
wrapping could be considered, which may be one of the major toxicity actions of 
NCNHs against R. solani, and targeting of the endochitinase of R. solani by NCNHs 
results in deactivation of the enzyme (Dharni et al. 2016).

The application of 500 μg/mL GO was found to kill about 90% of Pseudomonas 
syringae and Xanthomonas campestris pv. undulosa and repress 80% macroco-
nidia germination along with partial cell swelling and lysis in F. graminearum 
and F. oxysporum. It could be supposed that GO interwinds the bacteria and fun-
gal spores with a wide range of aggregated GO sheets causing the local perturba-
tion of their cell membrane with a subsequent decrease of the bacterial membrane 
potential and the leakage of electrolytes of fungal spores. Thus, the toxic effect 
of GO on phytopathogens is caused by its interaction with these pathogens by 
mechanical wrapping and local damaging the cell membrane, which finally 
results in cell lysis, and therefore GO could be successfully used also for resist-
ing crop diseases (Chen et al. 2014a, b). Wang et al. (2017) developed GO-Fe3O4 
nanocomposites that efficiently repressed the germination of sporangia of 
Plasmopara viticola and inhibited the development of downy mildew, showing 
also potent curative effects. The GO-Fe3O4 nanocomposites applied at concentra-
tion 50 μg/mL exhibited superb protective and fungicidal activities, and treat-
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ment of grapevine leaves in the field with a dose of 250 μg/mL could result in a 
notable decrease of the severity of downy mildew.

8.3.3  Metal-Based Nanofungicides and Nanobactericides

Copper belongs to elements that are essential for plants, and benign fungi occurring 
in the roots of plants could detoxify the excess of copper uptaken by plants (Vitanovic 
2012; Anjum et al. 2015). Nanoscale Cu was also found to suppress the growth of 
bacterial pathogen Xanthomonas axonopodis pv. punicae causing bacterial blight of 
pomegranate at 0.2  ppm, i.e. >10,000-fold lower concentration than the usually 
applied Cu-oxychloride, resulting in cell wall degradation in nano-Cu treated bacte-
rial cells that failed to colonize plant tissues and to produce water-soaked lesions 
(Mondal and Mani 2012). Ghasemian et al. (2012) studied the antifungal effect of 
CuNPs of the average particle size of 8 nm on filamentous fungi by agar dilution 
method and estimated following MIC values: ≤40 mg/L for Penicillium chrysoge-
num, ≤60 mg/L for A. alternata, ≤60 mg/L for F. solani and ≤80 mg/L for A. flavus, 
suggesting that fungal sensitivity to CuNPs varies depending on the fungal species. 
Also, Giannousi et al. (2013) tested three different Cu-based (Cu2O, CuO and Cu/
Cu2O) NPs of similar sizes (11–14  nm) and nearly spherical shape in the field 
against Phytophthora infestans on tomato and found that all the tested Cu-based 
NPs were more effective in lower formulated product and active ingredient rate than 
the four registered copper-based agrochemicals Kocide 2000, Kocide Opti, Cuprofix 
Disperss and Ridomil Gold Plus, without causing any deleterious effect on plants.

Cu-CS NPs with particle sizes ranging from 180.0 to 487.9 nm and zeta potential 
of +88 mV applied at 0.1% concentration caused notable inhibition of the growth of 
phytopatogenic fungi A. alternata (89.5%), Macrophomina phaseolina (63.0%) and 
R. solani (60.1%) in vitro and also exhibited 87.4% inhibition of spore germination 
of A. alternata. The antifungal effectiveness of Cu-CS NPs is connected with their 
appropriate surface charge density (zeta potential of +88  mV) providing them 
greater binding affinity for negatively charged fungal membrane as well as with the 
production of toxic H2O2 at the reduction of Cu(II) to Cu(I) in fungi causing destruc-
tion of the cell viability (Saharan et al. 2013). Cu-CS NPs with hydrodynamic diam-
eter 374 nm and zeta potential of +22.6 mV applied at concentration 0.12% caused 
70% and 73% inhibition of mycelia growth and inhibition of spore germination in 
A. solani (70% and 61%, respectively) and F. oxysporum (73% and 83%, respec-
tively). In pot experiments at the treatment with the same concentration of Cu-CS 
NPs, the observed percentage efficacy of disease control in tomato plants was 88% 
in early blight and 61% in Fusarium wilt. The higher antifungal activity of Cu-CS 
NPs in pot experiments as compared to Petri plate experiments could be connected 
with strong elicitor properties of CS in the plant defence mechanism and with the 
fact that during infection of plants by fungi, different levels of acids produced by 
fungi decreased the pH resulting in the protonation of CS NH2 groups and subse-
quent release of Cu2+ ions from Cu-CS nanoformulation, and also highly reactive 
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hydroxyl radicals were produced which caused serious damage of biomolecules 
(Saharan et al. 2015). Cu(II)-loaded CS nanohydrogels, in which the formation of a 
Cu(II)-CS complex significantly depends on pH (the decrease of pH results in the 
release of Cu(II)) and the hydrogels are a suitable substrate for CS hydrolytic 
enzymes  showed a notable synergistic effect between CS and Cu in inhibiting 
F. graminearum growth (Brunel et al. 2013).

The ultrafine colloidal CuNPs (2−5 nm in diameter) prepared using PVA cap-
ping polymer and citrate dispersant were found to exhibit notable antifungal activity 
against Corticium salmonicolor, a fungus causing pink disease in citrus and coffee 
and rubber trees, and showed high killing ability at concentration of 7 ppm and 
10  ppm, respectively. A single spraying of 10  ppm CuNPs completely killed C. 
salmonicolor fungi, and treating diseased rubber trees with ultrafine CuNPs resulted 
in significant reduction of the disease index after twice spraying (Cao et al. 2014). 
Copper bionanoparticles with spherical shape and the size ranging from 5 to 15 nm 
synthesized using leaf aqueous extract of Datura innoxia effectively inhibited 
Xanthomonas oryzae pv. oryzae, the causative organism of bacterial leaf blight of 
paddy (Kala et al. 2016).

CuNPs prepared using the cetyltrimethylammonium bromide exhibited antifun-
gal activity against three different crop pathogenic fungi that decreased in the fol-
lowing order: Fusarium equiseti  >  F. oxysporum  >  F. culmorum (Bramhanwade 
et al. 2016). The significant antifungal activity of CuNPs coated by cetyltrimethyl-
ammonium bromide with particle size ranging from 3 to 10 nm against plant patho-
genic fungi Phoma destructiva, Curvularia lunata, A. alternata and F. oxysporum 
was observed by Kanhed et al. (2014). The antifungal activity of CuNPs, which was 
found to be better than that of the commercially available fungicide bavistin against 
all the four plant pathogenic fungi, could be connected with their large surface area 
to volume ratio.

Mageshwari and Sathyamoorthy (2013) designed 3D flower-shaped CuO micro-
spheres with the average diameter of about 1−2 μm, and it was observed that flower-
shaped hierarchical microspheres are composed of interpenetrating 2D nanosheet 
subunits as building blocks, which were self-organized to form spherical assem-
blies, and the spacing among the nanosheets in the flower-like superstructure favours 
greater interaction of microbes with the NPs, thereby enhancing the antimicrobial 
activity. These flower-shaped CuO nanostructures showed antifungal activity 
against Mucor, Penicillium notatum, A. flavus, A. niger, A. alternata, Rhizopus ory-
zae, Cladosporium carrionii and A. flavus. Spherical CuO NPs with the mean diam-
eter of 28 ± 4 nm biosynthesized using E. crassipes leaf extract as reducing and 
capping agents exhibited antifungal activity against plant pathogens that decreased 
in the following order: F. culmorum > A. niger > F. oxysporum > A. flavus > A. 
fumigatus (Vanathi et al. 2016).

Mishra and Singh (2015) in their review paper highlighted the potential applica-
tions of AgNPs in the agricultural sector, particularly for plant disease management, 
focused attention on major interactions of AgNPs with soil, soil biota and plants and 
analysed the toxicity-determining factors which could be associated with their 
usage in agriculture. Spraying of 500 kg of colloidal Ag solution with a concentra-
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tion of 10 ppm on 3306 m2 large area polluted by rose powdery mildew resulted in 
fading out (>95%) of the white rose powdery mildew after 2 days, and it did not 
recur for a week (Kim et al. 2008). AgNPs caused also detrimental effects not only 
on fungal hyphae but also on conidial germination of ambrosia fungus Raffaelea sp. 
that has been responsible for the mortality of a large number of oak trees in Korea 
(Kim et al. 2009). Also AgNPs were found to increase the antifungal activity of 
fluconazole against Phoma glomerata, while no significant enhancement of activity 
was observed against Phoma herbarum and Fusarium semitectum (Gajbhiye et al. 
2009). AgNPs with particle size <5  nm in the commercial product Pyto-patch® 
exhibited strong inhibition of spore germination rate and mycelial growth of C. 
gloeosporioides, B. cinerea and Sclerotinia sclerotiorum in vitro; the germination 
rate of spore of C. gloeosporioides dipped in 5 ppm phyto-patch dilute was sup-
pressed to 13.2%; and a dose of 10  ppm proved to inhibit mycelial growth for 
2 weeks. While in the field test in untreated plot, the anthracnose development after 
21  days reached 40%, treatment with 4  ppm phyto-patch reduced it to 7%, and 
application of Pyto-patch® spraying (10 ppm) every 7 days in heavy rainfall season 
was found to ensure the potent control of pepper anthracnose (6% infected fruits 
compared to 95% in untreated plot). On the other hand, even though during drying 
period the effectiveness of Phyto-patch® was slightly lower (the portion of diseased 
fruits was 24.2%), however, in the untreated plot all pepper fruits were completely 
destroyed within 3 days. These findings indicate that mulching textile coated with 
AgNPs represents a suitable preparation for the potent prevention of late blight of 
pepper and it could delay the occurrence of the disease for about 1 month (Il and 
Kim 2012). AgNPs significantly inhibited the colony formation of Bipolaris soroki-
niana and Magnaporthe grisea, whereby the corresponding IC50 values estimated 
for B. sorokiniana were higher than for M. grisea. The application of AgNPs exhib-
ited also considerable reduction of fungal diseases on perennial ryegrass (Lolium 
perenne) caused by these two phytopatogens, and for the most effective reduction of 
disease severity, treatment at 3 h before spore inoculation was necessary (Jo et al. 
2009). Kim et al. (2012) investigated the antifungal activity of AgNPs against 11 
different plant pathogenic fungi, which were cultivated on potato dextrose agar 
(PDA), malt extract agar and corn meal agar plates. The most significant inhibition 
of plant pathogenic fungi was observed on PDA: concentration of 100 ppm caused 
100% inhibition of B. cinerea, Cladosporium cucumerinum, Corynespora cassiic-
ola, Cylindrocarpon destructans, F. oxysporum f. sp. cucumerinum, F. oxysporum, 
Fusarium sp., Glomerella cingulata, Monosporascus cannonballus, P. aphanider-
matum and Pythium spinosum and >90% inhibition of A. alternata, Alternaria bras-
sicicola, A. solani, Didymella bryoniae, F. oxysporum f. sp. lycopersici, F. solani 
and Stemphylium lycopersici. AgNPs affected the metabolism and toxicity of 
moulds and when applied in a higher concentration decreased the mycotoxin pro-
duction of Aspergillus sp. (81−96%), and the highest decrease of mycotoxin amount 
was noticed for ochratoxin A (A. westerdijikiae). In the presence of AgNPs in the 
culture medium, a decrease in the organic acid production from the 3rd day of 
 incubation was estimated, and the production of organic acids was inhibited to a 
greater extent in P. chrysogenum than in A. niger. The most intensive suppression 
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was estimated for oxalic acid and the lowest one for malic acid production. 
Moreover, treatment with AgNPs resulted in a change in the extracellular enzyme 
profile of A. niger and P. chrysogenum and an increase of the total enzymatic activ-
ity (Pietrzak et al. 2015). Circular AgNPs with the mean particle size of 30–90 nm 
prepared using cow milk applied at concentration 2 mM exhibited 87%, 86% and 
84% inhibition of the growth of Colletotrichum coccodes, Monilinia sp. and 
Pyricularia sp. (Lee et al. 2013). Spherical AgNPs of the size 40−60 nm exhibited 
reduction in the growth of six different R. solani anastomosis groups infecting cot-
ton plants in vitro using PDA and Czapek Dox agar (CDA), while generally, higher 
suppression of fungal radial growth was noticed at a concentration of 1.9 mmol/L 
(Elgorban et al. 2016a). A notable F. culmorum-induced reduction in wheat seedling 
blight was estimated following treatment with AgNPs, and a serious disintegration 
of the cell membranes of roots was observed as well. Increased quantum efficiency 
of energy trapping in the PSII reaction centre (Fv/Fm) with a simultaneous decrease 
in energy dissipation in the form of heat due to treatment with AgNPs resulted in the 
higher total dry weight of plants (Gorczyca et al. 2015). Incubation of F. culmorum 
(W.G. Smith) Sacc. (FC) spores with AgNPs resulted in a considerable reduction of 
mycelial growth, which did not depend significantly on the AgNPs concentration up 
to 2.5 ppm, and the number of spores formed by mycelia increased in the culture 
after contact with AgNPs relative to control samples, mainly on the nutrient-poor 
PDA medium (Kasprowicz et al. 2010). The application of 100 ppm AgNPs effec-
tively inhibited the growth of fungal hyphae as well as conidial germination of 
Colletotrichum species in  vitro compared to the control, while in field trials the 
application of AgNPs before disease outbreak on pepper plants resulted in the con-
siderable inhibition of fungi (Lamsal et al. 2011a). On the other hand, the applica-
tion of 100 ppm AgNPs in the field tests showed the highest inhibition rate both 
before and after the outbreak of powdery mildew disease on cucumbers and pump-
kins, and this dose of AgNPs also exhibited maximum inhibition for the growth of 
fungal hyphae and conidial germination in in  vivo tests (Lamsal et  al. 2011b). 
Coating of wheat seeds with AgNPs did not reduce seed germinability, and even soil 
conditions did not affect seed protection provided by AgNPs against fungi, which 
was comparable to the effect of a conventional preplanting fungicide Carboxitiram, 
suggesting that also this nanocoating may be considered as potential preplanting 
fungicide (Karimi et al. 2012).

Biosynthesized spherical AgNPs with the size ranging from 5 to 30 nm exhibited 
considerable antifungal activity against white mould (S. sclerotiorum) and grey 
mould (B. cinerea) in strawberry (Fragaria x ananassa), treatment with 150 ppm of 
AgNPs being the most effective (Elgorban et al. 2016b). Bioactive bile salt sodium 
deoxycholate-capped AgNPs tested against C. gloeosporioides exhibited fivefold 
higher inhibitory effect than their bioactive capping agent without causing phyto-
toxicity to treated plants (Muthuramalingam et  al. 2015). AgNPs biosynthesized 
using aqueous extract of Artemisia absinthium and applied at the dose of 10 μg/mL 
inhibited the mycelial growth of Phytophthora parasitica, P. infestans, P.  pabnivora, 
P. cinnamomi, P. tropicalis, P. capsici and P. katsurae in vitro, being very efficient 
against P. parasitica and P. capsici with IC50 values 2.1–8.3 μg/mL and showing 
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complete inhibition (100%) of mycelial growth, zoospore germination, germ tube 
elongation and zoospore production, and in greenhouse experiments AgNPs pre-
vented Phytophthora infection and improved plant survival (Ali et  al. 2015). 
Biosynthesized AgNPs prepared using Descurainia sophia applied at concentration 
25 μg/mL inhibited the mycelium growth of R. solani (>86%), and the minimum 
inhibitory concentration and the minimum bactericidal concentration of these 
AgNPs against Agrobacterium tumefaciens (strain GV3850) and A. rhizogenes 
(strain 15,843) were estimated as 4 and 8  μg/mL, respectively (Khatami et  al. 
2016a). Treatment with 40 ppm of spherical AgNPs (mean particle size of 17 nm) 
biosynthesized using Trifolium resupinatum (Persian clover) seed exudates resulted 
in 94.1% and 84% inhibition of fungal growth of R. solani and Neofusicoccum par-
vum, respectively (Khatami et al. 2016b). AgNPs synthesized using Acalypha indica 
leaf extract as reducing agents applied at a dose of 15 mg/10 μL on fungi cultivated 
on PDA medium showed excellent inhibitory activity against six plant pathogens 
(A. alternata, B. cinerea, C. lunata, M. phaseolina, R. solani and S. sclerotiorum) 
(Krishnaraj et al. 2012). Biosynthesized spherical AgNPs with particle size ranging 
from 7 to 21 nm exhibited notable antifungal activity against plant F. oxysporum at 
the concentration of 8 μg/mL (Gopinath and Velusamy 2013). AgNPs biosynthe-
sized using Serratia sp. showing spherical shape and particle size ranging from 10 
to 20 nm applied at concentrations 2, 4 and 10 μg/mL caused complete inhibition of 
conidial germination of B. sorokiniana, while in the control the conidial germina-
tion was 100%, and these AgNPs also significantly reduced B. sorokiniana infection 
in wheat plants under greenhouse conditions (Mishra et al. 2014). Balashanmugam 
et al. (2016) reported that using Cassia roxburghii aqueous leaf extract stable AgNPs 
with mean particle size 35 nm and zeta potential of −18.3 mV could be synthesized 
which could be used as effective growth inhibitors in controlling various plant dis-
eases caused by fungi such as R. solani, F. oxysporum and Curvularia sp. 
(Balashanmugam et al. 2016).

A nanosized Ag–irradiated fungal CS composite showed strong botryticidal 
activity (MIC = 125 μg/mL), and its application to the grey mould fungus B. cinerea 
Pers resulted in an alteration in the mycelial shape and moderate lysis in fungal 
hyphae, which lysed into small and elastic fragments at prolonged treatment. 
Coating of strawberries using solution containing this nanocomposite effectively 
eliminated grey mould infection signs even in 90% of the contaminated fruits after 
7 days of storage, securing the fresh-like appearance of strawberries in the whole 
storage period (Moussa et al. 2013). Ho et al. (2015) prepared Ag core−CS shell 
nanoclusters via chemical reduction using 3,4-dihydroxyphenyl acetic-conjugated 
oligochitosan as a reducing and protecting agent by its surface adhesion to 3,4-dihy-
droxyphenyl acetamide moieties. The size of Ag core was 26 ± 9 nm and shell layer 
thickness was 18 ± 8 nm. These nanoclusters applied at the dose of 9 ppm showed 
80% inhibition of P. capsici growth, and IC50 value estimated for the growth of 
Phytophthora nicotianae and P. colocasiae was about 6 ppm. It could be assumed 
that the CS-based shell layer could act as an active targeting site and results in 
increasing interaction of the cationic CS shell layer on the Ag core in the nanoclus-
ters and phospholipid layer on bacterial membrane via electrostatic interaction, and 

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection



210

the sustained release of Ag+ ions from nanoclusters situated on the surface of the 
microbes could kill the fungi. Ag/CS Janus particles applied at the concentration of 
0.02  mg/mL suppressed the growth and germination of B. cinerea in  vitro and 
in vivo (Jia et al. 2015).

It was estimated that Tween 80 is a preferable stabilizer of AgNPs due to the 
beneficial synergistic effects of AgNPs and the surfactant related to antibacterial 
activity against phytopathogenic bacterium Ralstonia solanacearum, and Tween 
80-stabilized AgNPs caused more severe damage in direct contact with cells, caus-
ing mechanistic injury to the cell membrane and strongly modifying and destructing 
the cellular proteins; also in pot experiments the Tween 80-stabilized AgNPs showed 
high control efficiency on tobacco bacterial wilt representing 96.7% at 7 days and 
84.2% at 21 days, respectively (Chen et al. 2016). A stable nanosized silica hybrid 
silver complex, in which AgNPs (3−10 nm) representing core part were loaded onto 
the outer parts of SiO2 NPs (5−20 nm), decreased the growth of R. solani by more 
than 90% at treatment with 6 μg/mL concentration (Kim et al. 2011). The antifungal 
efficiency of Ag-SiO2 NPs synthesized by γ-irradiation, in which AgNPs of about 
7 nm were attached to the surface of SiO2 NPs of approximately 350 nm, applied 
against B. cinerea at doses of 50 and 100 ppm was 99.9% (Oh et al. 2006). Protonated 
H2Ti3O7 nanotubes of ca. 11  nm in diameter and four layers with surface areas 
300 m2/g functionalized with AgNPs (5 nm) effectively inactivated B. cinerea iso-
lated from tomato infection under visible light, and cell death was connected with 
plasmalemma invagination due to oxidative stress and serious morphology damage 
expanding the conidia (Rodriguez-Gonzalez et al. 2016). In an in vitro experiment, 
the DNA-directed AgNPs grown on graphene oxide (GO) applied at the dose of 
approximately 10 μg/mL killed all bacterial cells of Cu-tolerant Xanthomonas vesi-
catoria, X euvesicatoria and X. gardneri strains and Cu-sensitive X. perforans 
strains in suspensions containing approximately 103 CFU/mL within 15 min, and 
the treatment of tomato plants with this nanoformulation (75 or 100 μg/mL) prior to 
artificial inoculation resulted in significant reduction of disease severity compared 
to Cu-mancozeb and negative controls (Strayer et al. 2016). The application of such 
nanocomposite at 100 ppm on tomato transplants in a greenhouse experiment con-
siderably reduced the severity of bacterial spot disease caused by Xanthomonas 
perforans compared to untreated plants, showing comparable efficiency to current 
grower standard treatment and no signs of phytotoxicity (Ocsoy et al. 2013).

The investigation of the antifungal effect of AuNPs applied at concentration 
0.05−0.2 mg/L in PDA media against Fusarium verticillioides, Penicillium citri-
num and A. flavus that was evaluated at 2, 4, 6 and 8 days after incubation showed 
that not even the concentration of 0.2 mg/L was able to completely inhibit fungal 
growth; however, in contrast to the untreated control, damaged hyphae and unusual 
bulges were observed in the fungi structure, suggesting that AuNPs affected the 
production of toxins by these pathogenic fungi (Savi et al. 2012). AuNPs synthe-
sized using seed aqueous extract of Abelmoschus esculentus with nearly spherical 
shape and particle size ranging from 45 to 75 nm showed higher antifungal activity 
against Puccinia graminis tritici and Candida albicans than against A. flavus and A. 
niger (Jayaseelan et al. 2013).
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Commercially available Zn NPs (264 nm) and ZnO NPs (19.3 nm) were found to 
inhibit spore germination and infectivity on tobacco leaves resulting from exposure to 
the fungi-like oomycete pathogen Peronospora tabacina, and treatment with these 
NPs at 8 and 10  mg/L markedly inhibited leaf infection, and considerable higher 
dependence of these inhibitory effects on the concentration was estimated than could 
be readily explained by the presence of dissolved Zn (Wagner et al. 2016). Rajiv et al. 
(2013) biosynthesized spherical (27 ± 5 nm) and hexagonal (84 ± 2 nm) ZnO NPs 
using different (50% and 25%) concentrations of Parthenium hysterophorus L. leaf 
extracts that exhibited size-dependent antifungal activity against plant fungal patho-
gens A. flavus, A. niger, A. fumigatus, F. culmorum and F. oxysporum, showing the 
highest effectiveness against A. niger and A. flavus, and the antifungal activity of 
smaller-sized ZnO NPs exceeded that of larger NPs. The antifungal effectiveness of 
spherical biogenic ZnO NPs with the mean particle size of 12 ± 3 nm prepared using 
Lantana aculeata leaf extract against A. flavus and F. oxysporum was reported also by 
Narendhran and Sivaraj (2016). The antifungal activity of ZnO NPs prepared using 
reproducible bacteria Aeromonas hydrophila as an eco-friendly reducing and capping 
agent against A. flavus was described by Jayaseelan et  al. (2012). ZnO NPs were 
reported to be also suitable for the control of rice blast and brown spot diseases. 
Spraying of ZnO NPs with the concentrations of 0.2% and 0.5% 5 days before inocu-
lation with a spore suspension of P. grisea was effective in controlling rice blast dis-
ease, while spraying of ZnO NPs 2 days before inoculation with a spore suspension of 
Helminthosporium oryzae gave the best effect in controlling rice brown spot disease 
(Kalboush et al. 2016). ZnO NPs applied at the concentration of 100 mM were found 
to completely inhibit the growth of Penicillium citrinum and significantly reduced the 
growth of F. verticillioides and A. flavus, and the conidia production of all fungi also 
was reduced. In treated fungi, hyphae morphological alterations showing hyphae 
damage as a result of ROS production were observed (Savi et  al. 2013; Savi and 
Scussel 2014). ZnO NPs with sizes of 70 ± 15 nm applied at concentration 3 mmol/L 
notably inhibited the growth of B. cinerea and Penicillium expansum, P. expansum 
being more sensitive to the treatment, and it was found that the growth inhibition of B. 
cinerea is connected with the alteration of cellular functions caused by ZnO NPs, 
while in P. expansum the ZnO NPs prevented the development of conidiophores and 
conidia, causing eventually the death of fungal hyphae (He et al. 2011). In addition, 
ZnO NPs in the presence of visible light exhibited strong antifungal activity, and treat-
ment with a suspension at the concentration of 5 mM ZnO NPs and incubation time 
of 24 h resulted in 58% photoinactivation of B. cinerea (Kairyte et al. 2013). The 
antifungal activity of ZnO NPs against S. rolfsii and Pythium debaryanum was 
reported by Sharma et al. (2011), and antifungal effectiveness depended on the size, 
morphology and contact of ZnO NPs with the fungal cell. Polyurethane membranes 
modified by ZnO NPs were found to exhibit important antifungal properties against 
Aspergillus brasiliensis (ATCC 16404 strain of A.) (Vlad et al. 2012). The  antifungal 
activity of ZnO NPs with the size of 35−45 nm against M. phaseolina was reported by 
Shyla et al. (2014).

ZnO NPs were found to be twofold more effective against Aspergilus niger than 
ZnO microparticles (MIC values of 2.5 and 5 mg/L, respectively), and the MIC 
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value of 1.25 mg/L estimated for the antifungal efficiency of ZnO NPs doped with 
5% nano-Pd suggested that the antifungal activity of nanoscale ZnO could be 
improved by loading with nano-Pd (Gondal et al. 2012). The CdSe/ZnS quantum 
dots coated with 3-mercaptopropionic acid were found to be considerably taken up 
by the fungal hyphae of F. oxysporum, showing their potential for the development 
of novel control approaches of F. oxysporum and related pathogenic fungi following 
appropriate functionalization (Rispail et al. 2014).

A CS/TiO2 nanocomposite at the ratio of 1:5 exhibited effective inhibition of the 
growth of rice bacterial pathogen Xanthomonas oryzae pv. oryzae, which exceeded 
that of the two individual components under both light and dark conditions (Li et al. 
2016). A CS/TiO2 hybrid film exhibited excellent antifungal activity against 
Bipolaris maydis under both visible-light irradiation and in a dark environment and 
showed superior antifungal efficacy of 100% even after 4 h under the irradiation of 
visible light. A large amount of positive charges on the structure of the hybrid film, 
which interacted with the negative charges from the cell as well as the detrimental 
effect of hydroxyl radicals generated by photocatalysis of TiO2 contributed to the 
strong antifungal efficacy of the CS/TiO2 hybrid film (Huang et al. 2013a). Pure and 
Ag-doped solid and hollow TiO2 NPs exhibited antifungal activity against F. solani 
causing Fusarium wilt disease in potato, tomato, etc. and Venturia inaequalis caus-
ing apple scab disease, hollow NPs being the most active, and the activity was 
greater under visible-light exposure due to generation of harmful ROS during pho-
tocatalysis causing damage of cell wall with consecutive cell death.

Moreover, in the presence of Ag, stable Ag−S and disulphide bonds (R−S−S−R) 
in cellular proteins could be formed, which also results in cell damage. It was also 
observed that at a very low dose (0.015 mg/plate), the NPs successfully arrested the 
production of toxic naphthoquinone pigment for F. solani, which is related to the 
fungal pathogenicity, and the NPs were found to protect potatoes affected by F. 
solani from spoiling (Boxi et al. 2016). In greenhouse experiments, light-activated 
Zn-doped nanoscale TiO2 formulations applied at doses 500−800 ppm considerably 
reduced bacterial spot severity in tomato transplants artificially infected with 
Xanthomonas perforans compared with untreated and Cu control. They exhibited 
similar protection as the grower standard, Cu + mancozeb, and also notably reduced 
disease incidence in three of four trials compared with untreated transplants and Cu 
control, whereby their effect was comparable or better than that of the grower stan-
dard (Paret et  al. 2013). Visible-light-activated Pd-modified nitrogen-doped TiO2 
NPs strongly adsorbed onto the surface of F. graminearum macroconidium could 
contribute to the photocatalytic disinfection of these macroconidia causing cell 
wall/membrane damage by formed ROS (Zhang et al. 2013a).

8.3.4  Other Inorganic Nanofungicides

Maize plants treated with SiO2 NPs (20−40 nm) showed a higher expression of 
phenolic compounds and a lower expression of stress-responsive enzymes against 
both tested fungi (Aspergillus spp. and Fusarium spp.), and treatment with 10 and 
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15 kg SiO2 NPs/ha resulted in significantly higher resistance in maize than treat-
ment with bulk SiO2, and maize plants expressed more resistance to Aspergillus spp. 
than to Fusarium spp. (Suriyaprabha et al. 2014).

Sulphur NPs with the particle size of 35  nm effectively prevented the fungal 
growth of F. solani and Venturia inaequalis, and the fungicidal effect was connected 
mainly with the deposition of NPs on the cell wall and the subsequent damage of the 
cell wall (Rao and Paria 2013). Orthorhombic (spherical; ~10 nm) and monoclinic 
(cylindrical; ~50 nm) sulphur NPs significantly reduced the total lipid content of 
treated isolates of A. niger, caused notable downregulation of the expression of vari-
ous desaturase enzymes (linoleoyl-CoA desaturase, stearoyl-CoA 9-desaturase and 
phosphatidylcholine desaturase) and noteworthy high accumulation of saturated 
fatty acids with depleted lipid layer, which could be one of the major reasons of 
sulphur NP-mediated fungistasis (Choudhury et  al. 2012). Surface-modified sul-
phur NPs prepared using PEG 400 as a surface-stabilizing agent showed promising 
inhibitory effect on fungal growth and sporulation and significantly reduced phos-
pholipid content in A. niger and F. oxysporum (Choudhury et al. 2011).

8.4  Nanoinsecticides

Insecticides are compounds that are able to kill insects in various stages of develop-
ment/growth, i.e. can be applied against insect eggs, larvae or adult insects. Insects 
represent a class of invertebrates, and among these, there are some insect pests that 
destroy crops and infest stored grains. Thus, application of nanoscale pesticides can 
be helpful in the management of insect pests in agriculture without harming the 
nature (Jampílek and Kráľová 2015, 2017b). An overview regarding the prospects 
for the development of nanoencapsulated pesticides in sustainable agriculture was 
presented by Grillo et al. (2016). Agents with activity against insects can be classi-
fied according to origin as natural (pure compounds or mixtures) and synthetic or, 
according to their composition, as organic insecticides and inorganic compounds 
(metal-based substances, metalloids, clays). The last ones can be used as carriers, or 
they possess own intrinsic insect-killing effect.

8.4.1  Nanoinsecticides Based on Plant Extracts and Essential 
Oils

Insecticidal activity of colloidal suspensions of PCL NPs containing neem 
(Azadirachta indica) products as well as nanocapsule spray-dried powders was 
tested against Plutella xylostella by Forim et al. (2013). On day 9, the control neem 
oil and the colloidal suspension of neem-loaded NPs caused 100% larval mortality, 
while NPs in powder caused 91.7% larval mortality, and all neem treatments were 
found to be more efficient than the control insecticide deltamethrin 25 EC after day 
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5 of the experiments. The nanoformulation also exhibited the improved stability of 
neem products against ultraviolet radiation and increased their dispersion in the 
aqueous phase. Giongo et al. (2016) offered corn leaves treated with nanoformula-
tions of neem in colloidal suspension or powder, containing PCL, poly(β-
hydroxybutyrate) or poly(methyl methacrylate) in capsules or spheres to first instar 
larvae of fall armyworm during 10 days and observed that some nanoformulations 
caused mortality and sublethal effects up to 3 and up to 7 days after spraying; how-
ever the residual effect of commercial neem oil was not outperformed. Although all 
treatments showed phagodeterrence at day 1 after spraying, this was lost over time 
indicating limited or no release of active ingredient by NPs. Microcapsules of sug-
arcane bagasse lignin loaded with organic extracts of neem tested as potential bio-
insecticides against Spodoptera frugiperda and Diatraea saccharalis were found to 
have increased thermal and photo stability compared to the control, and following 
their administration, for 100% mortality of insects, shorter time was needed than in 
the controls, indicating that neem extracts loaded into microcapsules not only 
retained their biopesticidal activity but also exhibited better resistance against the 
abiotic factor (Costa et al. 2017).

Comparison of the insecticidal activity of NPs loaded with neem products and 
enriched botanical extract was performed by da Costa et al. (2014). Nanoformulated 
neem products in the form of powder, soluble powder prepared with neem oil and 
neem oil emulsifiable concentrate tested against bean weevil Zabrotes subfasciatus 
showed that the treatment of the insect with 1000−4000 ppm neem oil in emulsifi-
able concentrate resulted in the highest mortality, while the greatest UV stability 
was observed with nanoformulated neem products in powder. Jamal et al. (2013) 
investigated the efficacy of nanoencapsulated formulation of essential oil from 
Carum copticum seeds on feeding behaviour of Plutella xylostella (Lep.: Plutellidae) 
larvae and observed that the increase of oil concentration resulted in a decrease of 
relative consumption rate, relative growth rate, efficacy of conversion of ingested 
food and efficacy of conversion of digested food, and 72 h after feeding, also a 
notable reduction of digestibility was estimated indicating that application of this 
nanoformulation could result in an increase in post-ingestive toxicity of the insect. 
Carum copticum essential oil-loaded myristic acid-CS nanogel was found to exhibit 
considerably higher toxicity against Sitophilus granarius and Tribolium confusum 
than pure oil even after 48 h, being ca. nine- and fourfold more toxic than the pure 
oil against S. granarius and T. confusum, respectively. Moreover, as far as the 
 effectiveness of pure oil decreased in the early days of application, this nanoformu-
lation lost its insecticidal effectiveness after 21 days post-application for S. grana-
rius and 33 days in the case of T. confusum (Ziaee et al. 2014a).

Cuminum cyminum L. oil-loaded myristic acid-CS nanogels exhibited higher 
toxicity against beetle pests S. granarius L. and T. confusum, and after 12 days these 
nanoformulations lost about 60% of their activity when applied against S. granarius 
and 15% for T. confusum, while at the same period the complete loss of C. cyminum 
oil insecticidal activity was estimated (Ziaee et al. 2014b). Spherical nanocapsules 
of essential oil from C. cyminum L. with the particle size of about 30 nm in diameter 
exhibited significantly higher fumigant toxicity against 1–3-day-old adult insects of 
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Tribolium castaneum (LC50 = 16.25 ppm) than pure essential oil (LC50 = 32.12 ppm) 
after 7 days of exposure (Negahban et al. 2012).

PEG NPs containing geranium or bergamot essential oils (EOs), in which the 
ratio EO:PG was 10%, were characterized with mean diameter <235 nm and load-
ing efficacy >75%, and good stability enhanced the EO contact toxicity and altered 
the nutritional physiology of both stored product pests T. castaneum and Rhyzopertha 
dominica. Due to slow and persistent release of the active ingredients, they consid-
erably increased also residual contact toxicity (Gonzalez et al. 2014). PEG-coated 
NPs loaded with garlic essential oil with the average diameter <240 nm showing 
slow and persistent release of active components from the NPs preserved over 80% 
of their control efficacy against adult T. castaneum even after 5 months, while for 
the free garlic essential oil applied at similar concentration (640 mg/kg), it achieved 
only 11%. It could be noted that the abundance and percentage content of the major 
components of nanoencapsulated and free oil were found to be practically the same 
(Yang et al. 2009).

A nanoemulsion of purslane essential oil exhibited notable strong insecticidal 
activity against almond moth (Ephestia cautella) causing mostly a complete inhibi-
tion of moth’s emergence, which is attributed to the sterilizing effect of purslane oil 
on the moths as well as its toxicity to the deposited eggs and adult emergence during 
storage intervals up to 125 days. The adverse effect of essential oils nanoformula-
tions against larvae of E. cautella decreased in the following order: purslane oil > 
mustard oil > castor oil (Sabbour and Abd El-Aziz 2016a). Also in another experi-
ment focused on the testing of the insecticidal activity of these three oils applied in 
a nanoform against the granary weevil S. granarius under laboratory and stored 
conditions, the nano-purslane was found to show the highest sterilizing effect, 
which was reflected in a significant reduction of the mean number of eggs/female 
compared to control. After 125 days of storage, the percentage of emerged weevils 
was 7% for treatment with nano-purslane, while at application of bulk purslane, it 
was 21% and for the untreated control even 98% (Sabbour and Abd El-Aziz 2016b).

For nanoemulsions of essential oils from Ageratum conyzoides, Achillea fragran-
tissima and Tagetes minuta plants showing significant ovicidal, adulticidal and resid-
ual activities against the cowpea beetle, Callosobruchus maculatus, which were 
tested as fumigants, estimated LC50 values 96 h after treatment ranged from 16.1 to 
40.5 μL/L air and 4.5−243 μL/L air against eggs and adults, respectively, and the 
insecticidal activity of nanoformulations notably exceeded that of bulk oils (Nenaah 
et al. 2015). Rani et al. (2014) prepared formulations of α-pinene and linalool with 
SiO2 NPs and evaluated their antifeedant activity against the tobacco cutworm 
(Spodoptera litura F.) and the castor semilooper (Achaea janata L.) in laboratory 
bioassays. The hydrodynamic parameters of nanoformulated α-pinene (APSI) and 
linalool were 46 nm and 48 nm, respectively, and the zeta potential of both nanofor-
mulations was −39.7 mV. Both nanoformulations showed higher antifeedant activity 
than the corresponding essential oils, and 0.1% nanoformulations of α-pinene and 
linalool showed 100% feeding deterrence at a dose of 0.1 μL/cm2, while the parent 
terpenes produced <50% activity even at 2  μL/cm2. The antifeedant activity of 
α-pinene against both species was higher than that of linalool formulations. Compared 
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to the effect of parent terpenes, the nanoformulation was found to be 25-fold more 
effective against S. litura and 10-fold more effective against A. janata, while SiO2 
NPs alone did not produce any antifeedant effect on tested insects even at higher 
concentrations (15 μL/cm2). The nanoformulations prolonged the shelf life of the 
terpenes. The observed death of larvae 3 days after treatment suggested that larvae 
died from starvation. On the other hand, nanoformulations did not exhibit repellent 
activity, since larvae had reached the treated leaf surface and even attempted to feed 
at all doses tested.

The insecticidal properties of formulations based on Ocimum gratissimum and 
montmorillonite-Na+ (MMT-Na) as well as cetyltrimethylammonium-modified 
MMT-Na (MMT-Na-CTMA) were tested against the maize weevil Sitophilus zea-
mais (Nguemtchouin et al. 2013). While 7 days following treatment, the mortality of 
S. zeamais treated with essential oil without adsorbent application was not estimated, 
it decreased from 100% to 87% for the essential oil adsorbed on unmodified clay and 
to 95% for the essential oil adsorbed on modified clay. The complete loss of insecti-
cidal activity of the formulation prepared with unmodified clay was observed after 
30 days, while the formulation with organo-modified clay retained 40% of its full 
insecticidal efficiency at the same time. The amount of formulation required to kill 
50% of S. zeamais adults was estimated as 1.01 g and 0.69 g for MMT-Na-O. gratis-
simum and MMT-Na-CTMA-O. gratissimum, respectively, indicating higher toxicity 
of MMT-Na-CTMA, probably due to the incorporation of more compounds with 
insecticidal activity (i.e. terpenic components) in this formulation.

The entomocidal activity of powders and extracts of medicinal plants Azadirachta 
indica, Zanthoxylum zanthoxyloides, Anacardium occidentale and Moringa oleifera 
against Sitophilus oryzae (L), Oryzaephilus mercator (Faur) and Rhyzopertha domi-
nica (Fabr.) was reported by Ileke and Ogungbite (2014). Findings focused on the 
effectiveness of plant extracts, essential oils, their isolated pure compounds and 
plant-based nanoformulations as well as their mode of action against storage insects 
with special reference to maize were summarized by Soujanya et  al. (2016). 
Preparation methods related to the encapsulation of vegetable oils and applications 
of encapsulated vegetable oils as antimicrobials, insecticides, pesticides and pest 
repellents were summarized by Sagiri et al. (2016).

8.4.2  Synthetic Nanoinsecticides

Functional nano-dispensers of imidacloprid (IMI) encapsulated in PLGA with par-
ticle sizes 5−10 μm were found to cause equivalent mortality of Asian citrus psyllids 
(Diaphorina citri) as a current commercial formulation, however at a dosage 200-
fold lower (Meyer et al. 2015). Kumar et al. (2014) performed field evaluation of 
IMI-loaded sodium ALG NPs with particle size ranging from 50 to 100 nm, 98.66% 
EE and 2.46% loading. Although the pesticide content in the nanoformulation was 
only 2.46%, its application in the form of spray on leaves of Abelmoschus esculentus 
was found to be effective up to the 15th day in reduction of leafhopper population 
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and exhibited not only better insecticidal activity but also lower toxicity than pure 
pesticide. Guan et al. (2008) prepared photodegradable insecticide by direct encap-
sulation of IMI microcrystals with CS and sodium ALG through layer-by-layer self-
assembly using sodium dodecyl sulphate (SDS)/Ag/TiO2 as an effective photocatalyst. 
The IMI microcrystals had the mean length of 7  μm and the zeta potential of 
−37.5  mV.  The IMI-loaded microparticles showed encapsulation efficiency 
81.57  ±  0.96%, and the percentage of the drug-loading content was approx. 
56.15 ± 0.96% after encapsulated for ten polyelectrolytes layers. The release rate of 
the IMI microcrystal decreased with an increase in the layer number of microcap-
sules, and the total release time for the corresponding microcapsules with 4, 10 and 
20 layers was approximately 2-, 4- and 8-fold longer, respectively, than that of the 
uncoated pesticide.

Amphiphilic nano-polymers synthesized using different molecular weight PEGs 
(300, 600 and 1000) as a hydrophilic head and aliphatic diacids (glutaric acid, adipic 
acid, pimelic acid and suberic acid) as a hydrophobic moiety were used to prepare 
controlled release formulation for IMI. The micelle size of the polymers ranged 
from 127 to 354 nm, the loading capacity of the polymers ranged from 6.8% to 
8.9% and the encapsulation efficiencies for different formulations were in the range 
from 75.0% to 97.9%. The value of half-life t1/2 (i.e. time taken for 50% release) of 
IMI encapsulated in polymers ranged from 2.3 to 9.3 days, being higher for the 
formulation containing PEG 1000 than for polymers having PEG 300 and PEG 600 
moiety, and t1/2 was found to increase with the increasing molecular weight of PEG 
for diacids, namely, adipic acid and suberic acid. Thus, imidacloprid applications 
can be optimized to achieve insect control for the desired period using a suitable 
matrix of the polymer (Adak et al. 2012).

Memarizadeh et al. (2014) encapsulated IMI into ABA triblock linear-dendritic 
copolymers composed of polycitric acid (PCA) as A block and polyethylene glycol 
(PEG) as B block, the encapsulation process being performed by self-assembly of 
PCA-PEG-PCA in the presence of IMI in different solvents. The morphology of 
nano-IMI varied from fibre-like to globular and tubular, while its size varied from 
10 nm to several mm, depending on the type of solvent, time and concentration. The 
loading capacity of the copolymers at pH 7 was estimated as 53% and, at pH 10, it 
was 80%. While IMI release at pH 7 slowly increased for 6 h and then remained 
constant, its release rate into phosphate-buffered saline solution with pH  10 
increased up to 24 h, and higher percentage of pesticide was released than at pH 7. 
The insecticidal efficiency of nano-IMI and bulk insecticide diluted in water was 
investigated by leaf-dip bioassay tests on the Glyphodes pyloalis. The LC50 values 
estimated for the nano-IMI decreased over free IMI as exposure time increased, and 
after 4 and 5 days of exposure, they were five- and ninefold lower, respectively, than 
those observed for the bulk form. In the topical bioassay, the performance of nano-
IMI prepared in ethanol was tested. Comparison of LC50 values observed at 24, 48, 
72 and 96 h showed that at all periods of exposure, the LC50 values were consider-
ably lower for the nanopesticide formulation than for free IMI. The increased pen-
etration of the effective compound by means of citric acid molecules to the 
metathoracic tergum membrane cells of G. pyloalis larvae contributed to the higher 
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effectiveness of nano-IMI prepared with ethanol. The higher loading capacity and 
the slower release rate of the pesticide from nano-IMI formulation at pH 10 corre-
sponding to optimum pH of G. pyloalis gut compared to neutral pH suggest its 
selective and controllable action. Lower doses of nano-IMI compared to its bulk 
form required for pest control can also significantly reduce the environmental risk.

In contact toxicity bioassay using adult Martianus dermestoides, the 142-h LC50 
values estimated with 50% nano-SDS/Ag/TiO2-IMI were 9.86 mg/L compared to 
13.45 mg/L observed with 95% IMI. The use of bentonite and/or activated carbon 
sorbents reduced the release rate of IMI and isoproturon in comparison with the 
technical product and with ALG formulation without modifying agents. The formu-
lation with the highest percentage of activated carbon exhibited the highest decrease 
in the release rate, and the release rate was higher in imidacloprid systems than in 
those prepared with isoproturon (Garrido-Herrera et al. 2006).

Neonicotinoid acetamiprid-loaded nanocapsules prepared by polyelectrolyte 
complexation of ALG and CS showed controlled release in vitro, with maximum 
release at pH 10, the released amount decreasing with decreasing pH, and a con-
trolled release pattern was observed also in soil, indicating that such nanoformula-
tion could reduce the frequency of application of pesticides and reduce their side 
effects (Kumar et  al. 2015b). Amphiphilic copolymers prepared from PEGs and 
various aliphatic and aromatic diacids, which self-assemble into nanomicellar 
aggregates, were used to prepare controlled release formulations of thiamethoxam, 
a systemic insecticide from the class of neonicotinoids exhibiting a broad spectrum 
of activity against many types of insects. The average micelle size of different for-
mulations was approx. 138 nm, and the size of pyridalyl was <100 nm. The release 
of the insecticide from these nanoformulations was slower than from a commercial 
formulation with t1/2 values ranging from 3.5 to 6 days, and the formulations showed 
non-Fickian transport (Sarkar et al. 2012).

The toxicity of the suspension of ALG nanocapsules containing pyridalyl against 
the larval stage of Helicoverpa armigera was tested using the leaf dip as well as the 
topical methods and compared with the toxicity of a technical material and a com-
mercial formulation. The excellent insecticidal activity of the nanoformulation was 
confirmed by the estimated LC50 values of 40 and 80 μg/mL using the two above-
mentioned methods. In the form of the nanoformulation, pyridalyl was found to be 
ca. two- and sixfold more effective against H. armigera as stomach poison than the 
technical product and the commercial formulation, respectively, while the LC50 val-
ues estimated by the topical method were 80, 150 and 250 μg/mL for nanoformula-
tion, technical material and commercial formulation, respectively. The higher 
insecticidal effect of the nanoformulation could be connected with the better pene-
tration of NPs through the epithelial lining of digestive tract and better penetration 
in capillaries to get into the systemic circulation, affecting the tertiary structure of 
protein, resulting finally in the malfunctioning and the death of the insect (Saini 
et al. 2014).

Organophosphate insecticide chlorpyrifos loaded CS-PLA-1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine copolymer NPs with the particle size of 
100−300 nm exhibited controlled release by adjusting the ratio of copolymer to 
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chlorpyrifos, showed an initial burst release and then a steadier release profile, the 
released amount depending on the amount of chlorpyrifos entrapped in the NPs, and 
the increased amount of the insecticide within NPs resulted in its decreased release 
(Zhang et  al. 2013b). A nanohybrid prepared by intercalation of a chlorpyrifos 
inclusion complex with carboxymethyl-β-cyclodextrin into the interlayer of Zn-Al-
layered double hydroxides showed distinct slow release, unlike to nanohybrid, in 
which sulphonated hydroxyethyl-β-cyclodextrin was used for chlorpyrifos inclu-
sion complex and the kinetic process of pesticide release could be fitted well by the 
pseudo-second-order and the parabolic diffusion models (Liu et al. 2016). A nano-
composition prepared by encapsulation of organophosphate acephate with the par-
ticle size of 80–120 nm and irregular shape showed high efficacy against S. litura, 
Lipaphis erysimi (mustard aphid) and Bemisia tabaci (whitefly) both in vitro and 
in vivo and was found to be more effective than a commercial bulk formulation. 
Treatment with this nanocomposite at 300  ppm resulted in approximately 100% 
mortality of S. litura within 7 days, and at application of 240 ppm and 180 ppm 
almost 75% and 20% larvae, respectively, were killed. Higher concentrations also 
reduced the fecundity of larvae when they reached adulthood. Treatment with 
300 ppm of nanocomposite caused about 100% mortality of the mites after 5 days 
of treatment. In the field study, foliar spray of a nanocomposition at 180  ppm, 
240 ppm and 300 ppm ensured the superior control of S. litura and Lipaphis erysimi 
compared to the commercial one. Reduced acetylcholinesterase activity due to 
nanoacephate treatments indicated more binding of the active constituent of 
acephate with thiocholine, which could be a probable reason for breaking resistance 
in lepidopteron pest. Consequently, it could be expected that this nanoformulation 
might overcome the problem of reduced target site sensitivity, one of the major 
causes of resistance development in insects (Pradhan et al. 2013).

The toxic effect of urea-based insecticide novaluron NPs (50−200 nm) on 
Egyptian cotton leaf worm Spodoptera littoralis larvae was found to be similar to 
that of the commercial formulation (Elek et al. 2010). The effects of two nanotypes 
of pyrifluquinazon and a non-nanotype of this insecticide which modifies insect 
behaviour by rapidly stopping feeding so that insects starve to death on the mortal-
ity of the green peach aphid Myzus persicae were investigated using concentrations 
of 25, 50 and 100 ppm. The nanoformulations of pyrifluquinazon were prepared 
using a different molecular weight CS as coating material (CS 30,000 (0.1%) and 
CS 3000 (0.3%). The best controlled release feature was observed with the CS 
3000, 0.3% nanotype pyrifluquinazon. Both CS-containing nanoformulations were 
effective against M. persicae at 14 days after treatment, and the reaction time slowed 
from 14 to 30 days after treatment in the aphids treated with CS 3000 (0.3%), while 
the best lethal efficiency of non-nanotype insecticide applied at 50 and 25 ppm was 
estimated at 2 days after treatment (Kang et al. 2012).

Liu et al. (2008) reported flash nanoprecipitation using a multi-inlet vortex mixer 
as the technology to produce bifenthrin NPs suspensions with sizes between 60 and 
200 nm, the stability of which depended on the properties of the polymeric stabi-
lizer. The most stable NPs with the narrowest size distribution were prepared using 
a block copolymer of polyacrylic acid and polybutylacrylate, but stable NPs were 
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fabricated also with polyvinylpyrrolidone and polyvinyl alcohol. Bang et al. (2011) 
prepared CS-coated nanoliposomes containing etofenprox or α-cypermethrin using 
different types and concentrations of CS to regulate the mean size and the surface 
charge and found that as the CS concentration (0.1−0.5%, w/v) and the degree of 
deacetylation increased, surface charge also increased, and the release period of the 
entrapped insecticide could be prolonged by increasing the intrinsic surface charge 
or concentration of the coating material. By encapsulation of β-cyfluthrin in PEGs 
of different molecular weights (600, 1000, 1500 and 2000), insecticidal controlled 
release nanoformulations were prepared, and their effect on the mortality of C. mac-
ulatus (Coleoptera: Bruchidae) was tested. The approximate EC50 values of differ-
ent test formulations against C. maculatus for 1, 3, 7, 14, 21 to 30 days in water after 
24 h exposure of each day were estimated. At the 7th day, the formulations with 
PEG 600 and PEG 100 showed lower EC50 values than PEG 1500 and PEG 2000 
due to faster release of the pesticide. The formulations prepared with PEG 1500 and 
PEG 2000 showed minimum EC50 on 14th day (2.20 and 1.58 mg/L, respectively) 
and mean EC50 value during 30 days (36.98 and 32.23 mg/L, respectively), whereby 
all prepared nanoformulations were more effective than a commercial preparation 
with the mean EC50 value of 124.29 mg/mL during 30 days (Loha et al. 2012).

Biocompatible oil-core silica-shell nanocapsules designed for sustained release 
of fipronil insecticide, in which release of insecticide can be tuned through control 
of the silica-shell thickness (i.e. 8−44 nm), showed insecticidal effect against eco-
nomically important subterranean termites (Wibowo et al. 2014). Guo et al. (2015) 
fabricated enzyme-responsive emamectin benzoate microcapsules based on a copo-
lymer matrix of SiO2-epichlorohydrin-carboxymethyl cellulose showing excellent 
protection of the active ingredient against photo- and thermal degradation, notable 
cellulase stimuli-responsive properties as well as sustained insecticidal efficacy 
against M. persicae, and their genotoxicity was less than that of grade emamectin 
benzoate. Because mineral particles can scratch the exoskeletons of insects result-
ing in wounds, block their spiracles, reduce activity and cause strong dehydration of 
the insect resulting in death, they are used in the protection of plants against tiny 
insects.

8.4.3  Insecticides Based on Nanoscale Metals

The investigation of the impact of AgNPs on the life history parameters of two agri-
cultural pest insect species, Heliothis virescens (tobacco budworm) and Trichoplusia 
ni (cabbage looper), and a beneficial predatory insect species, Podisus maculiventris 
(spined soldier bug), showed that AgNPs retarded the development, reduced the 
adult weight and fecundity and increased mortality in the predator, although they 
practically did not affect the developmental times, pupal weights and adult emer-
gence. Thus, the adverse effects of AgNPs on the beneficial insect species require 
considering carefully the risk of their widespread application in insect pest manage-
ment (Afrasiabi et al. 2016). The application of AgNPs with the particle size ranging 
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from 42 to 98 nm prepared using Sargassum muticum extract resulted in significant 
changes in the protein profile of hemolymph, morphology of hemocytes and deterio-
rated midgut inclusions such as lumen, basement membrane, fat body and gastric 
caeca of Ergolis merione. In treated larvae, the hemocytes had thin or no outer mem-
brane, and in the fat body, the lipid content was denatured and washed out, which led 
to opening its inclusion to the lumen of the midgut and attaining irregular shape and 
size (Moorthi et al. 2015). Yasur and Pathipati (2015) investigated the susceptibility 
of two lepidopteran pests of castor plant (Ricinus communis L.), asian armyworm, S. 
litura F. and castor semilooper, A. janata L. to polyvinylpyrrolidone (PVP)-coated 
AgNPs with particle size <100 nm and zeta potential of 22.3 ± 5.78 mV. They fed 
larvae with castor leaves treated with AgNPs or AgNO3 and observed a decrease in 
larval and pupal body weights of both insects as well as changes in the antioxidative 
and detoxifying enzymes of the treated larva indicating that exposure of larvae to 
AgNPs led to induction of oxidative stress, which was countered by antioxidant 
enzymes. The LD50 and LD90 values of AgNPs synthesized using aqueous leaves 
extracts of Euphorbia prostrata having the rod shape and the size of 25−80 nm with 
the average size of 52  nm against S. oryzae L. were estimated as 45  mg/kg and 
168 mg/kg, respectively, and they were found to be significantly lower than the cor-
responding values estimated for AgNO3 (248 and 2675  mg/kg, respectively). 
Moreover, no fresh insect infestation was found in the AgNP-treated stored rice even 
after 2 months of treatment, indicating the superb potential of AgNPs as a stored 
grain and seed protecting agent if applied with proper safety measures (Zahir et al. 
2012). Remarkable pesticidal activity on S. oryzae was shown also by AgNPs (15−25 
nm) synthesized using Avicennia marina (Sankar and Abideen 2015). Rouhani et al. 
(2013) reported LC50 values related to insecticidal effect of AgNPs on the cowpea 
seed beetle, C. maculatus F. (Coleoptera: Bruchidae), as 2.06  g/kg (adults) and 
1.00 g/kg (larvae), respectively. The experiments with a model insect Drosophila 
melanogaster showed that the activity of Cu-dependent enzymes, namely, tyrosinase 
and Cu-Zn superoxide dismutase, significantly decreased following the consumption 
of AgNPs, despite the constant level of Cu present in the tissue, which resulted in 
cuticular demelanization, because tyrosinase activity is essential for melanin biosyn-
thesis (Armstrong et al. 2013). In the third instar larvae of D. melanogaster that were 
fed with a diet of standard cornmeal media mixed with AgNPs at the concentrations 
of 50 and 100 μg/mL for 24 and 48 h, the AgNPs induced heat-shock stress, oxida-
tive stress, DNA damage and apoptosis (Ahamed et al. 2010).

AuNPs showing multiple irregular shape, crystalline nature and particle size in 
the range 20−50  nm prepared using latex of Jatropha curcas inhibited catalytic 
potential of trypsin due to the formation of trypsin−AuNPs complex because of 
covalent and electrostatic interactions of AuNPs with proteins and binding to −SH 
groups of aminoacids. This finding was supported also by investigations performed 
in vivo on serum of several vectors and agriculturally important pests (Patil et al. 
2016). The citrate-capped AuNPs exhibited significant in vivo toxicity in the model 
insect D. melanogaster upon ingestion, which was reflected in a significant reduction 
of the life span and fertility, presence of DNA fragmentation as well as a significant 
overexpression of the stress proteins (Pompa et al. 2011).
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As a safe alternative to insecticides in protection of rice grains against S. oryzae 
(Linnaeus), natural rock powder and ZnO NPs could be used (Hamza 2012). Shu 
et al. (2012) investigated the response of S. litura to zinc stress and found that the 
treatment with 50–500 mg Zn/kg resulted in notable induction of both metallothio-
nein content and metallothionein gene expression in the midgut as well as changes 
in cell ultrastructure (mainly the presence of electron-dense granules in the cyto-
plasm of the midgut cells), showing significant positive correlation with Zn accu-
mulation in the midgut, which could be considered as effective detoxification 
mechanisms in the common cutworm. Derbalah et al. (2014) tested the insecticidal 
activity of ZnO NPs and SiO2 NPs against the pink bollworm Pectinophora gos-
sypiella, which is one of the key pests of cotton in the world, and compared it with 
that of conventional insecticide pyriproxyfen. In these tests the effects of individual 
materials on some liver function enzymes, carbohydrate hydrolyzing enzymes, total 
protein and total lipids of the 4th instar larvae of the P. gossypiella pest were also 
investigated, and it was found that ZnO NPs were the most effective against the 
newly hatched larvae.

Biosynthesized NiNPs with cubical shape and the average particle size of 47 nm 
showed insecticidal activity against agricultural pest Callosobruchus maculatus 
resulting in 97% mortality (Elango et al. 2016).

8.4.4  Insecticides Based on Nanoscale Metalloids

Amorphous SiO2 NPs (15–30 nm) were found to be highly effective against insect 
pest S. oryzae causing more than 90% mortality, indicating the effectiveness of SiO2 
NPs to control insect pests (Debnath et al. 2011). Spherical amorphous SiO2 NPs 
with the size 70−80 nm were also found to be highly effective against stored grain 
pest Corcyra cephalonica, causing 100% mortality, suggesting their potential to 
control insect pests (Vani and Brindhaa 2013). The study focused on the cellular 
uptake of amorphous SiO2 NPs (<30 nm) in the midgut of the third instar larvae of 
D. melanogaster that were exposed orally to 1−100 μg/mL of SiO2 NPs for 12−36 
h showed considerably increased expression of hsp70 and hsp22 along with caspase 
activation, membrane destabilization and mitochondrial membrane potential loss 
(Pandey et al. 2013). The experiment with adults of R. dominica F. and T. confusum 
Jacquelin du Val. that were exposed to SiO2 NPs Aerosil® and Nanosav at the rate of 
0.2 mg/cm2 for 1 and 2 days on filter paper inside plastic Petri dishes confirmed the 
significant toxic effects of SiO2 NPs on both insects, R. dominica being more suscep-
tible. At low concentrations, Aerosil® was more effective than Nanosav, and the 
effectiveness of SiO2 NPs in wheat grains was higher than in barley (Ziaee and Ganji 
2016). Santo-Orihuela et al. (2016) tested bare SiO2 NPs (14, 380 and 1430 nm) and 
amine-modified SiO2 NPs (131 and 448 nm) on the viability of S. frugiperda cells 
(Sf9 cell line) and found that 14  nm NPs were the most effective. Exposure to 
0.12 mg/mL SiO2 NPs during 24 h resulted in the reduced viability of the cells by 
60% compared to the control, and activity of cells was lowered also in the presence 
of other negatively charged NPs. On the other hand, positively charged NPs applied 
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at concentrations 0.12 and 0.6 mg/mL were found to promote the proliferation of the 
cells, while the effect of higher concentrations (7.2 mg/mL) was comparable with 
that of the control. Silica NPs caused mortalities to carmine spider mite and two-
spotted spider mite with mean lethal concentrations 317, 116 and 112, 83  ppm, 
7 days after treatment, for Tetranychus cinnabarinus and Tetranychus urticae adult 
females and eggs, respectively, as well as the mortality of their predatory species 
Stethorus punctillum (97%), Phytoseiulus persimilis (35%) and Orius insidiosus 
(32%) (Hala and Elsamahy 2016). Soil and foliar treatments with SiO2 NPs led to 
37% and 44% feeding inhibition rate in oriental armyworm Mythimna separata 
(Walker) and elongation of the larval stage period to 31 days compared to 26 days 
observed in the control, and mortality percentages of larvae at SiO2 NPs administra-
tion in the form of spray was 67%, while in the control it represented only 10% 
(Mousa et al. 2014). Rouhani et al. (2013) investigated the insecticidal effect of SiO2 
NPs on the cowpea seed beetle, C. maculatus F. (Coleoptera: Bruchidae), and esti-
mated LC50 value of 0.68 g/kg on adults and 1.03 g/kg on larvae, respectively, and 
the high efficiency of SiO2 NPs on adults was also reflected in 100% mortality. 
Capsicum annuum proteinase inhibitor immobilized on SiO2-based nanospheres and 
rods showed bioactive peptide loading 62% at acidic pH and 56% of peptide release 
at pH 10, simulating gut milieu of the target pest H. armigera, and in vivo study 
showed that on the 8th day after feeding with this nanoformulation, about 40% 
reduction in insect body mass was estimated compared to control insects. This indi-
cates the potential of peptide nanocarriers in delivering diverse biologically active 
complexes specific to gut pH of H. armigera (Khandelwal et al. 2015).

Spherical SiO2 NPs synthesized by sol-gel method and surface functionalized in 
situ with 3-mercaptopropyltrimethoxysilane (MPTS) and hexamethyldisilazane 
(HMDS) with the size ranging from 15 to 20 nm for HMDS and from 29 to 37 nm 
for MPTS were found to exhibit insecticidal activity against the second instar larvae 
of S. litura, and their application at a dose 125 mg/cm2 resulted in 58% (HMDS) and 
64% (MPTS) mortality. Treatment with 0.25 mg/cm2 of MPTS functionalized SiO2 
NPs killed all insect larvae, while the application of HMDS functionalized SiO2 NPs 
resulted in 84% insect mortality at the same dose, and no survivors were estimated 
after application of both SiO2 NPs at a dose of 0.5 mg/cm2. The dead bodies of the 
insects were found to be remarkably dehydrated indicating that abrasion or, to some 
extent, also the absorption of lipids present in cuticle caused by SiO2 NPs damaged 
the cuticular water barrier of S. litura resulting in the loss of water from the body and 
subsequent death due to desiccation (Debnath et al. 2012).

Amorphous nanosilica and nanoalumina were also found to be highly effective 
against mustard aphid Lipaphis pseudobrassicae (Debnath et al. 2010). Goswami 
et al. (2010) applied solid SiO2, Al2O3, TiO2 and ZnO NPs at doses 0.5, 1.0 and 2.0 g/
kg against rice weevil S. oryzae and found that on the first day the treatment with 1 g/
kg of hydrophilic SiO2 NPs was the most effective. At application of 2 g/kg of SiO2 
NPs and Al2O3 NPs, the mortality on day 2 represented 90%, and after 7 days of 
exposure, 95% and 86% mortality was obtained with hydrophilic and hydrophobic 
SiO2 NPs at 1 g/kg, while the treatment of rice with lipophilic SiO2 NPs at 1 g/kg 
resulted in approximately 70% mortality, and Al2O3 NPs killed almost all the insects 
using a dose of 0.1 g/kg dose.
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The experiments of Buteler et al. (2015) who tested the effect of three unique 
types of nanoalumina dust with particles <50 nm as an insecticide against 0–6-week-
old adults of the rice weevil S. oryzae and the lesser grain borer R. dominica, two 
species that differ in their susceptibility to inert dusts, showed that insecticidal 
activity depended on particle size, particle morphology and surface area; however 
minimizing particle size and maximizing surface area were not the sole dominant 
factors influencing the efficacy. All dust types were more effective on S. oryzae 
than on R. dominica, and the dust synthesized using a modified glycine-nitrate 
combustion process consistently yielded greater mortality rates. In general, the 
superb efficacy of the dusts for both insect species was observed at low humidity, 
which decreased significantly at elevated humidity indicating that dusts can adsorb 
either water or cuticle waxes and thus atmospheric water reduces the effectiveness 
of all the tested dusts by competing with the cuticle hydrocarbons. The inert dusts 
absorb epicuticular hydrocarbons by capillary forces, and dusts with smaller par-
ticle size will cause greater insect mortality. Stadler et al. (2010a) tested insecti-
cidal activity of nanostructured Al2O3 applied as dry dust against S. oryzae L. and 
R. dominica (F.), which are major insect pests in stored food supplies. Exposure of 
the insects to T. aestivum plants treated with nanostructured Al2O3 reduced survival 
in both species, whereby mortality in both species increased with increasing expo-
sure interval and product concentration. While after 3 days of continuous exposure 
to 500 mg/kg, the mortality of S. oryzae and R. dominica adults represented 20% 
and 40%, respectively, at treatment with 250  mg/kg during 9  days, 80% of the 
adults of both species were dead. The LD50 values estimated after 9 days of expo-
sure were 149 mg/kg (R. dominica) and 177 mg/kg (S. oryzae), respectively. It is 
suggested that nanoalumina kills arthropods by adsorbing epicuticular lipid layers 
through capillarity, causing excessive water loss through the cuticle (Stadler et al. 
2010b), and those with a small particle size and high surface areas having a com-
position conducive to wetting of the specific hydrocarbons present on the surface 
of the insect could be  suggested as the most effective dusts. In addition, nanostruc-
tured alumina particles were found to be more effective in killing S. oryzae than dry 
dust applications of Protect® diatomaceous earth, were equally toxic to R. dominica 
and caused also the reduction of progeny production, and S. oryzae showed higher 
susceptibility to inert dusts than R. dominica (Stadler et  al. 2012). Huang et  al. 
(2013b) investigated the effect of Al2O3 NPs on the rhythmic activities in the antennal 
lobe of Drosophila using patch clamps to record electrophysiological activities and 
found that 15  min after their application the average frequencies of spontaneous 
activities were significantly decreased compared with control groups indicating that 
these NPs might have adverse effects on the central nervous system in Drosophila.

8.4.5  Other Inorganic Nanoinsecticides

The estimated LC50 values at application of a 20% calcium carbonate suspension 
concentrate with particle sizes about 100 nm and a 95% bulk calcium carbonate pow-
der (>1 μm) on infestations of peach aphids (M. persicae) were 2685 and 93,036 ppm, 
respectively, indicating that in controlling peach aphids, the 20% calcium carbonate 
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suspension concentrate was the most effective (Liu et al. 2014). The study of the influ-
ence of temperature and humidity on the insecticidal effect of three diatomaceous 
earth formulations (Protect-It, PyriSec and DEA-P) against larger grain borer 
Prostephanus truncatus (Horn) (Coleoptera: Bostrychidae) adults in stored maize (Z. 
mays L.) at three temperatures (20, 25 and 30 °C) and 55% and 75% relative humidity 
levels showed that DEA-P was the most effective and caused complete mortality to 
the exposed insect, even at the lowest dose rate (75 ppm), completely suppressed 
progeny production, and its efficacy was continuously high in all temperatures and 
relative humidities examined (Athanassiou et al. 2007). The acaricidal effect of differ-
ent diatomaceous earth formulations (SilicoSec, PyriSec, Insecto, Protect-It and 
DEA-P) applied at the dose 0.2 and 0.5 g/kg against Tyrophagus putrescentiae on 
stored wheat was investigated by Iatrou et al. (2010) by measuring the mortality of 
mite individuals after 5 days of exposure and checking for T. putrescentiae offspring 
on the treated wheat after 30 days. The application of 0.2 or 0.5 g/kg caused mortality 
of both adults and immatures >78%, and treatment with the dose 0.5 g/kg resulted in 
100% mortality. The immature stages of the insect were less tolerant to diatomaceous 
earth formulations than the adults, and PyriSec was found to be the most effective 
against adults, whereby increasing of the dose led to considerable reduction of prog-
eny production.

8.5  Risks of Nanopesticide Applications

In recent decades, advances in nanotechnology engineering have given rise to the 
rapid development of many novel applications in various industrial fields. Nanoscale 
materials exhibit unusual physical, chemical and biological properties, differing in 
important ways from the properties of bulk materials and single atom or molecule 
(National Nanotechnology Initiative 2008; Medina et al. 2007; Dolez 2015; Borm 
et al. 2006; Buzea et al. 2007; Fröhlich 2013). It is no wonder that nanotechnology 
has also found its use in agriculture and the food industry. Nanosystems/nanomate-
rials have been used for plant protection and nutrition in the form of nanopesticides 
or nanofertilizers or other plant growth-stimulating nanoscale materials (Jampílek 
and Kráľová 2015, 2017b, c; Masarovičová and Kráľová 2013; Masarovičová et al. 
2014; Kookana et al. 2014; Bleeker et al. 2015). Various nanocomposites have been 
applied for protection of different foodstuffs, smart active or responsive packaging 
materials and edible coatings. Diverse nanosensors applicable for monitoring of 
food quality, safety and integrity can be found as well (Kookana et al. 2014; Bleeker 
et al. 2015; Jampílek and Kráľová 2015, 2018b). Thus, the application of nanotech-
nology for sustainable intensification of agricultural production, such as crop pro-
tection agrochemicals, but also agents facilitating the protection of plants against 
pesticides, enhancing plant growth, securing rise of global food production, guaran-
tying enhanced food quality and minimizing the waste, can be considered as an 
excellent solution, but the most critical is stability and degradability all these nano-
materials (Prasad et al. 2014, 2017; Bleeker et al. 2015; Jampílek and Kráľová 2015, 
2017b; Andronescu et al. 2016; Sangeetha et al. 2017a, b, c).

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection



226

Due to their direct and intentional application in the environment, nanoagro-
chemicals may be regarded as particularly critical in terms of possible environmen-
tal impact, as they would represent the only intentional diffuse source of engineered 
NPs in the environment (Kah et al. 2013; Kah 2015). Although many nanomaterials 
showed benefits, nanosystems used in agriculture and the food industry, especially 
when they are exceedingly stable in the environment, can contaminate water 
resources and/or ground and return to the life cycle. On the other hand, they can 
contaminate food products by residues of packaging materials/edible coatings. 
Thus, NPs can be associated with some risks (toxicity) for human and environmen-
tal health. Possible routes of entry into the body include inhalation, absorption 
through the skin or digestive tract (Jampílek and Kráľová 2015, 2017a, b, c, 2018a; 
Khan 2013; Bleeker et al. 2015; Andronescu et al. 2016).

Different permeation through cell walls/membranes into cells is probably the 
most affected and the most valuable parameter in case of nanopesticides and their 
application for crop protection. In this context, especially particles with particle size 
<100  nm are critical, because they are able to practically unlimitedly permeate 
through biomembranes. In general, the ability of NPs “to permeate anywhere” is 
connected primarily with their particle size and shape (Hagens et al. 2007; Buzea 
et al. 2007; Keck and Müller 2013; Nehoff et al. 2014). These NPs may be more 
easily taken up by any organism, which could result in their longer persistence in 
environmental systems. The small size (an extrinsic property) of NPs influences 
these effects more significantly than a unique nanoscale property representing an 
intrinsic property (Buzea et al. 2007; De Jong and Borm 2008; Auffan et al. 2009; 
Kumar et al. 2012; Brayner et al. 2013; Janrao et al. 2014). Mainly adverse effects 
of NPs accumulated in the cell leading to intracellular changes such as disruption of 
organelle integrity, gene alterations, etc., or cytotoxic effects by generation of ROS 
as well as reactive nitrogen species resulting in the damage of plasma membrane, 
cell organelles and intracellular proteins are critical. Considering the potential tox-
icity of NPs and different nanomaterials on living organisms and also on human 
health, it is indispensable to minimize their entry into the environment (Ventola 
2012; Berkner et al. 2016; Vestel et al. 2016).

Based on particle size definitions of NPs (European Commission 2011; National 
Nanotechnology Initiative 2008), a classification of NPs (Sioutas et  al. 2005) 
according to biodegradability (ability of a compound to degrade in organism/envi-
ronment) into four classes was suggested as follows: (i) size >100 nm and biode-
gradable, (ii) size >100  nm and non-biodegradable, (iii) size <100  nm and 
biodegradable and (iv) size <100  nm and non-biodegradable (Keck and Müller 
2013). Logically, the last class of NPs is considered as the most dangerous for 
human health. Toxicological properties of NPs are affected by particle shape, size, 
surface area, surface charge and the adsorption properties of the material as well as 
by abiotic factors such as pH, ionic strength, water hardness and the presence of 
organic matter (Handy et al. 2008). While inside cells, NPs might directly provoke 
alterations of membranes and other cell structures and molecules as well as protec-
tive mechanisms, NPs can exhibit also indirect effects depending on their chemical 
and physical properties, e.g. physical restraints (clogging effects) or production of 
ROS (Navarro et al. 2008).
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In the light of these facts, some multinational corporations, such as BASF, Bayer, 
Monsanto, DuPont and Syngenta, focused among others on pesticide production 
and started to invest in the development of nanopesticides, concealing this develop-
ment before public, because prefix “nano” cannot be currently perceived so posi-
tively (Suppan 2013), which does not, however, mean that the first nanopesticides 
cannot be already applied (Gewin 2015). On the other hand, many nanoagrochemi-
cals described in the scientific literature do not meet the cost-benefit requirements, 
and their production is not profitable (Aschberger et al. 2015).

It is also important to note that nanopesticides offer many advantages, such as 
increased efficacy, dose reduction, lower exposure to nontarget organisms or 
lower risk of resistance development. It can be stated that launched nanoagro-
chemical products mostly consist of “nano” formulations of already registered 
ingredients, and thus they are very similar to many agrochemical products cur-
rently available on the market (e.g. emulsions, suspensions) (Aschberger et  al. 
2015; Gewin 2015; Kah 2015).

Due to the above-mentioned facts, regulatory authorities will play a crucial role 
in the future development of other nanoagrochemicals. The facts that NPs are more 
efficient or that their application has some benefits for crop protection have been 
proven and are unexceptionable. Several international organizations coordinated 
seminars on nanotechnology applications for agriculture (e.g. FAO 2010, 2013; 
JRC-IPTS 2014). The activities of governments and regulatory authorities dealing 
with the development of legislation adapted to nanoagrochemicals vary consider-
ably (FAO 2013; APVMA 2014). The extent to which nanoagrochemicals are devel-
oped will be strongly influenced by the regulatory system that controls their entry 
into the market. There are currently great geographic discrepancies that can influ-
ence applications in a given market (Watson et al. 2011). There are considerable 
issues relating to the definition of NPs and how the proposed criteria can be applied 
to nanopesticides (Kah et al. 2013; EC 2014; JRC-IPTS 2014).

When considering all the nanoproducts that appear in the agriculture and food 
sectors, there is a generally accepted consensus that there has been currently insuf-
ficient reliable data and the level of knowledge to allow a clear safety/risk assessment 
(FAO 2013; JRC-IPTS 2014). However, prohibiting the application of nanopesti-
cides until they are proven entirely safe is unrealistic, as all pesticides are inherently 
toxic (at least to the target pest) and, thus, associated with some risk. When consider-
ing only nanoagrochemicals, a conventional approach to risk assessment  – the 
hazard×exposure paradigm – would result in a number of pitfalls (Kookana et al. 
2014). The exposure assessment is based on investigations into the environmental 
fate of a compound. There have been a limited number of studies investigating nano-
agrochemicals (Kah et al. 2013; Kah and Hofmann 2014). It is also probable that 
endpoints of fate and dangers are not sufficiently determined by the use of protocols 
previously developed for other types of chemicals (Kah et al. 2014; Kookana et al. 
2014). Thus, a fair assessment of nanopesticides should be focused on the evaluation 
of both the risks and benefits associated with their use relative to current solutions. 
While this may not be possible when considering all products discussed so far in 
literature, restricting the analysis to products that are likely to emerge in the next 
decade shows that a fair assessment may be possible (Kah et al. 2015).
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The effects of agrochemical formulations on the environment and the effect of 
active ingredients have been evaluated within the EU under Directive 91/414. The 
new EU pesticide regulation (1107/2009) states that the impact of formulations 
should be taken into account, but it also comes with recommendations that it is 
reasonable to assume that “formulation does not affect the fate and behaviour of the 
active ingredient in the environment” (e.g. European Commission 2009). The autho-
rization of pesticides has long been the subject of a rigorous and constantly protec-
tive regulatory risk assessment. Safety factors are commonly used to uncover 
uncertainties and provide a margin of safety. It is likely that the effects of formula-
tions (nano or not) fall within this boundary. This is probably the reason why a 
representative of the European Crop Protection Association considered that “under 
the current procedure for traditional crop protection products, the safety of nanoma-
terials would also be properly assessed” (JRC-IPTS 2014), although the current 
scientific paradigm cannot be reasonable.

The use of the highly conservative risk assessment strategy mentioned above 
does not support the level of R&D investment needed to design risk-reducing for-
mulations. Impacts of (nano) formulations on fate and effects of active substances 
have been repeatedly reported in scientific literature, but the relevant mechanisms 
remain poorly understood (Jampílek and Kráľová 2018c). Elucidation of these pro-
cesses and the analysis of environmental impacts require the use of experimental 
protocols, analytical techniques and theories that differ from typical applications to 
agrochemicals. Kookana et  al. (2014) discussed that combining and adapting 
approaches developed for pesticides and NPs could in many cases provide a reason-
able assessment of the risks associated with nanopesticides. The same approach 
could be used successfully in assessing the impact of formulations that can exhibit 
colloidal behaviour in application (whether or not designated as “nano” according 
to criteria used in research, public or industrial) (Kah 2015).

8.6  Conclusion

It can be stated that plant protection plays an extremely important role in increas-
ing the production of agricultural crops and in protecting them. Nanotechnology 
and nanoscale science afford unambiguously a great potential in innovative and 
improved solutions. Nanosized materials change their physical, chemical and bio-
logical properties in comparison with bulk materials, and some of them can really 
help to improve and innovate some pesticides for a more efficient combat against 
plant diseases, weeds and various pests. The requirements of the latest EU direc-
tive regarding a better evaluation of formulations should not be perceived as con-
straints, but as a tool that should prevent nanopesticides to become the next 
emerging category of contaminants of environment and human health risks associ-
ated with agriculture. To investigate nanopesticide risks, i.e. to minimize nanopes-
ticide impacts on environment and human, cooperation among expert teams at all 
stages of the development and evaluation of nanopesticides (e.g. formulators, bota-
nists, agricultural scientists and nano(eco)toxicologists) should originate and be 
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intensified to result in the development of successful products, meeting the multi-
ple constraints of the agrochemical sector, and this would bring an added value in 
relation to existing products.
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Chapter 9
Applications of Silver Nanoparticles 
in Plant Protection
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Kamel A. Abd-Elsalam, and Ram Prasad

9.1  Introduction

The word “nano” is the one billionth of a meter or 10−9. The term nanotechnology 
was coined by Professor Norio Taniguchi of Tokyo University of Science in 1974 
who illustrated the precise manufacturing of materials at the nanoscale level 
(Taniguchi 1974). In green nanotechnology, microorganisms and plants are used for 
the synthesis of nanoparticles (NPs). It is well known that many microorganisms are 
capable of aggregating inorganic material within or outside the cell to form NPs. 
However, an enormous number of microbial species are capable of producing metal 
NPs, and the mechanism of NPs biosynthesis is very important. Microbial synthesis 
of NPs is an approach that interconnects nanotechnology and microbial biotechnol-
ogy. Biosynthesis of many metals nanoparticles like gold, silver, gold-silver alloy, 
selenium, tellurium, platinum, palladium, silica, titania, zirconia, quantum dots, 
magnetite, and uraninite by bacteria, actinomycetes, fungi, yeasts, algae, and viruses 
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has been reported (Narayanan and Sakthivel 2010; Prasad et  al. 2016). Silver 
 nanoparticles (AgNPs) have become one of the most commonly used nanomaterials 
in consumer products, and for several decades, silver (Ag+) has been studied as an 
antimicrobial agent against various harmful microorganisms (Prasad 2014).

Due to plant disease agricultural production is reduced worldwide every year; 
therefore, millions of moneys have been invested in efforts to control the plant dis-
eases. Various natural and artificial methods of control for protection of plants from 
these diseases have been applied. Among methods for disease control, use of pesti-
cides is the most prevalent. In recent years, environmental hazards caused by exces-
sive use of pesticides have been widely discussed; therefore, researchers in the 
agricultural field are searching for alternative measures against pesticides. 
Nanotechnological applicability in crop disease protection offers a great promise in 
the management of insects and pathogens. AgNPs are very effective against phyto-
pathogens with low toxicity and lead to broad range of applicability in pesticidal 
activity. It is efficiently used for site-targeted delivery of important agrochemical 
products and for diagnosis purpose tools in case of prior detection of plant diseases 
(Chowdappa and Shivakumar 2013). AgNPs are the most studied and utilized NPs in 
the field of agricultural research to improve the efficiency, yield, and sustainability of 
agricultural crops. It has long been known to have strong pesticidal, antifungal, anti-
viral, and bactericidal effects (Chen and Schluesener 2008). Due to its broad spec-
trum of antimicrobial activities, AgNPs have the prospect to increase food quality, 
global food production, plant protection, detection and regulation of plant diseases, 
monitoring of plant growth, and pest control for “sustainable agricultural develop-
ment” (Kim et al. 2012; Khan and Rizvi 2014; Prasad et al. 2017a, 2017b). AgNPs 
are highly stable and very well dispersive in aqueous solution. It is being used as 
foliar spray to inhibit the growth of fungi, molds, rot, and several other plant diseases 
(Singh et  al. 2015). Moreover, AgNPs are also used as an excellent plant- growth 
stimulator. It provides novel tool for the management of diseases, rapid disease 
detection, and minimizing nutrient losses in fertilization through an optimized nutri-
ent management (Pérez-de-Luque and Rubiales 2009). As an alternative to chemi-
cally manufactured pesticides, use of AgNPs as antimicrobial agents has become 
more common as technological advances make their production more economical. 
One of the important appliances of AgNPs is in the management of plant diseases. 
Silver displays multiple modes of inhibitory action against microorganisms; there-
fore, it may be used with relative safety for control of various plant pathogens, com-
pared to synthetic fungicides (Aziz et al. 2016; Prasad et al. 2014, 2017a, 2017b).

Artificial chemical antimicrobials are widely used in modern agriculture to con-
trol plant diseases. Environmental hazards caused by excessive use of pesticides 
pose health problems as modern society is becoming more health-conscious. 
Therefore, agricultural scientists are searching for alternative eco-friendly and less 
capital-intensive approaches to control plant diseases. As an alternative to chemi-
cally manufactured pesticides, use of AgNPs as antimicrobial agents has become 
more common as technological advances make their production more economical. 
So, the focus of this chapter is to study the possibilities of using the synthesized 
AgNPs in plant protection (Fig. 9.1).
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9.2  Chemical and Biological Silver Nanoparticles (AgNPs)

The physical and chemical methods are numerous in number for the synthesis of 
AgNPs, and many of these methods are expensive or use toxic substances which are 
major factors that make them “not so favored” methods of synthesis. Various types 
of physical and chemical methods that are employed in the production of nanopar-
ticles are top-down method, bottom-up method, reduction of silver metal salt, elec-
troreduction of AgNO3 in aqueous solution in the presence of polyethylene glycol, 
son decomposition, photoreduction in reverse micelle, and many more. The quest 
for such a method has led to the need for biomimetic production of silver nanopar-
ticles whereby biological methods (using plants and microbes) are used to synthe-
size AgNPs. Biologically, various types of microbes and plants species are used for 
the biosynthesis of nanoparticles. In utmost cases, the chemical synthesis methods 
lead to some chemically toxic materials being absorbed on the surface and can hin-
der their practice in medical applications (Parashar et al. 2009; Swamy and Prasad 
2012; Prasad and Swamy 2013; Prasad et al. 2016). Biological synthesis of AgNPs 
is a bottom-up method that typically involves reduction/oxidation reactions. The 
microbial enzymes or the plant phytochemicals with antioxidant or reducing prop-
erties act on the respective compounds and give the desired nanoparticles. The three 
major components involved in the biological synthesis of nanoparticles: solvent 
medium, the eco-friendly reducing agent, and a nontoxic stabilizing agent. The 
nanoparticles so produced have protein cap over it imparted by biological host. This 
capping helps in easy entry in pathogenic fungi. Presence of peak at 1654 in FTIR 
spectrum indicates the presence of amide bond in the sample indicating the pres-
ence of protein capping which is responsible for stabilizing the synthesized nanopar-
ticles (Aziz et al. 2015).

Fig. 9.1 Silver nanoparticle application in plant protections
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9.3  Mechanism by Which Pathogens Cause Diseases

Pathogens cause infection via various mechanisms. Some common known mecha-
nisms are:

 1. Cell wall degradation: some pathogens have enzymes which can degrade the cell 
walls of plant leading to the easy access to the host plant.

 2. Toxins: these chemicals are further categorized into host specific, which are spe-
cific for few plants, and non-host specific, which are active against all plants.

 3. Effector proteins: these proteins interfere with the chemical signaling pathways 
of the host plant which results in reduction of phytochemical production (Winbo 
2011).

9.4  Mechanistic Approach of antimicrobial activity of Silver 
Nanoparticles and Controls of the Growth of Pathogens

There are numerous mechanisms by which AgNPs control the growth of pathogens. 
The exact mechanism of AgNPs by which it causes antimicrobial effect is not evi-
dently known and is one of the debated topics. Numerous theories on which action 
of AgNPs based by which it cause antimicrobial effects. Silver nanoparticles pos-
sess the ability to anchor the bacterial cell wall and penetrate it, causing structural 
changes in the cell membrane like cell membrane permeability and cell death. 
There are formation of “pits” and accumulation of the nanoparticles on the cell 
surface. The formation of free radicals by the AgNPs may be considered as another 
mechanism by which the cells die. The electron spin resonance spectroscopy stud-
ies suggest that there is a formation of free radicals when AgNPs contact the bacte-
ria and these free radicals make membrane porous which ultimately leads to cell 
death (Danilcauk et al. 2006; Kim et al. 2007). It has also been proposed that there 
may be a release of silver ions by the nanoparticles (Feng et al. 2008) and these ions 
have inbuilt property to interact with the thiol (-SH) groups of many crucial 
enzymes and inactivate them (Matsumura et al. 2003). The bacterial cells come in 
contact with silver ions, which inhibit many functions and damage the cells which 
result in the generation of reactive oxygen species (ROS) that may also be produced 
possibly through the inhibition of a respiratory enzyme by silver ions and attack the 
cell itself. The action of these nanoparticles on the cell can cause the reaction to 
take place and subsequently lead to cell death. Another important fact is that the 
DNA contains sulfur and phosphorus as their major components; the nanoparticles 
can act on these components and destroy the DNA which ultimately lead to cell 
death (Hatchett and Henry 1996). The interaction of the silver nanoparticles with 
the sulfur and phosphorus of the DNA can lead to problems in the DNA replication 
of the bacteria and thus terminates their growth. It has also been found that the 
AgNPs can modulate signal transduction in bacteria. It is a well-known fact that 
phosphorylation of protein substrates in bacteria persuade bacterial signal 
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transduction. Dephosphorylation is only reported in the tyrosine residues of gram-
negative bacteria. The phosphor tyrosine profile of bacterial peptides is altered by 
the nanoparticles. It was found that the nanoparticles dephosphorylate the peptide 
substrates on tyrosine residues, which leads to signal transduction inhibition and 
thus the stoppage of growth. It is however necessary to understand that further 
research is required on the topic to thoroughly establish the claims (Shrivastava 
et al. 2007) (Fig. 9.2).

9.5  Effect of Silver Nanoparticles on Phytopathogens

Phytopathogens, viz., bacteria, fungi, viruses and nematodes, are key limiting fac-
tors in the production of food material. Several methods are used to control patho-
gens but not a perfect method to control of the disease. Hence, a great prospect 
exists for the manipulation of nanotechnology for the management of plant patho-
gens. Silver is considered the most capable nanomaterials with fungicidal, bacteri-
cidal, and viricidal properties owing to its wide-ranging effectiveness, low toxicity, 
ease of use, charge capacity, high surface-to-volume ratios, crystallographic struc-
ture, and adaptability to several substrates (Nangmenyi and Economy 2009). 
AgNPs act as robust antimicrobial agent due to strong inhibitory effects against 
various microorganisms (Clement and Jarrett 1994). Nanosilver exhibits high level 
of toxicity to the microorganisms and lower toxicity to the mammalian cells. It 
was observed that the microbe-killing effects of AgNPs were size dependent (Raza 
et al. 2017). The AgNPs/PVP were tested for fungicidal activity against different 
yeasts and molds such as Candida albicans, C. krusei, C. tropicalis, C. glabrata, 
and Aspergillus brasiliensis. The hybrid materials showed strong antifungal effects 

Ag NPs

Bacterium

Generation of reactive oxygen species

Protein degradation

DNA damage

Disruption of cell wall

Release ofAg NPs

ROS

ROS

Fig. 9.2 Mechanistic approach of the antibacterial action indicating ROS generation induced by 
AgNPs. (Reprinted from Aziz et al. 2015)
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against the tested microbes (Bryaskova et  al. 2011). Traditional microbiological 
plating, scanning electron microscopy, and Raman spectroscopy were used to study 
antifungal activities of AgNPs and to characterize the changes in morphology and 
cellular compositions of fungal hyphae. Aziz et al. (2016) observed the effect of bio-
genic nanoparticles from AgNPs on pathogenic fungi, Candida albicans, Fusarium 
oxysporum, and Aspergillus flavus, and these antimicrobial attributes were compa-
rable to those of established fungicides (amphotericin B, fluconazole, and ketocon-
azole). Importantly, these nanoparticles show significant synergistic characteristics 
when combined with the antibiotics and fungicides to offer substantially greater 
resistance to microbial growth. Ocsoy et al. (2013) developed nanocomposite DNA- 
directed AgNPs grown on graphene oxide (Ag@dsDNA@GO). These composites 
effectively decrease Xanthomonas perforans cell viability in culture and on plants. 
At the very low concentration (16  ppm), composites show excellent antibacte-
rial ability with significant benefits in improved stability and higher antibacterial 
activity. Also, in most cases, inhibition increased as the concentration of AgNPs 
increased. This could be due to the high density at which the solution was able to 
saturate and cohere to fungal hyphae and to deactivate plant pathogenic fungi (Kim 
et  al. 2012). Synthesis of nanoparticles chemically requires chemical substances 
that are toxic in nature. Even after purification, there is a chance of chemical con-
tamination which leads to unsafe use of nanoparticles. Chemical and physical meth-
ods need expensive chemicals and instruments, which leads to hike in production 
cost. However, biologically synthesized nanoparticles don’t undergo any toxic and 
expensive procedure. Laboratory test reveals that biologically synthesized nanopar-
ticles are safest to use and these nanoparticles possess protein caps which allow 
easy excess to the pathogen cell membrane.

Nano Silver is one of the known strong bacteriostats and possesses broad-spec-
trum antimicrobial activity. It has been reported that well-dispersed nanosilver col-
loid is more adhesive to bacteria and fungi leading to enhanced antimicrobial 
activity (Kim et al. 2008). In nature many agricultural crops and forestry are attacked 
by many microorganisms resulting in loss of agricultural product and death of tree 
species. AgNPs came up as a new hope and control disease mechanism by damag-
ing fungal hyphae, interference with nutrient absorption, and enhanced inhibition of 
fungal growth and germination. The mechanism involved may be the influence of 
silver ions and nanoparticles on spore formation and disease progression in plant 
 pathogenic fungi. Hence, AgNPs prove to have high potential to be used as nanopes-
ticides for controlling phytopathogens (Alghuthaymi et al. 2015).

9.5.1  Nano-antibacterial

Silver nanoparticles in agricultural soil affect several bacterial communities which 
are beneficial/harmful for plant and environment (Panyala et al. 2008). AgNPs act 
as strong antimicrobial agent due to strong inhibitory effects against various 
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bacterial species (Clement and Jarrett 1994; Joshi et al. 2018). Kamran et  al. 
(2011) reported that the nanosilver and nano-TiO2 with a good potential may be 
used for removing the bacterial contaminants in the tobacco plant. AgNP expo-
sure causes toxicity to bacteria, and treatment can prevent replication and protein 
synthesis (Chaloupka et al. 2010). Notably, the most common application prob-
lem involves the agglomeration and diffusion of these nanoparticles, which reduce 
antibacterial activity. These studies revealed that used various organic (Jo et al. 
2009) and inorganic substances (Lamsal et al. 2011) as well as powerful carriers 
(Ouda 2014) to stabilize AgNPs. These substances can strongly influence the anti-
bacterial activity and reduce the biological toxicity of nanoparticles. Also a syn-
ergistic antimicrobial effect is achieved when AgNPs are hybrid with other metal 
nanoparticles or oxides acting as a shell or a core to form bimetallic nanoparticles 
(Chou and Chen 2007). Chen et al. (2016) study revealed that bacteriostatic and 
bactericidal activity of the pure and surfactant-stabilized AgNPs (SDS-Tween 80- 
CTAB-PVP) capped silver nanoparticles. Ralstonia solanacearum (phytopatho-
genic fungi), which causes severe bacterial wilt in tobacco, is used to investigate 
the bacteriostatic and bactericidal activity of pure and surfactant-stabilized 
AgNPs. The surfactants affected the antibacterial activity of AgNPs toward R. 
solanacearum to different extents.

9.5.1.1  AgNP Antibacterial Mechanism

The accumulation of AgNPs in the cellular membrane led to an increase of its per-
meability and eventually to the death of bacterial cells. Also, they attempted to 
understand their mechanism of action. Presently, there are five main explanations 
that have been proposed to describe the antibacterial activity (Lemire et al. 2013):

 1. Release of toxic ions that bind to sulfur-containing proteins – this accumulation 
avoids the proper functioning of proteins in the membrane and interfere in cell 
permeability (Sondi and Salopek-Sondi 2004).

 2. They may be genotoxic – toxic ions can DNA destruction which leads to death 
of cell.

 3. Interruption of electron transport chain, protein oxidation system, and collapse 
of membrane potential.

 4. Generation of reactive oxygen species (ROS)-mediated cellular damage and dif-
ferent metal-catalyzed oxidation reactions might underlie specific types of DNA, 
protein, and membrane damage (Banerjee et  al. 2010; Zeng et  al. 2007; Aziz 
et al. 2015).

 5. Interruption with uptake of nutrients (Pal et al. 2007).

These mechanisms might not operate separately which suggests that more than 
one mechanism occur simultaneously. These multiple targets of action might access 
NPs to fight effectively against different plant pathogens.

9 Applications of Silver Nanoparticles in Plant Protection
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9.5.2  Nano-antiviral

For AgNP role against plant viruses, there are few reports documented. For instance, 
the effective control of bean yellow mosaic virus (BYMV), genus Potyvirus, family 
Potyviridae, would be of high interest for many African countries, which can suffer 
significant yield reductions in fava bean crops upon viral infection leading to con-
siderable economic losses (Radwan et al. 2008). It has been suggested that AgNPs 
inhibit viral nucleic acid replication, while their antiviral activity depends on the 
particle size, as well as on the distribution of interacting ligand/receptor molecules 
(Lü et al. 2009; Papp et al. 2010). Elbeshehy et al. (2015) studied the effect of bio-
synthesized AgNPs on leaves of fava bean infected with BYMV which showed 
severe symptoms, including yellow mosaic, mottling, crinkling, size reduction, and 
deformation, symptoms that were absent from the non-infected leaves.

9.5.3  Nano-antifungal

The antifungal effect of AgNPs has established only insignificant attention and with very 
few publications (Roe et al. 2008; Kim et al. 2008). There are few studies available deal-
ing precisely with their mechanism of action against clinical isolates and American type 
culture collection strains of Candida spp. and Trichophyton mentagrophytes (Li et al. 
2012; Panáček et al. 2006; Min et al. 2009). The use of AgNPs as antimicrobial agents 
becomes more widespread as technological advances make their production more eco-
nomical. Control of phytopathogens is one of the probable applications in which silver 
can be utilized in the management of plant diseases. Since silver displays a collection 
of modes of inhibitory action to plant pathogens (Park et al. 2006), it might be used as 
controlling agent for various plant pathogens in a moderately safer way as compared to 
synthetic fungicides. Ag-SiO NPs have a strong antifungal effect against Botrytis cine-
rea (Oh et al. 2006). The combined effect of fluconazole and AgNPs for their antifungal 
activity was evaluated by Gajbhiye et al. (2009) against Phoma glomerata, Phoma her-
barum, F. semitectum, Trichoderma sp., and Candida albicans by disc diffusion tech-
nique. Ag2S nanocrystals on amorphous silica particles show antifungal activity against 
Aspergillus niger (Fateixa et al. 2009). The phytogenic AgNPs were tested against three 
different plant pathogenic fungi such as Rhizoctonia solani, Fusarium oxysporum, and 
Curvularia sp. and showed antifungal activity against R. solani followed by F. oxyspo-
rum and Curvularia sp. (Balashanmugam et al. 2016). Amphotericin B showed moder-
ate antifungal activity against the three plants pathogenic fungi (Fig. 9.3).

9.6  Nano-insecticides

Advance investigation highlighted the extensive application of AgNPs for insecti-
cidal application to kill the mosquitoes and fleas. AgNPs possessed excellent anti-
lice and mosquito larvicidal activity, having dynamic application in community 
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health improvement. There are tremendous researches investigating the efficacies of 
biogenic synthesized AgNPs as mosquito larvicidal agent against different species 
of mosquitoes, i.e., Culex quinquefasciatus, Heteroscodra maculata, Rhipicephalus 
microplus, and Anopheles subpictus, and suggesting that it can be used as an ideal 
eco-friendly approach for their control (Marimuthu et al. 2011; Suman et al. 2013; 
Mondal et al. 2014). Jayaseelan et al. (2011) documented on the pediculicidal and 
larvicidal activity of synthesized AgNPs (from leaf extract of Tinospora cordifolia) 
against the head louse Pediculus humanus and larvae of Anopheles subpictus and 
Culex quinquefasciatus and showed maximum mortality. Rouhani et  al. (2012) 
evaluated the insecticidal activity of AgNPs against the Aphis nerii. Soni and 
Prakash (2015) have described the larvicidal and pupicidal properties of biologi-
cally produced AgNPs (from fungal strain of Aspergillus niger) against the mos-
quito larvae of Aedes aegypti, Culex quinquefasciatus, and Anopheles stephensi.

9.7  Controlled Released Nanofertilizers

Silver nanoparticles are very stable and biodegradable and it also displays slow 
release of agrochemicals. So, it can be used for formation of nanocapsules for slow 
and optimized delivery of agrochemicals, pesticides, and fertilizers in agricultural 
practices (Chowdappa and Shivakumar 2013). Nanoencapsulated agrochemicals are 
designed to possess the desired properties including effective optimum concentra-
tion, time-controlled release, enhanced activity on target site, and least toxic effects 
(Tsuji 2001). It helps in slow release of agrochemical in controlled way to the par-
ticular host through dissolution, biodegradation, diffusion, and osmotic pressure 
with specific pH. Nanotagged agrochemicals reduce the damage to nontarget plant 
tissues and reduce risk of nonspecific chemical contamination in the surrounding 
environment (González-Melendi et al. 2008; Rai and Ingle 2012). Combinations of 
inorganic fertilizer mainly supply three nutrients, nitrogen (N), potassium (K), and 

Fig. 9.3 Antifungal activity of phytosynthesized AgNPs against different plant pathogens on the 
third day (I) Rhizoctonia solani, (II) Fusarium oxysporum, (III) Curvularia sp. D-silver nitrate, 
S-phytosynthesized AgNPs, A-amphotericin-B, P-C. roxburghii aqueous leaf extract. (Reprinted 
from Balashanmugam et al. 2016)
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phosphorus (P), to various crops at different growing conditions. This brings out the 
idea of developing encapsulated fertilizers, in which NPK fertilizers are entrapped 
within nanosilver to boost nutrient management.

9.8  Positive Effect on Plant Growth

Some nanoparticles have a beneficial effect on some plant species manifested by 
enhancing seed germination, enhancing crop yield, or suppressing plant disease 
(Servin et al. 2015; Arruda et al. 2015). As we know that NPs have both positive and 
negative effects on plant growth and development. Recently, Krishnaraj et al. (2012) 
studied the effect of biogenic AgNPs on hydroponically grown Bacopa monnieri 
growth metabolism, showed a significant effect on seed germination, and induced 
the synthesis of protein and carbohydrate and decreased the total phenol contents 
and catalase and peroxidase activities. Also, Savithramma et al. (2012) revealed that 
biologically synthesized AgNPs enhanced seed germination and seedling growth of 
trees Boswellia ovalifoliolata. AgNPs increased plants morphological (shoot and 
root length, leaf area) and biochemical attributes (chlorophyll, carbohydrate and 
protein contents, antioxidant enzymes) of Brassica juncea, common bean, and corn 
(Salama 2012; Sharma et al. 2012). However, Gruyer et al. (2013) reported AgNPs 
have both positive and negative effect on root elongation depending on the plant 
species. They reported that root length was increased in barley but was inhibited in 
lettuce. Also, Yin et al. (2012) studied the effects of AgNPs on germination of 11 
wetland plants species (Lolium multiflorum, Panicum virgatum, Carex lurida, C. 
scoparia, C. vulpinoidea, C. crinita, Eupatorium fistulosum, Phytolacca ameri-
cana, Scirpus cyperinus, Lobelia cardinalis, Juncus effusus) and found AgNPs 
enhanced the germination rate of 1 species (E. fistulosum). AgNPs induce root 
growth by blocking ethylene signaling in Crocus sativus (Rezvani et al. 2012).

Silver nanoparticles may have both a positive and a negative impact on plants, 
depending on size, concentration, chemical composition, zeta potential, stability, 
and the shape of nanoparticles (Mirzajani et al. 2013; Tripathi et al. 2015, 2017; 
Costa and Sharma 2016). Several studies have depicted a negative impact of 
nanoparticles on plants in the form of decrease in plant growth, productivity, and 
pigments (Tripathi et  al. 2017). On the other hand, robust and smart engineered 
nanoparticles are also explored for the betterment of agricultural crop production, as 
growth stimulators, nanopesticides, nanofertilizers, soil-improving agents, or sen-
sors for monitoring different agricultural parameters in the field (Fraceto et al. 2016; 
Prasad et al. 2016, 2017a). Due to the increased interest in the area, most of the 
research depicting the influence of industrial nanoparticles on plants has been per-
formed in recent years. Recent studies have exposed that when AgNP was combined 
with different treatment/compounds, it may have a different impact on plants 
(Berahmand et al. 2012; Belava et al. 2017), due to the influence of other phenom-
ena/compound on AgNPs. AgNP treatment in combination with magnetic field was 
observed to improve quantitative yields in Zea mays (Berahmand et al. 2012). In the 
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wheat-pathogen phytosystem, an increase of lipid peroxidation was observed, when 
compared with NP or pathogen alone (Belava et  al. 2017). The biosynthesized 
nanoparticles induced the protein and carbohydrate synthesis and decreased the 
total phenol contents, which can be considered as a positive effect; it may be due to 
the presence of altered size (2–50  nm) of nanoparticle or the different chemical 
property of biogenic NPs. The size of AgNPs of 200–800  nm was observed to 
enhance the plant growth (Jasim et al. 2016) whereas 35–40 nm observed to posi-
tively influence the root and shoot growth of different plant (Pallavi et al. 2016), 
which may be due to the inability of the penetration of large nanoparticles (Mirzajani 
et al. 2013). AgNPs (of comparatively small size, i.e., <30 nm) when applied in high 
concentration were observed to inhibit the root and shoot growth in different plants 
studied (Dimkpa et al. 2013; Vinković et al. 2017). Treatment of Lupinus termis 
seedlings with 100 ppm bio-AgNPs might improve the growth profile, while expo-
sure of seedlings to high concentrations (300 and 500 ppm) resulted in a highly 
significant reduction in all growth parameters and growth indices (Al-Huqail et al. 
2018) (Fig. 9.4 and Table 9.1).

9.9  Pesticide Remediation

As an alternative, AgNPs can be applied for the degradation of pesticides to over-
come these problems. In modern nanotechnological research, applicability of 
AgNPs in pesticide mineralization is well reported. Nair and Pradeep (2003) con-
firmed the halocarbon mineralization and catalytic destruction by means of silver 
and gold nanoparticles. Manimegalai et  al. (2011) reported the applicability of 
AgNPs for the removal of pesticides “chlorpyrifos” and “malathion” from water. 
These nanoparticles have been shown to completely remove the pesticides as it 
actively anchored the pesticide to its inert surfaces.

9.10  Plant Pathogen Detection

It is worth mentioning here that newly developed smart nanomaterials with special 
nanoscale characteristics offer tremendous breakthrough in plant pathogen detec-
tion and diagnosis technology (Khiyami et al. 2014). Striping voltammetry as an 
electrochemical technique can be applied to detect the metal nanoparticles directly 
making the assay simple to perform. Gold and silver nanoparticles can be used in 
these methods including different inorganic nanocrystals (ZnS, PbS and CdS) for 
analytic detection (Upadhyayula 2012). Schwenkbier et  al. (2015) developed a 
helicase- dependent isothermal amplification in combination with on-chip hybrid-
ization for the detection of Phytophthora species. This approach allows efficient 
amplification of the yeast GTP-binding protein (Ypt1) target gene region at one 
constant temperature in a miniaturized heating device. The assay’s specificity was 
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determined by on-chip DNA hybridization and subsequent AgNP deposition. The 
silver deposits serve as stable endpoint signals that enable the visual as well as the 
electrical readout. These advancements point to the direction of a near future on-site 
application of the combined techniques for a reliable detection of several kinds of 
plant pathogens.

9.11  Conclusion

Silver has been constantly superb antimicrobial (antibacterial and antifungal) and 
has been used for the purpose for ages. The unique physicochemical properties of 
AgNPs only increase the efficacy of silver. Chemical and physical methods of AgNP 
synthesis were being followed by several periods, but they are expensive, and the 
use of several toxic chemicals for their synthesis makes the biological synthesis the 
more desired possibility. Though microbial and plant extract sources can be used for 
AgNP synthesis, the easy availability, the nontoxic nature, the various options avail-
able, and the advantage of quicker synthesis make plant extracts the best and an 
excellent choice for biogenic AgNP synthesis. The uses of AgNPs are varied and 
many, but the most exploited and desired aspect is their antimicrobial and anti- 
inflammatory activities. The disadvantage of AgNPs is that they can induce toxicity 
at various degrees. It is recommended that higher concentrations of AgNPs are toxic 
and can cause innumerable health problems. It also revealed that the nanoparticles 
of silver can induce various ecological problems and disturb the ecosystem if 
released into the environment. Hence, this chapter concludes the application of sil-
ver nanoparticles in plant disease management, nanofertilizers, nanopesticides, pes-
ticide remediation, and plant pathogen detections; with that there would be 
mechanisms devised to nullify any toxicity caused by nanosilver to humans and the 
environment so that the unique properties of this substance can be put to great use 
for human betterment without any controversies.

Control

100 ppm

A B

500 ppm 600 ppm 700 ppm 800 ppm 900 ppm

500 ppm 300 ppm 100 ppm Control

200 ppm 300 ppm 400 ppm

Fig. 9.4 (a) Effect of different concentrations of CSL-AgNPs (0–900 ppm) on Lupinus termis L. 
seed germination. (b) Effect of different concentrations of CSL-AgNPs (0, 100, 300 and 500 ppm) 
on growth parameters of Lupinus termis L. (Reprinted from Al-Huqail et al. 2018)
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Chapter 10
Positive Impacts of Nanoparticles in Plant 
Resistance against Different Stimuli

Tahsin Shoala

10.1  Introduction

Application of Nanotechnology is studying the new physical properties of different 
materials in the nanosize. Nanomaterials in the nanosize have changed the vision of 
the world towards physical structure and size of the same material. Nanomaterials 
have altered the direction of the biological research towards nanoscience and 
became one of the most important and applicable sciences in different biological 
aspects. Application of nanomaterials in biological research enhanced the human 
health and longevity by curing dangerous disease like cancer; increased the sensitiv-
ity and specificity of detection and diagnosis methods, vaccinations and drug deliv-
ery; decreased pre- and postharvest diseases; and decreased the pollution in the 
environment (Prasad et al. 2014, 2016, 2017a). Different materials in the normal 
size could be toxic so that converting those materials to nanosize will change the 
physical properties and increase the level of toxicity. Number of metallic nanopar-
ticles could be toxic in the normal size, and the toxicity increased in the nanosize 
because of the easiest entrance inside the cell, so that using metallic nanoparticles 
in detection and identification of certain diseases will increase the positive side of 
those nanomaterials, like using nanosilver and nano-gold in the DNA extraction and 
PCR techniques. Converting natural and safe products to nanosize could play dual 
role in the nanoscience by enhancing the nanoactivity of natural products against 
different pathogens, increasing shelf life fruits and vegetables in room temperature, 
decreasing the side effect and toxicity of using pesticides, curing different human 
diseases and decreasing the negative or bad side of using unsafe nanomaterials. 
Application of nanotechnology could take positive or negative impact according to 
your first choice of your material. So biological research committee should assign 
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specific rules, obligations and licences regarding converting specific material to 
nanosize. Positive impact of nanotechnology increased the chances of changing the 
biological research and application towards nanomaterials.

Nanotechnology became one of the main technologies that could be used to 
solve many issues in our life. Application of nanotechnology changed the overviews 
for using many materials and altered the features for specific elements to make them 
useful for human being. Nowadays, nanotechnology could be used to solve many 
problems and also has many applications in different areas. Application of nano-
technology in renewable energy is the magical key to produce clean energy and sort 
out energy problems worldwide. Also nanotechnology could help the world by sort-
ing out water purity by using nanomaterials to decrease water contaminant. By 
2050, the whole world will suffer from the available fresh water because of increase 
population and increase contaminated water. Application of nanotechnology could 
improve human health and longevity by curing many diseases like cancer, vaccina-
tion and infectious diseases. Additionally, nanomaterials could help the universe by 
decreasing pollution in the environment.

Nanotechnologies face many problems in the application sides. Although appli-
cation of nanotechnology could be useful at some points, using nanomaterials could 
be dangerous. So all the nanotechnologist should stop applying and start thinking 
about toxicity, safety, new combinations, mechanism, mood of action, accumulation 
and biology of using nanomaterials. Many studies should be applied to discover the 
bad and ugly face of nanomaterials. So new science could be invented to study bad 
side of nanotechnology and could be named as (nanotoxicity) and focus in the study 
of toxic side of different martials in the nano form.

Researchers worldwide started already studying how to manage materials in the 
nanosize to understand the danger side of nanoparticles before application. Even if 
using nanomaterials in the diagnosis techniques might be useful, but we should be 
aware of how to get rid of it as hazard material.

10.2  Plant-Nanomaterial Interaction

Plant-nanomaterial interactions have taken many steps forward during the last few 
years. Different nanoparticles have variable mode of action according to the type 
and sizes of nanomaterials. Nanoparticles could have direct effect on the plant sur-
faces or may induce different metabolic pathways which lead to either resistance or 
susceptibility against different stimuli. Nanoparticles may have either positive or 
negative effects on plants which lead to either resistance or susceptibility of plants 
against different stimuli (Fig. 10.1).

T. Shoala



269

10.2.1  The Role of Nanoparticles in Plant Resistance 
against Different Pathogens

Recently, applicable nanotechnology has been increased towards the development 
of innovative antimicrobials for controlling the phytopathogenic pathogens which 
affect agricultural crops. Nanomaterials could be applied directly to suppress patho-
gen infection which led indirectly to an increase in the plant growth and crop pro-
duction (Prasad et  al. 2014, 2017a, b). Remarkably, several of the nanoparticles 
could be effective against different microorganisms, and also they are required as 
micronutrients for plants. Therefore, nanomaterials could play dual role in plants by 
enhancing the growth level in both roots and shoots plus targeting the microorgan-
isms which resulted in increasing plant resistance against plant pathogens. So, 
nanoparticles could be applied as nanofertilizers and nanopesticides at once 
(Fig. 10.2).

Specially, substantial progress in nanomaterials synthesis, for instance, poly-
meric, carbon-based and metallic, has fascinated researchers’ attraction in the direc-
tion of applications in controlling plant pathogens. Additionally, toxicity has been 
taken in consideration to decrease the negative impacts of nanotechnology in the 
environment by redesigning and modification the sizes, shapes and surfaces of the 
nanoparticles towards the nanomicrobial activities and decreases the toxic effect on 
the environment (Neal 2008).

Numerous research studies have been done to protect crops from plant patho-
gens, e.g. development of polymeric and lipid-based edible film sheets (Cagri et al. 
2004). Many metal ions, e.g. Ag+, Zn2+ and Cu2+, have been applied to deactivate 
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Fig. 10.1 Nanoparticle- 
plant interaction towards 
plant susceptibility
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bacterial growth (Kim et al. 1998). Many metallic nanoparticles have been synthe-
sized and used, e.g. Ag, Cu, CuO, ZnO and TiO2 carbon nanotubes (CNTs) as well 
as graphene oxide (GO) to manage bacterial plant pathogens (Yoon et  al. 2007; 
Mallick et al. 2012; Karlsson et al. 2008; Hu et al. 2010). Amongst diverse forms of 
nanoparticles, Ag NPs have been used as effectively against different types of patho-
gens, e.g. fungi, bacteria and viruses (Sondi and Salopek-Sondi 2004; Elechiguerra 
et al. 2005; Kim et al. 2009; Zodrow et al. 2009; Prasad and Swamy 2013; Swamy 
and Prasad 2012; Aziz et al. 2014, 2015, 2016). So, the mechanisms of nanosilver 
activities against microbes could be explained by binding of Ag+ ions to cysteine-
containing proteins on the plasma membrane, initiating interruption in both physi-
ological and biochemical process that compromise membrane integrity. Accordingly, 
critical enzymes systems will be deactivated followed by cell death as a result of 
Ag+ penetration (Ocsoy et al. 2013). Treated perennial ryegrass (Lolium perenne) 
with Ag NPs reduced the pathogenic fungal infection (Neotyphodium lolii) to 50% 
in colony formation. Also, in field trials, Ag NPs suppressed and reduced the activ-
ity of Colletotrichum spp. (anthracnose pathogen) by penetrating the cell membrane 
of the fungus. Lamsal et al. (2011) described that Ag NPs in the nanometre sizes 
(~8 nm) reduced the fungal infection by inducing the resistance mechanisms which 
work effectively towards the plant resistance (Jo et al., 2009; Lamsal et al. 2011). A 
ZnO nanoparticle is considered as another effective nanomaterial against plant 
pathogenic fungi. ZnO NPs have many advantages compared to Ag NPs, lower 
toxicity, source of soil fertility plus nanofungal activity. ZnO NPs showed 26% 

Plant Resistance

Nanoactivity
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Nanoparticles

Fig. 10.2 Nanoparticle- 
microorganism interaction 
towards plant resistance
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nanofungal activity against Fusarium graminearum in a mung bean broth agar 
medium compared to bulk oxide and control (Dimkpa et al. 2013a, b). Researcher 
studies reported that ZnO NPs inhibited significantly the fungal growth of inhibited 
Botrytis cinerea (63–80%) and Penicillium expansum (61–91%) in a plating assay 
and reported the systemic disruption which caused hyphal deformity and fungal 
death in both fungi (He et al. 2011). Another research study proved that biosynthe-
sized ZnO NPs in the concentration (25 μg/mL) supressed the growth of pathogenic 
bacteria (Pseudomonas aeruginosa) and fungus Aspergillus flavus (Jayaseelan et al. 
2012). ZnO NPs and MgO NPs at low concentration (100 mg/L) suppressed signifi-
cantly the germination rate of the fungal spores Alternaria alternata, Fusarium oxy-
sporum, Rhizopus stolonifer and Mucor plumbeus (Wani and Shah 2012). Huang 
et al. (2005) have revealed the significant nanomicrobial activity of MgO against 
bacteria as a result of possible interactions between MgO NPs and negative surface 
membranes of bacterial spores (Huang et  al. 2005). Metallic nanoparticles TiO2 
have photocatalytic and antimicrobial properties and also could be used as agricul-
tural and soil amendments. Previous research studies revealed the nanoactivity 
reduction of TiO2 NPs against cucumber pathogenic bacterial Pseudomonas syrin-
gae pv. lachrymans and P. cubensis by (69–91%), respectively, moreover increasing 
the percentage of photosynthetic activity to 30%. Also, TiO2 NPs showed an increase 
in the photoactivity which resulted in increasing the resistance of Rosa ‘Noare’ and 
tomato against the causal agent of bacterial spot disease (Xanthomonas sp.) com-
pared to conventional treatment (Cui et al. 2009; Paret et al. 2013a, b). Copper in the 
nanosize showed significant results against different microorganisms. Treated 
tomato (Lycopersicon esculentum) plants with Cu NPs showed an increase in the 
resistant levels by 73.5% against fungal pathogen Phytophthora infestans compared 
to (57.8%) in the control (Giannousi et al. 2013). On the other hand, chemically 
synthesized Cu NPs showed great nanofungal activities against plant pathogenic 
fungi Phoma destructiva, Alternaria alternata, Curvularia lunata and Fusarium 
oxysporum (Kanhed et al. 2014).

Chitosan is considered as a biomaterial, biocompatible, biodegradable and non-
toxic material which could be applied effectively in different fields. Chitosan has 
been applied in agriculture either in enhancing plant growth or plant pathogen 
management (Katiyar et al. 2015; Xing et al. 2015; Prasad et al. 2017b). Chitosan 
in the nanosize has different physical and chemical properties which increase the 
potential application of chitosan NPs compared to normal size. Chitosan NPs have 
an effective role in plant growth and also as an inducer of the antioxidants and 
defence systems in the plants (Sathiyabama et  al. 2016; Chandra et  al. 2015). 
Transcriptome analysis of plants treated with chitosan NPs showed that an increase 
in the expression levels of defence-related genes resulted in enhancing the defence 
level and innate immunity of plants against different stimuli (Chandra et al. 2015). 
Previous research studies reported the effective role of combination between cop-
per and chitosan NPs as an antifungal and plant growth regulator (Saharan et al. 
2015) (Fig. 10.2).
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10.2.2  Positive Impacts of Nanoparticles on Plant Growth 
and Development

Nanoparticle-plant interaction may cause several morphological and physiological 
changes according to physical properties of nanoparticles. Effective role of nano-
materials is determined according to the applied dose, chemical composition, size, 
surface area and reactivity. Previous studies showed that positive and negative 
impacts of nanoparticles towards plant growth and development (Khodakovskaya 
et al. 2012) (Fig. 10.2).

10.2.2.1  Zinc Oxide Nanoparticles

Several studies suggested that the effective role of ZnO NPs towards plant growth 
and development including ZnO nanorod-embedded fungus Piriformospora indica 
enhances the germination and biomass of Brassica oleracea var. botrytis plant 
(Singhal et al. 2017). Previous research studies reported that low concentrations of 
ZnO NPs revealed positive influence on seed germination in wheat and onion; con-
versely, higher ZnO NPs decreased seed germination. The impact of NPs on seed 
germination varies from one plant to another and relies on the NP concentrations 
(Ramesh et al. 2014; Raskar and Laware, 2014). Previous research studies reported 
that treatment of cucumber, alfalfa and tomato seeds with different concentrations 
of ZnO NPs enhanced the germination level in cucumber only (de la Rosa et al. 
2013). Murashige and Skoog (MS) media provided with ZnO NPs stimulated shoot-
ing, regeneration and somatic embryogenesis of plantlets and encouraged proline 
synthesis, superoxide dismutase, catalase and and peroxidase activities in this man-
ner improving tolerance to biotic stress (Helaly et al. 2014).

10.2.2.2  Silicon Dioxide Nanoparticles

SiO2 NPs play an important role in seed germination and plant development. SiO2 
nanoparticles in low concentrations enhanced tomato and maize seed germination 
by increasing availability of nutrient materials and better pH (Siddiqui and 
Al-Whaibi 2014; Suriyaprabha et  al. 2012). Exogenous application of SiO2 on 
Changbai larch (Larix olgensis) seedlings enhanced growth and quality and also 
encouraged chlorophyll synthesis (Bao-shan et al. 2004). Furthermore, exogenous 
application of SiO2 NPs on tomato and squash seeds enhanced seed germination 
under abiotic stress, induced antioxidant under salinity stress and also enhanced leaf 
fresh and dry weight, chlorophyll content and proline accumulation (Haghighi et al. 
2012; Siddiqui et al. 2014).
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10.2.2.3  Titanium Dioxide Nanoparticles

Titanium dioxide nanoparticles are playing an important role in plant resistance in 
response to abiotic stress and plant development. TiO2NPs have been reported as an 
enhancer of canola seed germination and seedling growth. Furthermore, TiO2NPs 
increased wheat growth and yield under drought stress. Also, titanium dioxide 
nanoparticles control enzyme activities involved in nitrogen metabolism, e.g. nitrate 
reductase, glutamate dehydrogenase, glutamine synthase and glutamic-pyruvic 
transaminase, which help the plants in different physiological processes like nitrate 
absorption, converting inorganic nitrogen to organic nitrogen to form protein and 
chlorophyll (Mahmoodzadeh et  al. 2013; Jaberzadeh et  al. 2013; Mishra et  al. 
2014).

10.2.2.4  Carbon Nanotubes

Carbon nanotubes have unique characters, e.g. chemical, thermal and mechanical, 
that acquired an important position between other nanomaterials. As a result of the 
distinctive features of CNT NPs, they have the capability to enter cell wall and 
membrane. CNT NPs have been applied extremely in human and animals compared 
to plant cells and metabolism. The single-walled CNTs (SWCNTs) perform as 
nanocarriers for DNA and dye molecule delivery into plant cells (Srinivasan and 
Saraswathi 2010). Conversely, in several studies researchers conveyed that multi-
walled CNTs (MWCNTs) influence distinctively the seed germination and plant 
growth and also act as delivery system of DNA and chemicals to plant cells. MWCTs 
induce the uptake efficiency of water and essential nutrients, e.g. Ca and Fe, which 
could improve the seed germination and plant development and growth (Villagarcia 
et al. 2012; Tiwari et al. 2014). Research studies reported that oxidized MWCNTs 
enhanced significantly root cell elongation and stimulated dehydrogenase activity 
(Wang et al. 2012) Tripathi and Sarkar (2014) assured the presence of water-soluble 
CNTs inside wheat plants by using scanning electron and fluorescence microscope 
(Fig. 10.2).

10.2.3  Negative Impacts of Nanomaterials on Plants

Toxicity of nanoparticles could have negative impacts on physiological process in 
plants which could be recognized by different factors like reduction of seed germi-
nation percentage, suppression of root and shoot elongation, decrease leaf number 
and plant death (Lee et al. 2010). Several nanotoxicity research studies on plants 
showed the decrease of seed germination percentage, suppression of shoot length 
and downregulation of gene expression on wheat (Triticum aestivum), maize, bar-
ley, rye grass and soybean when exposed to multiwalled carbon nanotubes 
(MWCNTs), single-walled carbon nanotubes, ZnO NPs, Ag NPs and Fe NPs 
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(Dimkpa et al. 2012; El-Temsah & Joner 2012; Riahi-Madvar et al. 2012; Yan et al. 
2013; Ghosh et  al. 2015). Bacillus thuringiensis (Bt)-transgenic cotton showed 
decrease in the growth as a result of SiO2 NP treatment (Le Van et al. 2014). CuO 
NPs reduced significantly the fresh weights and root length of Arabidopsis seed-
lings and also affect the germination rate and biomass of rice seeds (Shaw and 
Hossain, 2013). TiO2 NPs positively enhanced the total contents of chlorophyll and 
catalase (CAT) and suppressed ascorbate peroxidase (APX) level in leaves (Servin 
et  al. 2013). Nanoparticles could affect the plant at different growth stages, for 
example, seedling leaf size of cucumber decreased as a result of treatment with 
200 mg/L of CeO2 NPs and CuO NPs compared to control. However the mature 
leaves had no differences compared to the control plants (Fig. 10.1).

Nanoparticles could affect and disrupt the reactive oxygen species at different 
growth stages which may lead to plant death. Reactive oxygen species (ROS) 
enzymes catalase (CAT) and ascorbate peroxidase (APX) activities in the cucumber 
roots were decreased 15 days after treatment with CeO2 NPs and CuO NPs com-
pared to control. Additionally, H2O2 concentration level increased ten times in the 
treated plants with CeO2 NPs compared to control and ended up with plant death 
(Hong et al. 2016; Majumdar et al. 2014; Zhao et al. 2012). ROS accumulation can 
direct the cell to oxidative damage in the nuclear, chloroplast and mitochondrial 
DNA (Imlay and Linn 1988). Also, Yasur and Rani (2013) reported that increase 
ROS reproduction and associated antioxidant defence enzymes, e.g. superoxide dis-
mutase enzyme (SOD) and peroxidase (POD), in castor bean seeds (Ricinus com-
munis) in response to Ag NP treatment resulted in an increase in phenolic acids 
(Yasur and Rani 2013). ROS and oxidative stress by products could affect other 
proteins and disrupt physiological process and many pathways which cause an 
increase in the plant susceptibility followed by plant death (Fig. 10.1).

Research study occurred in wheat seedlings treated with 10 mg/L Ag NPs to 
study the phytotoxicity and genotoxicity of Ag NPs, and the results showed an alter-
ation of all different types of cell metabolism proteins (Vannini et al. 2014). Oryza 
sativa plants treated with Ag NPs showed that downregulation and upregulation of 
28 responsive proteins involved in various important physiological and biochemical 
processes in the plants, e.g. oxidative stress tolerance, Ca2+ signalling, cell wall and 
RNA/DNA/protein direct damage, transcription and protein degradation, lead to 
cell division and apoptosis (Mirzajani et al. 2014). Also, proteomic research study 
occurred to study the nanotoxicity of Al2O3, ZnO and Ag NPs in soybean seedlings, 
and the obtained results showed significant change in 16 common proteins associ-
ated with protein degradation and photosystem (Hossain et al. 2016).

Metallic carbon nanoparticles may cause direct damage to the genetic material 
DNA which led to disruption of proteins encoding ended up with inactivation of 
encoded proteins. Furthermore, high concentrations of CeO2 NPs caused DNA 
damage on Glycine max, and bismuth oxide NPs caused total chromosomal abnor-
malities and increased mitotic index on the roots of Allium cepa. Also, another 
research study proved the genotoxicity, chromosome and micronuclei damages and 
DNA fragmentation of TiO2 NPs on several species of plants, e.g. Nicotiana taba-
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cum and A. cepa (López-Moreno et al. 2010; Shen et al. 2010; Khodakovskaya et al. 
2013; Dimkpa et al. 2013a, b; Liman, 2013; Demir et al. 2014; Ghosh et al. 2010).

10.3  Conclusion and Future Prospects

Nanotechnology became the magic and master key for any problem that might harm 
plants, animals and humans. Nanotechnology could have positive and negative 
impacts on plants and other organisms according to our view, but in fact what we 
can see is very little compared to undiscovered beauty or ugly facts. Application of 
nanotechnology in plants could play dual role in towards enhancing plant resistance 
by decreasing number of harming microorganisms and enhancing plant growth and 
development. On the other hand, nanomaterials could induce specific genes and 
proteins which play towards the microorganism by disrupting defence system in the 
plant which may result in plant susceptibility followed by cell death. Metallic 
nanoparticles might be effective against several microorganisms but at the same 
time could be accumulated in the plant cell which is the main food for both human 
and animals. Nanotoxicity studies should be applied in all nanoparticles to verify 
that they are safe for human, animals and environment. Natural products in the 
nanosize might be good solution to avoid the danger of metallic nanoparticles 
towards human and will be safe to use in the environment.
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Chapter 11
Nanoantimicrobials Mechanism of Action

Manal Mostafa, Amal-Asran, Hassan Almoammar, 
and Kamel A. Abd-Elsalam

11.1  Introduction

Nanotechnology, the procedure to produce, control, and release nanomaterials, rep-
resents a zone holding huge guarantee for the agricultural scenario (Baruah and 
Dutta 2009; Navrotsky 2000; Kuzma 2007). Nanoparticles (NPs) having at least one 
dimension in the order of 100 nm or less (Auffan et al. 2009), in light of the fact that 
it is at this scale, the properties of materials vary as for their physical, substance, and 
organic properties from those at a higher scale. Nanostructuring increases the value 
of customary materials by improving their mechanical quality, superconductivity, 
and capacity to join and effectively convey dynamic substances into biological sys-
tems, at low expenses and with restricted agroecosystem effect (García-Rincóna 
et al. 2010). From an agricultural viewpoint, nanotechnology can possibly turn into 
a helpful method for plant pathologists in the diagnosis and treatment of plant dis-
eases by the utilization of nano-based kits, pathogen detection plan by the applica-
tion of nanosensors, improved ability of plants for micronutrients absorption, 
maximized plant yield by nanoporous zeolites, and plant insect management by 
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using nanocapsules (Chaudhry et al. 2008; Sharon et al. 2010; Rai and Ingle 2012; 
Prasad 2014; Prasad et al. 2014, 2017a; Ismail et al. 2017). Researchers are occu-
pied with preparing various types of natural, inorganic, and crossover nanoparticles 
having physical, optical, and organic properties (Salata 2004; Rai and Ingle 2012; 
Prasad et al. 2016). Nanobiotechnology works at a similar level with viral infection 
or disease-infecting particle and in this manner holds the potential for primordial 
identification and suppression. It additionally holds out the likelihood that smart 
sensors and conveyance frameworks will enable the agricultural industry to fight 
viruses and other plant pathogens (Prasad et al. 2014, 2017a). Then again, nanobio- 
innovation can enhance our comprehension of the nanobiology of different crops 
and consequently can possibly improve yields or nutritional values and also create 
enhanced systems for monitoring agroecosystem and improving the capacity of 
plants to preserve micronutrients or pesticides (Fakruddin et al. 2012; Tarafdar et al. 
2013).

In order to completely and accurately define the mechanisms of toxicity that 
nanomaterials exhibit in a cellular environment, researchers at the forefront of this 
field will need to take a highly interdisciplinary approach utilizing both chemical 
and biological techniques to substantiate their claims. The current chapter will sum-
marize recent progress toward an understanding of the antimicrobial mechanisms of 
nanostructures, with a focus on studies providing evidence for oxidative stress 
induction, membrane disruption, and genotoxicity. With a specific end goal to 
totally and precisely define the mechanisms of toxicity that nanomaterials display in 
a cellular environment, scientists at the forefront of this field should adopt an 
exceedingly interdisciplinary strategy using both concoction and natural procedures 
to substantiate their cases. The current chapter will summarize recent progress 
toward an understanding of the antimicrobial mechanisms of nanostructures, with a 
focus on studies providing evidence for oxidative stress induction, membrane dis-
ruption, and genotoxicity.

11.2  Resistance to Conventional Antimicrobial

Antimicrobial resistance is a regularly developing issue, yet what is an antimicro-
bial resistance? The expression “antimicrobial resistance” is not only a potential 
danger, it is a severe health problem that is quickly spreading around the world. 
Over the past decades, people depended on regular antibiotic and antifungal eventu-
ally this led to improve the genotype of microorganisms to become more resistant, 
thus made researcher become more interested to provide new solutions using nano-
structures, heavy metals are known to be toxic to various  pathogens. In nature, 
microbial resistance from most dangerous substantial metals is because of their 
compound detoxification and because of vitality subordinate particle efflux from the 
cell by layer proteins that capacity either as ATPase or as chemiosmotic cation or 
proton antiporters. Modification in dissolvability additionally assumes a part in 
microbial resistance (Liu et al. 2011b).
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11.3  Nanostructures as an Antimicrobial

Morphology and surface properties of colloidal nanoparticles are imperative. So that 
smaller nanoparticles than larger nanoparticles have further antimicrobial activity 
(Chwalibog et al. 2010), polymer-based copper nanocomposites have been examined 
for antifungal efficacy against plant pathogenic fungi; also silver nanoparticles are 
used in controlling spore-producing fungal plant pathogens and also showed the high-
est inhibition rate for both before and after the outbreak of disease on cucumbers and 
pumpkins and maximum inhibition for the growth of fungal hyphae and conidial ger-
mination in vivo assay (Kim et al. 2009; Cioffi et al. 2004). Also, a portion of the 
nanoparticles that have entered into the arena of controlling plant diseases are nano-
carbon, silica, and aluminosilicates (Prasad et al. 2014). Ag NPs have an inhibitory 
effect on fungal colony and on spores of F. oxysporum. Silver nanoparticles might be 
directly devoted to penetrate cell layer membranes to kill spores (Abkhoo and 
Panjehkeh 2017; Morones et al. 2005). As of late, chitosan has turned out to be viable 
against microorganisms, plant pathogens, and viral pathogens (Xing et  al. 2015). 
Furthermore zinc oxide (ZnO) and magnesium oxide (MgO) nanoparticles are effec-
tive antibacterial and anti-odor agents (Shah and Towkeer 2010; Bhuyan et al. 2015), 
and platinum nanoparticles TiO2 (Goswami et al. 2010) were achieved using the metal 
ion-reducing bacterium Shewanella algae growth (Konishi et al. 2007). Likewise it is 
notable that graphene oxide (GO) and its composites possess antimicrobial properties 
and have been used as antibacterial and antifungal agents (Santos et al. 2012; De Faria 
et al. 2014), and alumina NPs have been evaluated on bacteria such as Escherichia 
coli, Pseudomonas aeruginosa, and Bacillus subtilis and algae Scenedesmus sp. and 
Chlorella sp., and the toxic mechanism has been suggested as the interaction of the 
nanoparticles with the cell surface which cause leakage in the membrane (Sadiq 
et al. 2011). In addition, the likelihood to conjugate the surface of the NSs or to 
consolidate them with different materials (e.g., polymers, characteristic and manu-
factured fibers, clay) enables to achieve nanoantimicrobials with tunable properties 
as far as productive bioactivity against the focus of microorganisms and constrained, 
assuming any, toxicity toward human cells.

11.4  Applied Nanostructures and Their Mechanisms

The biocidal mode of action of the biofungicides is diverse relying upon the type of 
microorganisms utilized, viz., rhizosphere fitness, parasitism, and antibiosis, acti-
vating metabolic changes, promoting plant growth, and so forth (Saraf et al. 2014; 
Shrivastava et al. 2014). At the point when nanomaterials bind electrostatically to 
the bacterial cell wall and membranes, prompting modification of film potential, 
film depolarization, and loss of integrity, thus, result in roughness of transport, ham-
pered breath, interruption of energy transduction and/or cell lysis, and eventually cell 
death (Pelgrift and Friedman 2013). Subsequently, the fundamental mechanisms 
that have been proposed to clarify the antimicrobial activity of inorganic and metal 
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nanoparticles were ROS, which prompt oxidative stress and liberate superoxide, 
free radicals, and particles that can respond with the peptide linkages in the cell wall 
of microscopic organisms and in this manner upset them (Makhluf et al. 2005). To 
explain In the mitochondria of cells, ATP is synthesized by reduction of molecular 
oxygen to water through a sequence of coupled proton and electron transfer reac-
tions. During this process, a small percentage of the oxygen is not reduced com-
pletely, resulting in the formation of superoxide anion radicals, and subsequently 
other oxygen-containing radicals. Thus, ROS need aid impacts from claiming cell 
division oxidative metabolism, much of which occurs in the mitochondria. 
Biologically relevant ROS include superoxide anion radicals, hydroxyl radicals, 
singlet oxygen, and hydrogen peroxide (H2O2) (Yin et al. 2012; Prasad et al. 2017b). 
The burst of ROS causes, through extreme oxidative stress, harm to all the cell’s 
macromolecules, prompting lipid peroxidation, adjustment of proteins, interruption 
of enzymes, and RNA and DNA destruction. At high concentrations the ROS lead 
to cell death and at low concentrations cause serious DNA damage and mutations 
(Wang et al. 2010; Matˇeejka and Tokarsk´y 2014). The nanoparticle is unable to 
cross the nuclear membrane and thus accumulates in the cytoplasm, where they can 
gain access to the nucleus during mitosis when the nuclear membrane breaks down 
(Singh et al. 2009). The direct interaction of nanoparticles with the DNA and DNA- 
related protein may lead to physical damage in the genetic material. Interference 
with the structure or function of the DNA repair enzymes in the nucleus may be 
another reason for DNA damage. The nanoparticle cannot cross the nuclear mem-
brane and accordingly aggregates in the cytoplasm, where they can access the core 
amid mitosis when the nuclear membrane separates (Singh et al. 2009). The direct 
interaction of nanoparticles with the DNA and DNA-related protein may lead to 
physical destruction of the nucleic acids. Interference with the structure or function 
of the DNA repair enzymes in the nucleus might be an extra reason for DNA dam-
age (Huang et al. 2015). And the alkalin effect also there is ionic mimicry mecha-
nism that based on the donor atom selectivity and/or speciation of metals: metal 
ions in general bind to some atoms of donor ligands, such as O, N and S, through 
strong and selective, depending on whether metal ions or metal complexes are 
involved. In this way, some metals can stimulate the damage of Fe-S clusters, for 
instance, from bacterial dehydratases that are particularly susceptible to site- specific 
inactivation by toxic metals interactions, exterior metal ions, or their complexes that 
can replace original metals present in biomolecules leading to cellular dysfunction. 
Metals can also replace non-catalytic metal-binding sites inhibiting enzyme activity 
(Lemire et al. 2013; Grass et al. 2011; Ruparelia et al. 2008; Xu and Imlay 2012).

11.4.1  Silver NPs

Silver NPs are being utilized as part of various advancements and consolidated into 
a wide exhibit of customer items that exploit their attractive optical, conductive, 
antifungal, and antibacterial properties (Aziz et  al. 2016; Joshi et al. 2018). The 
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fundamental utilization of Ag NPs is, be that as it may, as antimicrobial agents 
(Cioffi and Rai 2012; Prasad et al. 2012). Silver-based nanocomposites have been 
utilized broadly as antimicrobial agents in various areas including therapeutic, phar-
maceutical, material, food safety, ecological, and agrarian applications (Kim et al. 
2007). With the antimicrobial activity of AgNPs, it is encouraging to note that they 
are predominantly utilized for plant disease control (Jo et al. 2009; Kim et al. 2011). 
Although, AgNPs have been proved effective against over 650 microorganisms 
including bacteria (both Gram-positive and negative), fungi and viruses; however, 
the exact mechanism of silver action on microbes is still not known, but the possible 
mechanism of action of metallic silver, silver ions, and silver NPs have been sug-
gested according to the injuries and changes, induced in microbial cells (Malarkodi 
et al. 2013). Several mechanisms maybe involved in the antimicrobial activity of Ag 
NP's most of them damage the microbial's cell structure integrity and result in leak-
age of intracellular compounds, and eventually cell death (Durán et  al. 2016). 
Concerning the activity of Ag+, the subsequent actions are caused: (1) binding to 
negatively charged proteins and nucleic acids (particularly with functional groups 
like imidazole, indole, hydroxyl, phosphate, thiol) causing changes in structure. As 
an example, it is known that Ag  +  ions bind to cysteine-containing proteins on 
plasma membranes, causing both physiological and biochemical destructions that 
compromise membrane integrity. Subsequent penetration of Ag into the cytoplasm 
causes the inactivation of critical enzyme systems and condenses DNA which then 
reacts with the thiol group proteins and triggers cell death (Ocsoy et al. 2013; Aziz 
et al. 2014, 2015, 2016). The antifungal activity of AgNPs takes place due to the 
high attraction between the nanoparticles and the functional chemical groups exist-
ing in the cell membrane of fungi and other microorganisms (Jo et al. 2009). It has 
been suggested that AgNPs with a positive surface charge are more easily internal-
ized through the cell membrane than particles negatively charged or neutral  (Jo 
et al. 2015). This is caused by 1) a procedure called electromagnetism that occurs 
between the positively charged AgNPs and negatively charged bacterial cell mem-
branes, due to the presence of phosphate and carboxyl groups that 2) alter the func-
tions of the ribosome, causing an inhibition of protein synthesis and locking 
mechanisms of transcription and translation (Abbaszadegan et al. 2015). DNA loses 
its ability to duplicate when the fungal culture was treated with AgC and Ag+, 
which may lead to a deactivated expression of ribosomal subunit proteins and to the 
synthesis of disabled enzymes and cellular proteins, important for the adenosine 
triphosphate production (Yamanaka et al. 2005; Sang et al. 2012) and which also 
prevent protein expression related to ATP fabrication (Kim et al. 2009). The bio-
genic silver NPs bind with protein of the outer cell wall of some pathogens includ-
ing bacterial, fungal, or viral bodies that disrupt the lipoproteins of the microbial 
cell wall. Finally the cell division was stopped and cell leads to death (Kuppusamy 
et al. 2016; Prasad et al. 2016) and (3) deterioration of the external cell membrane, 
due to the fact that the synthesis of the component proteins is affected. When the 
membrane is not totally functional, the protein precursors of the envelope proteins 
and periplasmic constituents accumulate in the cytoplasm, such as when the mem-
brane potential is dissipated by small molecules (Lok et  al. 2006). Due to the 
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abundance of sulfur- containing structural proteins and enzymes on the bacterial cell 
membrane, silver NPs can interact with them and in turn reduce cell functionality 
and viability. Furthermore, they interact with phosphorus-containing compounds 
like DNA. Nanoparticles less than 20 nm in diameter may attach to the cell mem-
brane, make pores on the cell wall, leading to more permeability, and release cyto-
plasmic content outside the cells, destroying enzymes and attacking the respiratory 
chain and cell division, which cause the death of bacteria (Morones et al. 2005). 
Additionally, AgNPs are recognized to (4) generate ROS and liberated radicals, 
which lead both mitochondrial dysfunction and DNA harm. In addition, a study 
improved by Rai et al. (2009) indicated that the AgNPs affect the performance of 
reactive oxygen species (ROS) and lead to a process of lipid peroxidation of the cell 
membrane, changes in cell cycle, and damage to the DNA of the microorganisms. 
(5) intercalate between DNA bases, silver ions (particularly Ag+) released from sil-
ver nanoparticles can interact with phosphorus moieties in DNA, resulting in inac-
tivation of DNA replication, or can react with sulfur-containing proteins, leading to 
the inhibition of enzyme functions (Gupta and silver 1998; Matsumura et al. 2003). 
Silver NPs might prevent many oxidative enzymes, including alcohol dehydroge-
nase, and prohibit the uptake of succinate by the membrane vesicles. They cause 
oxidative DNA harm and interfere with DNA replication processes (Petrus et  al. 
2011; Prasad et al. 2017b). In short, the antimicrobial mode of action for AgNPs is 
associated with four well-defined mechanisms: (1) adherence of AgNPs onto the 
surface of cell wall and membrane, (2) AgNPs penetration inside the cell and damag-
ing of intracellular structures (mitochondria, vacuoles, ribosomes) and biomolecules 
(protein, lipids, and DNA), (3) AgNPs induced cellular toxicity and oxidative stress 
caused by formation of reactive oxygen species (ROS) and free radicals, and (4) 
modulation of signal transduction pathways.

11.4.2  TiO2 NPs

Titanium dioxide nanoparticles (TiO2 NPs) can be utilized in different agricultural 
applications. The photocatalytic properties of TiO2 NPs play a major role in the 
management of different pathogens. There have been many new reports on the inhi-
bitions of microorganisms in the presence of pure TiO2 nanoparticles with several 
crystalline phases under UV irradiation (Lin et al. 2014). When TiO2 is irradiated 
with near-UV light, this semiconductor exhibits robust photocatalytic chemical 
reaction, which is a sophisticated chemical reaction method for the removal of trace 
contaminants and microorganism pathogens (Hossain et al. 2014). The photocata-
lytic antimicrobial activity of TiO2 is attributed to lipid peroxidation that cause a rise 
within the membrane thinness, discontinuity of the cell structure, and production of 
ROS, as well as peroxide (H2O2), superoxide radical (O2•), and free radicals (•OH), 
upon exposure to near-UV and UVA radiation (Choi et al. 2007; Niazi and Gu 2009; 
Huh and Kwon 2011; Carré et al. 2014).
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The generated ROS causes harm to the molecular structure of the cell, including 
DNA, lipid, and protein damage (Fu et al. 2014). Mathur et al. (2015) reported the 
effects of TiO2 NPs on intracellular levels of two major types of ROS – hydroxyl 
radical (•OH) and superoxide radical (O)−2. These free radicals can interact with 
macromolecules, such as lipids, proteins, enzymes, and nucleic acid molecules in 
bacteria, viruses, and different microorganisms, which can destroy cell structures 
through a series of chain reactions (Yu et al. 2002; Sonawane et al. 2003; Zhao et al. 
2000; Prasad et al. 2016). Formation of oxidative stress (hydroxyl and superoxide 
radicals) was higher in bacterial cells presented to NPs and UVA light. Eventually, 
a significant increase in membrane permeability was noted in cells exposed to NPs 
and UVA light in comparison to that in dark and visible light conditions. Therefore, 
opinions exist that the primary mechanism of action of titania NPs is based on cre-
ation of ROS, which induce oxidative stress. TiO2 NPs also have bactericidal effects 
in the absence of irradiation, suggesting that they use other antimicrobial mecha-
nisms unrelated to photocatalytic ROS production (Choi et al. 2007). Inactivation of 
microorganisms depends upon several factors, e.g., concentration of TiO2, type of 
microorganism, intensity and wavelength of light, degree of hydroxylation, pH, 
temperature, availability of oxygen, and ROS retention time (Markowska-Szczupak 
et al. 2011; Hossain et al. 2014).

The antimicrobial activity of titanium nanoparticles have been broadly examined 
throughout the years. TiO2 is economical, nontoxic, and  insoluble food additive. 
Titanium dioxide NP is photocatalytic; their poisonous quality is initiated by obvi-
ous light, close UV, or UV (Pelgrift and Friedman 2013). The antialgal activity of 
titania nanoparticles against microalgae species have likewise been led for which a 
focus subordinate reduction in chlorophyll content was noticed (Sadiq et al. 2011). 
Later reports have demonstrated its efficiency against different viral species and 
pathogens (Brady-Est´evez et  al. 2008; Allahverdiyev et  al. 2013). The effect of 
TiO2 NPs on the symbiotic behaviour of symbiotic arbuscular mycorrhizal fungi 
(AMF) colonising rice at 0, 25, 50 and 100 mg plant-1 to the rhizosphere of mycor-
rhizal rice plants maintained in pots. TiO2 NPs had an inhibitory affected AMF in 
plant roots (Priyanka et al. 2017). The TiO2 nanoparticles could protect the wood 
against white- and brown-rot fungi (De Filpo et al. 2013). TiO2 nanoparticles had 
viable antifungal properties at the concentration of 5.14 and 5.35  g/mL for 
fluconazole- susceptible and fluconazole-resistant strains of Candida albicans bio-
films contrasted with fluconazole medication, respectively (Haghighi et al. 2012).

11.4.3  ZnO NPs

Zinc nanoparticles have been utilized as nanofertilizers on numerous plant species 
and indicated positive outcomes in ideal concentration; however ZnO NPs as fungi-
cide against various plant pathogens is less studied. ZnO NPs are extremely success-
ful antimicrobial agents and are effective against both, bacteria, fungi, toxicogenic 
fungi in addition to the thermophilic and barophilic spores (Sondi and Salopek-Sondi 
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2004; Raghupathi et al. 2011; Sierra-Fernandez et al. 2017). ZnO could also be uti-
lized as antimicrobial agents against microorganisms that could be causes of food-
borne pathogens and plant diseases. The exact mechanism of this activity is not fully 
understood yet. Be that as it may, one hypothesis proposes the development of a solid 
oxidant, hydrogen peroxide (H2O2). The superoxides and hydroxyl radicals cannot 
penetrate into the membrane because of their negative charges (Xie et  al. 2011). 
Accordingly, these species are found on the external surface of bacteria, and by dif-
ferentiation, H2O2 particles can go through the bacterial cell wall, in this way prompt-
ing wounds and destroying and lastly activating cell death (Zhang et al. 2007; Sawai 
et  al. 1996). Some other possible mechanisms include cell membrane disruption, 
generation of ROS on the NP surface, the influx of zinc particle in the cell, membrane 
dysfunction, or internalization of NPs, which could help in its antimicrobial activity 
(Li et al. 2012a). ZnO NPs caused liquefaction of cytoplasmic substances, making 
the cytoplasm less electron-dense and creating an eminent separation of the fungal 
cell wall (Arciniegas-Grijalba et al. 2017). A few investigations recommended that 
ZnO NPs may cause support changes of the microbial cell membrane, causing cyto-
plasm leakage and in the long run the demise of bacterial cells (Sawai and Yoshikawa 
2004; Brayner et  al. 2006). ZnO nanoparticles showed noteworthy antibacterial 
activity and exhibited a deadly impact against C. jejuni, even at low concentrations. 
ZnO nanoparticles prompted noteworthy morphological changes and assessable 
membrane leakage (Xie et al. 2011). Different researchers show that the event of 
ROS is the principal mode of action responsible for the killing efficiency of ZnO NPs 
(Bhuyan et al. 2015; Arciniegas- Grijalba et al. 2017). The formation of ROS, for 
example, hydrogen peroxide H2O2, hydroxyl radical *OH, and superoxide O*2 −, is 
the aftereffect of ZnO initiation by UV or unique light (photocatalysis).

The SEM micrographs of Botrytis cinerea mycelium treated with photoactivated 
ZnO NPs plainly show different degenerative modifications in the conidial heads 
and hyphal morphology. Twisted conidial heads and withered hyphal wall were usu-
ally seen in treated mycelia compared with control. Fungistatic mode of action of 
ZnO activity on fungi was seen by He et al. (2011). Authors discovered control of 
conidial advancement by the distortion of conidiophores in Penicillium expansum, 
while the fungal mat of B. cinerea was disfigured after treatment with ZnO NPs (He 
et al. 2011). Jayaseelan et al. (2012) showed that ZnO NPs suppress the develop-
ment of pathogenic microbes P. aeruginosa and Aspergillus flavus. ZnO NPs rate 
the germination of fungal spores of Alternaria alternata, Fusarium oxysporum, 
Rhizopus stolonifer, and Mucor plumbeus (Wani and Shah 2012). SEM micrographs 
got by Kairyte et al. (2013) showed distorted conidial heads and withered hyphal 
wall in B. cinerea mycelia after treatment by photoactivated ZnO NPs (Fig. 11.1).

Distortion of the hyphal cell structure may be routed to over-the-top collection of 
nucleic acids and sugars, since ZnO NPs can influence cell physiology and trigger 
higher generation of nucleic acids. In addition, the increase in the production of 
nucleic acids can be considered as a stress response of fungal hyphae, and increase 
production of starches might be a consequence of cell self-protection from the activ-
ity of ZnO NPs (Perez Espitia et al. 2012). ZnO nanoparticles demonstrated less 
phytotoxicity on plants in contrast with AgNP and can be valid as a nanopesticide. 
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There have been various investigations that determined that controlling the measure 
of ZnO NPs is basic for antimicrobial-related applications. As needs be, the state of 
the zinc oxide nanostructures can influence penetration of cell membranes; spheri-
cal nanoparticles cannot enter as effectively as rod structures (Sirelkhatim et  al. 
2015). Be that as it may, the most essential part in antimicrobial movement is played 
by molecule size and concentration of ZnO NPs (Sirelkhatim et al. 2015). In this 
manner the high antimicrobial activity of ZnO NPs is normally identified with a 
substantial surface area and a high concentration of particles. This can be clarified 
by methods of entry into the bacterial cell wall; a smaller-sized particle can easily 
penetrate bacterial membranes and injure or kill the cells. The fungal wall, in control-
ling cell permeability, is the part of the cell that interacts with the external environment, 
and thus with the ZnO NPs present in the fungal culture of interest in this work. 
This part of the fungal cell is made primarily out of polysaccharides and proteins. 
In particular, there are β-1,3-D-glucan and β-1,6-D-glucan macroproteins, chitin, 
proteins, and lipids, and among the polysaccharides, chitin, glucan, and mannan or 
galactomannan (Pontón 2008) prevail. The last factors that are accepted to affect the 
component of antimicrobial activity are the changes that can happen on the surface of 
ZnO NPs, in this way making it possibly responsive. Another approach to improve a 
better antimicrobial agent is to functionalize the surface of zinc oxide nanostructures. 
In such manner, if the surface area of the zinc oxide nanostructures is reformed, it could 
advance the generation of ROS and the release of ZnO, consequently expanding anti-
microbial activity. Other than the previously mentioned applications, the mix of photo-
active nanomaterials and microorganisms can then again be utilized as a part of different 
new fields later on. For instance, the good bacteria which fight off the pathogens can be 
designed with nanomaterials to upgrade the general antimicrobial impact.

Fig. 11.1 Scanning electron microscopy of B. cinerea mycelium after treatment with 5 × 10−3 M 
photoactivated ZnO NPs (24 h incubation; 34.56 J/cm 2 illumination dose) (d–f) in comparison 
with control (a–c), non-treated ones. (Reprinted from Kairyte et al. 2013)
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11.4.4  MgO NPs

Magnesium oxide nanoparticles (MgO NPs) are extremely fixed, biocompatible, 
and exceptionally efficient as an antibacterial agent. The formation of reactive oxy-
gen species (ROS) mechanism has been proposed to explain the antimicrobial 
mechanism of MgO nanoparticales, the interaction of nanoparticles with bacteria, 
subsequently leads to damaging the bacterial cell (Tang and Bin-Feng 2014). It has 
been described that the development of the surface area of MgO particles prompts a 
rise of the O2

− concentrations in solution and thus results in a more effective damage 
to the cell wall of the bacteria (Sawai et al. 2000; Yamamoto et al. 2000). It was 
proposed that the cell death was caused by the electrostatic contact between the 
bacterial cell surface and MgO nanoparticles. MgO nanoparticles showed high bac-
tericidal effect against microbes because of the association of particles and bacteria 
(Peter et al. 2002; Makhluf et al. 2005). It was discovered that MgO nanoparticles 
could take up halogen gases because of the defective nature of their surface and its 
positive charge, which resulted in a strong interaction with bacteria, which are nega-
tively charged (Stoimenov et al. 2002). Conversely, non-ROS-interceded bacterial 
toxicity was additionally found in MgO nanoparticles, proposing that oxidative 
stress would not be the mode of action for cell death (Leung et al. 2014). The alka-
line effect has been considered as another primary factor in the antibacterial action 
of MgO nanoparticles (Sawai et al. 2001; Yamamoto et al. 2000). The possible anti-
bacterial mode of action was the preservation of water humidity on the MgO 
nanoparticle surfaces, which could frame a thin water layer around the nanoparti-
cles. The local pH of this thin water layer formed around the nanoparticles might be 
much higher than its equilibrium value in the solution. At the point when the 
nanoparticles are in contact with the bacteria, the high pH in this thin surface layer 
of water could harm the cell membrane, resulting in cell death (Sawai et al. 1997).

These antibacterial mechanisms of MgO NPs are dissimilar to the membrane 
lipid peroxidation caused by oxidative stress, based on the following three points:

 1. When the bacterial cell membrane is broken and surface pores are visibly clear, 
MgO NPs are not detected in the cell. Moreover, no extreme Mg ions are visible 
in energy-dispersive X-ray spectroscopy spectra. Hence, the inhibitory impact of 
MgO harms the cell membrane.

 2. Only one kind of MgO NP can identify little measures of ROS; the other two 
cannot.

 3. Lipopolysaccharide (LPS) and phosphatidylethanolamine (PE) in the cell wall 
are not significantly changed by MgO NP treatment, which shows that MgO 
does not cause lipid peroxidation in the cell membrane (Leung et al. 2014; Wang 
et al. 2017a).

The antifungal impact of MgO NPs on a few fungal pathogens like Alternaria alter-
nata, Fusarium oxysporum, Rhizopus stolonifer, and Mucor plumbeus detailed the 
most noteworthy impact utilizing the 30 and 50 nm nanoparticle size (Wani and Shah 
2012). MgO nanoparticles have a good antibacterial effect against three essential 
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food-borne pathogens. The interaction of nanoparticles with bacterial cells causes 
cell membrane outflow, stimulates oxidative stress, and at last prompts cell death 
(He et al. 2016). MgO nanoparticles induced systemic resistance in tomato against 
bacterial wilt disease. The quick fabrication of O2 or phenoxyl radicals in tomato 
roots treated with MgO NPs may assume a related part in the plant resistance 
response of tomatoes against Ralstonia solanacearum (Imada et al. 2016). Several 
mechanisms for the action of MgO nanoparticles on bacteria are the following: (1) 
MgO nanoparticles continuously produce a specific level of H2O2 while in suspen-
sion, which induces oxidative stress in cells; (2) physical interaction between 
nanoparticles and bacterial cell surface interrupts bacterial membrane integrity and 
causes membrane leakage; (3) higher concentrations of nanoparticles prompt serious 
membrane damage, cell content release, irreversible oxidization of biomolecules 
(e.g., DNA, proteins, and lipids), and eventually cell death (He et al. 2016).

11.4.5  Magnetic Nanoparticles (MNPs)

Nanotechnology application in plant disease management  in the early stage. 
Magnetic nanomaterials could be used for site-targeted delivery of systemic nano-
agrochemical plant protection, for improving plant disease resistance, increasing 
effective nutrient consumption, and improvement of plant growth (Nair and Kumar 
2013). Fe2O3 NP-coated seeds have indicated enhanced seed germination and root 
and shoot lengths of Solanum lycopersicum. Based on the improved Fe2+/Fe total 
ratio found in iron extracted from dry biomass of the plant, we affirm the take-up of 
Fe2O3 NPs and their internalization and/or biomineralization in the plant body 
(Shankramma et  al. 2016). Furthermore, superparamagnetic iron oxide could be 
able to destroy macromolecules, including DNA, lipids, and proteins, through the 
Fenton reaction, leading to bacterial death. Iron increases the generation of ROS 
through oxidative stress and promotes the electron transport chain to produce super-
oxides (O−2), which destroy the iron clusters (Leuba et  al. 2013). Consequently, 
more divalent iron participates in the oxidation in Fenton reaction, leading to the 
generation of more hydroxyl radicals (·OH) and stimulating the death of residual 
bacteria through the catabolism of the carbon source and the formation of nicotin-
amide adenine dinucleotide. The intake of superparamagnetic iron may also increase 
simultaneously because of functionalized polycarboxylate. The uncovering of mag-
netic fields to attract nanoparticles can change the organic movement and raise the 
bacteriostaticity of these nanocomposites in bacterial medium. Momentary nano-
magnets may fill in as a helpful model framework to apply electromagnetic interac-
tions of nanoparticles in agrobiology system (Sadjad et al. 2017). Fe3O4/ZnO/AgBr 
nanocomposites with diverse weight ratios of Fe3O4 to ZnO/AgBr were prepared 
using a facile microwaved-assisted technique, and their antifungal activities were 
investigated against Fusarium graminearum and Fusarium oxysporum, the causal 
agents of wheat head blight and lentil-vascular wilt diseases, respectively. Magnetic 
nanocomposites completely deactivated  F. oxysporum after 60  min, which is a 
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shorter time duration than for F. graminearum (Hoseinzadeh et al. 2016). The prepared 
magnetic nanocomposites could be used as an effective nanofungicide in plant 
pathology applications.

11.4.6  Ni NPs

The antimicrobial activity of nickel nanoparticles (Ni NPs) depends on the forma-
tion of ROS and release of nickel ions Ni(II). Enhanced leakage of proteins from Ni 
NPs  treated bacterial and fungal cell membranes into culture medium is due to 
generation of free radicals from NiGs surface that induced membrane damage and 
leaked membrane and cellular contents (Choi and Hu 2008; Pandian et al. 2016). 
Stimulation of ROS synthesis leads to the generation of highly responsive radicals 
that destroy the cells by damaging cell membranes, proteins, DNA, and intracellular 
system (Kim et al. 2011; Jyoti et al. 2007). The Ni NPs can affect the quantity of 
lactate dehydrogenase, an important cytoplasmic enzyme (Pandian et  al. 2016). 
Generally ROS generation has been suggested as a mode of action that clarifies the 
phytotoxicity effect of metal oxide NPs in the microbial cell. In the mitochondria of 
cells, ATP is produced by reduction of molecular oxygen to water through a 
sequence of attached proton and electron transfer reactions. Amid this procedure, 
the low level of oxygen is not reduced totally, bringing about the arrangement of 
superoxide anion radicals and therefore other oxygen-containing radicals. Hence, 
ROS are by-products of cellular oxidative metabolism, much of which happens in 
the mitochondria. Naturally released significant ROS include superoxide anion 
radicals, hydroxyl radicals, singlet oxygen, and hydrogen peroxide (H2O2) (Yin 
et al. 2012). The antifungal efficacy of Ni NPs against Fusarium wilt of tomato and 
lettuce was studied under in vitro and in vivo assay (Fig. 11.2). The Ni NPs sup-
pressed the fungal growth of F. oxysporum f. sp. lactucae and F. oxysporum f. sp. 
lycopersici by 60.23 and 59.77%, respectively, at 100 ppm concentration compared 
with control (Ahmed et al. 2016). Nickel and cobalt ferrite nanoparticles (NiFe2O4 and 
CoFe2O4) are effectively confirmed for antifungal activity against three fungal plant 
pathogens: Fusarium oxysporum, Colletotrichum gloeosporioides, and Dematophora 
necatrix. Furthermore, it is also investigated that these ferrite nanoparticles decrease 
disease incidence of Fusarium wilt in pepper (Sharma et al. 2017).

11.4.7  Carbon-Based NPs

Carbon-based nanomaterials, for instance, carbon nanotubes (CNTs), single-walled 
carbon nanotubes (SWCNTs), multiwalled carbon nanotubes (MWCNTs), gra-
phene oxide (GO) nanoparticles, and fullerenes, presented prospective antimicro-
bial activities (Wang et al. 2014; Dizaj et al. 2015). A specific investigation evaluated 
the microbial effects of carbon nanotubes and fullerenes on some pesticide uptake 
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by agricultural plants (De La Torre-Roche et al. 2013). The CNTs’ antimicrobial 
mode of action is not totally clear. Former reports on CNTs divided the antimicro-
bial mechanism into two major kinds (Kang et al. 2007; Li et al. 2014). The first one 
is physical interaction, which includes membrane leakage or cell growth inhibition 
caused by interactions of the cell or cell membrane with the GNPs. The second 
category contains chemical reactive ions giving rise to the formation of reactive 
oxygen species (ROS). One of the most interesting, and the simplest, mechanism is 
the mechanical damage of bacterium cell envelope by some carbon forms. With the 
cell membrane damage resulting from direct contact with SWCNT, the membrane 
damage leads to leakage of intracellular materials (e.g., cytoplasm, ribosomes, and 
nucleic acids), which will eventually lead to cellular death (Kang et  al. 2007; 
Jastrzębska et al. 2012). This mode of action will be affected significantly by some 
characteristics of the carbon nanomaterial, such as size, contact time, concentration, 
functionalization, and others. Another important factor affecting the antimicrobial 
efficacy of CNTs is emanated from their electronic structure. 

Different investigational assays discovered that physical damage of pathogens 
resulted from their interaction with graphenes by two potential mechanisms: by 
extreme insertion and breaking of the cell membrane and by damaging extraction of 
phospholipids from lipid membranes (Zhou and Gao 2014). The oxidative stress 
mechanism has been suggested as a major cytotoxicity mechanism of graphene 
(Roda et al. 2014). Reactive oxygen species (ROS) are formed by GO, which would 

Fig. 11.2 Zone inhibition of Fusarium wilt pathogens. First row, Fusarium oxysporum f. sp. lyco-
persici (a, control; b, 50 ppm nickel nanoparticles; c, 100 ppm nickel nanoparticles); second row, 
Fusarium oxysporum f. sp. lactucae (d, control; e, 50 ppm nickel nanoparticles; f, 100 ppm nickel 
nanoparticles). (Reprinted from Ahmed et al. 2016)
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affect microorganisms sustainability. These ROS contain hydrogen peroxide, 
superoxide anion radicals, singlet oxygen, hydroxyl radicals, and nitric oxide. To 
help ensure against the dangerous impacts of ROS, oxygen-consuming life-forms 
and facultative anaerobic microorganisms deliver defensive cell reinforcement cata-
lysts such as catalase, superoxide dismutase, and glutathione peroxidase. Catalases 
are proteins that catalyse the conversion of Hydrogen Peroxide (H2O2) to water and 
molecular oxygen, thereby protecting cells from the toxic effects of hydrogen per-
oxide Catalases are produced by all microorganisms utilized as part of this examina-
tion with the exception of S. faecalis which is microaerophilic (Roda et al. 2014). 
The antibacterial property of graphene does not come from ROS-initiated harm but 
rather through electron transfer communication from microbial membrane to gra-
phene (Li et al. 2014). Other, more changeable mode of action for antimicrobial 
activity has been shown for graphene-based structures too. But previously men-
tioned disturbing the integrity of the cell wall (mechanical harm of the cell), these 
materials can (1) wrap around the microorganisms isolating them from the agro-
system, (2) produce hurtful reactive oxygen species (ROS), (3) remove phospho-
lipid atoms of the microorganisms by the presence of the lipophilic graphene, and 
(4) lower the metabolic activity of the bacterial cells (Akhavan et al. 2011; Liu 
et al. 2011a; Gurunathan et al. 2012; Sawangphruk et al. 2012; Tu et al. 2013; Chen 
et al. 2014).

There are not many examples of the antifungal mechanism of the graphene fam-
ily materials in literature. According to Sawangphruk et al. (2012), inhibition of the 
mycelia growth results perhaps from direct interaction of rGO nanosheets with the 
cell wall (Aspergillus niger, Aspergillus oryzae, and Fusarium oxysporum). 
Researchers propose that there is a chemical reaction between oxygen (from rGO) 
and polysaccharides (e.g., chitin) in the wall. The six CNTs involved, SWCNTs, 
MWCNTs, graphene oxide (GO), reduced graphene oxide (rGO), fullerene (C60), 
and activated carbon (AC), were studied against two fungal pathogens: Fusarium 
graminearum and Fusarium poae (Wang et al. 2014). The SWCNTs had the maxi-
mum antifungal efficacy tracked by MWCNTs, GO, and rGO. C60 and AC showed 
no important antifungal activity. The antifungal properties of MWCNTs with 
diverse surface groups against F. graminearum were examined by Wang et  al. 
(2017b). As per their discoveries, spore germination was strangely suppressed by 
surface-modified MWCNTs, with germination rate being 18%, threefold lower than 
for pristine MWCNTs.

The antifungal mode of action was assumed to target the spores in three steps: (1) 
depositing on the surface of the spores, (2) inhibiting water uptake, and (3) inducing 
plasmolysis. Different reports asserted no antifungal efficacy of GO toward Candida 
albicans and Candida tropical (Li et al. 2013b; Cui et al. 2014). The antimicrobial 
mode of action for fullerenes is still under open discussion. Precisely, fullerenes and 
their subordinates have exhibited effective antibacterial action against a wide 
range of microorganisms when presented to light (Chen et al. 2016). Fullerenes 
can integrate light and along these lines create reactive oxygen species (Kleandrova 
et  al. 2015). Other possible mechanisms have additionally been accounted for, 
including impact on respiratory chain, disturbance of the cell membrane structure 
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(Cataldo and Da Ros 2008), interaction with membrane lipids, and intercalation into 
them (Cataldo and Da Ros 2008; Dizaj et al. 2015). The antimicrobial property of 
fullerene is likewise influenced by the size and surface area of it (Dizaj et al. 2015) 
and the form of functional group used (Li et al. 2012a). CNTs are unable to substi-
tute/compete with the currently used antimicrobial materials (e.g., polymers, Cu 
NPs, and Ag-NPs) for many reasons, for instance, their toxicity profile for human 
cells has not been well addressed yet (Al-Jumaili et al. 2017). Currently, most 
antimicrobial carbon nanomaterials are still lack research/development.

11.4.8  Cu NPs

Furthermore to the control of growth of yeasts and molds,copper nanoparticles have 
also found to be effective against Gram-positive and Gram-negative bacteria, the 
activity of copper oxide nanoparticles (100–150 nm) coated to fabric showed 100 % 
reduction of E. coli, S. aureus, and Aspergillus niger after 48 h of incubation 
(Schrand et al. 2010; Theron et al. 2008; Usha et al. 2010). Copper nanoparticles 
gained position as innovative antimicrobial agents due to their high antimicrobial 
activities against widespread microorganisms including multidrug-resistant organ-
isms. Similarly, copper is economical and simply obtainable, therefore synthesis of 
copper nanoparticles is cheap. One more advantage of copper nanoparticles is that 
they oxidize and form copper oxide nanoparticles, which can simply mix with poly-
mers or macromolecules to produce nanocomposites, and are relatively stable in 
terms of both chemical and physical properties (Cioffi et  al. 2005; Usman et  al. 
2012). Cu nanoparticles (Cu NPs) can penetrate the cell directly through the pores 
present in cell membrane due to their small size, or they enter through ion channels 
and transporter proteins present in the plasma membrane. Nanoparticles which are 
introduced into the cell can have direct contact with oxidative organelles such as 
mitochondria. Furthermore, redox-active proteins can stimulate reactive oxygen 
species (ROS) production in cells, and ions (Cu2+) produced by nanoparticles can 
induce ROS by several chemical reactions. Also, Cu2+ ions have the ability to form 
chelates with biomolecules or remove the metal ions in specific metalloproteins, 
which may result in functional protein inhibitions. Cu2+ released by copper oxide 
nanoparticles increases their local concentration and disrupts cellular metal cation 
homeostasis resulting in cell toxicity (Chang et al. 2012). Linoleic acid capped cop-
per nanoparticles after penetrating into the bacteria deactivate their enzymes, gener-
ating hydrogen peroxide resulting from ROS, which leads to bacterial cell death 
(Das et al. 2010). Schrand et al. (2010) hypothesized that copper nanoparticles act 
as actual antibacterial agent against the wide range of bacterial pathogens due to 
interactions with -SH groups, leading to protein denaturation. ROS may bind with 
DNA molecules and interrupt the helical structure by cross-linking within and 
between the nucleic acid strands and affect gene expression (Fig. 11.3). Copper ions 
inside bacterial cells also disrupt biochemical progressions (Kim et al. 2000; Stohs 
and Bagchi 1995). Still there is an absence of definite data regarding the mechanism 
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of action; however till now, completely different activity pathways are advised for 
the two copper oxides (I and II), with the involvement of ROS primarily within the 
case of CuO NPs and therefore the specific binding of Cu(I) to macromolecule sur-
faces for Cu2O NPs. However, the exact mechanism behind bactericidal effect of 
copper nanoparticles is not known and needs to be further studied on the broader 
range of bacteria strains.

11.4.9  Al NPs

The marketable use of aluminum oxide nanoparticles Al2O3 extremely increased 
during the last decade, and, by no means, it enhances the risk of environmental pol-
lution. Additionally, the toxic effects of Al2O3 NPs are also described on some 
model organisms for ecotoxicity assays, such as Bacillus subtilis, Escherichia coli, 
and Pseudomonas fluorescens (Jiang et  al. 2009: Sadiq et  al. 2009). There are 
chronic toxicity studies on Al2O3 nanoparticle exposure that cause neurotoxic effects 
on locomotion behaviors by prompting more ROS generation and interruption of 
ROS defense mode of actions in nematode Caenorhabditis elegans (Li et al. 2012b). 
The variation in cytotoxicity between micron-sized and nanosized alumina nanopar-
ticles toward Scenedesmus sp. and Chlorella sp. was investigated. The antialgal 
inhibitory effect of the nanoparticle was studied against both the species, and an 
evident reduction in the chlorophyll content was also investigated in the cells treated 
with nanoparticles (Sadiq et  al. 2011). Alumina nanoparticles showed a mild 
growth-inhibitory effect, only with very high concentration, which might be due to 
surface charge interactions between the particles and cells. Free-radical scavenging 
properties of the particles prevented cell wall disruption and drastic antimicrobial 
action (Sadiq et  al. 2009). Alumina nanoparticles (Al2O3 NPs) showed a minor 
development inhibitory effect, so to speak, with extremely high focus, which may 

Fig. 11.3 Fungal cell illustration showing the different mechanisms associated with the toxicity of 
micro- or nano-copper against phytopathogenic fungi. Copper can form both free radicals 
disrupting the cell membrane and release ions able to produce genotoxic effects with proteins and 
DNA molecules

M. Mostafa et al.



297

be because of surface charge naturally occurring between the particles and cells. 
Free-radical scrounging properties of the particles have foreseen cell wall disturb-
ing influence and extraordinary antimicrobial action (Rupareli et  al. 2008; Sadiq 
et al. 2009). SEM images of nanoalumina-interacted cells of E. coli indicate the 
changes in cell shape and agglomerated particles on the cell wall. Moreover, TEM 
micrographs show disruption and disorganization of cell membrane and cell wall 
(Ansari et al. 2013). The cell membrane was widely injured and, most probably, the 
intracellular content has leaked out. Al2O3 carry a positive charge on its surface, 
electrostatic interaction between bacteria and NPs results in the adhesion of them on 
the bacterial surface and expressed antimicrobial activity. Al2O3 NPs not only 
adhered at the surface of cell membrane, but also penetrated inside the bacterial 
cells, cause formation of irregular-shaped pits and perforation on their surfaces and 
may also interact with the cellular macromolecules causing adverse effect including 
cell death. However more investigations as regards to the connection of alumina 
nanoparticles with cells should be done before its broad use in restorative and 
horticultural and crop application.

11.4.10  Au NPs

The antimicrobial property of Au  NPs has been confirmed in various microbes, 
including Gram-positive bacteria, Gram-negative bacteria, and some pathogenic 
fungi. The green-synthesized gold nanoparticles (Au NPs) (45–75 nm) act as an 
active antifungal agent against wheat stem rust caused by Puccinia graminis tritici, 
and other fungal pathogens including Aspergillus flavus, Aspergillus niger, and 
Candida albicans using standardized well diffusion technique and hence have a 
great prospect in the preparation of fungicides used against different plant diseases 
(Jayaseelan et al. 2013). This action is credited to unique properties of Au NPs in 
illumination centering, solid cationic attractions to the negatively charged plasma 
layer of organisms, or conjugation with antimicrobial agents and antibodies.

In another way, it can bind to the DNA of microorganisms and repress DNA 
transcription (Rai et al. 2010). Gold NPs, 4,6-diaminopyrimidine thiol as a simple 
of bacterial tRNA base, has potential capability to prevent the subunit of ribosome 
for tRNA which influence on its capacity that affect protein synthesis (Carbon and 
David 1968; Sayed et al. 2006; Zhao et al. 2010). Au NPs can change membrane 
potential and suppress ATP synthase activities to decrease the ATP level, indicating 
a general decrease in metabolism, and also improve chemotaxis in the early-stage 
reaction (Cui et al. 2012). Those properties prompt cell layer disturbance, ROS col-
lection, hindering DNA translation, and subsequent cell demise (Huh and Kwon 
2011). In the first mechanism, Au nanoparticles generate holes in the cell wall, 
resulting in leakage of the cell contents, formation of biofilm, and finally cell death 
(Chwalibog et al. 2010). A second mechanism had been suggested that the strong 
electrostatic attractions among Au NPs and the cell wall surface of the pathogens 
introduce adhesin-mediated interaction between the pathogenic cells and the sub-
strate surfaces (Yu et al. 2016).
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11.4.11  Bimetallic NPs

Bimetallic nanoparticles made out of two kinds of metal components and metallic 
nanoparticles can be sorted as bimetallic or trimetallic relying upon the quantity of 
segment metallic fixings, for example, metal oxide NPs (Cu, Mg, Zn, and Ag) 
(Roopan et  al. 2014). A synergistic antimicrobial effect is achieved when silver 
nanoparticles are hybrid with other metal nanoparticles or oxides acting as a shell or 
a core to form bimetallic nanoparticles (Chou and Chen 2007). The superparamag-
netic bimetallic Ag/Co polymeric nanocomposite was evaluated to exhibit bacteri-
cidal activity during treatment of bacteria-contaminated aqueous solutions (Alonso 
et  al. 2011). The Fe-Ag NPs showed high antimicrobial activity against E. coli 
(Gram-negative bacteria). Cu-chitosan and Zn-chitosan nanocomposites (NCs) were 
prepared by reduction of metal precursors in the presence of chitosan in sc CO2 
medium and deposition of organosol on chitosan, respectively. Inorganic bimetallic 
blends (BBs) in light of understood fungicide nanoscale Cu(OH)2 were acquired with 
the basic properties of salt hydrolysis. The BBs and Cu-chitosan demonstrated the 
most astounding antifungal adequacy against both R. solani anastomosis gatherings. 
The in vivo assessment of Cu-chitosan NC and Trichoderma hybrid with BBs indi-
cated plant growth promotions and synergistic inhibitory impact against R. solani.

This exploration could prompt the likelihood of applying Cu-chitosan NCs, BBs 
and Trichoderma as nanobiofungicides at the field level. The most astounding group 
of BBs and NCs influenced DNA molarity and resulted in significant degradation. 
Copper particles discharged may likewise cooperate with DNA atoms and interca-
late into nucleic corrosive strands. Cu nanoparticles degrade DNA in a single 
oxygen- mediated fashion even in the absence of any external agents like hydrogen 
peroxide or ascorbate. Low-molecular weight chitosan can enter cell dividers and 
interface with cell DNA of growths and microorganisms which therefore hinders 
mRNA interpretation and protein production (Abd-Elsalam et al. 2017). The antimi-
crobial mechanism of bimetallic might the ROS generation and cell wall damaged. 
Therefore, the combination of this metal oxide can be enhanced antimicrobial action 
(Liu et al. 2012; Vidic et al. 2013).

11.4.12  Chitosan NPs

Chitosan is a nontoxic, biodegradable biopolymer showing antimicrobial and plant 
immunity-eliciting properties. Nanochitosan has been shown to be useful in many 
different areas, specifically in agriculture, plant pathology, food, and biomedicine 
(Cota-Arriola et al. 2013; El Hadrami et al. 2010; Saharan et al. 2015; Abd-Elsalam 
et  al. 2017). Chitosan stimulates various plant responses, including induction of 
disease and abiotic stress resistance, enhancement of plant growth and yield and 
shelf life of flowers and fruits, and activation of secondary metabolite production 
(Pichyangkura and Chadchawan 2015). Chitosan antimicrobial activities, 
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mechanism, and induction of plant defense responses were reviewed and discussed 
(Xing et al. 2015). Chitosan demonstrated antimicrobial activities against different 
plant pathogens including parasites, microorganisms, and fungi and goes about as 
an elicitor of plant barrier systems. With a wide range of antimicrobial effects, chi-
tosan has been used to reduce or keep the spread of pathogens (Mansilla et al. 2013) 
or to upgrade plant intrinsic resistance (Fondevilla and Rubiales 2012).

The correct mode of action for antimicrobial activity of chitin, chitosan, and their 
derivatives is as yet unclear, notwithstanding extraordinary systems that have been 
proposed. The positively charged amino gatherings of the glucosamine units con-
nect with negatively charged particles on pathogen surfaces, which is named as 
electrostatic collaborations, and can destroy the cell structure, cause direct cell sur-
face modifications, and increase membrane permeability and in this manner cause 
the demise of microscopic organisms (Helander et  al. 2001; Rabea et  al. 2009; 
Chung et al. 2004; Liu et al. 2004; Zakrzewska et al. 2005; Je and Kim 2006; Chung 
and Chen 2008).

The growth inhibition of F. oxysporum as a response to chitosan was accompa-
nied by marked cellular changes, which included hyphal swelling, increased vacu-
olation, retraction and alteration of the plasma membrane, cytoplasm aggregation, 
and irregular cell wall deposition (Benhamou 1992). In electron micrographs, the 
outer membrane of chitosan-treated E. coli was disrupted and covered by an addi-
tional toothlike layer. In micrographs of chitosan-treated S. aureus, the membrane 
of dividing cells was disrupted in the constricting region with the loss of bacterial 
cell substances (Liu et al. 2004). Furthermore the efflux of potassium particles was 
recognized as an early reaction of the cell to the nearness of some cationic mixes. A 
quick efflux of potassium dependent on the chitosan fixation was investigated. 
Furthermore, there was an important inhibitory effect of chitosan on H+-ATPase 
activity in the plasma membrane of Rhizopus stolonifer. The decrease in the H+-
ATPase’s activity could provoke the accumulation of protons inside the cell, which 
would result in the suppression of the chemiosmotic-driven transport that allows the 
H+/K+ exchange (García-Rincóna et al. 2010).

A parallel confirmation of method of activity of chitosan has been shown in view 
of the interactions with DNA or RNA. Chitosan with low molecular weight can 
penetrate cell wall and interact with cellular DNA of fungi and bacteria which con-
sequently prevents RNA and protein synthesis (Sudarshan et al. 1992; Goy et al. 
2009), destroys intracellular components from colloidal state to flocculation and 
degeneration, disrupts the normal physiological metabolic activity of bacteria, or 
directly interferes with genetic materials (Come et al. 2003; Issam et al. 2005), and 
then stops the reproduction of bacteria, resulting in the death of microorganisms 
eventually. It is presumable that chitosan could bind with DNA and inhibit synthesis 
of messenger RNA (mRNA) through penetration toward the nuclei of the microor-
ganisms and interfere with the synthesis of mRNA and proteins (Sudarshan et al. 
1992; Rabea et al. 2009).

A report used fluorescence visualization to determine that oligochitosan can pen-
etrate the cell membrane of Phytophthora capsici and A. niger and that, as it is posi-
tively charged, chitosan can bind to intracellular targets, such as DNA and RNA, 
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which are negatively charged (Li et al. 2008). Infiltrated chitosan oligomers (molec-
ular weight = 8000 and 5000) were suggested to block the transcription from DNA 
to inhibit the growth of bacteria (Liu et al. 2001) and then disrupt the related protein 
synthesis. The phosphate group might be an extracellular target contributing to its 
interaction with the positively charged chitosan, ultimately resulting in damage of 
vital bacterial activity. There are also phosphate groups in the primary structure of 
nucleic acid (DNA/RNA). It is possible that the amino groups of chitosan that pos-
sess positive charges would attract the negatively charged phosphate groups of 
DNA/RNA. The brightness of bands weakened gradually as the concentration of 
chitosan nanoparticles increased, showing the aggravation of chitosan-DNA/RNA 
interactions. The possible reason might be that negative charges of DNA/RNA had 
been counteracted by chitosan so that they could not move in the electric field 
accordingly. The gel retardation experiment pointed out that DNA and RNA might 
be the intracellular targets of chitosan (Xing et al. 2009).

11.4.13  Elicitation of Plant Defense Responses by Chitosan

Many reports presented that chitosan is not only an antimicrobial agent but also an 
active elicitor of plant systemic induced resistance to pathogens (El Hadrami et al. 
2010; Xing et al. 2015). Most investigations with respect to the utilization of chito-
san on rural items center on diseases caused by parasites at preharvest and posthar-
vest stages. The use of adjusted chitosan derivatives and the blend of chitosan with 
different substances have as of late been looked into somewhere else (Das et al. 
2015). Management of plant diseases especially postharvest diseases by chitosan or 
essential oil treatments seems to happen through two various modes of action: a 
direct germicide effect on plant pathogens and an indirect effect by inducing defense 
mechanisms in plant tissue (Zhang et al. 2011; Shao et al. 2013). Plant resistance 
toward pathogens occurs through hypersensitive responses that result in cell death 
at the penetration site, structural alterations, accumulation of reactive oxygen spe-
cies (ROS), synthesis of secondary metabolites and defense molecules, and activa-
tion of pathogenesis-related (PR) proteins (Van-Loon and Van-Strien 1999). 
Chitosan can increase pathogenesis-related (PR) quality capacity through different 
modes, which incorporates enactment of cell surface or layer receptors, and inner 
impacts on the plant DNA compliance, which can, thus, influence gene translation 
(Hadwiger 1999). Chitosan application has been mentioned to increase phenylala-
nine ammonia lyase (PAL) activity in treated fruit tissue. PAL elicitation via chito-
san was established with table grapes in the vineyard sprayed with or without 
C. laurentii and covered with chitosan at postharvest, and then stored at 0 °C (Meng 
and Tian 2009; Meng et al. 2010). Chitinase and β-1,3-glucanase are two PR pro-
teins that participate in defense against pathogens, because they can partially 
degrade the fungal cell wall (Van-Loon and Van-Strien 1999). Increases within the 
activities of chitinase and β-1,3-glucanase are evidenced as a result of chitosan 
application in Valencia oranges (Canale Rappussi et  al. 2009). Chitosan remedy 
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may start compliant resistance of fruit through regulation of ROS levels, inhibitor 
enzymes, and also the ascorbate-glutathione cycle. Changes in the content of ROS, 
such as H2O2 and O2−, are the earliest events that correlate plant resistance to patho-
gens (Wang et  al. 2014), since ROS are involved in the development of disease 
resistance in fruit (Torres et  al. 2003). This may be because of direct effects, as 
chitosan itself has inhibitor activity and scavenges hydroxyl group radicals (Yen 
et al. 2008), or to indirect effects, like chitosan causation of the plant inhibitor sys-
tem. Chitosan treatment has been reported to influence inhibitor catalyst activities 
within the tissues of fruits and vegetables. Compared to untreated strawberries, 
those treated with chitosan maintained higher levels of many defense-related 
enzymes, such as catalase, glutathione peroxidase, guaiacol peroxidase, polyphenol 
oxidase, superoxide dismutase, dehydroascorbate reductase, and monodehydro-
ascorbate reductase (Wang and Gao 2012). Chitosan significantly improved the pro-
duction of polyphenol oxidase activity in rice seedlings following infestation with 
two rice phytobacteria (Xanthomonas oryzae pv. oryzae and X. oryzae pv. oryzicola) 
(Li et  al. 2013a). Secondary metabolites are not directly involved in growth or 
reproduction, but they are often involved with plant defense. Elicitation is a method 
widely used for improving secondary metabolite yields (Xing et al. 2015). The anti-
microbial efficacy of chitosan is impacted by a variety of things that represent the 
kind of chitosan, the degree of chitosan polymerization, relative molecular weight, 
solvent, pH, its charges, and solubility (Tavaria et al. 2013). The five fundamental 
modes of action of chitosan are electrostatic interactions, plasma membrane harm 
mechanism, chitosan-DNA/RNA interactions, metal chelation potential of chitosan, 
and deposition onto the microbial cell membrane. The mechanisms of how chitosan 
acted on plant immune system have now not been elucidated virtually. It is assumed 
that the mode of motion of chitosan is probably greatly complicated than assumed 
above; similarly researches need to clarify the precise mechanism.

11.4.14  Chitosan Nanocomposites

However, much work has to be done regarding the mode of action of chitosan- based 
nanomaterials against plant pathogens (El Hadrami et al. 2010; Abd-Elsalam et al. 
2017). It seems that seed treatment with chitosan NCs ends in extra induction of 
plant defense mechanisms as previously demonstrated by using Saharan et  al. 
(2013, 2015). Chitosan nanoparticles express more affinity towards pathogen’s 
outer membrane and thus easily enter into the pathogens’ cell (Van et al. 2013). 
Interactions between undoubtedly charged nanochitosan molecules and the polyan-
ionic structures of microbial cellular membranes result in destabilization of cell 
membrane. This induces the leakage of intracellular contents and subsequently 
causes death of pathogens. Disruption of protein synthesis and membrane destabili-
zations is in all likelihood primary and secondary modes of antimicrobial activity of 
chitosan (Marquez et al. 2013). Furthermore, nanochitosan mechanism entails the 
penetration of low-molecular weight chitosan into the mobile, binding to DNA and 
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subsequently inhibiting RNA and protein synthesis. Chitosan has also been shown 
to prompt several protection methods in plant tissues and inhibit the production of 
pollutants and microbial growth. Nanochitosan upregulates the plant defense mech-
anisms which involve enzymes such as phenylalanine ammonium lyase, polyphenol 
oxidase, tyrosine ammonium lyase, and antioxidative enzymes SOD, CAT, and 
POD (superoxide dismutase, catalase, and peroxidase) (Ma et  al. 2014; Katiyar 
et al. 2015). It also induces the hypersensitivity-related reactions in different plant 
species to keep away or put off the invading pathogen from the cell (Chandra et al. 
2015). Chitosan has been used to control seed-borne fungi of flowers as an elicitor 
as opposed to a fast-acting toxic agent because it has been stated that chitosan can 
activate plant defenses in infected flora (Kaur et al. 2012).  Cu-chitosan nanoparti-
cles enhanced enzyme activities involved in plant defense by chitosan participants 
in the reactive oxygen species (ROS) scavenging system  (Saharan et  al. 2013; 
Saharan et  al. 2015). The plant microenvironment becomes acidic as a result of 
mycotic contamination which leads to the breakup of nanostructure and discharge 
of Cu particles (Brunel et al. 2013). The released Cu ions produce reactive hydroxyl 
radicals to prevent fungal pathogens (Borkow and Gabbay 2005). Cu-chitosan 
nanonetwork was evident through a higher Cu accumulation in porous areas which 
supported the ionic and chelating interaction mechanism to inhibit enzymes and 
toxins used by fungal pathogens throughout pathogenesis (Vahabi et al. 2011). Cu 
nanoparticles and Cu-chitosan and Zn-chitosan NCs have nearly the same mode of 
action as Cu-chitosan nanocomposites, for instance, the production of ROS, and 
membrane disruption (Xie et al. 2011; Ingle et al. 2013). Similarly, zinc is an impor-
tant micronutrient for plant growth and is absorbed by plants through diffusion and 
specific transporters in the form of divalent ions. Another important mechanism 
includes penetration of the chitosan oligomer into the cells of microorganisms 
which inhibits the growth of microbial cells by stopping the transcription of DNA 
into mRNA (Hernández-Lauzardo et al. 2011). Cu-chitosan nanocomposites could 
penetrate cell walls of fungi and bind to DNA or mRNA.  Disruption of fungal 
metabolism and duplication should in the long run lead to pathogen demise. The 
common nanometals used as antimicrobial agents collectively with their mecha-
nisms of action are summarized in Table 11.1.

11.4.15  Nanoemulsions Mechanism

The nanoemulsion (NE) droplets with antimicrobial agents fuse with lipid contain-
ing organism thereby destroying them by numerous modes of action. The fusion 
between the nanodroplets is driven by the electrostatic attraction between the drop-
let charge and the charge on pathogens. When certain amounts of droplets fuse with 
the pathogens, the active ingredient from the nanodroplets is released to the lipid 
membrane causing lysis and death of pathogens. They observed that the antimicro-
bial activity depended on the target microorganism and nanoemulsions with smaller 
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diameters showing better antimicrobial activity due to the fast delivery via the 
cellular membrane of the target pathogens (Donsì et al. 2011). This fusion among 
the emulsion and the anionic rate of the pathogen could bring about the antimicrobi-
als’ lysis and death. Due to this unique, nonspecific mode of action, there are no 
possibilities for development of resistant microbial strains (Karthikeyan et al. 2011; 
Moghimi et al. 2016). Strong electrostatic attraction could improve the fusion, and 
then nanoemulsions with positive charge exhibited higher antimicrobial activity 
(Hamouda and Baker 2000). Strong electrostatic attraction ought to improve the 
fusion, after which nanoemulsions with positive charge exhibited better antimicro-
bial activity (Hamouda and Baker 2000). Synergistic effect between one-of-a-kind 
antimicrobial agents is constantly taken into consideration to improve the antimi-
crobial activity of nanoemulsions. The basic theory behind these studies was that 
NE particles were thermodynamically driven. The anionic charge on pathogen and 
the electrostatic appeal between the cationic charges of the emulsion comple-
ments their mixing capability. The fusion of an adequate number of nanoparticles 
with pathogens assists in the release of some of the energy trapped within the 
emulsion (http://nano.med.umich.edu/platforms/Antimicrobial-Nanoemulsion. 
html). It is this trapped electricity and the actively worried components that 
weaken the pathogen lipid membrane leading to destruction of cells and their final 
dying. However, NEs, to be more effective in the case of spores, extra germination 
enhancers are required to be integrated with emulsion. The moment germination 
begins, the germination spores end up vulnerable to antimicrobial activity of the 
NE (Fig. 11.4). One peculiar aspect of NE is that concentrations exert selective 
toxicity on microbes.

11.4.16  Photocatalyst Mechanism

Other than the previously mentioned mechanisms, there are other unique antimicro-
bial mechanisms of nanomaterials that are available in the literature. One such 
unique mechanism is photocatalysis-mediated antimicrobial activity. Photocatalysis 
has been shown to be capable of killing an wide range of microorganisms together 
with bacteria, fungi, algae, and viruses (Paspaltsis et al. 2006; Foster et al. 2011). 
One such nanomaterial showing antimicrobial properties during photoactivation 
was nano-TiO2, a semiconductor (Mueller and Nowack 2008). Moreover, ZnO is 
also a semiconductor that, upon absorption of photons, transported its electrons 
between the valence and conduction band. Not all the nano-based material had 

Fig. 11.4 Action mechanism of NE against spores. (Reprinted from Kaur 2016)
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photo-mediated antimicrobial capacity. Just semiconducting nano metal oxides like 
TiO2 and ZnO nanomaterials are found to have this sort of photocatalytic antimicrobial 
impact. As the component manages the arrangement of ROS and hinderd microor-
ganisms through photocatalytic impact, broad investigations must be completed to 
decrease the cytotoxicity among higher living beings because of the ROS delivered 
by these nano products.

11.5  How to Investigate the Mode of Actions?

While composing and examining nanomaterials for their antimicrobial abilities, 
data is not just required to focus on nanoparticles but also on measure dissemina-
tions and shape and level of collection of the particles, making representation tech-
niques vital to material characterization. Moreover, with a specific end goal to 
evaluate the antimicrobial efficacy of nanosized materials, representation of the 
association among microorganisms and the material is required, and the result of 
such connections on the feasibility of the microbial cell must be known. The nano-
cidal abilities of a mass material, which itself has no investigated antimicrobial 
effects, depend on supported oxidation systems and consequently on little amounts 
of the silver particle that are discharged into the fluid condition. The systems hostile 
to microbial efficacy should likewise be anticipated. The nanomaterial may straight-
forwardly harm the target cell membrane (of both prokaryotic and eukaryotic cells), 
or the impact might be because of compound activity or enhanced membrane per-
meability, bringing about spillage of cell substance or interruption of DNA replica-
tion. These effects can often be directly seen using the latest high-resolution 
microscopy methods. The stability and enduring efficacy of antimicrobial activity 
also depends largely on the properties of the nanomaterials once combined with the 
bulk matrix, particularly final particle size, shape, and availability (Marambio-Jones 
and Hoek 2010). Consequently, direct visualization of the particles incorporated in 
situ within the bulk matrix is also required, although this is also perhaps one of the 
most difficult to achieve without the introduction of significant sampling artifacts. A 
suite of high-resolution microscopy techniques are now readily available, and most 
bulk sample types, including fully hydrated samples, can now be visualized by a 
range of methods. However, given the wide-ranging nature of materials in which 
nanoparticles are now being incorporated, including polymers, powders, aerosols, 
and zeolites, no single technique will be able to provide all the required information. 
Rather, as pointed out by Samberg et al. (2011) in their investigation of the antibac-
terial impacts of silver nanoparticles, an examination of techniques is required, 
keeping in mind the end goal is to accomplish characterization of any antimicrobial 
activities.

A review of the literature indicates that the majority of studies published to date 
on the antimicrobial nature of nanomaterials rely on several methods to visualize 
such materials. Electron microscopy techniques such as transmission electron 
microscopy (TEM) are frequently coupled with a scanning probe microscopy 
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(SPM) technique such as atomic force microscopy (AFM). Without a doubt the cur-
rent has intense far-reaching accessibility and adaptable methods, for example, 
AFM has altered characterization of nanosized materials over the most recent two 
decades, and it can be influentially contended that the accessibility of AFM and 
related strategies are eventually in charge of the quick development of nanotech-
nology investigation, by and large and particularly interface and colloidal science 
(Butt et al. 2007). Several imaging and molecular techniques will perform to evaluate 
the molecular mechanisms that underlie the microorganisms response to the nano-
materials (NMs).

11.5.1  Electron Microscopy Techniques

The field of electron microscopy covers a wide assortment of systems that can be 
used for imaging both nanomaterials and the mass material in which the nanomate-
rials are consolidated. An assortment of both auxiliary and concoction data can be 
inferred, despite the fact that EM overwhelmingly gives subjective basic data about 
the examples inspected. Three fundamental electron microscopy methods are uti-
lized for material characterization, transmission electron microscopy (TEM), scan-
ning transmission electron microscopy (STEM), and scanning electron microscopy 
(SEM). Together these three imaging techniques and their derivatives are capable of 
offering a numerous range of records on a selected pattern, ranging from sub-nano-
meter resolution as in the case of TEM to structural information on bulk materials 
many centimeters in measurement which can be achieved through scanning electron 
microscopes with specially designed chambers. The disadvantages of EM tech-
niques include the fact that EM can only deliver statistics in dimensions and lacks 
distinct statistics on 3-D morphology of samples without specialized software. 
However, the principle negatively looks at the end result from the destructive nature 
of the sample-guided techniques required for EM and the tough imaging situations 
essential for a postive microscopy.

11.5.2  Transmission Electron Microscopy Measurements

The interaction between the microorganisms and the different nanomaterials can be 
illustrated using bright-field TEM imaging of the bacteria treated with various NMs. 
Irrespective of the type of bacteria used, it was noticed that most of the nanoparti-
cles were found attached to the surface of the bacterial cell wall, implying their 
higher affinity toward the cells. Although TEM imaging provides a direct measure 
of nanoparticle interactions with the microorganisms, the potential for imaging artifacts 
cannot be eliminated.
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11.5.3  Atomic Force Microscopy (AFM) Measurements

AFM can be used to photograph fully hydrated samples and might correctly photo 
each nanoparticles and microorganisms in situ on most surfaces, including both 
difficult and gentle surfaces. Unlike electron microscopy strategies or STM strate-
gies, the pattern may be either a conductor or insulator and no staining is needed 
with a purpose to obtain evaluation. AFM may also offer future insights into nano-
antimicrobial substances and the interest of such materials. One of the limitations of 
AFM is that chemical specificity is lacking and capabilities are recognized based on 
size and form. Another limitation is that while molecular scale surface topographic 
details are well resolved, AFM has a limited ability to image features that do not 
provide sufficient topographical contrast such as peptides in a membrane. In tandem 
with developments in electron microscopy and scanning probe microscopy meth-
ods, optical microscopy techniques continue to evolve rapidly, and techniques such 
as confocal microscopy provide unprecedented insights into microbial interactions 
with nanomaterials.

11.5.4  Confocal Microscopy

The primary concept of confocal laser scanning microscopy (CLSM) and multiphoton 
strategies are integral techniques for visible characterization of nanomaterial- based 
antimicrobial materials. Particularly, CLSM facilitated the exploration of microbial 
habitats and allowed the commentary of host-associated microorganisms in situ 
with an unprecedented accuracy (Cardinale 2014). External modifications in mobile 
membrane integrity can be monitored to unravel the mechanisms of antimicrobial 
interest and the modifications attributable to contact with nanomaterials.

11.6  Reactive Oxygen Species Generation

ROS are chemically reactive molecules together with peroxides that incorporate 
oxygen. ROS are equally reactive because of the presence of unpaired valence 
shell electrons. ROS form as a herbal derivative of the everyday metabolism of 
oxygen and have vital roles in mobile signaling, homeostasis, and furthermore 
apoptosis. However, during times of environmental stress, in the present case in the 
form of nanoparticles, ROS levels are known to increase drastically which might 
result in significant damage to cell structures. This cumulates into the event known 
as oxidative stress.

ROS production can be monitored using various analytical methods such as XTT 
assay that yields a colorimetric signal when reduced by superoxides. ROS are best 
known to implicate toxicity to several prokaryotic and eukaryotic systems upon 
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interaction with metal/metal oxide nanoparticles. ROS in the form of either superoxide 
radical (O2−), hydrogen peroxide (H2O2), or hydroxyl radical (OH) causes oxidative 
stress, thereby causing damage to DNA, cell membranes, and cellular proteins, and 
finally leading to cell death. The presence of ROS was observed using an XTT 
assay, which yields a colorimetric signal when decreased by superoxides. ROS 
quantification flow cytometric assay was used to evaluate the production of free 
intracellular radicals as reported (Raimondi et al. 2008; Prasad et al. 2017b).

11.7  Omics Methodologies

The suffix “omics” stands for “as a whole” and omics technology consists of genom-
ics, transcriptomics, proteomics, and metabolomics credited to modern break-
throughs in genome sequencing, bioinformatics, and analytic equipment including 
liquid and gas chromatography and mass spectrometry, in conjunction with high- 
throughput technology (Fig.  11.5). Omics technologies have provided crucial 
insights into processes related to microbial physiology, virulence, and stress and 
mechanisms of action (MOA) of nanoantimicrobial materials (Tang 2015; Fröhlich 
2017). These methods differ from the microscopic observation of phenotypes in the 
way that they can provide primarily mechanistic information and may identify the 
pathway of toxicity for microbial pathogens. One advantage might be the 

Fig. 11.5 Omics techniques used for the study of nanotoxicology include genomics, epigenomics 
(miRNomics and DNA modifications), transcriptomics, proteomics, and metabolomics. Genomics 
investigates genes and their functions through the use of recombinant DNA, DNA sequencing, and 
bioinformatics to analyze the function and structure of the genome. Proteomic and transcriptomic 
tools: target identification can be performed by evaluating the differential expression of genes in 
microbial strains treated or untreated with NMs; while metabolomic assay: the metabolic profile of 
a microbe treated with NMs can be compared with the profile of untreated strains
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identification of new targets and markers for NP toxicity. Another benefit of the 
omics strategies might be their lower interference with NPs (Fröhlich 2017). DNA- 
and RNA-based research, genomics record analyses, transcriptomics, metagenom-
ics, metabolomics, next-generation sequencing (NGS) technologies, and proteomics 
processes have proved to be precious techniques to examine plant-pathogen interac-
tions and their associations. Various “omics” methods are a promising approach to 
recognize the advantages and the pathogenic effect of microbes in crop development. 
The plant native immunity has always been an important aspect of research and leads 
to some interesting information like the adaptation of unique immune mechanisms of 
plants against pathogens (Imam et al. 2016). Proteomics and metabolomics, pooled 
with systems biology, are outstanding tools to screen the results and toxicity mecha-
nisms elicited by NPs. However, the metabolomics approach remains terribly difficult 
and still comparatively new in the field of nanotoxicology.

11.7.1  Genomics Assays

The mode of action of a nanomaterial compound on DNA integrity can be evaluated 
through DNA-binding evaluation, in which a pattern of purified plasmid DNA is 
blended with different concentrations of the examined compound. Pathways that 
might describe contrary effects on DNA are regulation of DNA destruction and 
repair of nucleic acid metabolism. Epigenetic fluctuations are involved in the trans-
formation and mutation of cells and, thus, may assist as indicator for genotoxicity. 
With the advent of next genertions sequence technologies which results in the com-
pletion of genome sequencing and re-sequencing of the over-whelming numbers of 
plant and their pathogens generating huge amount of data, we are witnessing an era 
of genomics and post-genomics with a challenge to translate these plethora of infor-
mation for the crop improvements with broader disease resistance spectra (Knief 
2014).  In the post-genomic era, the translational genomics presented a better solu-
tion in crop improvement against pathogenic bacteria, fungi, and viruses and pre-
pare these crops in current thwarting climatic conditions (Knief 2014). DNA 
sequencing and bioinformatics investigate characteristic and shape of the genome. 
The purpose is to identify a selected sensitivity of people to a given toxin as opposed 
to the screening for toxicity of compounds or NPs. The epigenome may be altered 
via toxicants and, consequently, is useful for toxicity screening.

11.7.2  Transcriptomics Analysis

To evaluate the genetic-based response mechanisms, the global transcriptomic 
response of microorganisms upon exposure to nanomaterials can be assessed using 
whole-genome microarray analysis and compared to treatments with NMs or 
Milli-Q water control. Presently, DNA microarrays are the technology of choice for 
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large-scale studies of gene expression. Microarray technology was developed using 
the information available from the genome projects and is based on the hybridiza-
tion of cDNA (complementary DNA produced from mRNA) to oligonucleotide 
probes incorporated into a slide. Each probe has a sequence of a specific gene from 
the microorganism (Nambiar et al. 2010). Transcriptomics basically cognize DNA 
sequencing using NGS approaches and also quantitatively measure the expression of 
mRNA, and their variations occurring under diverse stress situations. The use of 
mRNA sequencing evaluation and microarray approach to generate transcriptome 
level facts is one of the important methodologies employed for studying plant- microbe 
interactions (Budak and Akpinar 2015). Furthermore, the development in bioinfor-
matics methods, both as hardware and software program for the evaluation of statis-
tics, allows us to enhance our information on ever-increasing management and mining 
of such big datasets. RNA-seq, a recently evolved approach for transcriptome profil-
ing by way of deep-sequencing technologies, offers a precise dimension of the extent 
of gene transcripts and their isoforms than different strategies.

11.7.3  Proteomics Analysis

Proteomics is the systematic assessment of all proteins expressed through one par-
ticular mobile, tissue, organic fluid, or organism in a given time period. It is used to 
identify and quantify proteins targeted in selected biological parameters and also 
can be implemented to determine post-translational modifications, in addition to 
cellular origin and location of movement (Yates et al. 2009). Different methods that 
are being applied to promote our understanding of proteins are gel-based techniques 
like two-dimensional gel electrophoresis (2DE) and fluorescence two-dimensional 
difference gel electrophoresis (2DDIGE) and gel-free techniques like isotope-coded 
affinity tags (ICAT), isobaric tags for relative and absolute quantitation (iTRAQ), 
multidimensional protein identification technology (MudPIT), and the commonly 
used primary tool mass spectrophotometry (MS) and MALDI-TOF. High sensitivity 
is the advantage of MS.

11.7.4  Metabolomics Assays

The final “omics” technology to be provided in this review is metabolomics, which 
is defined as the examination of the global profile of metabolites found in a biologi-
cal system under sure conditions and time (Nambiar et al. 2010). The approaches 
followed to generate metabolic signatures are usually nuclear magnetic resonance 
(NMR), high-performance liquid chromatography (HPLC), the combination of 
chromatography with MS that helps to detect more number of complex compounds. 
Widely used methods are combinations of gas chromatography (GC)-MS and liquid 
chromatography (LC)-MS (Zhang et al. 2012). Metabolomics techniques had been 
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significantly accepted to discover the responses of microorganisms to numerous 
environmental stressors inclusive of heavy metals, temperature, and natural com-
pounds (Lankadurai et al. 2013). Metabolomics may represent a promising approach 
to explain the mechanism of diverse nanomaterials. Datasets from diverse studies 
like genomics, transcriptomics, proteomics and metabolomics need to be combined 
using bioinformatics and statistical tools that will help to identify and integrate key 
biological processes.

11.8  Conclusion and Future Perspectives

Understanding the inactivation mechanisms is the key to the increasing use of 
nanoparticles (NPs) and enhances the practicability of their application agan-
ist  numerous plant pathogens  under extraordinary environments. The potential 
mechanism of toxicity has been attributed to numerous possible techniques, and the 
dissolution or release of ions from the nanoparticles elicits either inflammatory 
response, mitochondrial dysfunction, disruption of mobile membrane integrity, oxi-
dative strain, protein or DNA binding and harm, or reactive oxygen species (ROS) 
technology, affecting the proteins and phosphate lipids and in the long run inflicting 
cellular death. Particular emphasize become given to antimicrobial mechanisms 
with attention on formation of reactive oxygen species (ROS) consisting of hydro-
gen peroxide (H2O2), OH− (hydroxyl radicals), and O2

−2 (peroxide). ROS has been 
a chief factor for several mechanisms consisting of cell wall harm due to NPs- 
localized interaction and more advantageous membrane permeability. Use of highly 
sophisticated techniques such as high resolution microscopic (AFM, FE-SEM, 
TEM, and XRD), spectroscopy (DLS, ESR spectroscopy, fluorescence spectros-
copy, inductively coupled plasma optical emission spectroscopy, UV-vis), and 
molecular and biochemical techniques have provided deep mechanistic insights 
approximately in the mode of action of antimicrobial activity of AgNPs (Kim et al. 
2007; Rai and Ingle 2012). The emerging discipline of nanotoxicogenomics (Waters 
et al. 2009) which attempts to correlate global gene expression profiles of cells or 
tissues exposed to NPs with organic/toxicological responses to the usage of cDNA 
microarray technology may offer beneficial information in this regard. Genotoxicity 
is a harmful impact which affects DNA integrity through the movement of harm- 
inducing markers (genotoxins) together with chemicals and radiation. There are 
many markers which can act as genotoxins, and they may be categorized as bodily 
(e.g., UV, X-rays), chemical (e.g., benzopyrene, ethidium bromide), and organic 
(e.g., virus, transposons). These agents can also be described according to their 
action mechanism such as oxidants (e.g, hydrogen peroxide), alkylating (e.g, methyl 
methanesulfonate), inductors of DNA breaking (e.g, ionizing radiation), and aneu-
genic agents which affect chromosome division (e.g, taxanes) (Parry and Parry 
2012). As DNA damage may also both provoke and sell carcinogenesis or effect 
fertility, the genotoxicology technological know-how has become a crucial area 
governing regulatory health risk evaluation. Mechanistic investigations of these 
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interactions may even enable a correct evaluation of fate and results within the crop 
or cropping system as a way to deal with issues over threat and meals safety. Great 
efforts have also been made to recognize the nanoantimicrobial mechanisms; 
researchers are still looking to recognize the mechanism of antimicrobial activity of 
nanostructures, and consequently they may be investigating the morphological 
changes in microbes as a result of nanoantimicrobials. No-clear cut conclusion for 
nanoantimicrobial mechanism through; damage through membrane disruption, 
DNA transformation, ROS production or other mechanisms, we still want for in 
addition research to find the exact mechanism.
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Chapter 12
Sustainable Nanotechnology: Mycotoxin 
Detection and Protection

Velaphi C. Thipe, Marshall Keyster, and Kattesh V. Katti

12.1  Introduction

Fungi have the ability to manifest in a wide range of temperatures and predomi-
nantly appear to be a serious problem in agriculture. Fungi contamination poses a 
greater threat to the economy due to reduced input and exports of commodities 
(such as crops, cereals and peanuts) affected by fungal growth. Mycotoxins are 
toxins produced as secondary metabolites by certain fungi and released into the 
crops, cereals, peanuts and animal feed. There are over 300 known mycotoxins that 
have been identified, and these mycotoxins can be produced at any point during 
harvesting, processing, distribution and storage of crops (Milicevic et al. 2010; Zain 
2011; Mejri-Omrani et  al. 2016). The United Nations of Food and Agriculture 
Organization reported that 25% of food production worldwide is affected by myco-
toxin contamination. To date, we are faced with the challenge of safe food security 
due to population growth (Godfray et al. 2010). Over the past half-century, world 
hunger continues to rise from 777 million to 815 million in 2016 undernourished 
people and increased food insecurity because of climate change due to hot and 
humid conditions which favours fungal manifestation. This leads to increased 
mycotoxin contamination with detrimental effects, where 1/4 of children under the 
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age of 5 years suffer from stunting because of the intake of contaminated foods 
(Godfray et al. 2010; FAO 2017).

The concept of safe food security is threatened by mycotoxin contamination, the 
inability to provide food that is safe for human and animal consumption. Mycotoxins 
are toxigenically and chemically heterogeneous and some displace overlapping tox-
icities that affect human and animal health. All mycotoxins are produced by fungi; 
however not all mycotoxins are toxic, and some are useful such as penicillin which 
is an antibiotic used against bacteria (Roberts 1995). Mycotoxins are small molecu-
lar weight compounds (MW ~ 700 g/mol) that are structurally diverse (Actis et al. 
2010). Group 1 carcinogen because human and animal health, and this significantly 
affects agro-economy. The mycotoxins that are of concern include aflatoxins (AF), 
ochratoxins (OT), fumonisins (FUM), trichothecenes and zearalenone (ZEN). These 
mycotoxins are responsible for annual economic losses worldwide due to their man-
ifestation in the food chain (condemned agricultural products) associated with 
human and animal health issues.

The principal classes of mycotoxins include aflatoxin B1 (AFB1), the most potent 
hepatocarcinogenic substance amongst all mycotoxins and is  classified as a Group 1 
human carcinogen, followed by OT and FUM as Group 2B carcinogen, trichothecenes 
and ZEN, as human carcinogens (Group 3). Mycotoxins determination and quantifica-
tion has challenges that include biosynthetic origins, biological effects, chemical struc-
tures and their production that can be facilitated by a wide range of fungal species and 
new strains. Therefore, classification of mycotoxins is different based on professions, for 
example, clinicians would classify mycotoxins based on the organ they target (e.g. hepa-
totoxins, nephrotoxins, neurotoxins, immunotoxins, etc.). Cell biologists on the other 
hand would classify mycotoxins into generic groups (e.g. allergens, carcinogens, muta-
gens and teratogens); organic chemists classify mycotoxins based on their chemical 
structures (e.g. coumarins and lactones); biochemists use their biosynthetic origins for 
classification (amino acid-derived, polyketides, etc.) and mycologists by producing fungi 
(e.g. Aspergillus toxins, Fusarium toxins, Penicillium toxins). In this regard, mycotoxins 
are unavoidable, and there is a consist requirement for their detection in foods and feed-
stuff. The control and monitoring of mycotoxins are critical at different steps within the 
food sector from raw materials, food processing, final product and during storage. 
Advanced technologies are required to assess the safety and quality of the foods to achieve 
a multi-sensing system that integrates analytical requirements of sensitivity and selectiv-
ity in mycotoxin detection.

The field of nanotechnology has shown to have the potential for improving food 
quality and safety for proving reliable qualitative and quantitative data. 
Nanotechnology is the holistic combination of biology, chemistry, engineering, 
physics, material science and toxicology (mycotoxicology) all integrated to form 
nanostructured materials to produce novel devices for the detection of mycotoxins 
and treatment modalities against toxigenic fungi. The increase in mycotoxin occur-
rence and their derivatives has attracted interest in developing multiplexed sensors 
based on nano-platforms. The application of nanotechnology will provide a system 
that can facilitate rapid on-site analysis with high sensitivity and reproducibility; 
this gets rid of the necessity to send samples for laboratory analysis that requires 
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expensive instrumentation that is time consuming. New novel systems (e.g. nano-
sensors, microarrays, lab-on-a-chip devices, etc.) are being developed that harness 
the power of nanomaterials applied for multiplex mycotoxin analysis and nano-
tracking towards precision agricultural practices for logistic food surveillance 
(Prasad 2016; Prasad et al. 2017a).

Lab-on-a-chip microfluidics for the analysis of mycotoxins is an example of 
nanotechnological systems that can be an invaluable tool in the food industry for 
ensuring high safety and quality of food. The high surface-to-volume ratio allows 
for increased ligand(s) loading that allows for multiple functionality for greater sen-
sitivity by using nanowire transducers (Putzbach and Ronkainen 2013). A number 
of nanomaterials (dendrimers, carbon nanotubes, conducting and semiconducting 
polymer nanowires, gold nanoshells, polymeric nanoparticles, noble metals 
nanoparticles, quantum dots, silica nanoparticles and superparamagnetic nanopar-
ticles) have been investigated in biosensor fabrication. These biosensors exhibit sig-
nal amplification in miniaturized devices with high precision and accuracy, increased 
sensitivity and selectivity that allows multiplexing.

There are many benefits in exploiting nanotechnology for mycotoxin detection, where 
fluorophores have been replaced by quantum dots (luminescent nanocrystals) for label-
ling biomolecules for the detection of different analytes such as mycotoxins. Quantum 
dots exhibit a narrow emission peak and a high quantum yield resulting in improved 
signal-to-noise ratio, but their stability is still an issue that needs to be resolved. On the 
other hand, metallic nanoparticles have been extensively used for analyte detection and 
gold nanoparticles conjugated probes for detecting mycotoxins because of ease in func-
tionalization and immobilization in nanosensors. The ultra-small size of nanoparticles 
allows for multiple biomolecule conjugation due to the increased surface-to-volume 
ratio, and the reduced band gap facilitates ease electron transfer to achieve high sensitiv-
ity for low-level detection (Logrieco et al. 2005).

The present chapter describes the role of nanotechnology in the fabrication of biosen-
sors for the detection of mycotoxins. The use of different types of nanomaterials is 
explored for detecting mycotoxins. We also discuss the advancements in nanotechnology 
for applications in detection and surveillance of mycotoxins in precision agriculture. The 
application of green nanotechnology is also discussed by using phytochemical from 
plants to synthesize nanoparticles that can be used against toxigenic fungi and subse-
quently reduce the manifestation of mycotoxins (Prasad 2014). The chapter reports on the 
current nano-platforms that are commercially available in the market for the detection 
and monitoring of mycotoxins.

12.2  Types of Mycotoxins

Mycotoxins that are of great significance and pose threat to public health and agro-
economics due to their carcinogenicity and toxicities include:
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12.2.1  Aflatoxins

Aflatoxins (AF) are composed of aflatoxin B (AFB1 and AFB2), aflatoxin G (AFG1 
and AFG2) and aflatoxin M (AFM1 and AFM2). The AFB1 is the most potent hepa-
tocarcinogenic substance. Aflatoxins are mostly found in maize and peanuts. The 
transformation of AFB1 and AFB2 results in the production of their hydroxylated 
metabolites, AFM1 and AFM2, due to ingestion of contaminated feed consumed by 
livestock. Milk and milk products (e.g. cheese) are often contaminated with AFM1 
and AFM2; aflatoxins are produced by members of the Aspergillus spp. (A. flavus 
and A. parasiticus) (Zain 2011). The International Agency for Research on Cancer 
(IARC) classified AFB1 and AFM1 as a Group 1 carcinogen because they have been 
linked to cause human primary liver cancer synergistically with hepatitis B virus 
(HBV) (Mosiello and Lamberti 2009). The high consumption of aflatoxins by chil-
dren shows evidence of growth impairment and stunting, which make these children 
more susceptible to other illnesses. High exposure levels of aflatoxins can lead to 
acute poisoning and even deaths.

12.2.2  Fumonisins

Fumonisins (FUM) manifestation is ubiquitous in corn, produced by Fusarium spp. (F. 
verticilloides and F. proliferatum which is responsible for high production of FUM). 
Fumonisins B1 (FB1), B2 (FB2) and B3 (FB3) are predominantly found in contaminated 
corn. FB1 is abundant, representing 70% concentration in contaminated foods and feeds 
compared to FB2 and FB3 (Direito et al. 2008). FUMs are hepatotoxic and nephrotoxic 
and affect the immune system. FUMs are structurally similar to sphingosine, a compo-
nent of sphingolipids that are composed in myelin and in certain nerve tissues. FB1 is 
classified as a Group 2B carcinogen with associated cases of oesophageal cancer reported 
in Egypt, China, South Africa and the United States (Milicevic et al. 2010).

12.2.3  Ochratoxins

Ochratoxins are another class of mycotoxins produced by several species of 
Aspergillus and Penicillium (Muñoz et al. 2010). Ochratoxins consist of ochratoxin 
A (OTA), ochratoxin C (OTC), ochratoxin B (OTB) and ochratoxin α (OTα) (Ringot 
et al. 2006). OTA is the most toxic in this group; it is a nephrotoxic and nephrocar-
cinogenic (Milicevic et al. 2010) and is prevalently found in cereals, coffee, dried 
fruits, spices, grape juice and animal feeds. Heussner and Binge (2015) reported 
once ingested OTA has a high affinity to bind serum albumin and is associated with 
Balkan endemic nephropathy which is a renal disease that can cause kidney and 
liver failure (Roberts 1995; Ringot et  al. 2006). The IARC classified OTA as a 
Group 2B carcinogen based on its possibility to induce oxidative DNA damage that 
causes immunosuppression and toxicity (Ringot et al. 2006; Kaushik et al. 2009).
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12.2.4  Trichothecenes

Trichothecenes (TCs) is a group of immunosuppressive mycotoxins that causes gas-
trointestinal adverse effects such as diarrhoea, vomiting and to some extent abor-
tion. They are mostly produced by Fusarium genus, and the TCs are divided into 
four groups based on their chemical properties and producing fungi (Yazar and 
Omurtag 2008). Amongst the TCs, mycotoxins T-2 toxin and deoxynivalenol are 
frequently occurring toxins. T-2 toxin is the most toxic and predominantly contami-
nates barley, corn, wheat and rice crops both in the field and during storage. T-2 
toxin has some detrimental effects to human and animal health; this includes irre-
versible damage to the bone marrow, inhibition of protein synthesis and reduction 
in white blood cells (Zain 2011).

12.2.5  Zearalenone

Milicevic et  al. (2010) reported that zearalenone (ZEN) has the ability to cause 
osteogenesis and reproductive system toxicity in animals; ZEN is produced by 
Fusarium spp. (F. graminearum and F. culmorum) as a naturally occurring endo-
crine-disrupting chemical. These species evade maize, wheat, oats and sorghum. 
Most mycotoxins have thermal stability ranging between 80 and 121 °C cooking 
conditions, and even pasteurization to some extent causes less destruction (Bosco 
and Mollea 2012).

12.3  Conventional Techniques for Mycotoxin Detection

The conventional techniques for the detection and monitoring of mycotoxins rely on 
analytical methods which require the use of expensive instruments such as chro-
matographic methods which are time consuming and require trained personnel to 
carry out the analysis. The Association of Official Agricultural Chemists (AOAC) 
has established methodologies that make use of inter-laboratory-validated methods 
of analysis towards improved reliability of mycotoxin data analysis. There are 
approximately 45 analytical methods used for the determination of mycotoxins, 
which are constantly being updated and reviewed by the AOAC (2005). However, 
analytical quality assurance and quality control protocols are prerequisite for ade-
quate food safety and security. Emerging mycotoxins pose a challenge of being 
masked; therefore the determination of these mycotoxins by conventional analytical 
procedure is limited due to modified compounds becoming un-extractable by the 
extraction solvents used for their parent compounds.
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12.3.1  Chromatographic-Based Techniques

This technique is frequently used for routine analysis; chromatographic-based meth-
ods include thin-layer chromatography (TLC) primarily used for the screening and 
detection of mycotoxins; OTA concentrations ranging from 0.2 to 136.7 μg/kg have 
been detected in coffee using TLC. Liquid chromatography (LC) which comprises of 
the high performance liquid chromatography (HPLC) and gas chromatography (GC) 
often coupled to an ultraviolet (UV), fluorescence detector (FLD) or mass spectro-
metric (MS) detectors for the quantification of mycotoxin (Anfossi et al. 2016) as 
shown in Table 12.1. These sophisticated and expensive instruments allow for the 
determination of mycotoxins with high sensitivity. Instruments coupled with tandem 
mass spectrometry (MS/MS) have an advantage of accuracy, selectivity and high 
throughput (Capriotti et al. 2014; Sarkar et al. 2009). The mass spectrometry pro-
vides that benefit of multiple analysis of different mycotoxins and their derivatives 
according to their molecular weight and can provide structural data for the identifica-
tion of unknown compounds. Mycotoxins can be measured with liquid chromatog-
raphy with mass spectrometry LC-MS/MS analysis; however this approach is 
time-consuming and requires additional steps for extraction, pretreatment and clean-
up that can affect the result (Mosiello and Lamberti 2009; Muñoz et al. 2010).

12.3.2  Immunochemical-Based Techniques

The growing demand for rapid, portable, affordable and easy-to-operate systems for 
mycotoxin detection was introduced by immunochemical-based tests (Tang et al. 2014; 
Zhang et  al. 2015). Commercially available enzyme-linked immunosorbent assay 
(ELISA) and electrochemical immunoassay for the detection of mycotoxins have been 
widely used due to their increased stability, on-site detection and ability to immobilize 
specific antibodies for mycotoxin detection (Anfossi et al. 2016). ELISA has been a gold 
standard for toxin detection for decades; mycotoxins are low molecular weight molecules 
that fail to induce significant refractive index and chemiluminescent/bioluminescent sig-
nal upon binding to the surface of the sensor. Biosensors are a form of immunochemical-
based technique that can be used with synthetic ligands for binding mycotoxins (Tothill 
2011). They consist of the following (Fig. 12.1):

 1. A ligand (e.g. antibodies, enzymes, nucleic acids, etc.) integrated on a surface 
platform of the sensor that have a high binding affinity to a mycotoxin(s)

 2. A transducer element (e.g. calorimetric, electrochemical, magnetic, mass sensi-
tive) that converts mycotoxin binding to an optical and electrical signal

 3. An electronic system for easy display of the results
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Table 12.1 Analytical methods used for the detection of mycotoxins

Methods Advantages Disadvantages

Chromatography

TLC Inexpensive, fast and simple
Simultaneous detection of 
multiple mycotoxins

Poor sensitivity (only suitable for 
OTs and AFs) and precision
Mainly used for screening, 
quantification is possible with a 
densimeter

GC Good sensitivity
Mass detection provides 
confirmation
Automated simultaneous 
detection of mycotoxins

Requires expertise for operation and 
derivatization
Expensive instrumentation
Variation in reproducibility
Drifting response that can cause 
carry-over effect
Non-linear calibration curve

HPLC Good sensitivity and 
selectivity
Automation allows for short 
analysis time

Expensive instrumentation that 
requires expertise

LC-MS Good sensitivity
Simultaneous detection of 
mycotoxins
No derivatization required

Requires expertise
Expensive instrumentation
Matrix-assisted calibration curve for 
quantification

Enzyme-based assays

Enzyme-linked 
immunosorbent assay 
(ELISA)

Inexpensive assay with 
simple sample preparation
Visual assessment for 
screening
Less organic solvents are 
used

Matrix interface problem that can 
lead to cross-reactivity of related 
mycotoxins
Reliability issue with possible 
positive/negative results

Real-time polymerase 
chain reaction (RT-PCR)

Good sensitivity and accuracy 
for high-throughput analysis

Time consuming and errors can 
occur during polymerization

Biosensors

Electrochemical biosensor Cost-effective and rapid
Portable for on-site analysis 
with good selectivity and 
sensitivity
No expertise required

Choice of immobilizing matrix is 
crucial to obtain enhanced signal 
amplification

12.3.3  Microarrays for Mycotoxin Detection

Microarrays are a multiplex lab-on-a-chip device that provides the ability to simultane-
ously detect multiple mycotoxins in a single experiment. This is achieved by immobiliz-
ing two or more different types of ligands that can specifically and selectively bind to 
their respective mycotoxins. Lamberti et al. (2010) demonstrated the detection of AFB1 
and FB1 using a microarray. Immunochemical-based methods are limited to the detec-
tion of a single mycotoxin and detection/identification of unknown toxins. One of the 
most important parameters in mycotoxin detection is the use of certified reference stan-
dards that warrants reliable mycotoxin determination.
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12.4  Nanotechnologies for Mycotoxin Detection

Nanotechnology has presented exceptional advancements in a variety of applications due 
to the fabrication of nanomaterials exhibiting unprecedented properties which include 
high surface-to-volume ratio that provides improved matrix for the immobilization of 
desired biomolecules (e.g. antibodies, peptides, DNA, RNA and aptamers) to increase 
loading capacity per nanoparticle (Kaushik et al. 2009; Sertova 2015). Antibodies are 
wildly used as molecular recognition receptors for toxin detection due to their specificity 
and sensitivity (Tothill 2011). Recently, synthetic receptors such as aptamers, peptides, 
proteins and imprinted polymers have been coupled with nanomaterials for the develop-
ment of devices for mycotoxin detection (Peters et al. 2014).

Aptamers are synthetic oligonucleotides made via synthetic evolution of ligands 
(SELEX); they exhibit superior specific affinity towards target molecules than 
 antibodies. Aptamers have been used for OTA detection which was achieved by a 
fluorescence polarization immunoassay (Cruz-Aguado and Penner 2008). Work by 
Tothill (2010), at Cranfield University, used computational approaches to design 
specific peptides for mycotoxin detection (AFM1 and OTA) through molecular 
modelling software to optimize binding affinities. Imprinted polymers have been 
used as clean-up media (Turner et al. (2004); Boulanouar et al. (2018)) because they 
can be engineered as selective sorbents for the solid phase extraction of mycotoxins 
such as OTA, FB and T-2 (De Smet et al. 2009).

This has the potential to improve food quality/safety and surveillance through 
the tracking nanosystems. Moreover, multiplex ability for the conjugation of mul-
tiple enzyme molecules to the surface of nanomaterial increases stability and allows 
for the detection of more than one mycotoxin in situ on one platform. High surface 

Fig. 12.1 Components of a biosensor include a ligand, transducer and electronic system
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reactivity for improved sensitivity; high catalytic efficiency for increased selectivity 
and strong absorption capability for signal amplification. The fabrication of existing 
methods with nanomaterials has shown to improve sensitivity and performance of 
the sensors by enhanced mycotoxin detection that allows for signal amplification.

Yin et al. (2018) engineered a label-free method for the detection of AFM1 and 
OTA by utilizing DNA strand displacement and G-quadruplex-specific fluorescence 
probe amplification; briefly, the assay uses double-stranded aptamers, where one of 
the strands is specific to target mycotoxin (either AFM1 or OTA). Detection of the 
target mycotoxin triggers strand displacement DNA amplification that assembles to 
G-quadruplex to amplify the fluorescence of N-methyl mesoporphyrin IX (NMM). 
Increase in DNA amplification causes an increase in fluorescence, which is directly 
proportional to mycotoxin detection. The limit of detection (LOD) for the system 
was 17.79 ng/kg and 18.98 ng/kg for AFM1 and OTA, respectively.

12.4.1  Nano-Based Immunosensors

The application of nanotechnology with the incorporation of nanomaterials in biosensor 
and immunosensor systems for mycotoxin detection has improved signal amplification. 
Nanoparticles can be functionalized with a variety of biomolecules (e.g. antibodies, pep-
tides, proteins and nucleic acids). Immunosensors fabricated with nanomaterials have 
been used for mycotoxin detection due to biocompatibility, robustness, low production 
cost with no toxicity, easily modified to aid immobilization, integrating labels as markers 
for detection and better thermal, chemical and physical properties. Multiplex analysis is 
achieved towards nanofluidics through advanced fabrication (Tothill 2011); the nanoflu-
idics make use of nanoelectrode array chips with multi-array working electrodes that can 
immobilize different antibodies to detect specific mycotoxins. Nanofluidics are com-
posed of small capacitive charging current that allows faster diffusion rate through capil-
lary motions for improved sensitivity and response time.

12.4.1.1  Metallic Nanoparticles

Metallic nanoparticles have been widely used for immobilization of biomolecules 
in the construction of sensors. Gold nanoparticles (AuNPs) are extensively incorpo-
rated in bioelectric devices due to their high biocompatibility, ease in surface func-
tionalization/modification and surface plasmon resonance (SPR) for increased 
signal. Owino et  al. (2008) exploited the use of polythionine-modified electrode 
AuNP conjugate in electrochemical immunosensors for AFB1 absorption. This 
approach requires no secondary labelled antibodies because the AuNP signal is 
directly proportional to the amount of bound AFB1.

Metal oxide nanomaterials have attracted interest because they are chemically 
inert and have high mechanical and thermal strength and high adsorption capability 
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with increased isoelectric point (IEP) for increased immobilized, tunable optical, 
chemical and physical properties. These nanostructures include cerium oxide 
(CeO2), tin oxide (SnO2), titanium oxide (TiO2) (Khan and Dhayal 2008), zinc oxide 
(ZnO) and zirconium oxide (ZrO2). Electrochemical immunosensor has been devel-
oped by Kaushik et  al. (2009) which uses nanomaterials of chitosan (CH)–iron 
oxide (Fe3O4) nanoparticles and nanostructured CeO2, film immobilized with rab-
bit-immunoglobulin antibodies (r-IgGs) and bovine serum albumin (BSA) that was 
fabricated onto an indium–tin-oxide (ITO)-coated glass plate for the detection of 
OTA as shown in Fig. 12.2 (Kaushik et al. 2013). Their work demonstrated that the 
immunoelectrode with CeO2 nanoparticles performed better than Fe3O4 nanoparti-
cles with improved LOD (from 0.5 (Fe3O4) to 0.2 (CeO2) ng/dl), high sensitivity (36 
to 1.27 μA/ng/dl cm−2, respectively) and a high association constant (Ka, 0.9 × 1011 
l/mol) and a 30s response time.

Sharma et al. (2018) developed a platform for the rapid electrochemical detec-
tion of AFB1, the platform is composed of poly(3, 4-ethylenedioxythiophene) and 
graphene oxide doped with AuNPs by electrochemical deposition onto a glass car-
bon electrode, and this was covalently linked with anti-aflatoxin B1 antibody (anti-
AFB1) via EDC/NHS coupling. The immunosensors exhibited high sensitivity 
between 0.397  μA  ng/mL and 0.989  μA  ng/mL.  A nanoporous cobalt (NPCo)/
cobalt (II, III) oxide alloy functionalized with AuNPs was used to detect deoxyniva-
lenol (DON) using an electrochemiluminescence (ECL)-modified electrode (Lv 
et al. 2015). Microfluidic device has been extensively studied for their application 
in mycotoxin detection. Biosensors immobilized with antibodies suffer from speci-
ficity and sensitivity. The integration of nanomaterials in the fabrication of biosen-
sors has vastly improved the performance of biosensors. In the construction of 
aptasensors, nanomaterials provide an  immobilization support,  to increase signal 
amplification and a platform for artificial enzyme labelling (Rhouati et al. 2017).
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Fig. 12.2 Biochemical reaction CeO2 or Fe3O4 – BSA/r-IgGs/ITO immunoelectrode for detecting 
OTA molecules
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Aptasensors provided the advantage of high specificity for the detection of AFB1 
and OTA. Aptamer-A and aptamer-O have affinity to bind AFB1 and OTA, respec-
tively (Yuan Zhao et al. 2015), with the detection limits at pictogram and femtogram 
levels. However, their drawback is poor signal amplification that can lead to false-
positive results. The incorporation of nanoparticles can increase surface-enhanced 
Raman scattering that can improve signal amplification for mycotoxin detection. 
Zhao et al. (2015) reported the use of bimetallic Ag@Au core shell nanoparticles 
synthesized through galvanic replacement-free deposition for multiplex detection of 
OTA and AFB1. The method exploits the properties of both metals, Ag functions as 
a plasmonic enhancer and the Au shell that also functions to improve the stability 
prevents the oxidation of Ag. A strong plasmonic coupling, which greatly amplifies 
the SERS signal, is achieved due to the Ag@Au nanoparticles demonstrated 0.03 ng/
mL and 0.006 ng/mL LOD for AFB1 and OTA in maize meal. Scheme 12.1 demon-
strated an exonuclease III assisted system for the detection of mycotoxins and the 
signal amplification is enhanced by the presence of nanoparticles.

Carbon nanotubes in the form of single-walled carbon nanohorns (SWCNHs) 
have been used as quenchers of fluorescence in a fluorometric aptamer assay for the 
detection of OTA (Wu et al. 2018). The system is composed of two probes; the sig-
nal probe (SP) is labelled at its 5′-end with carboxyfluorescein (FAM) with an 
 excitation/emission maxima at 495/518  nm quenched by SWCNHs. The hairpin 
probe (HP) contains OTA-specific aptamer sequence, complementary strand 
sequence to the SP, and in the presence of OTA, the aptamer binds OTA and the 
single-stranded sequence hybridizes with SP. Exonuclease III digests the SP to fluo-

Scheme 12.1 Nano-platform for the detection of mycotoxins. In the absences of mycotoxins, the 
nanomaterials (e.g. CNTs or AuNPs) quenches the fluorophore, and in the presence of mycotoxins, 
the fluorophore is released to give a signal signifying mycotoxin detection
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rescent since it is no longer quenched by SWCNHs and the LOD was determined to 
be 4.2 nM. Similar work by Zhao et al. (2018) was carried by using AuNPs instead 
of SWCNHs for quenching and they reported a LOD of 4.82 nM.

12.4.1.2  Magnetic Nanoparticles

Radoi et al. (2008) demonstrated that super paramagnetic nanoparticles could be 
used to detect AFM1. Magnetic nanoparticles coated with antibody (anti-AFM1 or 
anti-OTA) were used to bind antigen (AFM1 or OTA) in AFM1 and OTA contami-
nated milk and cereal with a detection limit of 0.01 μg/L and 40 nM with a good 
reproducibility, respectively (Selvaraj et al. 2015; Man et al. 2017). Sol-gel afla-
toxin-oxidase conjugated multi-walled carbon nanotubes (MWCNTs)-modified Pt 
electrode biosensor was developed by Tsai and Hsieh (2007) to respond to the oxi-
dation of AFB1 with a LOD (1.6 nmol/L), high sensitivity (0.33 × 102 A/ng/dl cm−2, 
respectively) and a 44 s response time.

The collection of mycotoxins plays a role in their determination; a study by 
Sang-ho et al. (2010) used magnetic nanoparticles (MNPs) for the collection and 
determination of AFB1 and ZEN in feed. The surface of the nanoparticles was 
coated with silica (SiO2) and modified with aminoorganosilanes for the conjugation 
of monoclonal antibodies (kj-AFB and kk-ZEN) against AFB1 and ZEN, respec-
tively. The C-AFB1/MNP@SiO2 system showed a 90.28% and 83.7% recovery in 
10 ppb AFB1 spiked corn and feed while the C-ZEN/MNP@SiO2 system recovered 
99.9% and 86.0% 50 ppb ZEN in spiked corn and feed, respectively. These results 
demonstrated that this approach was more efficient in collection of mycotoxin in 
feed compared to conventional immunoaffinity chromatography (IAC) methods. 
This novel collection system is useful in monitoring and regulating mycotoxin-con-
taminated feed.

Another study by Mak et al. (2010) investigated the use of a magnetic nanotag-
based immunoassay for simultaneous detection of mycotoxins (AFB1, ZEN and 
HT-2) at sub-picomolar concentration levels (Actis et al. 2010). Briefly, ~ 10 nm 
MNPs are coated with streptavidin-biotinylated antibodies (anti-AFB1, anti-ZEN 
and anti-HT-2) that are fabricated on a chip in a close proximity with giant 
 magnetoresistive to measure the change in resistance upon mycotoxin binding with 
LOD at 50 pg/mL for AFB1 and ZEN and 333 pg/mL for HT-2. This immune-MNP 
assay can be adapted as a point of use for mycotoxin testing.

 Actis et al. (2010) developed a new signal transduction by ion nano-gating 
(STING) technology to detect HT-2 toxin. This system uses functionalized quartz 
nanopipette as an electrochemical biosensor; the nanopipette is immobilized with 
poly-L-lysine (PLL) physisorbed on a negatively charged quartz surface, which is 
cross-linked with sulfosuccinimidyl 4-(N-malemidomethyl)cyclohexane-1-carbox-
ylate (Sulfo-SMCC) and the maleimide group of the PLL bind through a thio-ether 
bond with anti-HT-2 monoclonal antibody. The STING platform’s LOD was 100 fg/
ml for HT-2 detection. The advantage of incorporating nanoparticles in biosensors 
is enhanced binding specificity that enables portable, cheap and fast analysis.
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12.5  Nanotechnology in Precision Agriculture

The era of nanotechnology in agriculture is still at its early stages with the aim to 
maximize crop production while minimizing the use of pesticides and herbicides 
(Peters et al. 2014; Sertova 2015). Application of nanotechnology in medicine has 
been used for precision medicine; this rationale also applies to the pursuit of preci-
sion agriculture. Precision agriculture is the continuous measurement of inter- and 
intra-field variability using biosensors for detecting pesticides, plant diseases and 
mycotoxin contamination towards smart farming (Duhan et al. 2017). The permits 
of environmental changes through climate change have undoubtedly affected agri-
culture in a significant way. The use of nanomaterials in equipment for increased 
sensitivity allows early response to these environmental changes. There is a growing 
need for the formulation of nanopesticides through the encapsulation of pesticides 
that are triggered in the presences of toxigenic fungi to minimize mycotoxin pro-
duction. The steady increase in the application of nanomaterials in the food sector 
relates to concerns about their safety since there is limited knowledge of nanotoxi-
cology towards human, animal and plant health.

Nanosensors based applications to monitor crops at a cellular level to alert farm-
ers when the crops require nutrients, water, fertilizer and surveillance of pathogens 
(e.g. bacteria, viruses, fungi, pests, etc.) and to some extent monitor soil conditions 
in order to optimize growth and production of individual crops are required. The 
quality of agricultural products is currently being monitored by biosensors which 
make use of nanotechnology (Sertova 2015). There is a growing interest of using 
integrating nanoparticles in innovative packaging materials to monitor the freshness 
of the food and optimize the shelf life of product by a colour change response 
(Hosseini et al. 2011; Soleimanpour et al. 2012), and this will be beneficial during 
food storage. The potential application of smart packaging is to respond to moisture 
and temperature changes and alert the customer if the food is contaminated with 
mycotoxins and/or other pathogens.

12.5.1  Nanopackaging

The increased application of nanoscience and nanotechnology has found prospects 
in the food industry towards novel packaging materials by using nanocomposite 
systems with antimicrobial properties to prevent microbial contamination for 
extending shelf life and securing food safety (Prasad et al. 2014; Deng et al. 2017; 
Fortunati et al. 2017) as shown in Fig. 12.3. Nanomaterials that have received atten-
tion in the development of new-generation packaging include metal nanoparticles 
(AgNPs and CuNPs), metal oxide nanomaterials (ZnONPs and TiO2NPs), CNTs 
and organic and inorganic polymers (Llorens et al. 2012). Fungi are susceptible to 
AgNPs and CuNPs that reduce mycotoxin contamination in food and feedstuff; this 
is due to the antimicrobial actions of these nanoparticles by affecting the 
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permeability and functionality of the outer cell membrane (Chatterjee et al. 2012; 
Llorens et al. 2012). The FDA has approved ZnO and TiO2 in cosmetics, drugs and 
food packaging (Othman et al. 2014); however, the antimicrobial activity of TiO2NPs 
requires photocatalysis in the presence of UV irradiation (Kim et al. 2003; Llorens 
et al. 2012).

The use of CNTs in packaging is not approved because they are cytotoxic to 
human cells. The use of nanocomposites has been the choice in the fabrication of 
antimicrobial packaging polymer-based nanoparticles such as polylactic acid 
(PLA), polyvinylpyrrolidone (PVP), low-density polyethylene (LDPE), gelatin and 
biopolymer chitosan doped with AgNPs and ZnONPs because of ease in availabil-

Fig. 12.3 Nanopackaging by using nanocomposite materials in the food packaging industry. 
North America dominates the development of these nanocomposite solutions, and novel metallic 
nanocomposites are explored in China. The number of patents filed in the area of nanopackaging 
include clay, silica and ZnO nanocomposites dispersion in various matrixes (Adapted from Frost 
and Sullivan 2017a)
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ity, biocompatibility, biodegradability and low cost (Brandelli et al. 2017). Organic 
nanoparticles include lipid-based nanoparticles composed of fatty acids, phospho-
lipids, steroids and triacylglycerides. The most common are liposomes for the 
encapsulation of antimicrobial agents; Silva et al. (2014) demonstrated the encapsu-
lation of nisin into nanovesicles containing chitosan that showed efficient inhibition 
of L. monocytogenes. Composite polymer nanofibers can be functionalized with 
AgNPs to inhibit microbial proliferation on solid surfaces used for the storage of 
food and feedstuff.

There are various methods used for incorporating, grafting antimicrobial 
nanoparticles within and/or on packaging materials/surfaces which include:

 1. Solvent casting method: uses a thin polymer film which is dissolved in an organic 
solvent, and nanoparticles are added into the solution to produce a 
nanocomposite

 2. Thermal method: incorporating nanoparticles in LDPE by melt bending, hot 
pressing at 140 °C and extrusion to produce a nanocomposite film

 3. Pure wet chemical pretreatment: film functionalized with certain functional 
groups or charges to bind nanoparticles by covalent bonding, electrostatic force 
and hydrogen bonding

 4. Plasma pretreatment: surface treatment to create a dielectric barrier discharge for 
coating with nanomaterials

 5. Deposition: simultaneous sputtering nanoparticles on a support matrix (e.g. 
organosilicon matrix) and plasma polymerization to produce a nanocomposite

Appell and Jackson (2012) reported the use of nanosponge materials, which are a 
class of novel sorbents, composed of β-cyclodextrin-polyurethane. Their studies 
suggested that the β-cyclodextrin nanosponge absorbed approximately 1–10 μg/L 
of OTA from red wine samples. This revealed that nanosponges could be potentially 
used in the remediation of mycotoxins from foodstuff.

12.5.2  Green Nanofungicides to Control Toxigenic Fungi 
and Mycotoxins

12.5.2.1  Phytochemical Properties for Mycotoxin Protection

Plants have a defensive mechanism to protect themselves agents pests, insects and 
to some extent fungi. The plant releases secondary metabolites called phytochemi-
cals that are active chemical compounds with protective properties (Prasad et al. 
2017b). OMAF (2004) eluded that these phytochemicals can be used against toxi-
genic fungi and mycotoxins. Phytofungicides are formulations developed from phy-
tochemicals extracted from plant materials with antibacterial and antifungal activity. 
A number of botanical extracts have been reported to exhibit fungicidal properties 
attributed to phytochemicals present in the extracts. This presents an alternative to 
synthetic fungicides that improves protection but also has health hazards to humans 
and animals due to toxic chemicals used in their formulations (Reddy et al. 2007).
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The approach of using phytochemicals has great potential because they are easy 
and cheap to prepare;  and most importantly, they are natural constituents from 
plants that present no toxicity to human and animal health. A variety of phytochemi-
cals (catechols, eugenol, essential oils, phloretin, hexanal, d-limonene, menthol, 
caffeic acid, thymol, tannins, etc.) have been reported to have fungicidal properties 
(Juglal et al. 2002; Hasan et al. 2005; Bugno et al. 2006; Reddy et al. 2007; Prasad 
2014; Llana-Ruiz-Cabello et  al. 2015; Perricone et  al. 2015 and Fortunati et  al. 
2017). Recent studies have demonstrated the power of phytochemicals against toxi-
genic fungi that subsequently resulted in reduced mycotoxin production. Mondali 
et al. (2009) reported extracts of garlic, ginger, neem leaf and onion bulb signifi-
cantly inhibited of A. flavus. A number of studies have used phytochemicals for the 
synthesis of nanomaterials, and these nanomaterials are loaded with phytochemi-
cals with antimicrobial properties that can be used to protect plants from toxigenic 
fungi and reduce mycotoxin production in the food chain (Fig. 12.4) (Shukla et al. 
2008; Nune et al. 2009; Mallikarjuna et al. 2014; Kuppusamy et al. 2016).

Fig. 12.4 Green nanofungicides engineering for sustainable agriculture, (1) the active phyto-
chemicals in plant materials that can be used (2) to synthesize nanoparticles for the formation of 
(3) nanofungicides to protect plants from pathogen and (4) ensure food production and public 
health
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Challenges in the Use of Phytofungicidal Agents

The practical application of fungicidal agents from plant materials is hampered by 
lack of infrastructure and instruments that allows the high extraction of these active 
phytochemicals from plant materials (Akunyili and Ivbijaro 2006). The effects of 
climate change tremendously cause scarcity of certain plant materials that have high 
concentrations of phytochemicals and the low shelf life of the phytochemicals due 
to thermal and photodegradation (Singh et al. 2017). The large-scale production of 
the phytofungicidal agents is also a problem that hinders their application in 
agriculture.

12.5.3  Nanofungicidal and Nanofertilizers Agents

Professor Kattesh Katti has pioneered the field of green nanotechnology, by using 
phytochemicals from plant materials to produce nanomaterials that are eco-friendly 
and present no toxic effects towards human and animal health (Katti et al. 2009). 
This approach is feasible because no toxic waste is generated in the production and 
the synergistic effect of loading more phytochemical molecules onto the surface of 
nanoparticles due to exposed surface atoms increases their antifungal activity. 
Nanofungicidal agents include nanofertilizers and nanopesticides; their formulation 
contains nanomaterials (such as gold, liposomes, iron, titanium dioxide, silica, zinc 
nanoparticles, etc.) that exhibit antifungal activities (Prasad et  al. 2014, 2017a; 
Bhattacharyya et al. 2016).

The field of nano-phytopathology has emerged which combines the knowledge 
of understanding the plant disease state and applying nanotechnology for control-
ling and/or prevents fungal growth that reduces mycotoxin contamination (Hussain 
2017). ZnONP application in agricultural sciences is vastly investigated because 
they are biocompatible and present no health hazards in human and their 
 antimicrobial activity is independent on photoactivation (Abd-Elsalam et al. 2017). 
A number of studies have demonstrated that ZnONPs can inhibit the proliferation of 
toxigenic strains of Aspergillus spp. (A. flavus, A. fumigatus and A. ochraceus), 
Fusarium spp. (F. graminearum and F. oxysporum) and Penicillium spp. (P. citri-
num and P. expansum) that subsequently reduced the production of AFB1, OTA and 
FB1 (Hassan et al. 2013; Nabawy et al. 2014).

Islam et al. (2015) synthesized AuNPs functionalized with Salix alba L. leaves 
extract (Au-WAs). The active phenolic compounds (salicin, quercetin and tannins) 
in this plant that are highly electron-rich were responsible for reducing the gold 
precursor to AuNPs. The Au-WAs exhibited antifungal activity against A. solani, A. 
flavus and A. niger. Certain metabolites from Salix alba have been reported to 
induce apoptosis in various tumour cells (El-Shemy et al. 2007). Kumar and Sudha 
(2013) used aqueous extract of brown seaweed Dictyola bartayresiana as reducing 
agents for the synthesis of AgNPs. This resulted in the production of AgNPs ranging 
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from 15 to 40 nm in size, and the AgNPs showed considerable antifungal activity 
against Fusarium dimerum and Humiclo insulans. Carnivorous plants (Drosera 
indica, Drosera binata, Drosera spatulata and Dionaea muscipula) were used to 
produce AgNPs that exhibited antifungal activity against Candida albicans 
(Banasiuk et al. 2017). Citrullus colocynthis is a medicinal plant that grows in some 
African countries that has been used in folk medicine because of its antidiabetic, 
antioxidant and anti-inflammatory activities. Shawkey et al. (2014) used aqueous 
extract of the plant to generate AgNPs that showed antifungal activity against A. 
fumigatus and Candida albicans with inhibition zones from 15.1  ±  0.44 to 
25.2 ± 0.37 mm.

One of the major constituents that influence the high yield of agricultural 
produce is the availability of essential growth-simulating micronutrients (Co, 
Cu, Fe, Mn and Zn). These elements are responsible for increasing yield and 
plant reproduction. Nanofertilizers can be utilized for the delivery of essential 
micronutrient in deficient soil composition (Gholami-Shabani et al. 2017). Iron 
oxide and zinc oxide nanoparticles improved seed germination by supplying 
requisite amount of Fe and Zn and the increased absorption of phosphorus and 
potassium to plants (Adhikari et  al. 2016; Askary et  al. 2016). In addition, 
Deshpande et  al. (2017) synthesized zinc complex chitosan nanoparticles 
(Zn-CNP) for the improvement of Zn content in durum wheat cultivars. Through 
foliar application, the authors observed an increase in seed Zn content. 
Furthermore, Jeyasubramanian et al. (2016) applied iron oxide (Fe2O3) nanopar-
ticles onto spinach plants and observed improved plant growth as well as an 
increase in Fe uptake. Peralta-Videa et  al. (2014) applied CeO2 and ZnO 
nanoparticles to soybean plants and observed that the nanoparticles improved 
the nutritional quality of soybean.

Climate change has resulted in increased temperatures and reduced rainfall 
which compromises the irrigation of crops in agricultural farming. A study by 
Vundavalli et al. (2015) investigated the use of biodegradable nano-hydrogels as 
super absorbent polymers for water absorption and retention under high tem-
peratures. The nano-hydrogels were composed of cross-linked polyacrylamide 
polymers coated with Ag nano-clay composite, and their data demonstrated 
revealed that soil with this nano-hydrogels retained 7.5% water compared to 
soils without the nano-hydrogels. That is, approximately 190 times more irriga-
tion or rain water storage, the AgNPs and hydrogels presented a synergistic 
effect of water absorption and plant growth enhancement (Montesano et  al. 
2015), and this can be useful in areas experiencing drought to increase crop 
production. Furthermore, Dimkpa et al. (2017) tested whether ZnO, B2O3 and 
CuO nanoparticles can alleviate drought stress (at 50% field moisture capacity) 
in soybean plants. The authors observed an increase in soybean shoot growth in 
the nanoparticle and drought combination treatments. Dimkpa et al. (2017) then 
concluded that the nanoparticles improve soybean drought stress tolerance by 
increasing shoot N, K, Zn, B and Cu content. Green nanotechnology can thus 
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increase the quality of agricultural products and improve quantity yields by pro-
tecting crops from toxigenic fungi, add nutrients to the crops, detect mycotoxins 
and remediate them that contributes to the food safety and security (Fig. 12.5).

The use of green nanofungicides exploits the high surface-to-volume ratio of 
the nanoparticles to increase loading and encapsulation of phytochemicals to 
amplify the magnitude of phytochemical efficacy against toxigenic fungi and 
other plant pathogens. A research team from the Korea Advanced Institute of 
Science and Technology (KAIST) has demonstrated the use of plant-derived 
nanocoating spray with colloidal copper to extend the shelf life of agricultural 
produce (Frost and Sullivan 2017b). Park et al. (2017) used supramolecular Fe 
(III)-tannic acid nanocoating spray to prolong the shelf life of fresh produce. 
Kumar et  al. (2016) converted two commercial fungicides [trifloxystrobin 
25% +  tebuconazole 50% (75 WG)] into a nanoform by using the ball milling 
method. The authors observed an enhanced fungicidal activity against the plant 

Fig. 12.5 Green nanotechnology in agriculture, nano-biosensors used for the detection of toxi-
genic fungi and mycotoxin detection; nano-based smart delivery of nutrients to improve availabil-
ity for high yields; nano-silver for climate resilience to increased seed longevity for improved 
germination; nano-hydrogels for enhanced water absorption and release and nano-remediation for 
the reduction of mycotoxins
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pathogen, namely, Macrophomina phaseolina. Furthermore, Mondal et al. (2017) 
converted azomethine fungicides into nanoform and observed a ± twofold activity 
increase against pathogenic fungi, namely, Rhizoctonia solani, Rhizoctonia batat-
icola and Sclerotium rolfsii. Plants do not pose circulating immune cells that 
destroy pathogens but have a rudimentary immune system; therefore, the applica-
tion of green nanofungicides will assist the plant to fight back evading pathogens 
like fungi to prevent their manifestation.

12.6  Nanotoxicology

The regulatory standards of nanotechnology in the food industry are still at 
initial stages, and the leaching of nanoparticles from the nanocomposite food 
packaging into food during storage is a major concern (Faroodi 2015; Brandelli 
et al. 2017). Therefore, it is of paramount importance to evaluate the health and 
environmental safety of nanocomposite materials used in food packaging. 
Purohit et al. (2017) highlighted some of the ethical, environmental and social 
implications of nanotechnology that need to be taken into consideration. 
Nanoparticles have been reported to cause immunosuppression and promote 
inflammatory response due to the surface area which results in higher specific 
interaction with blood proteins, cells and tissues which increase the production 
of reactive oxygen species. Size of the nanoparticles plays an important role, 
where nanoparticles larger than 200 nm accumulate in the liver and spleen and 
are later processed by mononuclear phagocytic system cells (Cauerhiff et al. 
2014).

The shape of nanoparticles is also under investigation since rod-shaped nanopar-
ticles have been reported to have the highest cellular uptake and toxicity in in vitro 
studies (Tang et al. 2012) and the surface charge of nanoparticles influence their 
stability; cationic nanoparticles can cause the aggregation of hemolyte and platelets 
(Dokka et al. 2000). The use of green nanotechnology (phytochemicals and stabiliz-
ing agents from plant materials) in the formulation of nanoparticles eliminates these 
concerns because nanoparticles less than 6 nm will be eliminated through the kid-
neys (Cauerhiff et al. 2014).

12.7  Current Nanotechnologies for Mycotoxin  
in the Market

There are a number of commercially available assays, nanoformulations that are 
used in agriculture for a range of mycotoxins that use antibodies for detection as 
shown in Table 12.2.
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12.8  Mycotoxins as Therapeutic Compounds

The recent advances in the fields of biochemistry, cellular biology, mycotoxicology, 
immunology and nanotechnology have shed light on how to better understand the 
biosynthesis of mycotoxins and their mechanism of action. This acquired knowl-
edge has provided us with strategies of detecting mycotoxins and how these myco-
toxins can be exploited to benefit society through the development of novel 
technologies for converting mycotoxins into therapeutic agents. This similar 
approach has been used for drug development from toxins such as bee, snake and 
frog venom. As mentioned above, some mycotoxins and their derivatives are used 
as antibiotics. Ergotamine, ergocryptine, ergometrine and the semi-synthetic meth-
ylergometrine derivatives of ergot alkaloid have been used for relieving migraine 
attacks, affecting dopaminergic activity and preventing and treating excessive 
bleeding of the uterus to initiating delivery and following childbirth. The bromation 
derivative is used against Parkinsonism (De Costa 2002; Eadie 2004).

Table 12.2 Commercial products with nanoformulations used in agriculture

Commercial brand Constituents Manufacturer

Nano-pro™ Nanofertilizer for agriculture and better 
farming

Aqua-Yield, Utah, 
United States

Biozar 
Nano-fertilizer

Combination of organic materials, 
micronutrients and macromolecules

Fanavar Nano-
Pazhoohesh Markazi 
Company, Iran

CelluForce NCC™ Cellulose matrix for heat stability to prevent 
microbial growth

CelluForce Inc. 
Montreal, Canada

MycoFlex BAT Multiplex mycotoxin detection device Randox Food 
Diagnostics, Crumlin, 
United Kingdom

Nano-ag answer® Microorganism, sea kelp and mineral 
electrolyte

Urth Agriculture, CA, 
United States

Nano-Gro™ Plant growth regulator and immunity 
enhancer

Agro Nanotechnology 
Corp., FL, United States

Nano green Extracts of corn, grain, soybeans, potatoes, 
coconut and palms

Nano Green Sciences, 
Inc., India

Nanolok™ Nanodispersed silicates to prolong food shelf 
life

InMat, Inc, Raritan, 
United States

Nano max NPK 
fertilizer

Multiple organic acids chelated with major 
nutrients, amino acids, organic carbon, 
organic micronutrients/trace nutrients, 
vitamins and probiotics

JU Agri Sciences Pvt. 
Ltd, Janakpuri, New 
Delhi, India

Master Nano 
chitosan organic 
fertilizer

Water soluble liquid chitosan, organic acid 
and salicylic acid, phenolic compounds

Pannaraj Intertrade, 
Thailand

TAG NANO (NPK, 
PhoS, zinc, Cal, etc.) 
fertilizers

Proteino-lacto-gluconate chelated with 
micronutrients, vitamins, probiotics, seaweed 
extracts, humic acid

Tropical Agrosystem 
India (P) Ltd, India

Adapted from Prasad et al. (2017a)
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12.9  Conclusion

The application of nanotechnology in agriculture shows tremendous potential in 
reducing mycotoxin production. The incorporation of nanomaterials such as AgNPs, 
CuNPs, TiO2NPs and ZnONPs in nanocomposites for the fabrication of food pack-
aging has inhibited the growth of fungi and other pathogens, thereby improving 
food safety and food quality for extended shelf life. The minimal toxicology data of 
nanomaterials still limits their application in agricultural practices. However, the 
use of green approaches through green nanotechnology warrants the production of 
nanoparticles that are eco-friendly and can find application in the agricultural 
sector.
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Chapter 13
Chitosan-Based Nanostructures in Plant 
Protection Applications

Fahad A. Al-Dhabaan, Manal Mostafa, Hassan Almoammar, 
and Kamel A. Abd-Elsalam

13.1  Introduction

Chitosan is a nontoxic and biodegradable natural biopolymer resulting from the 
deacetylation of chitin. Chitosan is a linear semicrystalline polysaccharide obtained 
by deacetylation of chitin and composed by N-acetyl D-glucosamine and 
D-glucosamine units, linked through β (1→4) glycosidic bonds, Chitin or poly(β-
(1→4)-N-acetyl-D-glucosamine) is prepared by some living organisms, being the 
structural component of the shells of crustaceous, cell walls of fungi, and exoskele-
tons of insects (Alves and Mano 2008; Rinaudo 2006; Mano 2008). Most of the 
naturally occurring polysaccharides are acidic in nature, but chitosan is a one of 
the naturally occurring basic polymers (Prasad et al. 2017a). Chitosan can be dis-
solved in water under acidic conditions after the amino protonation to discuss 
positive charges, gelations, and membrane-forming properties (Berscht et al. 1994). 
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The physical and chemical properties of chitosan depend mainly on its molecular 
weight and degree of deacetylation (Shukla et  al. 2013). Based on molecular 
weight chitosan can be classified into three types including; low molecular weight 
(LMWC), medium molecular weight (MMWC), and  high molecular weight 
(HMWC). Some studies indicated that chitosan with shorter oligomers, such as 
LMWC, has greater antifungal activity (Rhoades and Roller 2000; Park et al. 2008). 
Chitosan-based nanoparticles (CHT NPs) can be easily prepared through self-aggre-
gation. The appliction of nanotechnology is less discovered in agriculture in general, 
but some substantial research has been done in crop protection (Park et al. 2006; Jo 
et al. 2009; Nair et al. 2010; Sharon et al. 2010; Ghormade et al. 2011; He et al. 
2011; Lamsal et al. 2011; Kim et al. 2012; Perez-de-Luque et al. 2012; Jayaseelan 
et al. 2013; Wani and Ahmad 2013; Saharan et al. 2013; Prasad 2014; Saharan et al. 
2015; Wang et al. 2016; Saharan et al. 2016; Abd-Elsalam et al. 2017; Rubina et al. 
2017; Prasad et  al. 2014, 2017a; Sangeetha et  al. 2017). Chitosan has garnered 
extensive interest because of its antimicrobial and antifungal properties (Kendra and 
Hadwiger 1984; Aziz et al. 2015, 2016). In future, there is a urgently need to discover 
chitosan biopolymer usage not only for its innovative antimicrobial agent but also for 
its plant defense supporter property to combat future challenges of mutating plant 
pathogenic population under climate change (Saharan et al. 2014; Prasad et al. 2017b). 
This is because nanochitosan as compared to bulk chitosan has superior physico-
chemical characteristics that provide enhanced biological activities (Saharan et al. 
2013; Van et al. 2013). This fact has promoted the study of CHT NPs at using them as 
new antimicrobial agents (Qi et al. 2004; Wazed et al. 2011). Copper, zinc, and other 
metal hybrids with chitosan are active components of many agrochemicals like fer-
tilizers and pesticides and serve as cofactors of several enzymes in plant. Thus, Cu 
and Zn ultimately lead to higher plant growth and contribute in plant disease control 
(Gornik et al. 2008; Cabrera et al. 2013; Saharan et al. 2016; Rubina et al. 2017). 
Chitosan-based nanomaterials hold enormous promise with regard to their applica-
tion in plant protection and growth (Shukla et al. 2013). Although, specific reports 
has been introduced to evaluate chitosan biopolymer/nanoparticle for use in plant 
growth and protection by using nanotechnology tools (Shukla et al. 2013; Saharan 
et al. 2014; Abd-Elsalam et al. 2017: Choudhary 2017; Prasad et al. 2017b). Some 
pioneering uses of CHT polymer include synthesis of CHT NPs as a valuable deliv-
ery system for fertilizers, herbicides, pesticides, and micronutrients for crop growth 
promotion by a balanced and sustained nutrition (Siddiqui et al. 2015). In addition, 
CHT NPs can safely deliver genetic material for plant transformation.

13.2  Synthesis Chitosan Nanomaterials

13.2.1  Synthesis Chitosan Nanoparticles

However, several methods have been used to produce chitosan nanoparticulate. 
Choice of method depends on the shape and particle size requirements (Agnihotri 
et al. 2004). Chitosan is a hydrophilic polymer with positive charge that comes from 
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weak basic groups, which provides it specific characteristics from the technological 
point of view (Lopez-Leon et  al. 2005). Recently, chitosan nanoparticles have 
received great attention in numerous fields because of their physicochemical and 
biological properties (Racovita et al. 2008; Shi et al. 2011). Some advantages and 
disadvantages of the methods used for synthesis of nanochitosan are summarized in 
Table 13.1.

13.2.1.1  Emulsion Cross-Linking Method

This method utilizes the reactive functional amine group of chitosan cross links with 
aldehyde groups of the cross-linking agent. Actually, chitosan solution is emulsified 
in oil phase (water-in-oil emulsion) and the aqueous droplets are stabilized using 
an appropriate surfactant. The stable emulsion was reacted with an appropriate 

Table 13.1 Synthesis of chitosan-based nanoparticles: advantages and disadvantages

Methods Advantages Disadvantages

Emulsion 
cross-linking

1. Easy control of particle size 1. Need to remove oil and surfactant
2. Good loading efficiency 2. Cross-linker can react with active 

ingredient
3. Good stability of 
nanomaterials

3. Purification of nanoparticle is tedious 
process

Emulsion-droplet 
coalescence 
method

1. Higher encapsulation 
efficiency

1. Excess alkali induces more 
precipitation and leads to increased 
particle size

2. No cross-linker leads to 
higher zeta potential

2. Due to absence of cross-linker 
nanoparticles stability decreases

3. No reactivity of cross-linker 
to active ingredient

Ionic gelation 
method

1. Reduced the chemical side 
effect

1. Partial size, distribution, and stability 
strongly affected by degree of 
deacetylation, MW of chitosan and molar 
ratio of chitosan and TPP

2. Better control on 
physicochemical feature of 
nanoparticles
3. Easy and fast

Reverse Micellar 
Method

1. Stable and smaller and 
monodispersed nanoparticles 
with suitable polydispersity 
index

1. Cumbersome procedure
2. Chance of side effect of reaction 
components (solvent, surfactant, etc.)

Sieving method 1. Very simple and rapid 
procedure

1. Need specialized sieve with particular 
size for desirable size of nanoparticles

2. Easy mass synthesis
Spray drying 
method

1. Mechanized method for mass 
production

1. Size of nanoparticles depends on nozzle 
size, flow rate, and temperature of air
2. Temperature-sensitive component could 
not be encapsulated

Agnihotri et al. (2004), Kashyap et al. (2015)
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cross-linking agent such as glutaraldehyde to stabilize the chitosan droplets. The 
nanoparticles are then washed and dried (Agnihotri et al. 2004).

13.2.1.2  Ionotropic Gelation Method

Ionotropic gelation method is the modified method linking multiphase for the pro-
duction of biopolymeric oil-core microcapsules due to its nontoxic and slight pro-
cessing conditions. This technique is based on the electrostatic interactions 
between the chitosan amine group and a polyanion such as tripolyphosphate. In 
this method, chitosan is dissolved in water or in weak acidic medium. This solu-
tion is then added dropwise under continuous stirring to the solutions containing 
other counterions. Due to the complexation between oppositely charged species, 
chitosan goes through ionic gelation and precipitate to produce spherical CHT 
NPs (Racovita et al. 2008).

13.2.1.3  In Coacervation/Precipitation Method

In the coacervation/precipitation method, chitosan solution is sprayed into sodium 
hydroxide, NaOH methanol, or ethanediamine alkaline solutions using compressed 
air, which in turn creates coacervated chitosan droplets in the form of nanoparticles 
(Shi et al. 2011). Emulsion–bead combination strategy incorporates both emulsion 
cross-connecting and precipitation. A stable emulsion containing the aqueous chi-
tosan solution in oil and a second emulsion containing an NaOH solution are 
formed. By mixing the two emulsions under high magnetic stir, droplets of each 
emulsion collide at random, coalesce, and lastly precipitate as small size particles 
(Shikata et al. 2002).

13.2.1.4  In the Reverse Micelles Technique

In the reverse micelles technique, a surfactant is dissolved in organic solvent to 
formulate reverse micelles. The aqueous phase containing the chitosan is mixed to 
this emulsion with constant vortexing and the chitosan nanoparticles forms in the 
core of the reverse micelles (Agnihotri et al. 2004).

13.2.1.5  Self-Assembly

Self-assembly strategy depends on cationic and hydrophobic properties of chitosan, 
cationic chitosan derivatives can be simply adsorbed onto the colloid surface of 
anionic inorganic (bentonite) suspensions because of electrostatic attraction. This 
strategy is described by dispersion took after by particular relationship of atoms 
through noncovalent interactions, including electrostatic as well as hydrophobic 
connections (Ichikawa et al. 2005).
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13.2.2  Synthesis Chitosan Nanocomposites

Chitosan nanocomposite generally refers to chitosan polymer containing dispersed 
nanofillers having an average particles size less than 100 nm. Thus this composite 
retains exceptionally enhanced properties pertaining to both of polymer and 
nanoparticles. By and large, regular polymers are considered as great facilitating 
materials for nanoparticles especially for natural applications, because of their 
maintainability, eco-accommodating property, nontoxicity, biodegradability, and 
biocompatibility. The natural inorganic half-breed nanocomposites have been seen 
to be valuable in numerous fields like medication conveyance, tissue building, bun-
dling material, covering, and sensors (Rhim et al. 2006; Di Carlo et al. 2012).The 
primary methods that have been utilized to deliver chitosan nanocomposites, in par-
ticular dissolvable throwing are solidify drying, layer-by-layer, and electrospinning 
(Moura et al. 2016).

13.2.2.1  Solvent Casting

Dissolvable throwing is a standout amongst the most widely recognized strategies 
for planning of CHI nanocomposites films and membranes (Caridade et al. 2013; 
Zheng et al. 2015). The polymer is broken down into a dissolvable and then cast 
onto a surface, for example, glass Petri dish. The dissolvable is accordingly permit-
ted to dissipate at room temperature or in air stove, and from that point onward, the 
films/membranes are separated (Ambrosio 2009).

13.2.2.2  Freeze Drying

Stop drying method was utilized for the arrangement of exceedingly porous scaf-
folds by inducing thermal phase separation. Usually, the solution temperature is 
brought down until solid– fluid demixing happens, forming two unique stages: 
solidified dissolvable and polymer stage. At this point, the solidified dissolvable, 
through sublimation, leaves the polymeric structure framing a pore. The resultant 
structure can be controlled by changing the kind of polymer and its concentration 
(Sarmento and Neves 2012).

13.2.2.3  Layer-by-Layer Assembly

Layer-by-layer (LbL) meeting, proposed by way of Iler in 1966, is a technique able to 
enhance surfaces and fabricate especially ordered polymeric films and nanocompos-
ites over extraordinary varieties of substrates (Decher 1997; Borges et al. 2014). The 
current technique is based on the sequential adsorption of different macromolecular 
components, which are attracted to each other due to electrostatic interactions, hydro-
gen bonding, van der Waals forces, and electron exchange, among others (Borges et al. 
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2014; Borges and Mano 2014). Various LbL tactics can be used to build up a multi-
layer film, including dip coating, spin coating, and spraying coating (Richardson et al. 
2015). Due to its versatility and notable availability of building blocks (e.g., CNTs, 
clays, NPs, polymers), this technology permits fabrication of multilayered gadgets of 
any nature, length, shape, and chemical composition, assuring the improvement of 
nanostructures with favored geometries and functionalities (Costa and Mano 2014). 
Furthermore, the properties of multilayered devices may be tuned through solution pH, 
temperature, or ionic electricity (Borges and Mano 2014).

13.2.2.4  Electrospinning

Electrospinning represents an appropriate technique to produce fibers with diameters 
in the nm–μm period scale, since it permits morphology, porosity, and composition to 
be managed by the use of relatively unsophisticated equipment. Typically, the electro-
spinning process uses an electric field created between the polymer solution and the 
collector, which generates internal repulsive forces in the polymer solution and, at a 
critical point, causes the expulsion of the polymer solution in shape of fibers towards 
the collector (Martins et al. 2008; Teo and Ramakrishna 2006). There are three spe-
cial kinds of electrospinning: wet–dry electrospinning, moist–wet electrospinning, 
and coaxial electrospinning, The main distinction between the first two techniques is 
that the moist–dry approach makes use of a risky solvent that evaporates because the 
fibers are spun via the collector, while the moist–wet approach spins a nonunstable 
solvent to a collector with a 2D solvent. Regarding the final technique, it is possible 
to achieve fibers with a center-sheath shape, as two exclusive components may be 
spun at the same time (Zheng et al. 2015).

13.2.2.5  Template Polymerization

In the present method, chitosan is firstly dissolved in an acrylic monomer solution 
below magnetic stirring. Due to the electrostatic interplay, the negatively charged 
acrylic monomers align along the chitosan molecules. After whole dissolution of 
chitosan, the polymerization is commenced through adding potassium persul-
fate initiator (K2S2O8) underneath stirring at 70 °C. The entire polymerization ends 
in the appearance of an opalescent answer, indicating the nanoparticles formation 
(Fang et al. 2009; Shi et al. 2011).

13.3  Nanochitosan Characterization

13.3.1  X-Ray Powder Diffraction

X-ray Powder Diffraction (XRPD) analysis was performed to confirm the crystalline 
structures of magnetite present in chitosan/Fe3O4 nanocomposites, The samples 
were analyzed by X-ray powder diffractometer Xpert Pro MPD (Panalytical) using 
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Bragg–Brentano geometry in the range 15–70° with a rate of 1° min−1. CuK _ radia-
tion (k = 1.54059 Å) was used and the tube operated at 40 kV and 30 mA (Freire 
et al. 2016).

13.3.2  Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) evaluation was carried out in a 
PerkinElmer 2000 spectrophotometer used to report spectra within the range 
between 4000 and 400 cm−1. In previous measurements, the samples were dried and 
level-headed to be powdered and pressed (∼10 mg of sample to 100 mg of KBr) in 
disk format (Freire et al. 2016).

13.3.3  Transmission Electron Microscopy (TEM)

In Transmission Electron Microscopy (TEM), the snap shots were recorded 
through a JEOL JEM-1400 electron microscope operating at an accelerating 
voltage of 120 kV. The samples had been prepared by way of diluting nanopar-
ticles dispersion in distillated water. Then, one droplet of the sample was placed 
on 300-mesh carbon- covered copper grids and dried overnight under ambient 
conditions. The size distribution was decided by means of 50 randomly selected 
debris in exclusive regions of the increasing TEM micrograph (Freire et  al. 
2016).

13.3.4  Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a useful method for examining thermal stabil-
ity of materials as well as for compositional information. Five miligram of nanopar-
ticles were executed in nitrogen atmosphere by employing a Thermogravimetric 
Analyzer Q50 V20. The lack of mass was monitored heating up samples from 25 to 
900 °C in a fee of 10 °C min−1. The zero time for the thermal degradation observe 
became taken after temperature stabilization (Freire et al. 2016).

13.3.5  Dynamic Light Scattering

Dynamic light scattering (DLS) was used for the size of particle length, polydispersity 
index (PDI), and zeta capacity of NPs via Zetasizer model PSS0012–22 (Malvern, 
UK). The evaluation was completed at a scattering angle of 90° at RT. Sample was 
accurately diluted with distilled water prior to size (Kheiri et al. 2016).
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13.4  Application of Nanochitosan in Plant Protection

Natural defense reaction of plants against pathogenesis depends upon early detec-
tion of pathogens. In fact, during the process of evolution, plant researchers have 
evolved numerous techniques to combat some plant pathogens. This induction of 
herbal protection response consists of over expression of various defense-associated 
genes and enzymes, increased accumulation of phenolic compounds, cellular wall 
synthesis, etc. (Sánchez et al. 2009; Chandra et al. 2015). Recently, chitosan nanopar-
ticles have shown significant antimicrobial activity against fungal plant pathogens 
(Saharan et al. 2013). Chitosan nanoparticles serve as the precise choice for the 
control of pests which might eliminate the toxic pesticide use and additionally 
enhances the yield of soybean (Kendra and Hadwiger 1984). Application of chito-
san-based nanostructures in plant protection is shown in Fig. 13.1 and Table 13.2.

13.4.1  Antimicrobial

Chitosan nanoparticles specific extra affinity toward pathogen’s outer membrane 
and therefore without difficulty enter into the pathogens’ cell (Van et  al. 2013). 
Several research confirmed that chitosan isn’t best an antimicrobial agent however 
additionally an effective elicitor of plant systemic received resistance to pathogens 
(Sharp 2013; Katiyar et al. 2015; Xing et al. 2014), enhancer and regulator of plant 
growth, development and increase crop yield (Gornik et  al. 2008; Cabrera et  al. 

Fig. 13.1 The potential application of nanochitosan in plant protection
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Table 13.2 Chitosan-based nanomaterials used in plant growth and crop protection

Chitosan NMs Applications Findings References

Chitosan NPs Antifungal activity Significantly delayed mycelia 
growth of Rhizopus spp., 
Colletotrichum spp. (C.capsici, C. 
gloesporoides) and Aspergillus 
niger

Chookhongkha 
et al. (2012)

Antifungal activity Effective against A. alternata, M. 
phaseolina and R. solani

Saharan et al. 
(2013)

Plant promotion Study on chitosan nanoparticles 
on biophysical characteristic and 
growth of Robusta coffee in green 
house

Van et al. 
(2013)

Controlled delivery 
system/bioactivity in 
plants

Effective delivery system for 
sustainable agriculture

Kashyap et al. 
(2015)

Defense activity Positive modulator of innate 
immune responses in plants

Chandra et al. 
(2015)

Defense activity biological pesticide for 
controlling Fusarium head blight

Kheiri et al. 
(2016)

Plant promotions
Antifungal activity

Chitosan nanoparticle induced 
defense responses in Finger millet 
plants against blast disease caused 
by Pyricularia grisea

Manikandan 
and 
Sathiyabama 
(2016)

Plant promotions
Antifungal activity

promote seed germination and 
seedling vigor, induced systemic 
and durable resistance against 
Sclerospora graminicola

Siddaiah et al. 
(2018)

Ag-Chitosan NCs Antifungal activity Seed-borne fungi Kaur et al. 
(2012)

Cu-Chitosan NCs Antifungal activity Fusarium graminearum Brunel et al. 
(2013)

Seedling growth 
promotions, 
Antifungal activity

Efficacy against Alternaria solani 
and Fusarium oxysporum

Saharan et al. 
(2015)

Seedling growth 
promotions, 
Antifungal activity

Rhizoctonia solani Abd- Elsalam 
et al. (2017)

Growth promontory 
effect on maize 
seedling growth 
Antifungal activity

Fusarium verticillioids Choudhary 
(2017)

Antifungal activity Sclerotia-forming plant 
pathogenic fungi

Rubina et al. 
(2017)

Chitosan and 
methyljasmonate

Defense activity Efficacy against Alternaria 
alternata and enhancing activity 
of cherry tomato fruit defense 
mechanisms

Chen et al. 
(2014)

(continued)
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2013; Wang et al. 2016). Chitosan NPs treatment of leaves and seeds produced sig-
nificant improvement in the plant growth and innate immune response through 
induction of defense enzyme activity, upregulation of defence related genes includ-
ing that of several antioxidant enzymes as well as elevation of the levels of total 
phenolics (Chen et al. 2014; Chandra et al. 2015).

However, very few reports have been conducted on the biological activity of chi-
tosan nanoparticles to control of plant pathogenic bacteria. An in vitro observe in 
which chitosan nanoparticles and chitosan nanocomposites with lime essential oil 
and thyme critical oil was accomplished. The effects indicated an inhibition of the 
Pectobacterium carotovorum via the treatment the usage of chitosan nanocompos-
ites with thyme essential oil (Sotelo-Boyás et al. 2016). Concentration 1000 ppm of 
Cu-chitosan NPs have antibacterial effect against Pseudomonas syringae pv. gly-
cinea that cause bacterial blight of soybean (Swati et al. 2017).

Chitosan was proven to inhibit the systemic propagation of viruses and viroids 
throughout the plant and to enhance the host’s hypersensitive response to infection 
(Pospieszny et al. 1991; Faoro et al. 2001; Chirkov 2002). The degree of suppression 
of viral infections diverse based on the type of chitosan molecular weight (Kulikov 
et al. 2006). However, not one of the studies that investigated this effect has in reality 
proven the capacity of chitosan in absolutely inactivating viruses or viroids. Most 
literature i.e, (Kulikov et al. 2006) Reported on the inactivation of replication, which 
cause the stoppage of multiplication and spread. This will be linked to the reality 
that upon penetration into plant tissues, chitosan nanoparticles tightly bind nucleic 
acids and purpose a ramification of damages and selective inhibitions. Diverse time 
requirements by means of chitosan remedies for improvement of most appropriate 
defense stimulation ability was recorded in advance research in specific plant-patho-
gen systems wherein tobacco-TMV interactions (Zhao et al. 2007).

13.4.2  Antifungal

Chitosan NP were stated to have antifungal activity against specific plant pathogens. 
Nanoparticles on their own can negotiate mobile partitions and membranes at some 
distance more effectively than compared to the middle molecules they are organized 

Chitosan NMs Applications Findings References

Chitosan/boehmite Antifungal activity Monilinia laxa Cindi et al. 
(2015)

Cu-chitosan 
Hydrogel

Plant growth 
promoting

Positive effects on tomato growth Juárez-
Maldonado 
et al. (2016)

Oleoyl- chitosan 
nanoparticle

Antifungal activity Synthesis and in vitro antifungal 
efficacy of oleoyl-chitosan 
nanoparticles against 
plantpathogenic fungi

Xing et al. 
(2016)

Table 13.2 (continued)
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from. This partially explains why chitosan NPs were discovered to demonstrate 
higher immune stimulation in comparison to chitosan itself (Chandra et al. 2015). 
Chitosan can effectively inhibit the development of phytopathogenic fungi at differ-
ent life cycle ranges. For instance, chitosan completely inhibited spore germination, 
germ tube elongation, and mycelial growth of Alternaria kikuchiana Tanaka and 
Physalospora piricola Nose at 5 g/ L in vitro assay (Meng et al. 2010). In the pear 
fruit, treatments with chitosan reduced the ailment prevalence and inhibited the 
lesion growth as a result of the two aforementioned phytopathogenic fungi (Meng 
et al. 2010). The antifungal effect of rhodamine-labeled chitosan on Fusarium oxy-
sporum was greater than on Pochonia chlamydosporia. Chitosan penetrated cell 
membranes of F. oxysporum by plasma membrane permeabilization, resulting in 
cell lysis (Palma-Guerrero et al. 2010). In commercial wine grapes, chitosan effica-
ciously inhibited growth of Botrytis cinerea in liquid and suppressed gray mold on 
detached grapevine leaves and bunch rot (Reglinski et al. 2010). The chitosan TPP 
NPs with sizes between 80 nm and 20 nm were evaluated for their antifungal effi-
cacy against Aspergillus parasiticus, and an improved antifungal potential was 
found in comparison to the chitosan solution (Cota-Arriola et al. 2013). The antifun-
gal activity of chitosan nanoparticles in controlling both A. niger and F. solani was 
recorded (Ing et al. 2012). Chitosan–silver nanoparticles were investigated for con-
trol of seed-borne pathogens in chickpea. Significant antifungal activity against 
Aspergillus flvus, R. solani, and A. alternate was evaluated (Kaur et  al. 2012). 
Chitosan has strong antifungal activity against Rhizoctonia solani in rice. Two kinds 
of acid-soluble chitosan (with different degrees of deacetylation) caused a 60–91% 
inhibition in mycelial growth, 31–84% inhibition of disease incidence, and 66–91% 
inhibition in lesion length (Liu et al. 2012). The antifungal impact of chitosan on 
fungal growth of Rhizopus sp., C. capsici, C. gloeosporioides, and A. niger in seeds 
of chilli pepper (Capsicum sp.) was confirmed, showing at the least mycelial 
increase of 2.8, 2.2, 2.4, and 5.5 mm, respectively (Chookhongkha et al. 2013).

The antifungal properties of chitosan nanoparticles with silver functionalized 
with 4(E)-2-(3-hydroxynaphthalene-2-yl) diazen-1-yl) and benzoic acid for control-
ling A. flavus and Aspergillus terreus was evaluated. The fungal increase inhibition 
was proven between 20.2 and 27.0 mm, respectively (Mathew and Kuriakose 2013). 
Chitosan nanoparticles displayed robust inhibition of mycelial increase of M. pha-
seolina. A maximum 87.6% inhibition degree was  recorded at 0.1% of chitosan 
nanoparticles, so specifically chitosan and Cu-chitosan nanoparticles proved their 
uniform size and stability which may additionally make a contribution to their 
higher antifungal efficacy against both of A. Alternata, M. phaseolina and R. solani 
in vitro assay. Cu-chitosan nanoparticles also confirmed maximum inhibition rate of 
spore germination of A. alternate (Saharan et al. 2013). Chitosan nanoemulsion was 
used for controlling C. gloeosporioides in vitro; the effects showed that the low 
molecular weight chitosan at a concentration of 1.0% had the best results in phrases 
of inhibition of conidial germination of the fungus (Zahid et al. 2013). The effect of 
peppermint vital oil (Mentha piperita) encapsulated in chitosan nanogels with cin-
namic acid on A. flavus was studied. Inhibitory effect at the mycelial growth of the 
fungus at a concentration of 800 mg/mL was observed in vitro (Beyki et al. 2014). 
The antifungal impact of chitosan combined with silver for controlling C. gloeospo-
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rioides was evaluated using mango fruit, the varied concentrations was decreased 
the anthracnose by means of 45.7 and 71.3%, respectively (Chowdappa et al. 2014).

The polyethylene terephthalate punnets containing thyme oil and wrapped with 
chitosan/boehmite nanocomposite lidding films drastically reduced the incidence 
and severity of brown rot because of Monilinia laxa in artificially inoculated peach 
fruit (cv. Kakawa) held at 25 °C for 5 days and considerably reduced brown rot 
occurrence additionally at decrease temperatures (Cindi et al. 2015). Encapsulation 
of thyme EO in chitosan–benzoic acid nanogel has greater antimicrobial property 
in A. flavus for the protection of tomatoes (Khalili et al. 2015). As a broad-spec-
trum fungicide, primarily chitosan-based nanoparticles have been showed to be 
fungicidal against many pathogenic fungi. Cu–chitosan nanoparticles at 0.12% 
concentration caused 70.5 and 73.5% inhibition of mycelia growth in Alternaria 
solani and Fusarium oxysporum, respectively (Saharan et al. 2015). The manage-
ment of Fusarium head blight (FHB) by using chitosan (CS) and chitosan nanopar-
ticles (CS/NPs) has been studied. CS/NPs prevented fungal growth and CS/NPs 
may be a beneficial organic pesticide for controlling FHB. Spikelets treated with 
CS and CS/NPs showed gradual infection (Kheiri et al. 2016). The results con-
firmed that the percentage of disease severity reduced when CS and CS/NPs were 
employed before the fungus inoculation on the host (Fig.  13.2). Thus, CS and 
specifically CS/NPs, synthetized via an appropriate technique, can be used as bio-
logical pesticide in  controlling fungal plant pathogens. Mycelial growth showed 
that there were considerable differences in tolerance to primarily chitosan-based 
nanoparticles among the various fungi examined. Plant pathogenic fungi includ-
ing;  N. sphaerica, B. dothidea, N. oryzae, and A. tenuissima was sensetive  to 
O-chitosan nanoparticles, whilst G. zeae and F. culmorum was resistant. The anti-

Fig. 13.2 Effect of different treatments on disease severity of FHB, 4 weeks after fungus inocula-
tion. (a) Control (distilled water), (b) CS/NPs, (c) Control (0.5% v/v acetic acid aqueous solution), 
(d) CS, (e) Positive control (Tilt fungicide). (Reprinted from Kheiri et al. 2016)
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fungal activity of nanoparticles on four chitosan-sensitive fungi was concentra-
tion-dependent. The maximum value of antifungal index was  discovered in 
medium containing nanoparticles at 2.0 mg/mL for each fungus (Xing et al. 2016). 
Synthesize and describe Cu-chitosan NCPs and evaluates its antifungal activities 
against Fusarium verticillioids causing publish flowering stalk rot (PFSR) disor-
der of maize. All collectively Cu-chitosan NCs has exquisite potential as antifun-
gal agent against PFSR of maize in pot condition as well as in field condition 
(Choudhary 2017). The antifungal activity of α-chitin nanoformulations with sizes 
ranging from 80–100 nm diameters became evaluated on A. niger fungal increase, 
and they showed 87% of fungal growth inhibition (Salaberria et al. 2017).

Chitosan NPs have been synthesized from low-molecular-weight chitosan having 
better degree of acetylation was evaluated for thier efficacy aganist downy mildew 
disease of pearl millet resulting from Sclerospora graminicola (Siddaiah et al. 2018). 
This report confirmed that pearl millet seed remedy with nanochitosan particles 
was  appreciably promoted seed germination and seedling vigor and, in addition, 
effectively induced systemic and durable resistance against downy mildew disease 
under greenhouse conditions. Nanochitosan has a broad-spectrum activity and an 
extensive antifungal activity on plant pathogenic fungi (Table 13.2).

13.4.3  Postharvest

Plant pathogenic bacteria negatively affect a wide variety of vital fruit and vegeta-
bles during the growing season and the duration of postharvest storage (Li et al. 
2009a, b, 2010).

Traditional antimicrobials have been extensively used for decades. Recently, chi-
tosan coating has emerged as a super alternative to chemically synthesized pesti-
cides. In postharvest production, to prevent unwanted losses, chitosan biopolymer 
has emerged as a promising coating agent for end-product and vegetables due to its 
antimicrobial and defense eliciting properties. Some studies confirm that the in vitro 
growth of Pseudomonas fluorescens causing bacterial head rot of Broccoli (Li et al. 
2009a, b), and Burkholderia seminalis inflicting bacterial fruit rot of apricot (Lou 
et al. 2011), have been markedly inhibited by chitosan under various environmental 
conditions. In addition, the antibacterial agent comprising 1–2%, also chitosan has 
accurate results in inhibiting the bacteria in the fruit and vegetable in reserving pro-
cess and has inhibiting effect to the rot of fruit and vegetable. Besides, it has simple 
processing technology and low fee and is in accordance with the developmental 
path of modern antibacterial agent (Feng et al. 2009). The most efficient treatment 
to reduce disease occurrence has been the ones based on Cinnamomum zeylanicum 
essential oil (CEO)-loaded chitosan NPs. This treatment become not simplest pow-
erful in controlling cucumber decay, however additionally in delaying disease 
symptoms and slowing down P. drechsleri increase during the storage stage. 
Uncoated cucumbers began to decay from the fourth day of storage (Mohammadi 
et al. 2015). Chitosan can also help to preserve the safety of fit to be eaten products. 
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The protection of fresh cut broccoli  aganist  E. coli and Listeria monocytogenes 
was  confirmed  with the aid of chitosan alongside bioactive components which 
includes bee pollen and extracts from propolis and pomegranate. Coating of chito-
san on fruits and greens induces various defense enzymes, together with phenylala-
nine ammonia lyase (PAL), chitinase, and glucanase. Introduction of chitosan 
nanofilm composites made from chitosan and other antimicrobial agents could be 
more powerful in controlling postharvest losses of end-product and vegetables.

13.4.4  Food Preservation

Food packaging nanoparticles with antimicrobial interest which include chitosan 
(Qi et al. 2004; Tan et al. 2013), chitosan nanoparticles, and different inorganics. 
Combination of silver nanoparticles to the polymer matrix made the nanocompos-
ites more appealing to be used in packaging (Duncan 2011; Fernández-Saiz and 
Lagaron 2011; Molina and Mejía 2016). Incorporation of those substances into the 
polymer matrix renders it lighter, stronger, fire resistance, better thermal properties, 
much less permeable to gases. Development of nanocomposites (up to 5% w/w 
nanoparticles) has been reported (Llorens et  al. 2012). Chitosan nanoparticles 
(89 nm) and pectin (used as plasticizer) have been added into banana puree films 
(Martelli et al. 2013). The chitosan derivative coating was effective in reducing the 
decay of green asparagus caused by F. concentricum. In vitro assay, L-chitosan and 
H-chitosan inhibited the radial growth of F. concentricum, with an extremely good 
impact at concentration of 4 mg/ml, and totally inhibited spore germination at a 
concentration of 0.05 mg/ml, indicating that chitosan derivatives have been either 
fungistatic or fungicidal. The found inhibition of degradation and augmented ligni-
fication became attributed to the fungistatic activity of chitosan and its ability  to 
induce a protection response (Qiu et al. 2014). The use of nanoparticles might assist 
in manufacturing of recent meals packaging materials with advanced mechanical, 
barrier and antimicrobial properties to growth shelf life (Chaudhry et  al. 2008; 
Mihindukulasuriya and Lim 2014). Incorporated ZnO nanomaterial at diverse 
 concentrations in a chitosan polymer with neem critical oil to enhance the proper-
ties of the bionanocomposite films (Sanuja and Agalya 2015).

13.4.5  Antimicrobial Mechanism

Chitosan has been validated to be a natural molecule that induces numerous organic 
responses in plant life, dependent on its structure, concentration, and on species and 
developmental stage of the plant (Malerba and Cerana 2016). Chitosan NPs remedy 
of leaves and seeds produced giant development inside the plant increase and innate 
immune reaction via induction of defense enzyme interest, up-regulation of defense- 
associated genes together with that of several antioxidant enzymes as well as 
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elevation of total phenolics (Chen et al. 2014; Chandra et al. 2015). Natural protec-
tion response of plant life depends upon early detection of pathogens during the 
pathogenesis. Chitosan, whilst realised to plant tissues, often agglutinate across the 
penetration sites and has two main effects. The first one is the isolation of the pen-
etration plant host  via the formation of a physical barrier stopping the pathogen 
from spreading and invading other wholesome tissues. This phenomenon resembles 
the abscission zones regularly found on leaves stopping several necrotrophic patho-
gens from spreading further. It is widely found on potato tubers for instance (El 
Hadrami et al. 2009).

13.4.6  Induce Resistance

Furthermore, El Hassni et al. (2004) observed the impact of chitosan in date palm in 
reaction to Fusarium oxysporum f. sp. albedinis, the causal agent of a fusarium wilt 
on this crop. Beside an instantaneous toxicity of the molecule on the fungus, the 
authors confirmed an enhancement of critical additives of the host resistance. When 
injected into the roots at different concentrations, chitosan elicited date palm per-
oxidase and polyphenoloxidase activities, and increased the extent of phenolic com-
pounds. Among the accrued phenolics, there was growth in content of unique 
nonconstitutive hydroxycinnamic acid derivatives, regarded to be of great impor-
tance in the resistance of this plant to this vascular fusariosis. Similarly, remedy of 
wheat seeds with chitosan found a growth in hydroxycinnamic (i.e., p-coumaric, 
caffeic, and ferulic) and benzoic (i.e., benzoic, protocatechuic, and gallic) acid 
derivatives, key to an increase in lignin synthesis and accumulation (Reddy et al. 
1999). Chitosan is thought to behave as powerful inducer, enhancing a battery of 
plant responses each regionally around the infection sites and systemically to alert 
healthy elements of the plant. These encompass early signaling events in addition to 
the buildup of defense-related metabolites and proteins including phytoalexins and 
PR-proteins (Reddy et  al. 1999; El Hadrami et  al. 2009; Hammerschmidt 1999; 
Vander et al. 1998; Wang et al. 2008). Hence, as an exogenous elicitor, chitosan can 
stimulate resistance in plant host by way of increasing a few defense-related 
enzymes activities, together with phenylalanine ammonia-lyase (PAL), 
peroxidase(POD), catalase (CAT), superoxide dismutase (SOD), and polyphenol 
oxidase (PPO) activity (Xing et al. 2015). Finally, Chandra et al. (2015) have men-
tioned that accumulation of chitosan NP will increase plant protection through 
increasing the stages of SOD and CAT. Chitosan NP binds extracellularly across the 
cellular wall of leaves. One of the most crucial signaling molecules is nitric oxide 
(NO), which is also related to a variety of physiological procedures including induc-
tion of defense mechanism in plants. Plants treated with chitosan  NP showed 
increased degrees of NO, in comparison to nontreated plants with chitosan NP 
(Raho et al. 2011; Malerba et al. 2012).

Chitosan NP treated sets resulted in up-regulation of PAL leading to a higher 
level of phenolic compound accumulation. These accumulated compounds help in 
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alteration to distinct environmental conditions and offer resistance against patho-
gen. In the presence of NADPH, ANR uses anthocyanidins as substrates to synthe-
size EC. EC, sooner or later, transforms into proanthocyanidins, which are broadly 
dispensed as plant defense compounds having great toxicity toward pathogens. 
High levels of flavonoid accumulation are probably an illustration of superior resis-
tance to flowers. Chitosan NP-treated flora, higher expression of SOD and CAT was 
observed, resulting in increase of these enzymes. SOD and CAT are the important 
antioxidant enzymes involved with ROS scavenging (Chandra et  al. 2015). 
Polyphenol oxidase, catalyzing the phenolic materials to provide lignin, is every-
where among angiosperms and said to be involved in plant protection by means of 
helping the formation of lignin that contributes to the reinforcement of the cell wall 
structure heading off the penetration of pathogen (Li and Zhu 2013). ROS, Ca2+, 
nitric oxide (NO), ethylene (ET), jasmonic acid (JA), salicylic acid (SA), and 
abscisic acid (ABA) are all engaged in chitosan-mediated sign pathway (Xing et al. 
2015). More details related to antimicrobial mechanism for nanochitosin was 
reviewed in Chap. 11.

13.4.7  Anti-insects

Chitosan has been found to expose robust insecticidal activity in a few plant pests 
(Zheng et al. 2005; Rabea et al. 2005). Chitosan (i.e., N-alkyl-, N-benzylchitosans) 
are made to be had through chemical synthesis, their insecticidal activities are being 
reported using an oral larvae feeding bioassay (Rabea et al. 2005; Badawy et al. 
2005). Encapsulated microcrystals of the insecticide imidacloprid (IMI) with the 
aid of LbL assembly the use of chitosan and sodium alginate accompanied by way 
of addition of photocatalytic NPs (Guan et al. 2008). The insecticide etofenprox was 
encapsulated the use of a nanosized chitosan carrier in three types according to a 
difference in release patterns by adjusting the molecular weight and concentration 
of chitosan. Release properties of etofenprox and its organic activity agan-
ist Spodoptera litura suggested that such managed-release method is used as a tech-
nique for preventing loss of etofenprox, increasing its activity against the target 
pest (Hwang et al. 2011).

The entomopathogenic fungi Nomuraea rileyi were investigated against S. Litura, 
and chitosan nanoparticle coated fungal metabolite (CNPCFM) showed better pes-
ticidal activity, as compared with Uncoated Fungal Metabolite (UFM) and Fungal 
Spores (FS) (Chandra et al. 2013). Chitosan nanoparticles integrated insecticidal 
protein beauvericin (CSNp-BV) became organized by using ionic gelation tech-
nique to enhance insecticidal activity against S. litura. Pesticidal interest found out 
that all lifestyles stages have been susceptible to the CSNp-BV formulation and the 
maximum mortality was  recorded in early larval instars.  CSNp-BV treatment 
reduced pupal and adult emergence (Bharani et al. 2014).

Chitosan (CS)-g-poly (acrylic acid) PAA nanoparticles reduced egg laying of 
Aphis gossypii (20.9 ± 9.1 and 28.9 ± 9.2 eggs/woman for laboratory and below 
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semi-discipline situations, respectively) than manage (97.3 ± 4.9 and 90.34. Nine 
eggs/female for laboratory and below semi-subject situations, respectively (Sahab 
et al. 2015). Chitosan nanoparticles decreased egg laying of Callosobruchus macu-
latus (10.9 ± 9.9 and 19.9 ± 9. Nine eggs/female laboratory and under semi-stor-
age conditions, respectively (Sahab et al. 2015). Under semi subject situations, the 
wide variety of Schistocerca gregaria had been notably reduced after the chito-
san and nanochitosan remedy, the quantity of infestations with S. gregaria reduced 
to 29 ± 3.6 and 8 ± 1.1 individuals after 120 days of remedies (Sabbour 2016). 
Chapter 1 was  tested the application information of nanotechnology for insect’s 
management.

13.4.8  Growth Promotions

During the past 100 years, chemical fertilizers and pesticides were used to face 
these problems and increase yield. The huge utilization of these products raised 
productivity significantly, but it also led to reduced biological diversity and degraded 
natural and agricultural systems. In addition, residue accumulation led to environ-
mental pollution and public health problems, with development of resistant pests 
(Sun et al. 2012). Therefore, alternative techniques that include nanomaterials are 
important to address the issues of lowering the environmental impact without affect-
ing agricultural productivity and economic viability for farmers (Ghormade et al. 
2011; Kah and Hofmann 2014).

Micro-chitosan remedies have plant growth promoting activities, resulting in 
increased yields and plant health in numerous plants and fruits. The activation of 
defensive mechanisms in plant tissues with chitosan inhibited the growth of taxo-
nomically unique pathogens (Vasyukova et al. 2001). Therefore, radicles, after pen-
etrating the seed coatings may want to contact the NPs directly. The presence of 
chitosan NPs in huge quantities on the root floor should adjust the surface chemistry 
of the root and block the root openings and both hydraulic and nutrient uptake in 
roots is inhibited. Therefore, plant growth is negatively affected because of NPs 
(Behboudi et al. 2017). In the case of tomato seeds, Saharan et al. (2016) observed 
that Cu-chitosan NPs at high concentration showed more inhibitory effect on seed-
ling growth. The seed quality of minitubers derived from chitosan treatments in vitro 
was improved, giving rise to field plants with increased tuber numbers and 
yields (Kowalski et al. 2006). Chitosan and chitooligosaccharides are as molecular 
signals to induce plant promoter and develop disease resistance system in plants 
(Bueter et al. 2013). Chitosan oligomer has large influences on biophysical feature, 
growth, and improvement of coffee such as increasing nutrient uptake, content 
material of chlorophyll and information of growth and yield (Dzung et al. 2011). 
Chitosan has remarkable film-forming property making it a clean agent to form a 
semipermeable coat at the seed surface that may keep the seed moisture and take in 
soil moisture which hence can promote seed germination. Moreover, it restrains the 
seed respiration through preventing oxygen entry, proscribing loss of CO2 and 
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keeping high concentration of CO2 inside the film (Furbank et al. 2004). Chitosan 
also can increase soluble sugar content and improves the activity of protease to 
increase loose amino acid content (Zeng et al. 2012).

The effect of chitosan NPs on seed germination and seedling vigor has been 
evaluated in diverse vegetation for promotion of plant growth through increasing the 
uptake of vitamins and water through adjusting cellular osmotic pressure (Guan 
et al. 2009; Katiyar et al. 2015). Insufficient studies were carried out on using Cu/Zn 
chitosan NPs in seed germination and seedling growth. Wheat growth was promoted 
in terms of germination ability, root period, and seedling top by way of the motion 
of oligochitosan (Ma et al. 2014). Positive response of micro-chitosan on seed ger-
mination and seedling increase results in improvement of nanoformulation of chito-
san. Chitosan nanoparticles have nanometer size and they can inter into the cells of 
the plants simply and improve their better bioactivities (Van et al. 2013). Chitosan 
nanoparticles effected strongly on nutrient uptake of the coffee seedlings in the 
green house condition. In the same cultivation condition, application of chitosan 
nanoparticles enhanced significantly the uptake of nitrogen, phosphorus, potassium, 
calcium and magnesium compared to the control (Van et al. 2013). In Robusta cof-
fee nanochitosan substantially expanded chlorophyll content material, photosyn-
thetic depth, nutrient uptake, and seedling growth (Van et al. 2013). Zn–chitosan 
formulation has been evaluated for growth and development in dry bean (Ibrahima 
and Ramadan 2015). The effect of foliar application of nanochitosan NPK fertilizer 
at the chemical composition of wheat grains. Foliar application of nanofertilizers 
showed a sizable increase in total saccharide, while induced significant decrease in 
protein content and nitrogen content of the wheat grains (Abdel- Aziz et al. 2018).

The growth promoting impact of micro-chitosan has been verified to be signifi-
cantly lower as compared to chitosan NPs. The growth promotory effect of bulk 
chitosan has been recorded signifiantly lower as compared to chitosan NPs. 
Similarly, as compared to control and CuSO4, bulk chitosan has been reported to 
have higher value for all parameters except for percent germination (Saharan et al. 
2016). Similar efforts are needed for nanomaterials intended for use as fertilizers, so 
that nanofertilizers are advanced from the current mostly pristine products easily 
manipulated by the test environment to more functional products. To this quit, 
upgrades to this point made to nanoscale nutrients to generate improved nanofertil-
izers consist of the ones already stated in following sections concerning surface 
modifications along with alginate and chitosan (Saharan et  al. 2016; Abdel-Aziz 
et  al. 2016). There is an pressing neediness to make the most chitosan-based 
nanoparticles alone or in conjugation with various organic and inorganic com-
pounds. Chitosan biopolymer based totally nanoparticles have large plant growth 
stimulatory activity (Table 13.2).

Very few studies have implemented chitosan particles in the agricultural context 
including incorporation of NPK fertilizer into the chitosan nanoparticles to make 
fertilizer consumption more efficient (Corradini et  al. 2010; Wu et  al. 2008; 
Hasaneen et al. 2014). Nanoparticles composed with an internal coating of CHT, an 
outer coating of cross-linked poly(acrylic acid)/diatomite-containing urea, and a 
middle of water-soluble granular nitrogen (N), phosphorus (P), and potassium (K) 
(NPK) fertilizer showed controlled release of the nutrients with no adverse impact 
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on the soil (Wu et  al. 2008). Recently, biodegradable polymeric chitosan NPs 
(~78  nm) were used for controlled release of the NPK fertilizer sources, which 
includes urea, calcium phosphate, and potassium chloride (Corradini et al. 2010), 
while Hussain et  al. (2012) encapsulated urea in CHT microspheres acquiring a 
controlled release of the nutrient.

Chitosan NPs of the mean diameter 20 nm for loading NPK fertilizers were pre-
pared and showed that the stability of the colloidal chitosan nanoemulsion was bet-
ter with the addition of nitrogen and potassium than with the addition of phosphorus 
because of the higher anion rate from the calcium phosphate than the anion charges 
from the potassium chloride and urea (Hasaneen et al. 2014). Biodegradable and 
biocompatible nanoparticles in a green manner originated from locally available 
raw materials and natural excipients addressing the said risks which will ultimately 
lead to development of eco-friendly nanofertilizers to release nutrients gradually in 
a controlled manner was produced. A herbal pass linker, Genipin was  extracted 
from tender fruit of Gardenia jasminoides (Shantha Siri et al. 2017).

13.4.9  Pesticides Delivery and Remediation

Nano-pesticide transport systems have a series of critical advantages over their clas-
sical bulk counterparts. Chitosan has emerged as one of the most promising poly-
mers for the green transport of agrochemicals along with micronutrients, insecticides, 
and herbicides in nanoparticles. Chitosan simply  absorbs to plant surfaces (e.g., 
leaves and stems), which helps to prolong the touch time between agrochemicals 
and the goal absorptive surface. Chitosan nanoparticles are seen to facilitate active 
molecule or compound uptake through the cellular membrane. The absorption 
improving impact of chitosan nanoparticles improves the molecular bioavailability 
of the active elements contained inside the nanoparticles (Tiyaboonchai 2003).

Polyvinylpyridine and polyvinylpyridine-co-styrene nanoparticles were inves-
tigated to control release of tebuconazole and chlorothalonil fungicides for better 
wood maintenance (Liu et al. 2001). Boehm et al. (2003) developed strong poly-
meric nanospheres (135 nm) with 3.5% encapsulation rate, and apart from the 
low active ingredient content, this formulation yielded substantial upgrades in 
the bioavailability of the insecticide (RPA 107382) to crops. It has additionally 
been reported that aluminosilicate-crammed nanotubes stick to plant surfaces 
whilst the nanoscale aluminosilicate particles leach from the nanotubes and in 
the end stick to the surface hair of insect pests. These particles ultimately enter 
the body and influence certain physiological functions (Bhattacharyya et  al. 
2010; Kashyap et al. 2013). A new type from amphiphilic derivative of chitosan, 
 N-(octadecanol-1- glycidyl ether)-O-sulfate chitosan was produced by Lao et al. 
(2010). Nanoparticulate structures based totally on herbal polysaccharides (chito-
san and cyclodextrin) have been prepared for use in the ionic gelation technique 
and have been used by companies for botanical pesticides, including carvacrol 
and linalool (Campos et al. 2018).
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Some authors synthesized and tested changed CHT nanoparticles to hold para-
quat, the most widely used herbicide. Cea et al. (2010) included atrazine, a herbi-
cide used for broadleaf weed control, into ethyl cellulose managed release 
formulations (CRFs) with the aid of solvent evaporation. Allophanic clays and 
nano-clay changed the matrix. All CRFs multiplied the atrazine activity and 
decreased leaching loss. Silva et al. (2011) verified that alginate/CHT nanoparticles 
regulate the discharge of the herbicide and its interaction with the soil. In addition, 
CHT/tripolyphosphate nanoparticles decreased paraquat toxicity (Grillo et  al. 
2014), improved herbicidal activity against Eichhornia crassipes was observed 
when paraquat was encapsulated in silver/CHT nanoparticles (Namasivayam et al. 
2014). Decomposable chitosan-lactide copolymer was implemented as a hydropho-
bic provider for pyraclostrobin, a wide-spectrum foliar fungicide. In comparison 
with 25% pyraclostrobin emulsifiable listen, the NPs confirmed higher fungicidal 
interest against Colletotrichum gossypii (Xu et al. 2014). More recently, nanoparti-
cles of CHT and sodium tripolyphosphate have been prepared and evaluated for 
suppression of Pyricularia grisea (Manikandan and Sathiyabama 2016) and oleoyl- 
chitosan nanoparticles have been synthesized and used to disperse antifungal prod-
ucts (Xing et al. 2016).

The authors concluded that these novel absorbent materials may be implemented 
as an alternative biocompatible and green method for pesticide removal, and also 
applied in water remedy systems. Bin Hussein et al. (2009) had already evolved a 
unique nanohybrid pesticide controlled release machine from 4-(2, four- 
dichlorophenoxy) butyrate and a Zn–Al-layered double hydroxide inorganic inter-
layer with the aid of specific methods. The bioavailability of the chiral herbicide 
dichlorprop to the green alga Chlorella pyrenoidosa, in the absence and presence of 
chitosan nanoparticles was reported by Wen et al. (2010). The capacity of debris 
primarily based on polymers and cyclodextrin to adsorb insecticides is indicative of 
their capability for use in water remediation (Liu et al. 2011). Chitosan complexes 
and nanoparticles of chitosan containing the chiral herbicide dichlorprop were syn-
thesized and characterized with the aim of decreasing potential for leaching and 
contamination of subterranean waters (Wen et al. 2011). Celis et al. (2012) used 
specific methods to prepare a bionanocomposite cloth based totally on chitosan and 
clay (montmorillonite), used as an adsorbent for the herbicide clopyralid found in 
an aqueous solution or in a mixture of water and soil. A nanocomposite material of 
CHT and montmorillonite was used to adsorb and dispose of the herbicide clopy-
ralid existing in water and soil (Grillo et al. 2014). Chitosan–zinc oxide (CS–ZnO) 
nanoparticles as an absorbent for the elimination of the pesticide permethrin from 
water. ZnO nanoparticles possessed an nearly spherical morphology with a size of 
58 nm. Researchers investigated the influence of the quantity of absorbent, agitation 
time, pesticide initial concentration, and pH on the sorption of the pesticide by using 
CS–ZnO absorbents (Dehaghi et  al. 2014). In addition, CHT/tripolyphosphate 
nanoparticles decreased paraquat toxicity (Grillo et al. 2014),  (Namasivayam et al. 
2014). Alginate/chitosan and chitosan/tripolyphosphate nanoparticles were devel-
oped for encapsulation of the herbicides imazapic and imazapyr. Comparison was 
made between the nanoparticle systems and the free herbicides in phases of their 
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cytotoxicity and genotoxicity that allows to verify that the encapsulation procedure 
led to a reduction in toxicity (Maruyama et al. 2016). These observations delivered 
a clear suggestion that chitosan was able to modify the enantioselective bioavail-
ability of the pesticide and herbicide, which could be safe for agricultural ecology 
and environment (Table 13.3).

13.4.10  Plant Genetic Transformation

Nanotechnology will possibly play a critical role in the improvement of genetically 
modified plants. The improvement of biotic and abiotic kinds of crop plant involves 
the transport of genetic cloth of both DNA and RNA resulting in the alteration of 
gene expression (Palerice and Gatehouse 2008). There are many obstacles for gene 
transfer to transform plant (Ghormade et  al. 2011). Gene transfer is a technique 
for plant transformation using nanoparticle through nonviral-mediated transport 
vehicles including chitosan nanoparticle. And it’s better than traditional methods 
in plants such as Agrobacterium-mediated gene transfer, electroporation, PEG- 
mediated gene transfer, particle gun bombardment, etc., are costly, labor inten-
sive and cause significant perturbation to the growth of cells. In addition, these 
methods have very low efficiency (0.01–20% performance). However, it has been 
particularly a success for genetic transformation of dicots (Sivamani et al. 2009). 

Table 13.3 Applications of nanochitosan for removal of pesticides

Carrier/polysaccharide Active principle Class Reference

Alginate-chitosan 
nanoparticles

Paraquat Herbicide Silva et al. (2011)

chitosan/tripolyphosphate imazapic and imazapyr Herbicide
Chitosan nanoparticles and 
chitosan

Dichlorprop Herbicide Wen et al. (2011)

Chitosan Dichlorprop Herbicide Wen et al. (2010)
Montmorillonite-chitosan 
bionanocomposites

Clopyralid Herbicide Celis et al. (2012)

Copper chitosan 
nanocomposites

organophosphorous Pesticide Jaiswal et al. (2012)

Chitosan nanoparticles Hexavalent chromium Metal Geng et al. (2009)
Chitosan/ β-cyclodextrins 
Films

Carvacrol Insecticide Higueras et al. (2013)

Chitosan – – Alves and Mano (2008)
Chitosan NPK Fertilizer Wu and Liu (2008)
Chitosan – – El-Sawy et al. (2010)
Chitosan Rotenone Insecticide Lao et al. (2010)
Chitosan 1-Naphthylacetic acid Hormone Tao et al. (2012)
Chitosan-silver nanoparticles – pesticide Saifuddin et al. (2011)
Chitosan NPs/ β-cyclodextrins Carvacrol and linalool pesticide Campos et al. (2018)
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Biodegradable nanoparticles with common diameters of approximately 0.2 μm can 
be a product of chitosan and polyglutamic acid and used as microprojectiles (Lee 
et  al. 2008). These particles had been effective for encapsulating and protecting 
DNA for transdermal gene transport by way of acceleration with a low-strain gene 
gun. Yu-qin et al. (2012) have screened the benefits of using nanoparticles over con-
ventional companies. Firstly, nanoparticles are applicable to both monocotyledons 
and dicotyledonous plants and any types of organs. Secondly, this type of gene 
carriers can effectively overcome transgenic silencing via controlling the copies of 
DNA combined to nanoparticles. Thirdly, nanoparticles can be easily functionalized 
so as to further enhance transformation efficiency. Finally, nanoparticles-mediated 
multigene transformation can be achieved without involving traditional building 
method of complex carrier.

Biodegradable polymers like chitosan can report an advantageous charge on 
DNA conjugate nanomaterial surface (Li et al. 2011). Chitosan is a polymer that has 
been used extensively both in nucleic acid delivery and tissue engineering packages 
(Raftery et al. 2013). CHT nanoparticles can appropriately deliver genetic material 
for plant transformation (Malerba and Cerana 2016). Chitosan/DNA nanoparticles 
can be effectively formed by using coacervation among the definitely charged amine 
corporations on chitosan and negatively charged phosphate groups on DNA. However, 
the transfection performance of chitosan is low. The transfection performance has 
been shown to rely on the chitosan molecular weight, degree of deacetylation, pH of 
the transfecting medium, and cell kind (Mao et al. 2010). A pH of 6.8–7.0 is vital 
for transfection (Sailaja et al. 2013), and proof shows that DNA complexes shaped 
through shorter and near monodisperse chitosan oligomers (24-mer) have extra 
applicable properties than ultrapure chitosan and are therefore extra attractive as 
gene shipping systems than the traditional high molecular weight chitosans (Koping- 
Hoggard et al. 2003). Besides this, the degree of chitosan deacetylation additionally 
acts as an important aspect in chitosan–DNA nanoparticle method because it 
impacts DNA binding, launch, and gene transfer performance in vitro and in vivo 
assays (Kiang et al. 2004).

In particular, the ability of use of CHT NPs for genetic transformation is pro-
posed by using its capability to shape, via electrostatic interactions, a complicated 
where DNA is included from nuclease degradation (Mao et al. 2010; PichyaIriti 
and Varoni 2015). Interesting effects were obtained by Wang et  al. (2013), who 
devolped  QD-labeled CHT-DNA complexes to display nanoparticle-mediated 
genetic transformation of cultured cells of Jatropha curcas. This approach gave an 
upward push to solid transformants with higher performance than other conven-
tional strategies of gene transfer. Recent data confirmed that primarily CHT-based 
nanoparticles with highly positive surface coatings can passively penetrate through-
out the chloroplast membrane.

Once in the chloroplast, these nanoparticles showcase both restricted diffusion 
and convection before attaining an irreversibly trapped state (Wong et  al. 2016). 
These results propose that CHT nanoparticles may be used as viable molecular 
transporters into plastids, just like the chloroplast. Fungal resistance of transgenic 
potato flowers expressing thionin genes isolated from Brassicaceae species 
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(Arabidopsis thaliana) was evaluated against the phytopathogenic fungi. Thionins 
inhibit the increase in vitro of approximately 20 one-of-a-kind fungal plant patho-
gens that include Botrytis cinerea, Fusarium spp., Phytophthora infestans, and 
Rhizoctonia solani (Cammue et al. 1992). It is obvious that protein extract of five 
replicates of transgenic potato that incorporate thionin proteins showed antifungal 
activity against some pathogenic fungi with reduction in mycelial growth, illustrate 
the inhibitory effect of protein extract of the transgenic potato cultivars on radial 
growth of the PDA plates of four different pathogenic fungi after incubation for 
7 days at 28 °C compared with control treatment (Abdel-Razik et al. 2017).

Two thionin resistance genes have been transferred into potato cultivars using 
chitosan nanoparticle, and then examined the resistance of transgenic species with 
the fungal pathogens Alternaria alternata and Rhizoctonia solani (Abdel-Razik 
et al. 2017). Recently, chitosan has attracted sizeable attention for use in formula-
tions with small interfering RNA (siRNA). Because of the cationic nature, chitosan 
could make complex with siRNA in nanoparticles profile. Some studies suggest the 
utility of chitosan nanoparticle-entrapped siRNA as a service for siRNA delivery 
(Ragelle et al. 2013). Zhang et al. (2010) have proven that chitosan nanoparticles 
successfully added dsRNA (against  chitin synthase genes) in stabilized shape to 
mosquito larvae through feeding. Chitosan nanoparticles must verify to be effective 
in dsRNA delivery due to their efficient binding with RNA, protection, and the abil-
ity to penetrate through  the cellular membrane. These effects really suggest that 
chitosan nanoparticles primarily based siRNA formulations may additionally make 
contributions to plant pathogen and pest control while warding off the lengthy 
method of conventional plant transformations. There are a few mixed consequences 
with reference to gene transport through chitosan nanoparticles, but given the poten-
tial benefits of chitosan nanoparticles to assist within the transfer of genetic material 
to design new and enhanced plant genotypes (Kashyap et al. 2015).

13.5  Future Prospects

Therefore the incorporation of natural antimicrobial compounds in based-chitosan 
release matrices as micro- and nanoparticles is a topic of interest for future research. 
This may represent a promising alternative for use in the control of bacteria, fungi 
and insects in pre- and put up-harvest foods, contributing to the eradication of the 
troubles related to the usage of chemicals on food crops (Cota-Arriola et al. 2013). 
However, nanotechnology can both enhance crop productivity and reduce nutrient 
losses. As demonstrated in the course of this chapter, the nano-chitosan have been 
widely used in research in order to develop new formulations with active com-
pounds of interest in plant protection. These formulations not only release the active 
compound in a slow manner but also after degradation increase the crop output 
besides proving the water-holding capacity of the soil. Cu and Zn have traditionally 
been used in agrochemicals. Cu and Zn, blended with chitosan may additionally 
reduce the threat of hazardous agrochemicals for crop improvement and protection. 
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Chitosan nanofertilizer assessments should be done using mixtures of nanoscale 
nutrients to mimic conventional fertilizer application regimens typically involving 
multiple nutrients applied simultaneously (e.g., NPK).

13.6  Conclusions

The role of chitosan NPs in the agricultural sector is highlighted as insecticides and 
growth promoters for plants, and additionally as preservatives in the course of post- 
harvest and packaging of agriproducts. Studies of those nanomaterials are specifi-
cally focused on components of in vitro control, so it is important to perform in situ 
control assessments to offer answers and alternatives to the problems that the agri-
cultural field faces. Additionally, the numerous makes use of nanochitosan inside 
the plant protection turned into mentioned, beginning with the utility of it as a pes-
ticide remediation and gene delivery for the plants and controlling post-harvest dis-
eases. The shape of chitosan NPs and their impact is determined by their type, 
concentration, mixture (monomer or combined with other compounds), and 
response (temperature and time). However, this biopolymer requires investigation 
and further exploration to better understand its multifunctionality, properties, and 
mechanisms. Use of nanochitosan for transport of agrochemicals (insecticides, 
micronutrients, fertilizers, and plant growth hormones) would be the most promis-
ing discipline in the coming years for nanotechnology utility in agriculture. In con-
clusion, chitosan formulations may be used for more secure use of 
nano-agrochemicals.
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