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This book is an effort to establish the role of nanotechnology in the field of agricul-
ture. Nanoparticles have a broad spectrum of applications, and one of them is deeply 
rooted in agriculture. Successful agriculture is a guarantee to continuous supply of 
food for the ever-increasing population. As the world is moving towards the scarcity 
of food and agricultural resources, there is a real need of searching for better and 
alternative smart techniques for applied agriculture and here nanotechnology seems 
to be playing its role. In this book, we have tried our best as a team of authors to 
present the associated problems of agriculture and proposed solutions from nano-
technology, which is going to be/define the future of agriculture. It will be a good 
source of knowledge for students of agriculture, agronomy, and plant sciences.

Lahore, Pakistan  Sumera Javad  

Preface
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Chapter 1
Nanotechnology: A Breakthrough 
in Agronomy

Madeeha Ansari, Kiran Shahzadi, and Shakil Ahmed

1.1  Introduction

Farming is the practical implementation of agriculture industry (Fig. 1.1), the pro-
cess in which food, feed and fibers are produced. One of the most important branches 
of agricultural science is agronomy which deals with the study of crops production 
for food and fiber. It plays crucial role as it is the driving force of economy in most 
developing countries, feeding the humans directly and indirectly (Chhipa and Joshi 
2016). There are predictions for world population to be nine billion in 2050. It will 
be really difficult to feed such a huge population with the same resources and dete-
riorated environment. Therefore, global production in the field of agriculture should 
increase to feed this rapidly increasing population. But agricultural sector has been 
facing serious challenges for sustainable food production (Godfray and Garnett 
2014; Mcclung 2014).

Major problems faced by agriculture include increased population, climatic 
changes, soil erosion, and difference in soil conditions, micro and macro nutrient 
deficiencies, pathogens attack, urbanization and industrialization which affect the 
production of food. Almost 35–40% crop production depends upon the use of fertil-
izers. But excessive use of these synthetic fertilizers also affects the growth and 
yield of crops directly (Manjunatha et al. 2016). Disease management of crops with 
pesticides has led to the increase in concentration of toxic compounds in soil as well 
as ground and surface water. Conventional methods used for irrigation purposes are 
another reason of water depletion as more water is being pumped out than it is 
replenished (Rodell et al. 2009). Water scarcity all over the world due to variable 
climatic conditions and extreme weather actions has negative impact on crop 
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 production. Conventional irrigation methods also remove the important minerals 
from soil causing the salinity which ultimately leads to the reduction in agricultural 
land (Österholm and Åström 2004; Presley et al. 2004; Mukhopadhyay 2005). This 
scenario for such complex agricultural system is a serious challenge mostly for 
developing countries. Therefore, advancement in science and technology is needed.

Nanotechnology provides such tools and techniques which can revolutionize 
agricultural industry. Nanotechnology is the use of nanomaterials with exceptional 
properties to enhance the productivity of crops as well as livestock (Batsmanova 
et al. 2013). It is focused to

• improve the quality of food
• protect crop
• monitor the growth of plant
• enhance the production of food
• identify the disease-causing pathogens

Among above mentioned applications, food production and crop protection are 
the main applications of nanotechnology in agricultural industry. Innovative tools 
are provided by nanotechnology to deliver agrochemicals at targeted area safely 
without disturbing the ecosystem. It has developed such carrier systems that cause 
the control release of compounds when needed; that is how concentration of pesti-
cides in the environment can be reduced (Ghormade et  al. 2011; González 
et al. 2014).

1.2  What Is Nanotechnology?

The concept of nanotechnology was seeded at first by a physicist “Richard Phillips 
Feynman” in 1959 during his talk “There’s Plenty of Room at the Bottom” in a con-
ference held at the California Institute of Technology, Pasadena. He described the 
process theoretically for controlled manipulation of individual atoms and mole-
cules. Professor Norio Taniguchi coined the term “nanotechnology” 10 years later 

Agriculture

Agronomy

Horticulture

EngineeringEconomics

Animal 
Science

Fig. 1.1 Sub branches of 
agricultural science
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at Tokyo State University. Nanotechnology has been modernized with the advance-
ment of microscopes in 1981 as modern scanning microscopes so that individual 
atoms can be observed (Marchiol 2012). Nanotechnology is an advanced field of 
science, deals with production, manipulation and implication of matter at nanoscale. 
The name is based on a Greek letter “nano” meaning dwarf. It is one billionth part 
of a meter or 10−9 m (Holdren 2011; Rai and Ingle 2012).

Nanomaterials are very minute structures which range from 0.1 to 100 nm. These 
are very important because of these microscopic size as well as different properties 
from bulk material. Properties of these nanomaterials such as electrical conduc-
tance, magnetism, chemical reactivity, optical effects and physical strength vary 
from bulk materials due to their smaller size. These nanomaterials form a link 
between bulk material and their respective nanoparticles (Boisseau and 
Loubaton 2011).

1.3  Classification of Nanomaterials

Nanomaterials are classified intro three groups on dimensional basis (Hett 2004).

1.3.1  One-Dimensional Nanoparticles

Nanomaterials having less than 100 nm size with one dimension are grouped into 
this category. Nanowires and nanorods are examples of one-dimensional nanopar-
ticles which are being used in buildup of various chemical and biological sensors, 
solar cells, IT systems and optical devices.

1.3.2  Two-Dimension Nanoparticles

Nanomaterials having size less than 100  nm along two dimensions at least are 
known as 2D nanoparticles e.g. carbon nanotubes fibers and platelets.

1.3.3  Three-Dimension Nanoparticles

Metallic nanomaterials having <100 nm in all dimensions i.e. quantum dots, den-
drimers and hollow spheres are three dimensional nanoparticles.

Nanomaterials are also classified based on structural configuration.

• Metallic nanoparticles
• Nanocrystals Quantum dots

1 Nanotechnology: A Breakthrough in Agronomy
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• Carbon Nanotubes
• Liposome
• Dendrimer
• Polymeric micelles
• Polymeric nanoparticles

1.4  Synthesis of Nanomaterials

Two approaches are being used to synthesize nanoparticles (Fig.  1.2) which are 
mentioned below:

 1. Top to bottom approach
 2. Bottom to up approach

Sy
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Mechanical
Ball Miling

Chemical etching
Thermal ablation

Laser ablation
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Chemical Synthesis

Chemical reduction
Chemical micro 

emulsion
Wet chemical 

synthesis
Spray pyrolysis 

Electrode-position
Chemical and direct
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Microwave assisted

combustion

Biological Synthesis

Micro-organisms

Plants

Fig. 1.2 Methods for synthesis of nanomaterials
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1.4.1  Top to Bottom Approach

It refers to the breakdown of suitable given bulk material into particles in size range 
of nanometer due to reduction in size by various methods. This includes grinding of 
material, milling, sputtering laser ablation and evaporation–condensation. Various 
nanoparticles have been synthesized using this technique such as silver nanoparti-
cles, gold nanoparticles, lead and fullerene nanoparticles. A tube furnace is used in 
this method to generate high atmospheric pressure. In the center of the tube furnace, 
concerned bulk material is placed on a boat, allowed to vaporize and carried through 
a gas. But use of this tube furnace has several disadvantages as it is a large equip-
ment required huge place to be installed. A lot of energy more than several kilowatts 
is consumed to raise the temperature of tube furnace around the bulk material and it 
also entails a lot of time to attain a stable operating temperature and gain thermal 
stability. Imperfection of the surface structure of nanoparticles is the other limita-
tion of this procedure as various physical properties are highly dependent on surface 
chemistry of nanoparticles (Samberg et al. 2009; Prathna et al. 2011; Sintubin et al. 
2011; Kumar et al. 2014a).

1.4.2  Bottom to Up Approach

When nanoparticles are being synthesized using different chemicals as well as bio-
logical systems that is known as bottom to top approach. In bottom to top approach, 
atoms are self-assembled into new nuclei forming the particles of nano size.

1.4.2.1  Chemical Synthesis

Nanoparticles can be synthesized by a number of chemical methods as mentioned 
in Fig. 1.2 (Mitra et al. 2015; Yuvakkumar et al. 2015). But, the most commonly 
used method among all the chemical methods is chemical reduction for the synthe-
sis of nanoparticles (Elghanian et al. 1997; Hurst et al. 2006). Various compounds 
including both organic and inorganic are being used as reducing agents for the pro-
duction of nanoparticles i.e. sodium borohydride (NaBH4), ascorbate, elemental 
hydrogen, Tollen’s reagent, N,N-dimethyl formamide, sodium citrate, Tollen’s 
reagent and copolymers of poly ethylene glycol (Tran and Le 2013: Iravani et al. 
2014). Capping agents are the chemicals which are responsible to control and stabi-
lize the size of the nanoparticles avoiding the aggregation. Nanoparticles can be 
synthesized in bulk amounts by using reduction capability of different chemicals 
and it takes very less time for reaction completion. But it becomes harmful due to 
use of synthetic chemicals which are toxic, hazardous and risk for environment and 
living bodies (Sastry et al. 2003). This reason leads to the development of nanopar-
ticles by using methods other than chemical method. Therefore, need to develop 

1 Nanotechnology: A Breakthrough in Agronomy
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such methods become mandatory which are non-toxic, environment friendly and 
economically beneficial.

1.4.2.2  Biological Synthesis

Biological synthesis of nanoparticles plays a vital role in field of nanotechnology. 
Use of biological entities as microorganisms including viruses, bacteria, fungi as 
well as plant material either in form of extract or biomass is an alternate way in an 
ecofriendly manner for production of nanoparticles than to the physical and chemi-
cal methods (Reddy et al. 2012).

Nanoparticle Synthesis Using Microorganisms

Microorganisms are important biological factories being used for synthesis of 
nanoparticles. Microorganisms produce several reductase enzymes which can 
reduce the metals into metallic nanoparticles having narrow range of size distribu-
tion. This approach for the synthesis of nanoparticles holds the immense potential as

 1. It is ecofriendly, avoiding the use of toxic and harsh chemicals
 2. It is a cost-effective tool which do not require consumption of high energy and 

longer time as physiochemical approaches

Microorganisms i.e. bacteria, yeasts and fungi have been considered for the synthe-
sis of metal nanoparticles both extra and intracellularly (Table 1.1). Myco-synthesis 
is an easy and straightforward approach rather than the use of bacteria for biological 
synthesis of stable nanoparticles. Important metabolites are produced by most fungi 
having bioaccumulation ability that helps in synthesis of nanoparticles. Simple 
downstream processes are involved to culture fungi and are highly tolerant for met-
als. Metal salts have more binding capacity with fungal biomass than other micro-
organisms therefore help in high yield of nanoparticles (Castro-Longoria et  al. 
2011; Alghuthaymi et al. 2015). There are three mechanisms which are explained 
by scientists involve in the synthesis of nanoparticles with fungi are (Alghuthaymi 
et al. 2015):

 1. Nitrate reductase action
 2. Electron shuttle quinones
 3. Both nitrate reductase action and electron shuttle quinones

Various fungal enzymes such as the enzymes of Penicillium species (reductase 
enzymes) and the enzymes of Fusarium oxysporum (nitrate reductase and -NADPH- 
dependent reductases) are reported to play a significant role in synthesis of nanopar-
ticle (Kumar et al. 2007).

Nanoparticles synthesis by plant biomass and extracts is more beneficial than 
using microorganisms as keeping cultures of microbes involve complex procedures.

M. Ansari et al.
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Green Synthesis

Nanoparticles synthesis using green method has developed as an advance technol-
ogy now a day. It is very simple, an environment friendly and cost effective and 
easily scaled up for production of nanoparticles at large scale with the help of plants 
(Table 1.2). Consumption of energy to generate high pressure and temperature as 
well as toxic compounds are not needed in synthesis of nanoparticles by green 
method. Use of water as reducing medium makes it biocompatible (Noruzi 2015). 
Availability of plant materials in access which are nontoxic in nature also scaled up 
for production of nanoparticles at large scale and applicable in medical science, 
environmental areas and other biological fields. Various plant parts (leaves, fruits, 
seeds, stems and roots) including their extract rich in phytochemicals have been 
used for the synthesis of nanoparticles, which act as both reducing and capping 
agents (Ramesh et al. 2015; Xiao et al. 2016).

Table 1.1 List of microorganisms involved in nanoparticles’ synthesis

Type of 
microorganisms Name Nanoparticle

Size 
(nm) References

Fungi Alternaria alternata Silver 27–79 Baharvandi et al. 
(2014)

Aspergillius species Zinc 25 Raliya and Tarafdar 
(2014)

Aspergillus niger Silver 15–20 Kumar et al. (2008)
Bacteria Bacillus methylotrophicus Silver 10–30 Wang et al. (2016)

Bhargavaea indica Silver 111 Singh et al. (2015a, 
2016a)

Brevibacterium 
frigoritolerans

Silver 97 Singh et al. (2015b)

Coriolus versicolor Cadmium 
sulphide

20 Sanghi and Verma 
(2009)

Fusarium oxysporum Silver 5–15 Ahmad et al. (2003)
Fusarium oxysporum Zirconia 3–11 Bansal et al. (2004)
Fusarium oxysporum f. sp. 
lycopersici

Platinum 10–50 Riddin et al. (2006)

Ganoderma applanatum Silver 20–25 Jogaiah et al. (2019)
Hormoconis resinae Gold 3–20 Mishra et al. (2010)
Neurospora crassa Cobalt 64 Rashmi et al. (2004)
Penicillium fellutanum Silver 5–25 Kathiresan et al. 

(2009)
Pleurotus sajorcaju Silver 5–50 Nithya and 

Ragunathan (2009)
Pseudomonas 
deceptionensis

Silver 10–30 Jo et al. (2016)

Trichoderma harzianum Silver 15–25 Abboud (2018)
Verticillium sp. Magnetite 20–50 Bharde et al. (2006)
Weissella oryzae Silver 20–50 Singh et al. (2016b)

1 Nanotechnology: A Breakthrough in Agronomy
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1.5  Overview of Nano-technological Applications 
in Agriculture

The major reason for the application of nanotechnology in the field of agriculture is 
the production of food, feed and fiber. As the population is increasing tremendously, 
more food will be in demand while natural resources (land area, fertility of soil and 
water) are being depleted continuously. Therefore, increase in cost of production of 
crops at an alarming rate is expected due to limited resources. These limitations are 
needed to be overcome, and precision farming is much better solution to maximize 
the agricultural production and reduction of costs. Various advance techniques of 
nanotechnology are available which can be helpful in improving the practices of 
precision farming. Smart delivery of fertilizers and pesticides, detection of the con-
taminants and pathogens can be done by using suitable nanotools and sensors 
(Ahmed et al. 2013). Some of them are described as follows.

Table 1.2 List of plants involved in synthesis of NPs

Plant name Nanoparticle
Size 
(nm) Reference

Alternanthera dentate Leaves Silver 50–100 Kumar et al. (2014b)
Aloe vera Leaves Gold – Chandran et al. (2006)
Azadirachta indica Leaves Silver 10–35 Ramya and Subapriya 

(2012)
Coriandum sativum Leaves Gold 6.7–57.9 Narayanan and Sakthivel 

(2008)
Citrus sinensis Peel Silver 3–12 Veeraputhiran (2013)
Cuminum cyminum Seed Gold 1–10 Sneha et al. (2011)
Eucalyptus hybrid Peel Silver 50–150 Kaviya et al. (2011)
Euphorbia nivulia Latex Copper Lee et al. (2013)
Ginko biloba Leaves Silver 15–500 Song and Kim (2009)
Medicago sativa 
(alfalfa)

Leaves Titanium-nickel 
alloys

1–4 Schabes et al. (2006)

Medicago sativa 
(alfalfa)

Leaves Iron oxide 2–10 Herrera et al. (2008)

Magnolia kobus Leaves Copper 37–110 Lee et al. (2013)
Ocimum sanctum Leaves Copper 77 Kulkarni and Kulkarni 

(2013)
Physalis alkekengi Shoot Zinc oxide 72.5 Qu et al. (2011b)
Sedum alfredii Hance – Zinc oxide 53.7 Qu et al. (2011a)
Syzygium aromaticum Flower

Buds
Copper 40–45 Subhankari and Nayak 

(2013a)
Zingiber officinale Rhizome Copper 40 Subhankari and Nayak 

(2013b)

M. Ansari et al.
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1.5.1  Crop Production and Growth

1.5.1.1  Seed Production

Seeds are meant to protect embryo “the mini plant”. These are self-perpetuating 
biological entities able to survive in harsh environment. Progression in the develop-
ment of new plant from a seed is very tedious especially in case of wind pollinated 
crops. Nanotechnology offers such tools which can be used to harness the full 
potential of seed. Detection of pollen load with help of nanosensors is a method that 
can ensure the genetic purity by avoiding contamination during its transfer from 
anther to stigma. The flight of pollen is determined by various factors i.e. air tem-
perature, wind velocity, humidity and production of pollens.

Crop productivity can also be enhanced using genetically modified seeds as 
required genes are being incorporated into seeds and sold in the market with specific 
given codes. Nanobarcodes can also be used to track the sold seeds in markets as 
their codes are readable with machines (Nicewarner-Pena et al. 2001). Stored seeds 
are mostly killed by disease causing pathogens, but seed coatings with nanomateri-
als i.e. Ag (silver), Au (gold), Zn (zinc), Mn (manganese) and Ti (titanium) can also 
be used in far less quantities to protect them.

1.5.1.2  Seed Germination

Effects of different nanomaterials on seed germination and growth of plants have 
been studied in recent years. The main objective of this study is to promote the use 
of nanomaterials for agricultural practices. Penetration of nanomaterials into the 
seed is a key to the increased germination rate of seeds. Nanomaterials have abilities 
to increase the uptake of water and oxygen which fasten the germination rate and 
enhance the resistance against stress. Nutrients absorption, breakdown of the 
organic compounds and quenching of free radicals of oxygen, formed during the 
various processes is also accelerated by nanomaterials.

Another advancement done by nanotechnology is seed coating. Following 
advantages have been perceived in result of seed coating e.g.,

 (a) It senses the availability of water and allow seeds to imbibe only when time is 
right for germination

 (b) It detects the moisture content during storage to take proper measure to reduce 
the damage

 (c) It determines the ageing of seeds

Scientists are working to improve the germination rate of seeds for rain fed crops by 
using carbon nanotubes and metallic nanoparticles. Improved germination of the 
tomato seeds by using carbon nanotube has been reported as carbon nanotube act as 
pores/channels allowing better penetration of water into the seeds. These processes 

1 Nanotechnology: A Breakthrough in Agronomy
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ease the germination which can be exploited in rain fed agricultural system 
(Khodakovskaya et al. 2009).

1.5.1.3  Nanofertilizer

Growth and development of plants is dependent upon the nutrients which are not 
sufficiently available in soil. Therefore, fertilizers are being applied to fulfill the 
needs. But mostly these applied fertilizers are not readily available to plants, as 
decomposed in the soil, degraded or leached down during irrigation and water log-
ging, and plants become nutrient deficient causing the yield lower than usual 
(Solanki et al. 2015). Conventional fertilizers can be surpassed by nanofertilizers, as 
in nanofertilizers nutrients are encapsulated/coated with thin film of nanomaterials 
or provided as emulsions or in form of nanoparticles (Derosa et  al. 2010). 
Nanomaterials, especially metallic and carbon-based nanoparticles, are produced 
for improvement in growth and development of crops and better yield. These are 
also used for assimilation purpose, translocation of nutrients and storage of com-
pounds (Nair et  al. 2010). It has been reported that nanotechnology has positive 
impacts on morphological as well as physiological parameters of many crops 
including soybean (Agrawal and Rathore 2014), spinach (Gao et al. 2006) and pea-
nut (Giraldo et al. 2014). Few impacts of them are given below:

• Improve germination percentage by increasing their water absorption ability
• Increase in root and shoot length
• Enhance the vegetative biomass
• Higher photosynthetic rate as then increase the light retention and light diffusion 

in the plant
• Nitrogen assimilation enhanced due to action of Nitrate reductase.

Water pollution can be reduced by use of nanofertilizers as nutrients are dis-
charged in controlled way into the soil avoiding the leaching of nutrients and readily 
available to plants (Naderi and Abedi 2012). Utilization of nanofertilizers also 
reduces the soil toxicity and lessens the toxic effects of fertilizers taken in 
larger amount.

1.5.2  Crop Disease Management

Crop loss is the biggest issue worldwide mainly caused by insects (14%), weeds 
(13%) and various plant diseases (13%). The value of loss caused by plant diseases 
is estimated as 2000 billion dollars per year (Pimentel 2009). Use of synthetic 
chemicals is today’s fastest, easiest and cheapest way to control loss causing agents. 
But many problems have been raised due to uncontrolled use of these chemicals 
including; (a) adverse effects on human health, (b) adverse effects on pollinating 
insects and domestic animals and (c) entering this material into the soil and water 

M. Ansari et al.
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and its direct and indirect effects on ecosystems. Scientists have currently intro-
duced methods of biological control but these proved as very expensive. Therefore, 
it is purposed that nanomaterials can be used to solve above mentioned problems 
(Sharon et al. 2010).

1.5.2.1  Nanopestiside

Various products; pesticides, insecticides and insect repellants can be prepared 
using nanoparticles as these are highly effective against pests as well as insects 
(Barik et al. 2008). Useful properties of nanomaterials i.e. stiffness, solubility, ther-
mal stability, permeability, crystallinity and biodegradability are needed for formu-
lating nanopesticides. They also will have larger surface area to volume ratio and 
greater absorption rate and higher affinity to the target (Bordes et  al. 2009; 
Bouwmeester et  al. 2009). Nanopesticides are either prepared in combination of 
nanoparticles with pesticidal active ingredients or nanoparticles with high pesticidal 
activity. Use of these nanopesticides can reduce the runoff of organic solvents and 
movement of unwanted pesticide by increasing the dispersion of these formulations 
(Bergeson 2010). Recently some of the techniques such as nanoencapsulates, nano-
emulsions, nanocontainers and nanocages have been reported for delivery of 
nanopesticide to protect plants from pest attack (Bouwmeester et al. 2009; Lyons 
and Scrinis 2009; Bergeson 2010).

Variety of products is used as nanopesticides including (Matthews 2000):

• Nanoemulsions
• Metallic oxide nanoparticles such as titanium dioxide
• Organic ingredients active ingredient
• Polymer-based inorganic silica-based nanoparticles
• Nanoclays in various forms

1.5.2.2  Nanofungicide

Fungi are an important group of organisms that include plant pathogens causing 
approximately $45 billion loss in crops all over the world every year. These patho-
gens not only affect the seedling emergence by attacking the seeds but also able to 
attack the plant tissues at different growth stages and lowering the yield ultimately 
(Fernandez-Acero et al. 2007). Conventional methods are being used for decades to 
control these plant pathogens, but excessive use of these methods has affected both 
the economy and environment. Applied fungicides can be lost (90%) as result of 
overflow and enter in the ecosystem disturbing both the agriculture and environment 
during its application in the open field. Therefore, farmers need to apply these fun-
gicides in huge amount, and it becomes costly for them. Overuse of fungicide causes 
environmental problems which is a matter of concern for scientists as well as public. 
Each year almost 2.5 million tons of fungicides are used to protect crops. Universal 
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harm of these fungicides has reached $100 billion annually (Pimentel 2009). There 
are two main reason of harm given below (Koul et al. 2008):

 1. These are highly toxic, affect the health of both humans and animals
 2. Non-biodegradable therefore persists in environment contaminating the soil and 

water resources

By considering the above mentioned factors, development of environment friendly 
fungicide like bio-based materials or nanomaterials is needed urgently. Use of nano-
materials can solve the problems as nanofungicides can be used against these fungal 
pathogens. Nanofungicide is a term used for the any fungicide entities ranges in size 
of 1–100  nm. These nanofungicides have novel properties due to their extreme 
small size. Use of these nanofungicides in crop protection should be evaluated first 
and health of public should be the matter of concern. Nanosensors and devices can 
be used to monitor the intelligent delivery of fungicide on targeted site 
(Matthews 2000).

1.5.2.3  Nanoherbicide

Weeds are unwanted plants growing in soil and taking the essential nutrients which 
are added for the growth and development of crops to get better yield. These weeds 
not only survive but spread in the soil through tubers and deep roots (underground 
features). Conventional methods are available to remove weeds as removal by 
hands, but these are laborious and time-consuming jobs. Seed banks of weeds in the 
soil can be destroyed and their germination can be prevented while the conditions 
become suitable for their growth. For this purpose, nanoherbicides can be used as 
being very small they will blend with soil easily and eradicate weeds in an eco- 
friendly way without leaving any toxic residues and prevent the growth of weeds. 
Herbicides can be applied in the form of an active ingredient combined with any 
smart delivery system purposed by nanotechnology according to requirement. Use 
of nanoherbicides can improve the crop production by reducing the competition for 
nutrients between the weeds and plants without harming the agricultural land, envi-
ronment and the workers who have direct exposure to weeds while working in the 
field (Mukherjee et al. 2015).

1.5.2.4  Nanofibers

Nanotechnology also plays its role in recycling of residual materials from process-
ing of agricultural products. Nanotechnology is used to produce valuable materials 
from agricultural processing waste. These products are of commercial importance 
and very useful to the industry. One of the examples is production of cellulose fibers 
during cotton processing which is also useful to produce low value products like 
cotton balls and yarn. Nanotechnology helps us to produce Nanofibers (100 nm in 
diameter) by electrospinning which can be used as nanofertilizers or pesticide 
adsorbent. These adsorbents are highly efficient due to their increased surface area 
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and are really active to release the desired compounds at targeted location and time 
(Lang et al. 2003).

Nanofibers have another application of covering the chemical pesticides which 
prevent their scattering into the environment. This lowers the hazardous effects of 
chemical/pesticides. Such wise use of nanotechnology makes the use of pesticides 
more durable and secure. When some hydrophobic pollutants are added into water 
or soil by any source, they can be adsorbed by nanofibers. Nanofibers are also con-
sidered as the excellent source of separating organic pollutants from soil and water. 
Nanofibers based fabric is also being made for cleansing which has embedded anti-
bodies. Such nano-fabric acts as detection tool to capture and isolate pathogens 
from surface. Fabric when comes in contact with any surface, is then tested for 
presence of pathogens. It has been also investigated for color change response on 
reaction with pathogens (Hager 2011). Its practical applications in near future can 
be revolutionary.

1.5.3  Nanoparticles in Post-harvest Disease Management

Human population is increasing many folds day by day causing depletion of natural 
resources. Supply of healthy food for that much population has become a daunting 
task. Efficiency in food production and decrease in wastage of post-harvest products 
due to resistant pathogens with the application of advanced technology such as bio-
technology and nanotechnology is really needed. Various applications of nanotech-
nology in field of agriculture, horticulture and management of postharvest diseases 
have been described (Yadollahi et al. 2009; Chowdappa and Gowda 2013) as pack-
ing with nanomaterials:

• Increases the shelf life of products
• Controls the growth of pathogens by nanofilms and nano-coatings
• Limits the harmful effects of gases and rays i.e. UV-rays
• Detect the quality of food and its spoilage rate

Tools and techniques of nanotechnology can be used to dry, store and preserva-
tion of the products. Chitosan is a product of nanotechnology “Derivative of Chitin” 
is used in reducing the decay of fruits and vegetables as it is very effective in con-
trolling the growth of most phytopathogenic fungi causing spoilage of fruit and 
vegetables after harvest (Hirano 1997; Liu et al. 2007).

1.5.4  Nanoscale Carriers

Delivery of various agricultural products such as pesticides, fungicides, herbicides, 
fertilizers and growth regulators hormones can be done by using nanoscale carriers. 
The mechanisms which are involved in the efficient delivery of products, controlled 
release and better storage includes
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• Encapsulation and entrapment
• Polymers and dendrimers
• Surface ionic and weak bond attachments

Nanoscale carriers are not only involved in stability of products in the environ-
ment but also reduce the degradation and chemical runoff. These all factors result in 
reduction of cost of the product and environmental problems as well (Johnston 2010).

1.5.5  Nanosensors

Nano-technological advancements have familiarized the agricultural world with 
nanosensors which can be used to check the crops in fields. Nanosensors can be 
helpful in precision farming by increasing the productivity of agricultural crops 
with better management of time, fertilization and environment (Scott and Chen 
2013). Use of nanosensors and devices in field of agriculture are given below:

 1. The environmental factors such as weather conditions (temperature, humidity, 
air velocity and air quality) can be measured accurately

 2. Level of water in the field and time for its requirement can be examined
 3. Helpful in efficient use of the applied fertilizers, pesticides, herbicides and other 

treatments can also be monitored
 4. Fertility of soil and its suitability for the crops can be investigated
 5. Nutrient status of crop can be analyzed
 6. Presence of any pathogen like pests, insects or microorganisms can be detected 

by nanodevices dispersed in the field
 7. Evidence of stresses such as salt stress or drought can be collected
 8. Optimal time for the plantation of crops and its harvesting can be determined

Nanosensors are used for real time monitoring for precision farming by collecting 
the essential data from the cultivated fields. Wireless nanosensors are linked with 
satellite systems for data collection i.e. geographic information and remote sensing 
devices can be dispersed in the field (Brock et al. 2011).

1.5.6  Sustainable Water Use

Scientists have been working on optimized use of water in agriculture and its con-
servation for future. Various approaches have been introduced i.e. sprinkler irriga-
tion, gun and drip irrigation. More precise systems are needed to be developed for 
delivery of water in the field. Water holding ability of the soil should be increased to 
prevent the leaching of water. Proper distribution of water near the roots is a key 
factor of maximum water absorption by plants (Cross et al. 2009). Nano-hydrogels, 
a product introduced by nanotechnology, can be used for efficient use of water. 
These gels can absorb more water than normal soil and release it on demand. These 
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can be used to store rain and irrigation water. It is especially useful in dry areas. This 
is highly needed as drought is considered the largest environmental risk for crop 
production. Nanosensors, distributed in the field, can measure the amount of already 
present water and determine the time of its requirement (Vundavalli et al. 2015).

1.5.7  Removal of Heavy Metals

Industrial growth has developed several environmental problems due to discharge of 
its waste including heavy metals and other pollutants directly into the soil and water. 
Heavy metals such as arsenic, cadmium, chromium, copper, lead, mercury, nickel, 
selenium, silver, zinc etc. are accumulating to the soil continuously. Removal of 
heavy metals takes place by leaching, erosion and plant uptake. But they cannot be 
broken down into other non-toxic or less toxic forms and eventually they survive in 
ecosystem. Their presence is major concern for public health as they are not only 
cytotoxic at very low concentration but mutagenic in nature thus lead to the cancers 
(Dixit et al. 2015).

Land and water bodies affected by heavy metals need to be rectified in order to 
make them contamination free. A number of techniques are already in use. But these 
techniques are only effective when concentration of contaminants is higher than 
100 mg/L (Ahluwalia and Goyal 2007). These techniques include reverse osmosis, 
redox reactions, chemical precipitations, membrane filtration, electrochemical 
treatment and evaporation etc. But now nanotechnology provides a tool to identify 
and eliminate heavy metals from environment when their concentration is below 
100 mg/L. Nanocoating with ligands is an important technique for this purpose. 
Ligands have higher absorption affinity for heavy metals. It may also prove to be a 
cost effective technique (Farmen 2009).

1.5.8  Hydroponics

Hydroponics is a technique of agriculture which is not very well known for com-
mon man. But it is also a fact that a number of fruits and vegetables in super stores 
are products of hydroponics. It is a branch of agriculture including the technique of 
growing plants without soil. It’s a widely used technique. It is being used for pro-
duction of lettuce, tomatoes, cucumber, melons, broccoli, sweet pepper, chilies and 
eggplant etc. Research is also going on hydroponic procedure of biofuel and fodder 
crops. Scientists have used nanotechnology to harvest nanoparticles in crops as 
nutrients. It is the future of man when agricultural land is going to be limited 
(Giordani et al. 2012; Schwabe et al. 2013; Sekhon 2014).

Nutrient management in agricultural production is increasingly important and is 
more effective in hydroponic than in soil-based production (Sekhon 2014). A recent 
work on nanophosphor-based on electroluminescence lighting device has shown 
that its use can reduce energy consumption significantly. Such nanotechnology- 
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based light could reduce energy costs and encourage photosynthesis in indoor, 
hydroponic agriculture (Witanachchi et al. 2012).

1.5.9  Nanoparticles in Plant Tissue Culture

Nanotechnology for tissue engineering applications is just started, and most of the 
applications are still in the idea stage. To date, the applications are limited to the 
following: design of biomaterial scaffolds to provide controlled cell adhesion, mod-
ulating the spatial organization of cells in the scaffold, regulating the biomolecule 
in the local environment, self-assembling scaffolds, using a “lab-on-a-chip” for a 
better understanding the mechanisms of cell differentiation and propagation and 
tissue development and formation; combination of biomolecule functionality with 
synthetic or natural biomaterial scaffold for better regeneration; surface modifica-
tion at nanoscale level for enhanced biological compatibility and activity; manipula-
tion and detection of a single molecule; controlled and targeted drug delivery, the 
fabrication of highly organized scaffold, and cellular and genetic engineering of 
functional cell types. Although there are a lot of unknowns, nano-tissue engineering 
is not just a dream but quickly becoming reality. There is plenty space for the practi-
cal applications of nanotechnology in tissue engineering. Tissue engineering will be 
a perfect field for exploring the practical applications of nanotechnology.

1.6  Conclusion

It is concluded that nanotechnology has a great breakthrough in the field of agricul-
tural sciences/agronomy as nanomaterials can be applied to fasten the germination/
production of plants. Plant protection is another environment friendly application of 
effective nanoparticles in comparison to traditional approaches. Nanoscale carriers 
can deliver the agricultural products (pesticides and fertilizers) to the targeted sites 
without their degradation and leaching by chemical runoff. Nanosensors and devices 
can be used for real time monitoring for precision farming by collecting the essen-
tial data from the cultivated fields. These are also able to detect the presence of 
disease-causing pathogens in the field. Further research is needed to be done for 
practical implementations of this technology.
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Chapter 2
Nanotechnology and Plant Tissue Culture

Amina Tariq, Saiqa Ilyas, and Shagufta Naz

2.1  Introduction

Nanotechnology is the study of managing minute particles to make new materials or 
modifying existing ones (Bhushan and Kumar 2010). Professor Norio Taniguchi at 
the University of Tokyo in 1974 first designed the expression “nanotechnol-
ogy”. Nanotechnology was defined as “an innovation to obtain the additional high 
presicion and ultra fine measurements, for example the exactness and fineness in the 
range of 1 nanometer (nm or 10−9 m long)”.

The term Nano of nanomaterials was originated from the Greek word signifying 
“dwarf”. More absolutely, the word nano implies 10−9 or one billionth of a meter 
(Huang et al. 2015) and is utilized for materials with a size extending somewhere in 
the range of 1–100 nm (Rai and Ingle 2012). Nanomaterials are usually having very 
specific and special characters owing to their very small size which also increases 
their surface area, which in turn provides more interactive surface. These tiny sized 
nanoparticles have a lot of size dependent characteristics which are not exhibited by 
their macro-sizes. Optical properties and absorbing capacity are some of the exam-
ples which may add to their increased activity as antibiotic, fertilizer or pesticide 
(Aslani et al. 2014).

Nanoparticles can be separated into two main groups on the basis of their origin 
i.e., natural and anthropogenic. Natural nanoparticles are part of structure of living 
bodies and are made by the nature in the living body while anthropogenic are the 
produced or designed nanoparticles. These anthropogenic nanoparticles can be fur-
ther subdivided into two main groups as organic nanoparticles (carbon-containing) 
and inorganic nanoparticles. The above said anthropogenic type of nanoparticles 
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can be synthesized by geogenic, biogenic and pyrogenic procedures (Nowack and 
Bucheli 2007). The use of nanoparticles in different devices and procedures depend 
upon their size as smaller the particles are, larger is the surface area per mass unit 
(Sozer and Kokini 2009; Ma et al. 2011). Other than this, their reactivity with other 
materials is also influenced due to their shape, surface covering, parent material or 
ion type (Khodakovskaya et al. 2012; Ranjan et al. 2014; Maddineni et al. 2015; 
Dasgupta et al. 2016; Jain et al. 2016). When we talk about the biogenic nanoparti-
cles (nanoparticles formed by plants, microbes or fungi), their properties are also 
affected by the type of organism used. These uncommon properties may result in 
unique destiny and practices than their partners. It is the main reason for the exten-
sive research going on types of nanoparticles, their use and their effects when 
released to the environment. This increased research on nanoparticles has also left 
an impact on botanists and agronomists to establish a research view point about the 
physiology of plants and plant pathogens in relation to the unique properties of 
these nanoparticles (Siddiqui et al. 2015).

2.2  Plant Tissue Culture

In fast developing field of biotechnology, plant tissue culture has taken lead as the 
most promising area of application of biotechnological tools for agriculture, today 
and tomorrow. Plant tissue culture is a combination of in vitro techniques which can 
produce thousands of plants in lab conditions in very lesser time period. It is done 
by providing the artificial nutrient medium, sterilization and artificial environment 
to the plants. It includes micropropagation, callus cultures, somatic hybridization, 
hybrid cultures, protoplast cultures and cell suspension cultures. The applications 
range from mass propagation of agricultural crops, horticulture plants, trees and 
other commercial plantations. It also finds applications in industry where plant 
products are being used like pharmaceutical industry. Plant tissue culture is also a 
viable tool for germplasm conservation like synthesis of artificial seeds and cryo-
preservation. Plants are a great source of different biologically active secondary 
metabolites that promisingly take part in subsistence of plants in a particular envi-
ronment. In vitro tissue culture has found to be beneficial for the synthesis of sec-
ondary metabolites. In the era of ever demanding development of pharmaceutical 
industry, plant cell tissue culture holds great promise for controlled production of 
myriad of useful secondary metabolites.

The in vitro culture has an extraordinary job in practical and competitive agri-
business, forestry and pharmaceutical industry. It has also been effectively applied 
in plant rearing for quick production of improved plants. In plant rearing, tissue 
culture has become a fundamental part. At present, plant tissue culture has been 
incredibly advanced. Micropropagation is a quick, top notch, ailment free and uni-
form method of creating planting stock. Plant creation can be completed during the 
time regardless of climate and season.
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Another potential job of tissue culture is the production of transgenic plants in an 
effective way. Plant tissue culture provides naked cells of callus, cell suspension 
cultures, embryos and protoplast to play with them at gene level more easily and 
precisely. With the help of these designed NPs DNA and proteins are transferred 
into plants to make transgenic plants (Park et al. 2008).

One of the utilization of tissue culture is in the preservation of germplasm. The 
germplasm of uncommon and endangered plants just as new and exceptional ones 
can be conserved in vitro through tissue culture. When some malady or climatic 
catastrophe clears out harvests, then plant tissue culture techniques have more 
capacity to replace the loss due to its rapid duplication rate. Its capacity to produce 
disease free plants also plays its role. The loss of hereditary assets is a typical story 
when germplasm is held in field quality banks. In vitro storage utilizing plant tissue 
culture apparatuses and cryopreservation are being proposed as answers for the 
issues innate in field quality banks. By these methods the future ages will have the 
option to approach hereditary assets for basic customary reproducing programs, or 
for the more unpredictable hereditary changes.

2.2.1  Nanoparticles in Tissue Culture

Tissue culture of plants is the center of plant sciences, which is significant for pro-
tection, mass spread, hereditary control, creation of bioactive mixes and plant 
improvement. There are numerous reports in plant tissue culture that showed contri-
butions of nanotechnology in positive way. But there are two main roles of nanopar-
ticles in plant tissue culture i.e., they may act as nutrients or they may be used as 
disinfectant or both (Fig. 2.1).

Iron and magnesium nanofertilizers usage essentially enhanced the quantity of 
seeds per pod and the protein content of the seeds in dark grown peas (Siddiqui and 
Al-Whaibi 2014). In tobacco cells, protoplast and leaves Au-topped mesoporous 
silica nanoparticles were found to be helpful in transfer of DNA (Delfani et  al. 

Nanoparticles

As disinfectant of 
explant

As disinfectant in 
culture vessel As a nutrient for 

plant culture

Fig. 2.1 Sterilization of explants using nanoparticles

2 Nanotechnology and Plant Tissue Culture



26

2014). Similarly, nanoparticles of copper oxide (CuO) and zinc oxide (ZnO) 
increased the quantity of phenolics, anthocyanins, flavonoid, tannins, glycyrrhizin 
in the licorice seedlings (Torney et al. 2007). Silver and silica nanoparticles were 
accounted for to have antimicrobial action against disease causing agents in plants. 
These NPs controlled the mold in squash plants (Oloumi et al. 2015). Generally dif-
ferent nanoparticles (NPs) are being utilized to improve tissue culture response of 
explant. Different nanoparticles used in this regard are tabulated as Table 2.1.

2.2.2  Nanomaterials and Surface Sterilization of Explants

In tissue culture, microbial infection (both bacterial and fungal) is a significant 
issue. Bacterial infection appears to be a white, yellowish white or slimy growth on 
culture medium (Fig. 2.2) or on explant while fungal infection can be identified usu-
ally due to their colorful fruiting bodies. Microbial infection or sullying, even before 
induction, can stifle the whole procedure and productivity of the designed experi-
ment. The research facility condition and even explants themselves are the good and 
rich source of contaminants. Surface cleansing of the explants is a significant 
advance preceding in vitro culture inception since microorganisms develop quicker 
in culture media than the explants, which are capable of culture commencement.

Generally, for the establishment of in vitro experiments, explants are gathered 
from their naturally growing areas or from nurseries. These explants are then sur-
face sterilized. For this purpose different chemicals are used. A few disinfecting 
operators, for example, ethanol, bromine water (BW), hydrogen peroxide (H2O2), 
mercuric chloride (HgCl2), sodium hypochlorite (NaOC1), calcium hypochlorite 
(CaOCl), silver nitrate (AgNO3), fungicides and anti-infection agent are utilized to 
sterilize explants (Leifert et al. 1994). If the explant tissue is soft, then the use of 
higher concentration of disinfectant chemicals causes the death of explant tissue 
instead of or along with microbial spores. Nanoparticles can prove their utility here.

Table 2.1 Role of nanoparticles in plant tissue culture

Sr 
No

Tissue culture 
technique Type of nanoparticles

1 Sterilization of 
explants

Aluminum oxide (Al2O3), CuO, iron oxide (Fe3O4), gold (Au), 
magnesium oxide (MgO), nickel (Ni), silver (Ag), silicon (Si), 
SiO2, titanium dioxide (TiO2) and ZnO NPs

2 Callogenesis Silver and ZnO NPs
3 Organogenesis Cu and Co NPs
4 Genetic 

transformation
Calcium phosphate (CaP) and Au NPs

5 Secondary 
metabolite 
production

Ag, Al2O3 NPs, TiO2 NPs
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Utilization of nanoparticles (NPs) in plant tissue culture has effectively elimi-
nated the microbial infection from explants. It exhibited positive effects on the 
establishment of organogenesis, callus, somatic embryos, and cell suspension cul-
tures etc. Nanoparticles just minimized or finished the infection but did not affect 
the health of explant at its optimum conditions (Wang et al. 2016; Ruttkay et al. 
2017). Reported literature has indicated that surface sterilization of explants with 
nanoparticles essentially decreases microbial infections from them.

Nanoparticles as antibacterial agent is not a new subject and it is one of the well 
established and settled topic. Different microbial agents were found to be eradicated 
as a result of utilizing metal and metal oxide nanoparticles (Tambarussi et al. 2015). 
Most famous nanoparticles being used are ZnO, Ag and TiO2 (Rajput et al. 2018). 
Some other nanoparticles such as ZnO, Fe2O3, MgO, Al2O3, CuO, Ni, SiO2, TiO2 
and many more are being used in plant tissue culture as sanitizing agents for explants 
and do not have any negative effect on explants. Though, seed germination, cotyle-
don and leaf endurance might be sometimes diminished if explants are treated with 
higher levels of Silver nanoparticles.

Removal of contaminants in plant tissue culture depends upon the type, size and 
dispersion of the nanoparticles. Few studies reported that the endurance and recov-
ery of explants was increased with the application of NPs (Agista et al. 2018). This 
shows that there is need of research protocols to optimize the NPs concentration for 
various plant species to sterilize the targeted explant without any phyto-toxicity. 
The combined impact of sanitizing agents or antimicrobials and NPs can improve 
the viability of explants.

Fig. 2.2 Contamination of 
cultures
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2.2.3  Role of Nanoparticles in Callogenesis, Organ Induction, 
Shoot and Root Growth

There are several reports that demonstrate callus formation, root and shoot genera-
tion as a result of nanoparticles for example, in Tecomella undulata, when silver 
nanoparticles were added to the medium in which stem explants were cultured the 
percentage of shoot induction, number of shoots and formation of callus was 
increased (Aghdaei et al. 2012). When T. undulata nodal explants were cultured on 
MS medium containing silver nanoparticles, number of shoots, percentage of shoot 
production and shoot length were considerably increased (Sarmast and Salehi 
2016). Delayed senescence and enhanced survival rate by down regulation of 
TuACS gene was also observed by adding Ag NPs. Another reason of these positive 
effects of silver nanoparticles on organogenesis might be because of hindrance of 
ethylene creation. Zinc oxide nanoparticles (ZnO NPs) also have positive effects on 
callus proliferation (Fig. 2.3).

Adding nanoparticles to tissue culture medium influences proliferation of callus, 
multiplication of shoots, somatic embryogenesis and formation of roots by chang-
ing the activity of antioxidant enzymes, expression of genes and hindrance in ethyl-
ene generation. The authentic mechanism of the inhibitory or promotive impacts of 
nanoparticles on every parameter should be explored extensively. In in vivo experi-
ments, effects of metal and metal oxide nanoparticles on plants have been studied. 
These NPs increase the morphogenetic capacity of explants acquired from different 
plants. However, effect of different doses of nanoparticles on various media like 
shoot induction and multiplication and media needs to be evaluated so that basic 
knowledge about nanoparticles application in tissue culture and their mechanism 
can be recognized.

Fig. 2.3 Effect of ZnO 
NPs (left) on callus 
induction as compared to 
NPs free medium (right) 
from stem explant of 
Dioscorea deltoidea.
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2.2.4  Effect of Nanomaterials on Genetic Transformation

Genetic transformation is now the backbone of agronomy, used to produce new 
varieties with selected characters. Common methods of gene transfer to the plant 
cells, tissues and organs are agrobacterium mediated transformation, electropora-
tion and particle bombardment. Many tissue culture products are utilized as source 
of plant tissue like callus cultures, somatic embryos or protoplasts. Generally elec-
troporation is utilized to transfer genes into the protoplasts but it is not an easy job 
to isolate and regenerate the protoplast.

Nanoparticles also find a number of applications to ease the genetic transforma-
tion in plant tissue cultures. For example in protoplast isolation, to minimize the 
effects of cellular enzymes nanoparticles are used. DNA is transferred into the 
tobacco protoplast with the help of mesoporous silica nanoparticles by endocytosis. 
Similarly, biolistic gun is used to transfer gold coated silica nanoparticles, chemi-
cals and DNA to the callus and leaves (Torney et al. 2007).

Carbon coated gold nanoparticles transmitted DNA into the Oryza sativa, 
Leucaena leucocephala and Nicotiana tabacum in contrast to standard gold parti-
cles utilizing a gene gun (Kumar et al. 2010). Carbon coated gold nanoparticles had 
lower measurement of gold and plasmid as compared to the business micrometer 
estimated gold particles. Plant cell injuries are almost insignificant; consequently 
recovery of plant tissue is easier and valuable.

To dispose off agrobacterium from cells, tissues and organs of different plant 
parts following co development nanoparticles require additional testing so as to give 
a proof. Poly (amidoamine) dendrimer nanoparticles is an innovative technique 
which efficiently transferred green-fluorescent protein (GFP)-encoding plasmid 
DNA into turf-grass cells (Pasupathy et al. 2008). By reforming pH of the medium 
and molar concentration of the dendrimer to the DNA transfection efficacy was 
enhanced. To harboring the GUS quality into Brassica juncea, Naqvi et al. (2012) 
used calcium phosphate (CaP) NPs for transferring pCambia 1301 vector. The best 
results were obtained from calcium phosphate NPs (80.7%) rather than 
Agrobacterium tumefaciens (54.4%) and DNA (8%). Similarly, in tobacco cells CaP 
NPs transferred pBI121 harboring GFP gene (Ardekani et  al. 2014). In tobacco 
protoplasts and Arabidopsis roots mesoporous silica nanoparticles have been used 
to transmit plasmid DNA (Chang et al. 2013). In canola and carrot plants the con-
veying source of plasmid DNA to the protoplast and cells gold nanoparticles can be 
utilized. In plant nanobiotechnology, NPs mediated transmittance has gained 
extraordinary importance.

According to Ewais et al. (2015) the expansion of silver nanoparticles in culture 
media have been effective to activate morphology and anatomy of the callus by 
modifying the DNA and protein profile in the calli of Solanum nigrum. However, it 
is needed to check the broad scope applications of nanoparticles to upgrade soma-
clonal varieties.

2 Nanotechnology and Plant Tissue Culture
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2.2.5  In Vitro Conservation

Advances in plant biotechnology, particularly those related to in vitro culture and 
molecular biology, have likewise given useful tools to help and improve preserva-
tion of plant diversity. Biotechnological strategies have been utilized for conserva-
tion of rare, endangered, ornamental, medicinal and timberland species, permitting 
the preservation of pathogen free plant material, world class plants and hereditary 
assorted variety for short, medium and long term. In vitro protection is particularly 
significant for vegetatively proliferated and for non-conventional seed plant species. 
Besides, in vitro strategies offer a safe way to trade plant material internationally, 
collection of bulk material utilizing least space, permit supply of important material 
for wild populace recovery and encourage molecular investigations.

2.2.6  Nanomaterials May Lead to Somaclonal Differences

Somaclonal variation occurs when in vitro grown organs and plantlets are trans-
formed. Basically, it is a result of changes in chromosomes (structure and number) 
and DNA (methylation, succession, initiation of transposable components and 
mitotic traverse) (Bairu et al. 2011; Sivanesan and Jeong 2012). Variations have a 
few valuable qualities like plant size, color of flowers, leaf variegation, natural prod-
uct maturing, production of plant secondary metabolites and protection from biotic 
and abiotic stresses (Jeong and Sivanesan 2015). Phytotoxicity of nanoparticles at 
some levels has also been reported in few studies. Application of nanoparticles 
influences the mitotic activity, DNA stabilization, protein modification and DNA 
articulation in plants (Atha et al. 2012; Landa et al. 2012; Tripathi et al. 2017). MS 
medium containing carbon nanoparticles improved the ploidy level in L. usitatissi-
mum calli. Amount of tetraploid cells was enhanced by supplementing carbon 
nanoparticles. DNA methylation was also higher in calli grown in carbon nanopar-
ticles mediated medium. Effect of gold and silver nanoparticles on somaclonal 
variation in L. usitatissimum was reported by Kokina et  al. (2017). Somaclonal 
variation was found to be increased in two calli and recovered shoot developed on 
media containing gold and silver nanoparticles. In Solanum nigrum calli silver 
nanoparticles quickens callus morphology and life structures by modifying protein 
and DNA profile (Ewais et al. 2015). To improve the somaclonal variety, additional 
experimentation is required to determine the larger scope of nanoparticles’ 
application.
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2.2.7  Nanomaterials Cause Enhancement 
of Secondary Metabolites

Plant tissue culture is also a good source of the commercial production of plant 
secondary metabolites and extensive research is going on. Depending on the plant 
and plant metabolite, different types of cultures are established. Some secondary 
metabolites are obtained from rooted cultures, some from callus cultures while 
some from cell suspension cultures. It is also a solid fact that by changing certain 
parameters of culture medium like culture components, growth regulators, light or 
dark conditions metabolite production can be improved (Jeong and Sivanesan 2015).

In plant tissue culture, addition of nanoparticles in medium may act as elicitor 
and supplement source. Utilization of Al2O3 nanoparticles (10–100 mg mL−1) to 
tobacco cell suspension medium enhanced the phenolic content (Poborilova et al. 
2013). Though, accumulation of phenolics in the cells was dose and time depen-
dent. Nanoparticles in plant cell and organ cultures can be utilized as promising and 
efficient bioactive compound elicitors. For the production of secondary metabolite 
in plant tissue cultures additional knowledge is necessary to determine the capabil-
ity of nanoparticles as elicitors.

2.3  Are Nanoparticles Toxic in Plant Tissue Culture?

Nanomaterials undoubtedly hold diverse properties, but it is quite challenging to 
work with unidentifiable compounds. Branch of nanotechnology dealing with harm-
ful aspects of nanomaterials is known as Nanotoxicology. They have distinctive 
properties as compared to the larger counterparts; but they may possess additional 
toxic features, unlike the corresponding materials.

Although nanomaterials are sometimes made up of inactive components like 
gold, they become profoundly dynamic at nanometer measurements. 
Nanotoxicological studies are needed to evaluate the degree of risk associated with 
these nanoparticles. This risk evaluation may be based upon individual basis or 
global level. Nanotechnology has brought about a great deal of progressive changes, 
at the same time it is causing pollution. They are too small to be detected or studied 
easily. Although the term has been introduce as “The Nanopollution” but its aspects 
are not fully understood yet. But it could result in making another environmental 
catastrophe due to its undefined long lasting impacts. There is need to develop new 
policies to check size issues of nanoparticles. Up to this point, the poisonous effect 
of nanoparticles on plants has been generally assessed during in vitro seed germina-
tion and resultant development of seedlings. The impacts of nanopollution on 
human health are yet to be completely comprehended, making nanopollution one 
more man-made natural fiasco with dubious long term impacts really taking shape.

Scientists have extravagantly looked into the dangers of nanomaterials on plants 
(Miralles et al. 2012; Chichiricc’o and Poma 2015; Zaytseva and Neumann 2016; 
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Yang et al. 2017; Mishra et al. 2017). They propose that the nanomaterials added to 
the medium can prompt noteworthy and antagonistic impacts on viability of cells, 
organogenesis, shoot development, seed germination, explant survival and seedling 
growth. In vitro seed germination and seedling development of Alfalfa, grain, maize, 
rice, tomato and wheat was negatively affected by high dosages of carbon nanoma-
terials and metal NPs (Zaytseva and Neumann 2016).

Adding nanoparticles to cell suspension resulted in reduction of cell viability by 
varying expression of nucleic acid that induced DNA damage, disturbed synthesis 
of chlorophyll, and caused damage to cell membrane and leakage of electrolyte 
(Yang et al. 2017). Although, the uptake of nanoparticles by plants has not been 
evaluated, it has been reported that the uptake of nanoparticles by cells, tissues and 
organ cultures of plants is closely linked with uptake of moisture and nutrients from 
the medium (Lee et al. 2010). More elaborate dosage dependent studies are required 
for the identification of the preferably safe nanoparticles doses that have positive 
impacts on plant growth without any negative impacts on the plants as well as envi-
ronment (Ruttkay et al. 2017).

Research is needed to assess the fate of nanoparticles during all the reaction steps 
of nanoparticles relating to their synthesis, characters and applications. 
Bioaccumulation, infiltration, and translocation of NPs in plants ought to be assessed 
in detail, explicitly for each type of NPs utilized, since each nanomaterial is one of 
a kind and the outcomes can’t be summed up. This being a cross-disciplinary terri-
tory of research, suitable familiarity with the positive and negative parts of nanopar-
ticles is compulsory for the client.

2.4  Future Projections

Without doubt, NPs have a ton to offer regarding different aspects of plant tissue 
culture. Starting from the principal stage, through sterilization, to separation of the 
callus, hereditary change, somaclonal variety and creation of secondary metabo-
lites, NPs have exhibited their positive work. Nanotechnology offers boundless 
degree in different fields as it is a multidisciplinary subject. Although, a large num-
ber of nanoparticles are being utilized as antimicrobial agents but only few of them 
like Ag, TiO2 and ZnONPs have been prevalently used to control microbial contami-
nation in plant tissue culture. With materials like quantum dots, polymer dendrimers, 
graphene, carbon nanotubes, and nanowires, being created and all of them having 
antibacterial and antifungal properties, it is now time to discover new repositories of 
nanotechnology. The main issue in utilizing these nanomaterials unreservedly in 
living framework is the nanotoxicity perspectives and it should be surely known and 
thought upon. According to many studies nanoparticles can badly affect the explants 
and adversely influence the recovery capacity of explants. Whilst incorporating 
nanoparticles into culture medium clears the contamination and consequently ben-
eficial for the germplasm, but their presence in the medium and wipes out microbial 
contaminants and consequently could be valuable for germplasm protection, their 
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occurrence in the medium and their take-up by the plants needs to be observed. The 
impacts of NPs on induction of callus, organogenesis, shoot duplication, shoot 
extension, and establishing are additionally not all around reported. Also, the sub-
culture impacts on callus expansion and shoot increase by addition of NPs should 
be considered in detail. Different nanoparticles have specific influence on secondary 
metabolite production in several plant species and the chemical, physical and bio-
logical properties of compounds obtained from plant cultures treated with nanopar-
ticles also need to be investigated in detail.

2.5  Conclusion

Nanotechnology is rising as promising and well known field for the development of 
plants. To highlight the positive characteristics of nanoparticles and to minimize 
their harmful effects, more targeted research needed to be done to conserve the 
endangered plants using plant tissue culture.
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Chapter 3
Nanotechnology and Abiotic Stresses

Sumera Iqbal, Zainab Waheed, and Alia Naseem

3.1  Introduction

The environmental factor restricting plant growth, vitality and fertility is known as 
abiotic stress. These include salinity, drought, heavy metal, extremely low or high 
temperatures, high UV radiation or low light, soil alkalinity or acidity and nutrient 
deficiency etc. Sensitivity to abiotic stress is exhibited by all major crops. The agri-
cultural records reveal that tolerance of plants to stress has not been improved by 
crop cultivation through selection of parameters e.g. biomass accumulation, faster 
growth and seed and fruit yield. During stress conditions, vegetative growth and 
reproductive development of plants is restricted as a first response to stress, utilizing 
all plant energy resources and metabolic precursors to endure the effects of stress 
(Boscaiu et al. 2008).

An estimation of Food and Agriculture Organization (FAO 2017) depicts that 
70% rise in agricultural productivity will be required in developing countries by 
2050 since population of world will be increased to 9.1 billion by 2050. Certainly, 
the environmental factor such as climate change or global warming contributes to 
reduction in agricultural production. The effect of climatic change on agricultural 
productivity is crucial as it can influence the growth and development of plants 
through temperature changes and higher levels of precipitation and carbon dioxide. 
But a significant decrease in crop productivity is caused by factors other than global 
warming such as soil salinity, water shortage, floods, soil erosion and nutrient defi-
ciency. Therefore improvement of crop varieties by genetic resources or genetic 
engineering and efficient measures for nutrient management and irrigation practices 
will be required for increased food production satisfying the growing population. 
Mostly in developing countries, the recent technologies related to agriculture 
focused at rising productivity generally do not consider the environmental aspect. 
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Simultaneously, in each year, with the elevating cost of primary resources, the cost 
of irrigation and fertilizers rises which are required for administration in agricul-
tural production. In this concern, to super-scribe the problem of elevation in ade-
quate environmental management and productivity of agriculture under stress 
conditions, modern environmentally friendly approaches that do not demand big 
expenditures are required. In such circumstances, those approaches should be built 
on stimulating the adaptation capacity of plant (Kang et al. 2009).

Nanotechnology is going to be an emerging solution for agriculture under abiotic 
stresses (Hatami et al. 2016). In the previous decades nanobiotechnological applica-
tions have attained attraction of the researchers in the field of agriculture. Although 
toxic effects of nanoparticles on plants have been discussed many times however 
very little work has been done in explaining the mechanism of their action on plant 
growth and development. The transformation of materials to nano level not only 
brings about changes in their biological, chemical and physical properties but also 
influences catalytic characteristics (Manzer et al. 2015). The atomic aggregations 
having dimension (at least one) between 1 and 100 nm are called nanoparticles (Ball 
2002). Nanoparticles are characterized by distinctive physical and chemical charac-
teristics which are different from their bulk forms. Under abiotic stress (Fig. 3.1), 
yield of crops can be enhanced by the application of nanoparticles (Tamer et al. 
2018). This chapter encompasses some recent research endeavors made in this 
respect.

Abiotic 
StressDrought

Salt Stress

Heat & 
Cold

UVB
High CO2

Heavy Metals

Flooding

Nanotechnology Breeding Soil
Microorganisms

Genetic
Engineering Priming

Fig. 3.1 Types of Abiotic stresses and possible strategies to cope with them
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3.2  Drought

Drought is a major abiotic challenge that limits agricultural production. Plants face 
drought stress either when the supply of water to roots is lowered or when the rate 
of transpiration from leaves becomes very high. These two situations often coincide 
under semiarid and arid environments. Drought is a notable factor restraining pro-
duction of crop in such dry areas. It is assumed that in the first period (quarter) of 
the twenty-first century, around 1.8 billion mankind will have to suffer entire short-
age of water and about 65% of the people will live in circumstances of preferential 
shortfall of water (Nezhadahmadi et al. 2013).

Different nano particles have been utilized and found to have positive effects on 
plant growth and yield by modifying their physiological mechanisms. For example 
in a recent study, the colloidal suspension of Zn, Cu-nanoparticles were found to 
have a beneficial impact on morphometric indices. An anti-oxidative/pro-oxidative 
balance of leaves was noticed to be greater in steppe ecotype (Acveduc) seedlings 
and smaller in forest-steppe ecotype (Stolichna) seedlings under moisture deficit 
conditions. Under the influence of nanoparticles application under drought there 
was a decline in the quantity of Thiobarbituric acid reactive substances (TBARS) 
and increase of antioxidative enzyme activity (catalase and SOD) that designate the 
elevation of antioxidative activity of plant. And the impact of the colloidal Zn and 
Cu nanoparticle solution which caused a varying ratio of chlorophyll content in the 
leaves (Chl a/Chl b), in addition with increase of carotenoid contents in the leaves, 
was a demonstration of adaptation of plant to drought conditions. Moreover, varia-
tion in morphometric indices of plant, like relative water content of leaf and leaf 
area are the outcomes of the initiation mechanism of adaptation of plants to the 
conditions of drought (Astrid et al. 2018). In another research under different levels 
of moisture stress, the biochemical and physiological reactions of seedlings of haw-
thorn to a mixture of different amounts of nanoparticles (NPs) of silica were stud-
ied. Studies were carried out under moisture deficit condition and positive impacts 
of pre-treatment of nanoparticles on physiological parameters were noted. This 
research implicates that Silica NPs play a positive part in sustaining critical bio-
chemical and physiological functions, in the seedlings of hawthorn during drought 
stress. It was reported that harmful impacts of drought stress on parameters of yield 
can be alleviated by foliar spray of iron NPs and percentage of oil of cultivars of 
safflower and the components of yield can be improved (Davar et al. 2014). Positive 
impacts of Titanium dioxide during drought stress on wheat have been delineated as 
well. This application enhanced contents of starch and gluten in seeds of wheat. 
Results proposed that supplementation of titanium dioxide NPs at the level of 0.02% 
exhibited increase in different agronomic traits that are ear weight, plant height, ear 
number, harvest index, 1000-seed weight, seed number, biomass, final yield involv-
ing content of starch and gluten during drought conditions (Jaberzadeh et al. 2013). 
Application of silver NPs lessens the negative effects of water stress on germination 
parameters of lentil (Hojjat 2016). It was also outlined that analcite [AlSi2O6]-H2O 
NPs application promotes elevation in the resistance of wheat and corn plants to 
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drought conditions. Parameters like growth criteria of seedlings, germination of 
seed and photosynthetic pigments content increased, but water balance characteris-
tics did not deviate so much from the normal condition, during water stress. 
Application of Analcite enhanced precise protective antioxidants (carotenoids, fla-
vonoids) accumulation and in corn, activation of catalase during drought conditions, 
while proline accumulation was not concerned with the demonstration of the anal-
cite’s protective action (Nataliya et al. 2014).

3.2.1  NPs and Plant Microbe Interaction

At the moment, a small number of studies specified the positive impacts of nanopar-
ticles on the interactions between plants and microbes. It was outlined currently that 
CuO nanoparticles foster the growth of enlarged root hairs near the root tip, and 
moreover ZnO nanoparticles elevated lateral root establishment in the wheat 
(Triticum aestivum L.) seedlings. These above mentioned responses appeared in the 
roots that are invaded by Pseudomonas chlororaphis O6 (PcO6); a valuable bacte-
rium, that was initially isolated from the wheat roots grown on calcareous soils 
under dryland farming. In seedlings of wheat, the tolerance induced by bacterium 
(PcO6) to drought stress was not reduced by the nanoparticles. Additionally, growth 
of the plants colonized by PcO6 bacterium with nanoparticles resulted in systemic 
elevation in the genes expression related with adaptation to drought stress. Elevated 
expression of genes in the shoots associated with metal toxicity was compatible 
with elevated levels of Zinc and Copper in the plants that are colonized by the bac-
terium namely PcO6 grown with the nanoparticles. This research work describes 
that plants grown with ZnO or CuO nanoparticles manifested cross-protection from 
distinct challenges like drought stress and metal toxicity. Same group of researchers 
used model system of wheat, grown in sand for the purpose of studying responses 
of seedling to ZnO or CuO nanoparticles (applied at levels of 500 and 300 mg metal/
kg) respectively. These nanoparticles did not decrease layered biofilms formation 
on seedling roots of wheat by a probiotic namely Pseudomonas chlororaphis O6, 
inducing tolerance against drought. The results demonstrated that plant growth with 
300 mg/kg CuO nanoparticles alone decreased shoot water content by the rate of 
12%, in addition varied the mechanical features of the tissue in comparison with 
control plants. After the conditions of drought for 6 days, shoots of 13 days seed-
lings were visibly straighter when seedlings were grown with copper nanoparticles 
in comparison to the plants grown without the application of copper. Growth of 
plants colonized by bacterium namely PcO6 with CuO nanoparticles encouraged 
lignification of the sclerenchyma in shoots, furthermore elevated nitric oxide accu-
mulations in the root of wheat. Nitric oxide, a metabolite concerned with cell signal-
ing in tolerance against drought stress. These above mentioned studies demonstrated 
that formulations carrying chosen nanoparticles may interact positively with probi-
otics of plant in stimulating tolerance to drought and robust tissues of plant (Jacobson 
et al. 2018) (Table 3.1).
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3.3  Waterlogging

Waterlogging happens when the soil is too much wet that there is inadequate oxy-
gen in the space of pore, it is difficult for plant roots to respire sufficiently. Plants 
vary in their requirement for oxygen. There is no general measure for oxygen of soil 
that can distinguish conditions of waterlogging for all of the plants. Moreover, in the 
root zone, the demand of oxygen for plant will differ with its growth stages. 
Waterlogging stress generates deficiency of oxygen that leads to hypoxia and ethyl-
ene production in plants that can hinder growth of roots, permeability of roots and 
it also decreases subsistence of most plants besides wetland species like rice.

3.3.1  Effects of Waterlogging

Waterlogging declines the sites that can be cropped in wet years. When the sites are 
waterlogged shortly after seedling, the results are with low or no emergence and 
germination of plants; and the crops may have to be re-sown. The waterlogged sites 
are very vulnerable to water erosion and soil structure degradation (Kahlown and 

Table 3.1 Some recent studies in which positive effects of nanoparticles on plants were observed 
under different abiotic stresses

Stress type Plant Nanoparticles used Reference

Chilling Triticum aestivum L. Biogenic silver 
nanoparticles

Bhati-Kushwaha et al. 
(2013)

Drought Carthamus tinctorious L. Iron Davar et al. (2014)
Drought Zea mays L. and Triticum 

aestivum L.
Nanoparticles of 
analcite

Nataliya et al. (2014)

Waterlogging (Glycine max L.) Nano Al2O3 Mustafa et al. (2015)
Waterlogging (Glycine max L.) Nano Ag Mustafa et al. (2015)
Drought Lens culinaris L. AgNPs Hojjat (2016)
UV-B Triticum aestivum L. Silicon Nano particles Kumar and Swati 

(2016)
Drought Sesasum indicum L. Iron oxide Mostafa et al. (2016)
High CO2 Oryza sativa L. nTiO2 Du et al. (2017)
Salinity Zea mays L. ZnO Fathi et al. (2017)
Salinity Trigonella 

foenum-graecum
Silver nano particles Hojjat and Kamyab 

(2017)
High 
temperature

Moringa oleifera AgNPs Iqbal et al. (2017)

Salinity Vicia faba L. nTiO2 Mojtaba and Lam-Son 
(2018)

High 
temperature

Sorghum bicolor (L.) 
Moench

Se-NPs Djanaguiraman et al. 
(2018)

Heavy metals Triticum aestivum L. Zinc oxide Hussain et al. (2018)
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Majeed 2003). Furthermore, when these waterlogged sites are cultivated, these are 
more weakened. Waterlogging happens over a vast area of the world, negatively 
influencing about 10% of the worldwide area of land (Setter and Waters 2003) and 
decreasing yields of crops by as much as about 80% (Shabala 2011).

Under waterlogging circumstances, soil gas exchange is critically hindered. Due 
to root and microbial respiration, this results in a notable reduction of free oxygen 
and carbon oxide accumulation (Bailey-Serres and Voesenek 2008). In roots, 
hypoxia stress arises when there is the depletion of free oxygen in the soil zone sur-
rounding the roots. This leads to a shift from aerobic to anaerobic metabolism, in 
connection with considerable restrictions to synthesis of ATP (Barrett-Lennard 
2003; Teakle et  al. 2006). Furthermore, waterlogging also provokes a sudden 
decrease in the redox potential of soil, and results in very notable changes to the 
chemical profile of soil. Effects comprise of a changed accessibility of mineral sub-
stances, decline of sulfate (SO2−

4), iron (Fe3+) and manganese (Mn4+) and elevated 
solubility of metals and moreover microbial anaerobic metabolism and induction of 
toxic compounds by roots of plant (Kozlowski 1997; Shabala 2011). Due to these 
variations, plants manifest changed membrane transport, lessened water potentials 
of leaf and stomatal conductance, increased senescence of root, declined shoot and 
root growth, and finally it leads to death of plant (Barrett-Lennard 2003) (Fig. 3.2).

Waterlogging causes oxygen deficiency in 
the soil

Changes  chemical profile of soil

Effects plant metabolic and physiological 
processes

Compromised Photosynthesis
Shift to Fermentation

Altered Nitrogen metabolism
Growth Decline

·

Death of plant

Fig. 3.2 How 
waterlogging 
affects plants?
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3.3.2  Waterlogging and Nanoparticles

Flooding negatively influences the growth of different plant particularly the crops 
like wheat maize, vegetables and oil seed crops like soybean. And along with some 
others, silver nanoparticles are reported to elevate the growth during waterlogging 
stress. To understand this effect, a study was done to evaluate the response of soy-
bean to application of silver nanoparticles under waterlogging stress and a pro-
teomic (gel-free) technology was utilized for this purpose. Under flooding stress, 
the treatment of 2 ppm silver nanoparticles (size = 15 nm) facilitated the growth of 
soybean and increased growth of seedling of soybean. A subsequent study was con-
ducted to examine the variations in the proteome profile after the treatment with 
silver nanoparticles during flooding. The abundance of proteins related to fermenta-
tion and glyoxalase II 3 were notably increased due to flooding stress; although, 
declined by treatment of silver nanoparticles. During treatment of silver nanoparti-
cles, relatively decrease in the level of glyoxalase II 3 transcript entails that low 
by-products (cytotoxic) of glycolysis were created in soybeans that were exposed to 
silver nanoparticles in contrast to soybean that is flooded but not treated with NPs. 
Additionally, during flooding stress, up-regulation of genes of enzymes pyruvate 
decarboxylase and alcohol dehydrogenase and their down-regulation due to the 
treatment of silver nanoparticles was noticed. These might be linked to a change in 
metabolism towards normal cellular processing (Mustafa et al. 2015).

Saffron is a specie of the family namely Iridaceae. It is commercially utilized for 
aroma, food, coloring, therapeutic and cosmetic purposes. It is known that saffron is 
a good preventive and remedial agent for distinct cancers. As waterlogging is not 
favorable for the growth of other plants saffron is also affected negatively by this 
stress. This stress impacts many biochemical, morphological, and physiological 
processes, involving plant photosynthetic capacity, production rates of plant bio-
mass, the amount of shoot and root growth, water relations, metabolism of carbohy-
drate, the structure of cell, nutrition and moreover influences gene expression 
(Crawford and Andle 1996) (Fig. 3.3).
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3.4  Salt Stress

Salt stress or soil salinity means excess of salts in soil and it is known as one of the 
major environmental evils, reducing crop productivity globally, thus has become a 
threat for sustainable agriculture. Salt affected soils have many problems like high 
Na content, poor porosity, waterlogging and loss of nutrients as well as the hydrau-
lic constraints. Several approaches to manage salt-affected lands have been used 
which include the use of tolerant crops applying chemicals and nanomaterials. 
Nanotechnology is being utilized in different ways to overcome this problem of 
salinity. Different nanoparticles can be applied to plants for improving their growth 
under saline conditions. Nano-materials or nano-reclaimants can be effective in 
reclaiming salt-affected soils. Nano gypsum, nano calcium and magnesium com-
pounds, were found to be some of efficient and readily manufactural reclaimants 
and are known to enhance soil hydraulic characteristics and stability (Mukhopadhyay 
and Kaur 2016; Patra et al. 2016).

Silver removes undesirable microorganisms in hydroponics systems and farmer 
soils. Moreover, it is being utilized as foliar spray against moulds rot, fungi and 
many other plant diseases. Additionally, silver is a considerable stimulator of plant 
growth, comprising of silicate, silver salt, and water soluble polymer to radioactive 
rays (Sharon et al. 2010). For ameliorating negative effects of salinity by silver nano 
particles on germination and growth of Fenugreek, an experiment was conducted by 
Hojjat and Kamyab (2017). Overall AgNPs application was found to be beneficial 
in improving salinity tolerance of Fenugreek seedlings and it was suggested that 
different defence mechanisms of plants against salt stress may be stimulated by 
applying nanoparticles. Silver ions like silver nanoparticles have been known to 
hinder ethylene action and in this way increase root growth (Monica and 
Cremonini 2009).

In a study, impacts of titanium dioxide nanoparticles (nTiO2) on broad bean for 
alleviating soil salinity were evaluated. The influence of three nTiO2 levels (0.01%, 
0.02% and 0.03%) were evaluated on plant growth under stress. Significantly 
improved shoot length, leaf area and root dry weight were recorded due to applica-
tion of nTiO2 (0.01%) under normal conditions. The promoting effects were reported 
to be in the form of enhanced quantities of chlorophyll b, sugars, proline and anti-
oxidant enzymes activities. Though under salt stress, proline level and enzymatic 
antioxidant activities were found to be higher and significant reduction in plant 
growth was observed. The 0.01% nTiO2 application significantly enhanced the anti-
oxidant activities and quantities of soluble sugars, amino acids and proline in plants 
grown under saline condition as compared to the plants subjected to salt stress 
alone. Thus, the improvement in the activities of antioxidant enzyme might have 
contributed to the observed decline in the contents of hydrogen peroxide and malo-
ndialdehyde, while increased levels of proline and some other metabolites has con-
tributed to osmo-protection, together causing a significantly improved plant growth 
under salinity. Moreover, these positive effects were found to be concentration 
dependent as maximum effect was observed when with lowest concentration (0.01% 
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nTiO) was applied whereas intermediate response was noticed when 0.02% was 
applied and highest (0.03%) concentration was found almost ineffective under both 
control and salinity treatments (Mojtaba and Lam-Son 2018).

3.5  Temperature Stress

Temperature above or below the optimum for plants can be a stress factor. In plants, 
three categories of temperature stress can be identified based on the categories of 
stress like high, freezing or chilling. Temperature stress adversely affects plants by 
reducing growth, photosynthetic activities and germination rates ultimately leading 
to death of plants (Kai and Iba 2014). Studies are available which show positive 
influences of nanoparticles on plants under temperature stress.

For example an experiment was performed to investigate the influence of silver 
nano particles (AgNPs) on wheat growth under high temperature stress. The wheat 
plants were treated at their trifoliate phase with various levels of silver nano parti-
cles (25, 50, 75 and 100  mg/L). Heat stress with temperature of 35–40  °C was 
applied for 3 h per day for 3 days. According to the results, a decrease in number 
and length of roots, length of shoots, mass (fresh and dry) of plants, leaf number, 
leaf fresh weigh and dry mass and leaf area was observed when heat stress was 
applied alone. It was found that when AgNPs were applied to the plants they 
improved the plant growth parameters. At a concentration of 50 and 75 mg/L AgNPs 
improved the plant weight (fresh and dry), number and length of roots, length of 
shoots, number of leaves, fresh and dry mass of leaves and leaf area relative to con-
trol it can be concluded here that application of silver nanoparticles can protect 
wheat from high temperature stress. So from the above results, the conclusion can 
be made that AgNPs have ability to enhance growth of wheat under high tempera-
ture stress and can be used to protect this crop from negative effects of stress (Iqbal 
et al. 2017).

Selenium nanoparticles (Se-NPs) are also being investigated to see their poten-
tial to mitigate the negative effects of high temperature (HT) on plants. But there is 
inadequate information concerning the use of selenium nanoparticles (Se-NPs) for 
amelioration of high-temperature stress in agricultural crops. In a recent research, 
toxic, biological and physiological impacts of Se-NPs were studied in Sorghum 
bicolor (L.) Moench under high temperature. Se-NPs (10–40 nm in dimensions) 
were prepared and their characterization revealed their nanocrystalline nature. The 
translocation study carried out in sorghum plants revealed the root to shoot move-
ment of Se-NPs. In sorghum, activation of antioxidant defense machinery with ele-
vated activities of antioxidant enzymes was observed under high temperature stress 
Se-NPs (10  mg/L) was applied as foliar spray at the booting stage of plants. 
Moreover, concentration of oxidants was reduced by Se-NPs application. Se-NPs 
contributed to elevated content of unsaturated phospholipids. Higher germination 
percentage of pollen was observed by Se-NPs under HT stress resulting in pro-
nounced increase in seed production. Compared to optimum temperature treatment 
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(32/22 °C), Se-NPs enhanced antioxidant enzyme activity and reduced content of 
oxidants efficiently under high temperature (HT) stress (38/28 °C).

It can be inferred that application of Se-NPs to sorghum plants can protect them 
against HT stress by stimulating antioxidative defense system. The investigations 
proved the significant effects of Se-NPs on physiological behavior of sorghum 
plants under HT stress. It is evident from the study that Se-NPs have potential to 
protect sorghum plants against HT stress. Moreover, this research provides first evi-
dence of stimulation of antioxidant defense system by foliar spray of Se-NPs to 
sorghum plants grown under heat stress. The observed phospholipid content indi-
cated that Se-NPs stabilized the thylakoid membrane composition and integrity dur-
ing HT. The non-toxic nature of Se-NPs was confirmed by the response of pollen 
functions. It is suggested by researchers that investigations on Se-NPs in plants 
must be extended to understand their mode of action and metabolism. Extensive 
research work will be required to study the physiological and biochemical aspects 
of Se-NPs thoroughly and role of genes responsible for their uptake, assimilation 
and transport (Djanaguiraman et al. 2018).

Chilling temperatures are known to affect plant growth and crop productivity, 
leading to significant crop losses. In a research, biogenic nanoparticles (BioNPs) 
which were synthesized by using Tridax procumbens were utilized as a priming 
agent to stimulate the anti-oxidative mechanism, and to observe the effects of these 
nano particles on seed germination and seedling growth attributes of wheat. It was 
found that BioNPs significantly increased the activities of super oxide dismutase 
and other antioxidants (Bhati-Kushwaha et al. 2013). This study indicates the poten-
tial of nanopriming in boosting the antioxidant mechanism of plants which is very 
important under abiotic stresses.

3.6  Heavy Metal Stress

Metal contamination is becoming common in the world, among heavy metals, lead, 
chromium, copper mercury and cadmium are major environmental pollutants, espe-
cially in areas with greater anthropogenic pressure. A few of these metals, like Cu, 
Mn, Co, Zn and Cr are essential plant nutrients which are required by plants in trace 
amounts. But when metals are bioavailable and are present in excess amount, they 
become toxic to plants (Nagajyoti et al. 2010).

Accumulation of heavy metals in soils is a problem of great concern, in agricul-
tural field particularly, due to the adverse effects on food security, crop production 
and marketability. They cause toxicity and destroy the environmental fitness of soil 
biota. Plants growing in the soils polluted with heavy metals show altered metabo-
lism, reduction in growth, lesser biomass production and accumulation of metal. 
Physiology and biochemistry of plants is adversely affected by these metals. 
Research about toxicity and ways which can enhance tolerance in metal-stressed 
plants is required due to the growing metal pollution in the world.
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3.6.1  Effects of Nanoparticles Under Heavy Metal Stress

There are reports in which nanoparticles were found to help in reducing the harmful 
effects or absorption/uptake of heavy metals. A research was done to investigate the 
impact of waste water (containing heavy metals) and nano-TiO2 (2–6 nm) on growth 
of seedlings of maize. The nano-TiO2 suspension either in autoclaved waste water 
or deionized water were applied at the levels of (100, 50 and 25) mg/L during in 
vitro experiments. Waste water analyses demonstrated that it was not acceptable for 
purposes of irrigation because it had elevated heavy metals content (Zn, Cu, Fe, Mn, 
Cr and Cd) that were above acceptable amounts for irrigation. The elevated amount 
of heavy metals in waste water and nano-TiO2 at the level of (100 mg/L) markedly 
hindered germination of seed, growth of seedling and moreover caused phenolics 
accumulation in maize. Nano-TiO2 application at the level of 25 mg/L significantly 
elevated dry and fresh weight of shoot, fresh and dry weight of root, area of root, 
carotenoids and chlorophyll (a and b) contents (p < 0.05). Adverse impacts of waste 
water on growth parameters of maize were markedly alleviated by nano-TiO2 at the 
level of 25 mg/L. The application of waste water with nano-TiO2 at the level of 
(25 mg/L) is suggested before its usage for the purpose of agriculture. The treatment 
of heavy metal contaminated water with nano-TiO2 at the level of 25 mg/L showed 
advantageous impacts on maize growth features. But, the elevated amount of nano- 
TiO2 was toxic to plants. This suggested that the application of nano-TiO2 at the 
level of (25 mg/L) has no negative impacts on the growth of maize and can be sug-
gested for future implementation to maize during irrigation with waste water which 
was polluted with heavy metals toxicity (Yaqoob et al. 2018). 

A study was done to investigate the effects of magnetic (Fe3O4) nanoparticles 
(nano-Fe3O4) in alleviating of the heavy metal (Pb, Zn, Cd and Cu) toxicity in wheat 
seedlings. Application of magnetic (Fe3O4) nanoparticles (2000 mg/L) in the 1 mM 
solution of each heavy metal significantly declined the growth inhibition and stimu-
lated protective mechanisms to decrease oxidative stress which was induced by 
heavy metals in the seedlings of wheat. The positive effects of nano-Fe3O4 under 
stress of heavy metals could be caused by the increase in the activities of antioxidant 
enzymes. Their mitigating effect was confirmed by the reduction in MDA content. 
The alleviating effects of nano-Fe3O4 were considered to be associated with their 
adsorption potential of heavy metals which could be due to a different electrostatic 
attraction between heavy metal ions and adsorption sites which are negatively 
charged (Konate et al. 2017).

Effectiveness of iron oxide nanoparticles (Fe3O4 NP) in reducing harmful effects 
of arsenic in Brassica juncea was observed in an experiment. Decrease in the plant 
stress-related parameters was noted which might be due to restricted absorption of 
Arsenic by the plant in the presence of Fe3O4 NP (Praveen et al. 2018). Zinc oxide 
nano particles were reported to increase the wheat chlorophyll content, gas exchange 
attributes, antioxidant enzymes, zinc uptake and yield but reduce the Cd concentra-
tion under cadmium stress (Hussain et al. 2018).
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3.7  UV Stress

Over northern and southern hemispheres, depletion of ozone will presumably ele-
vate (UV)-B radiation (285–315  nm), that will influence crop plants in various 
ways. The most common symptoms are found in UV-sensitive plants like reduction 
of growth; reduced photosynthesis and moreover decreased biomass are observed in 
plants that are UV-sensitive. This has been studied when UV-B stress is applied with 
artificial white light, or sometimes with solar light. In photosynthesis, under 
intensely high UV-B circumstances, the molecular targets for action of UV are 
probably Photosystem II reaction center area. But on the other hand, Photosystem I 
is less sensitive. In rice and soybean cultivars, reductions of yield have sometimes 
been noticed in plants that are sensitive to increased UV-B, but on the other hand, 
yield enhancement have also been noticed in some crops. Current researches while 
working on various plant cultivars and species; are impairing solar UV-B by special 
filters of UV and demonstrating reductions in yield and relative growth in cultivars 
that are sensitive to UV. This is caused by a decrease of development of plant and 
flowering during increase solar UV-B radiation. Investigation with trees reveals a 
decrease susceptibility to UV-B because of their strong structure of leaf and the 
assemblage of UV absorbing compounds, which are common response in various 
species of plants. A multitude of genetic, morphological and physiological out-
comes are assumed for single species of plant and for ecosystems with elevated 
UV-B radiation, as assumed by ozone depletion scenarios (Tevini 2004).

Nanoparticles are gaining the attention of plant scientists in the recent years. 
Particularly among nanoparticles the role of silicon in minimizing abiotic as well as 
biotic stresses is familiar. UV-B radiation was reported to cause extreme impact on 
growth of seedlings of wheat, which was associated with reduced photosynthetic 
performance and changed vital structures of leaf. UV-B enhanced the amounts of 
superoxide and hydrogen peroxide and moreover elevated leakage of electrolyte 
and peroxidation of lipid peroxidation. Activities of antioxidant enzymes like ascor-
bate peroxidase (APX) and superoxide dismutase (SOD) were declined by UV-B 
but guaiacol peroxidase and catalase and, moreover non-enzymatic antioxidants 
were increased by UV-B. The research reveals that silicon nanoparticles might pro-
tect seedlings of wheat via activating antioxidant defense system mediated with 
nitric oxide, which successively counterbalance ROS-provoked photosynthesis 
damage. Moreover, silicon nanoparticles revealed to be more affective in declining 
UV-B stress in comparison to silicon, which is linked to its increase attainability to 
seedlings of wheat (Kumar and Swati 2016).

S. Iqbal et al.



49

3.8  Carbon Dioxide (CO2) Stress

Increased amount of carbon dioxide is having impact on climate at global level. 
Increasing carbon dioxide levels have great direct impacts on the physiology, chem-
istry and growth of plants, irrespective of any direct impacts on climate (Ziska 
2008). As photosynthesizing organisms, plants take up CO2, chemically declining 
the carbon from the atmosphere. This results in gaining of stored chemical energy 
for the plant but also supplies the carbon skeleton required for building molecules 
which makeup up plant structure. Photosynthesis is the main metabolic process of 
plants, and rise in the levels of carbon dioxide for photosynthesis can have great 
influence on growth and physiology of plant but up to an optimum concentration. 
High concentration of carbon dioxide causes a decline in photosynthesis in many 
plants. There is also indication from the past research that a sudden increase in car-
bon dioxide caused an increased damage to several varieties of plants species. 
Higher concentrations of carbon dioxide also decrease the nutritional quality of 
some staples, like wheat. Concerns have also been developed regarding the risks 
associated with nanomaterials, as it is very possible that nanomaterials/nanoparti-
cles can be released to the environment and result in damaging effects to organisms. 
Carbon dioxide (CO2) is one of the main greenhouse gases. The level of CO2 is 
increasing day by day and is becoming a serious of environmental issue, especially 
for agricultural crops. A study was performed which showed that when seedlings 
were treated with NPs under high CO2 stress, most of NPs were accumulated on the 
surface of roots (Miralles et al. 2012) which caused a decline in root hydraulic con-
ductivity and thus reduced water availability and transpiration rate of the plants and 
repressed plant growth. Compared to the optimum CO2 levels, wheat seedlings 
which were treated with the higher level of CO2 showed higher root mass and lateral 
roots development. In a recent study effects of elevated CO2 levels on toxicity of 
nTiO2 (0, 50, and 200 mg/kg) against plants and microbes in a paddy soil system 
were evaluated. Results of this study showed that nTiO2 did not cause toxicity in 
rice plants grown at the normal CO2 level (370 μmol/mol), but the higher CO2 con-
centration (570 μmol/mol) of nTiO2 resulted in significant reduction of plant bio-
mass, and grain yield. Moreover, at the high CO2 levels, nTiO2 caused increase in 
the accumulation of Ca, Mg, Mn, P, Zn, and Ti, but lowered fat and total sugar 
content of grains. These treatments also altered the community composition of soil 
microbes. Overall, this study indicates that rise in CO2 levels would alter the effects 
of nTiO2 on the nutritional composition of crops and function of soil microbial 
populations, with unidentified consequences for future economics and human health 
(Du et al. 2017).
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3.9  Conclusion

No doubt, nanotechnology is an emerging field and has potential applications in 
diverse areas like electronics, energy, medical, and biological science. However, the 
use of nanotechnology and nanoparticles in the field of agriculture is still at initial 
stage particularly under stressful environments. Though in the recent years many 
preliminary studies related to this subject are performed which have given hope to 
the agricultural scientists that nanotechology can be used for the improvement of 
crop production in normal as well as stressful conditions. But, more studies are 
required to understand the mode of action of NPs, and their influence on the gene 
expression in plants. Furthermore increased utilization of nanotechnology in agri-
culture can result in the release of nanoparticles to the environment, so this aspect 
should not be ignored. Their effects should to be assessed in depth to avoid potential 
risks to the environment. At present only few studies are available on the phytotoxic 
effects of nanoparticles. So it is very important to optimize the size and levels of 
nanoparticles along with understanding the interaction between plants and nanopar-
ticles before their applications in the fields so that their possible negative impacts 
can be overcome and they can be effectively used as a cost effective way to mitigate 
harmful effects of abiotic stresses on plants.
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Chapter 4
Myco-nanotechnology in Agriculture

Khajista Jabeen and Faiza Anum

4.1  Introduction

A fungus is a eukaryotic organism that obtains its food by absorbing nutrients from 
the host through its cell wall. The branch of biology deals with fungus is known as 
mycology; mycology is originated from a Greek word μύκης mykes means mush-
room. Fungi are extensively studied by Antonio de Michelli who is recognized as 
father of modern mycology. Fungal body (thallus) is composed of tubular micro-
scopic thread like hyphae and reproduces by the formation of spores. Fungi differ 
from plants as they possess chitin in their cell wall instead of cellulose (Duran et al. 
2005). Fungi are heterotrophic organisms which means they rely on other organisms 
or materials for their nutrition or food. They have not evolved the photosynthesis as 
a biological activity. They get nutrition by absorbing nutrients from their host 
(Parasites) or from dead organic material (decomposers) by secreting digestive 
enzymes extracellularly. Fungi are entitled to be the main decomposers of natural 
ecosystems. There is a great diversity in types of fungi and the habitat they live in. 
There is an estimation of 1,500,000 species of fungi on globe, but very few are 
identified. Now with the modern research tools, there is a hope that we may be suc-
cessful to get more fungal strains in near future, with an approximation of nearly 
five million (Musarrat et al. 2010).

Fungi are considered as quite ordinary due to their smaller sizes and mysterious 
life cycles. Although they are having very important roles in ecosystems like they 
are parasites of plants and animals, symbiotic partners of algae and plants. Therefore 
they are having main and vital roles in recycling of nutrients between biotic and 
abiotic components of ecosystems (Heinrich and Wojewoda 1976). Some ecologi-
cally important and common types of fungi are given in Fig. 4.1. 
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Fungi reproduce asexually as well as sexually; sometimes a unique condition of 
reproduction also prevails in kingdom fungi known as parasexuallity. A fungus in 
which both asexual and sexual mode of reproduction are present is known as a 
Holomorphic fungus. If only asexual stage is present than fungus is said to be 
Anamorph while if only sexual stage is present than the fungus is a 
Telomorphic fungus.

There are different methods of asexual reproduction prevailing in the kingdom 
fungi. Most common of which are by spores, conidia and mycelial fragmentation. 
Spores are vegetative cells or bodies produced inside the sporangium while conidia 
are vegetative bodies cut off from the tips of certain hyphae known as conidio-
phores. Mycelial fragmentation is the phenomenon of breakdown of mycelia into 
small fragments and growth of each fragment into a new organism. Sexual repro-
duction gives two main benefits; one is the rapid and continuous dispersal of popu-
lation and secondly to maintain the population adapted to a specific niche. Common 
modes of sexual reproduction in kingdom fungi are isogamy, anisogamy and oog-
amy. However, there is one class of fungi with no or unknown sexual stage in their 
life cycle and are known as imperfect fungi or Deuteromycota (Castro-Longoria 
et  al. 2011). Fungi may have haploid, diploid or heterokaryon stage in their life 

Fig. 4.1 Some ecologically significant fungi (a) Penicillium notatum (b) Lentinula edodes (c) 
Agaricus bisporus (d) Amanita muscaria
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cycle. In sexual life cycle of reproducing fungi, hyphae fuse to form a diploid 
hyphae or hyphae with heterokaryons (nuclei from the two parents don’t fuse but 
stay together). This process is often referred as anastomosis and it is the first step for 
the sexual stage of the life cycle of such fungi (Shankar et al. 2003). Fungi are iden-
tified and grouped on the basis of morphology of fruiting bodies/sexual parts. For 
example members of Ascomycota and Basidiomycota have asci and basidia respec-
tively as fruiting bodies containing ascospores and basidiospores.

4.2  Fungi and Agronomy

Fungi have both positive and negative impacts on agronomy. In one aspect fungi are 
notorious parasite and pathogen of large number of economically important crops. 
On the other hand fungi may act as biofertilizers in the form of mycorrhizal associa-
tion with about 99% of the plant families. There are a number of pathogenic fungi 
causing different diseases in different plants. These diseases are mainly recognized 
and diagnosed by the type of host plant, plant part affected and the pattern/type of 
symptoms on infected part. A large number of fungi are parasitic and pathogenic in 
nature, as they use living host for their food, this makes them detrimental for crop 
plants (Kumamoto and Vinces 2005). Fungi parasitize various economically impor-
tant plants including rice, wheat, potato, tomato, sugarcane, cotton. On basis of 
above facts, some of the general types of fungal diseases are discussed below

• Anthracnose
• Damping-off diseases
• Downy mildews
• Grey mold
• Leaf spots and blights
• Powdery mildews
• Root and foot rots
• Rusts
• Smuts

4.2.1  Damping-Off of Seedlings

Damping-off is a fungal disease in which fungus attack on growing seedlings. 
Damping-off is produced by various species of the fungal genera like Pythium, 
Phytophthora, Rhizoctonia and Fusarium. These all fungal strains are facultative 
parasites and cause almost same symptoms, so categorized as causative agents of 
damping off. The term “damping-off” is used because causative agents of this dis-
ease are mostly active in damp soils. As Phytophthora and Pythium species give rise 
to zoospores that need water for their movements in soil pores. Damping-off fungi 
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are part of soil microbiota; they compete for organic material with other microbes 
present in the rhizosphere of the plants. If there is no organic material or host avail-
able for these fungi, they can form resistant resting structures like oospores in 
Phytophthora and Pythium, chlamydospores in Fursarium solani and sclerotia in 
Rhizoctonia solani.

This soil borne disease is categorized as important fungal disease causing much 
loss to the growing crops. It is characterized into two types

 (a) Pre-emergent damping off which includes the decaying of seedlings and finally 
collapsing before they emerge from soil.

 (b) Post emergent damping off which is the rotting and downfall of seedlings at soil 
level.

Seedlings of most plant species are susceptible to damping-off. This disease also 
attack on the fleshy and storage organs of important commercial plants. But when 
plants survived at the seedling stage, they are then not killed by damping-off fungi 
(Liao et  al. 2000). Spores of damping off fungi (zoospores, oospores, mycelial 
hyphae) produce germ tubes and penetrate into seedlings tissues where they grow 
inter-cellularly as well as intra-cellularly (Kalo-Klein and Witkin 1990). They cause 
the breakdown of host tissue by secreting digestive enzymes and causing death to 
the plants.

4.2.2  Rot and Foot Rots

Root systems of a number of economically important crops are infected by “Rot and 
Foot Rots”. These rots are caused by fungi and cause rotting of the roots and lower 
or basal portion of the stems adjacent to the roots. Due to the rotten roots, these 
plants can’t absorb sufficient water and nutrients to maintain normal growth. As a 
result, stem and leaves are stunted and yellow; and they finally wilt and die. 
Sometimes damage due to infection is compensated or hidden by the growth of new 
roots (Volesky and Holan 1995).

There are four causative fungal groups for root rots. First group are the fungi 
with restricted host range and live as saprophytes, example includes 
Gaeumannomyces graminis. Second are the fungi which are saprophytic in nature 
and have a range of host crops that form resting spores e.g., Rhizoctonia solani. 
Third group includes Sclerotinia sclerotiorum, Scterotium rolsfii, which survive by 
producing sclerotia. Last group is host restricted but they do not form resistant bod-
ies like Fusarium spp. such as Fusarium oxysporum and Fusarium solani.
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4.2.3  Take-All of Wheat

It is also root disease found in wheat crop and caused by a fungus known as 
Gaeumannomyces graminis var. tritici. It is reported to be very common in areas 
where winters receive good rainfall and these soils are lighter, poorly drained, nutri-
ent deficient with basic pH. This fungus may be restricted to a few plants in a field 
or may infect a larger area in patches.

Daniel McAlpine in 1902 described that this infection is also called “white-
heads” because of the destruction in root structure, growth of wheat plants is stunted 
and premature ripening occurs. Due to this earlier ripening, spikes appear as white 
heads among green normal spikes. These white head spikes are usually empty or 
with very small wrinkled grains. This may cause a serious damage to the crop and 
large reductions in the yield (Kumamoto and Vinces 2005). The take-all fungus 
survives in summer by infecting other herbs or grasses nearby in fields or by living 
saprophytically in the debris of wheat crop because it does not make resistant rest-
ing spores. This survival time period is highly influenced by the physical and chemi-
cal status of the soil environment as well as the local weather. It can survive for 
maximum of 2 years without host, therefore it is relatively easy to control.

4.2.4  Downy Mildews

The downy mildew fungi are obligate parasites and have a wide range of hosts. They 
cause severe losses to grains, vines, ornamentals and fruits. A number of fungal 
classes cause this infection. The name of disease is given due to the fact that primary 
infections are apparent on the surface of leaves, branches and fruits of infected 
plants in form of ‘downy bloom’mainly containing sporangiophores and sporangia. 
Some of the common downy mildew causing fungi are Plasmo parahalstedii, 
Sclerospora philippinsts, Plasmopora viticola and Perono sclerospora maydis. 
These fungi cause systematic infections like at first chlorosis in form of streaks on 
leaves and then production of sporangia later on. Downy mildews can cause exten-
sive damage to crops in years when the environment favors infection. A loss of 
US$250 million was estimated in USA and Canada due to the attack of downy 
mildew on tobacco crop (Liao et al. 2000).

4.2.5  Leaf Spot and Blight Diseases

This is common group of disease caused by a number of fungi and it’s a very com-
mon infection in plant species, ranging from crops of agronomic importance to wild 
plants of natural communities. These infections can be seen on leaves and on other 
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above ground parts of plants. The leaf spot causing fungi are usually belonging to 
the order Dothidiales of the Ascomycota group of fungi.

One of the famous example is Ascochyta blight of chickpea which caused a com-
plete loss of crop a number of times. Disease is identified by the circular lesions on 
pods and foliage, elongated lesions on stem and petioles. It showed that whole aerial 
parts of plants come under attack of the pathogen. Circular rings like lesions on 
leaves and pods in fact have pycnidia, which produce two celled microspores in wet 
season. Therefore they come out in large numbers and attack tendrils of other plants. 
This disease prevails in areas of world with humid and cold climate and diseased 
seeds and crop leftovers are the main surviving spaces for the fungus between sea-
sons (Mukherjee et al. 2001a).

4.2.6  Grey Mold Disease

Botrytis cinerea Pers. Ex Fr. is the causative agent of gray mold, one of the most 
destructive plant pathogen known to man. It causes both pre and post-harvest infec-
tions in a number of plants like strawberry, tomato, grapevine, chick pea, bulb flow-
ers, cucumber, potato, onion and other ornamental plants. This disease is a serious 
concern in countries particularly where environment favors the growth of mold like 
Australia, Argentina, Pakistan, Nepal, India and Bangladesh (Shahiduzzaman 2015).

4.2.7  Rusts

Rusts are another diverse group, having some unique characteristics, causing havoc 
to crops of commercial importance. Causative agents belong to the order Uredinales 
of Basidiomycota and can infect and survive on living host only. Almost 168 rust 
genera and approximately 7000 species have been reported out of which half 
belongs to the genus Puccinia.

But luckily, steps can be taken to lower the losses caused by these pathogens as 
they are very much host specific but don’t cause the infection in non-host plants. A 
hurdle in research is the resistance in growth in pure cultures by these fungi, which 
causes delays in the research process at lab level. Rust fungi complete their life 
cycles in two separate hosts with different types of spores. These different types of 
spores are host specific in fact and cannot grow on the other host. Infections of rust 
fungi are marked by the rust like fruiting bodies having spores on the surface of 
leaves, petioles, stem, tender shoots, fruits etc. These rust spots may be of different 
colors like yellow, orange, black etc. Rust infection causes the stunted appearance 
of the infected plants with yellow leaves (Latif et al. 2018).

K. Jabeen and F. Anum



59

4.2.8  Smuts

The word “Smut” is derived from the German word which means smoke or dirt. 
This name was given to the infection because the inflorescence infected by smut 
releases the fungal spores in the form of smoke or dust. Smuts are pathogens of 
cereal crops infecting the members of Poacea and Cyperaceae. Important host plants 
are wheat, maize, rye, grass, oat, sugarcane and other grasses. Smuts belonging to 
the class Ustilaginales of class Basiodiomycota, mainly attack on leaves and stems 
by developing sori within the plant tissue. Finally they hijack the inflorescence and 
reproductive parts of the plant where they form galls full of thick walled black telio-
spores which when released gives smoky appearance and hence get the name 
(Wunderle et al. 2012).

4.2.9  Anthracnose

Anthracnose is caused by Colletotrichum gloeosporioides and characterized as 
appearance of dark lesions. It has been reported to cause yield losses (34–47%) to 
fruit plants especially mango. This disease affects a number of plants but most 
affected crop is of mango. It infects the flower sets of mango trees and caused the 
losses in fruit production in warm and humid conditions of climate (Sundravadana 
et al. 2007; Pandey et al. 2012). C. gloeosporioides secretes various enzymes like 
Polygalacturonase, Polygalacturonase transeliminase and cellulase that might be 
responsible for its pathogenicity (Jat et al. 2017).

In conventional agricultural practices, fungi are mainly controlled by use of dif-
ferent chemicals which are also called fungicides. But there is an increasing public 
concern about the overuse and misuse of fungicides. These fungicides on one side 
control the fungal diseases but on the other hand environmental pollution is cumula-
tive day by day due to over use of fungicide. Increased research in the area of fungal 
role in agronomy can make a milestone in modern agronomic techniques. An alter-
native of fungicide is the use of natural compounds or biological control. In nature 
many plant and plant families possess antifungal constituents in the form of second-
ary metabolites. Use of nanotechnology and nanoparticles is another solution to 
avoid fungicide consumption to protect environment.

4.3  Role of Fungi in Nanoparticles Synthesis

There are large numbers of living organisms, which give a chance to biotechnolo-
gists to explore and exploit them for the wellbeing of human race. One of them is to 
synthesize nanoparticles by using fungal organisms directly or by using their 
metabolites and extracts. Huge amounts of fungal enzymes which take part in NPs 
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formation can be obtained on commercial level in fermenters (Pimprikar et  al. 
2009). Myconanotechnology is a new field of research making its roots in last 
decade. To synthesize metal nanoparticles with success, a substantial number of 
fungal species are widely used like Fusarium oxysporum, Rhizopus oryzae and 
Verticillium sp. (Table  4.1). The utilization of biomass of fungi and/or cell free 
extract for the synthesis of metal NPs yielded in different shapes and sizes of these 
myconanoparticles (Narayanan and Sakthivel 2010). Both spherical and quasi- 
spherical silver NPs were produced from Fusarium oxysporum with size varying 
from 20 to 50 nm (Bharde et  al. 2006). Extract of Rhizopus oryzae was used in 
manufacturing of the diverse shape gold nanoparticles and it depends on gold par-
ticle concentration, pH value and reaction time (Binupriya et al. 2010).

4.3.1  Mechanisms Behind Myconanoparticles Synthesis

Several promising mechanisms have been recommended for the development of 
metal nanoparticles, but no such mechanism has been known yet and extensive 
research is still needed. According to Mukherjee et al. (2001a, b) mainly the cell 
wall and sugar component of the fungal cell wall involve in the process of bio- 
reduction of the metallic ions. Nanoparticles are formed on the exterior of fungal 

Table 4.1 List of fungi that synthesize metal nanoparticles

Sr. 
# Type of nanoparticles Fungal species References

1 Ag (silver 
nanoparticles)

Alternaria alternata Kareem et al. (2019), Sarkar et al. (2011)
Alternaria solani Amal and Ghazwani (2015)
Aspergillus flavus Ninganagouda et al. (2013)
Aspergillus niger Gaikwad and Bhosale (2012)
Fusarium oxyporum Amal and Ghazwani (2015)

2 Au (gold nanoparticles) Alternaria alternata Dhanasekar et al. (2015), Sarkar et al. 
(2012)

Aspergillus sidowii Vala (2015)
Rhizopus oryzae Das et al. (2009)
Thermophillic fungi Molnar et al. (2018)
Rhodococcus sp Ahmad et al. (2003)

3 Cu (copper 
nanoparticles)

Neurospora crassa Rashmi et al. (2004)
Stereum hirsutum Cuevas et al. (2015)
Ureolytic fungi Li and Gadd (2017)

4 Fe (iron nanoparticles) Alternaria alternata Mohamed et al. (2015)
Aspergillus oryzae Raliya (2013)
Verticillium sp. Bharde et al. (2006)

5 Si (silica nanoparticles) fungus Bansal et al. (2005)
6 Zn (zinc nanoparticles) Aspergillus 

fumigatus
Velmurugan et al. (2010)
Baskar et al. (2013)

K. Jabeen and F. Anum



61

cell wall, and the very basic step is bio-reduction to trap the metallic ions. The elec-
trostatic interactions between charged group on the cell wall surface and metal ions 
followed by metal ions enzymatic reduction lead to the accumulation and formation 
of nanoparticles.

Birla et al. in 2009 suggested that fungal cell wall proteins also play a substantial 
role in the formation of zirconia nanoparticles. Fungi secrete hydrolyzing protein in 
acidic condition that makes binding with zirconium to form the zirconium NPs. 
These NPs forming proteins are cationic in nature with a molecular weight of 
55 kDa. Verticillium sp. also produces these cationic proteins which might be the 
cause of hydrolysis of ferric ions (Bharde et al. 2006). According to Ahmad et al. 
(2003) tryptophan and tyrosine are the amino acids that play a pivotal role in the bio 
reduction of metal ions to metallic nanoparticles. NADH-dependent enzymes and 
the fungal proteins are also involved in the metal ion reduction (Germain et al. 2003).

4.3.2  Fungi a Renewable Source for Nanoparticles Synthesis

Fungi are fascinating source for the green synthesis of nanoparticles owed to their 
metal bioaccumulation capacity. Furthermore, fungi are easy to grow in the labora-
tory and production of large quantity of biomass make them valuable to be used in 
the green synthesis of NPs (Kumar et al. 2011). Fungal cell wall possess a number 
of functional groups that make bonds with the metal ions and this high wall-metal 
binding capacity makes fungi more attractive than other microbes (Maynard and 
Michelson 2006). Biosynthesized nanoparticles are environment friendly and are 
biocompatible for pharmacological uses. Biosynthesis of nanoparticles by fungi as 
a base material may be a reasonable approach. Fungal enzymes possess high redox 
potential which makes them more suitable for the oxidation reduction reaction for 
the conversion of metallic ions into specific nanoparticles. So, the green synthesis 
of nanoparticles is now an attractive field around the globe. Figure 4.2, Illustrates 
Advantages of fungi as bio-factories for nanoparticles synthesis.

4.4  Myconanoparticles Application in Management 
of Fungal Diseases

Myconanotechnology is a rising field, in which fungi can control the synthesis of 
nanostructures with required size and form. Mycosynthesis of various types of 
nanoparticles is carried out using metal salts such as silver, gold, titanium, sele-
nium, platinum, palladium, zirconia, tellurium, cadmium, telluride, silica and mag-
netite gold-silver alloy. Currently, silver nanoparticles have attracted the scientists 
due to their extensive application in the areas like biomedicine, agriculture, physics 
and microbial biotechnology as antimicrobial agents at the nano-scale (Kowshik 
et al. 2002).
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Phytopathologists are working in search of techniques to protect economically 
important crops from destructive plant pathogens. Nanotechnology provides as 
alternative way for the production of pesticides and fertilizers which are safer to 
environment. Sanghi and Verma (2010) suggested that nanoparticles are found 
effective against pests, nematodes and fungal plant pathogens.

Though, fungus based green synthesis of myconanoparticles and their extensive 
range of applications (Fig. 4.3) have fascinated the attention of investigators. Several 
noticeable applications of nanotechnology in different areas of agronomy have been 
described in subsequent sections:

4.4.1  Nanoparticles as a Suppresser for Pests (Nanopesticides)

The use of AgNPs as antimicrobial agents has been exploited in controlling plant 
diseases. Nanoparticles have potentially shown various modes of inhibitory action 
against plant pathogens. The use of biosynthesized AgNPs by exploiting biological 
agents for the effective management of plant disease has attained significant consid-
eration now a day. The reason of this approach is the low cost and less toxicity of 
nanoparticles to biomolecules. Furthermore, biosynthesized AgNPs are equally 
capable to those nanoparticles produced by chemical methods. Nanoparticles offer 
non-toxic environment friendly method for the management of plant diseases 
against phytopathogens (Feng et al. 2000).

Plants are directly or indirectly influenced by various types of biotic stress such 
as disease and as well as abiotic stress such as drought, salinity, heat, flood, etc. 

Fig. 4.2 Advantages of fungi as bio-factories for nanoparticles synthesis
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which is responsible for destructive economic loss. Nowadays, to avoid such type of 
damages, breeders developed resistant varieties of plants against them. The Nano- 
biotechnology improves plant resistance by implying novel measures using NPs 
like, nano capsules and nanofibers, to manipulate genes to increase plant resistance 
(Mukherjee et al. 2002).

It is possible to use nanoparticles against various types of plant pathogens 
because it is safer in comparison to synthetic fungicides, for example-Ag-SiO2 NPs 
have significant antifungal activity against Botrytis cinerea (Riddin et  al. 2006). 
Germain et al. (2003) also reported that combined application of a fungicide such as 
fluconazole and Ag NPs, can effectively suppress the growth of Phomaglomerata, 
Phomaherbarum, Candida albicans Trichoderma sp. and Fusarium semitectum. 
Soil borne plant pathogens produce hard structures in the form of sclerotia which 
are difficult to manage. These sclerotia are basically survival structures contain 
melanin to overcome environmental stress and are resistant to chemical and physi-
cal degradation.

Sclerotium rolfsii is a devastating soil borne plant pathogen which causes collar 
rot in chickpea and leads to about 50–95% mortality at seedling stage (Gericke and 
Pinches 2006). Sun and Xia (2002) suggested that there is a direct interface between 
biosynthesized AgNPs and sclerotia. The scleortia of S. rolsfii show reduced germi-
nation by the application of AgNPs as these AgNPs produce very responsive Ag+ 
ions which then show their antimicrobial activity to stop the growth of fungus. 
Unquestionably the diffusion into the microbial cell, disturbance in transport sys-

Fig. 4.3 Potential Myconanoparticles applications in plant pathology
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tem, accretion of Ag+ ions and fabrication of reactive oxygen species are the certain 
approaches of movements of AgNPs responsible for its antimicrobial property 
(Sarkar et al. 2012).

In last few years, the silver based nanopesticides are rapidly developed by the 
researcher for the management of plant pathogens due to their antimicrobial prop-
erty which is proved after application against various plant pathogens; however, it is 
safe or nontoxic to humans. The larger surface-to-volume ratios of AgNPs elevate 
their interaction with microbes and their capacity to infuse (Velmurugan et  al. 
2010). AgNPs based nanopesticides cause inhibition in the hyphal growth of 
Rhizoctonia solani, Sclerotium sclerotiorum and S. minor (Thakkar et al. 2010).

Similarly Das et  al. (2010) reported that biosynthesized silver nanoparticles 
using Stenotrophomoas sp. can be used for the management of soil-borne and foliar 
phytopathogens. A mixture of AgNPs with amphiphilic hyper branched macromol-
ecules can be utilized as an effective antifungal surface coating (Ahmad et al. 2006). 
Antifungal activity of silver nanoparticles against 18 plant pathogens was also 
described by Castro-Longoria et al. (2011).

Silica is known to have prominent antifungal potential as it increases the hydro-
phobic pressure of leaves which may trigger the plant defense towards biotic and 
abiotic stresses. Nano-silica increases the defense response towards fungal infection 
in maize over bulk silica treatment (Verma et al. 2010). This is possibly because of 
the mechanism of increased silica transport and deposition in roots as well as in 
leaves. Thus, it is evident that nanoparticles or nanoparticle aggregates with diam-
eter less than the pore diameter of the cell wall can easily penetrate and reach plasma 
membrane. There is an enlargement of pores or induction of new cell wall pores on 
interaction with nanoparticles which in turn enhances the uptake of water and nutri-
ents of plants (Tian et al. 2010). In addition, deposition of amorphous silica in the 
cell walls leads to leaf erectness and hence, may prevent the invasion of pathogenic 
fungi. Thus the nanosilica can be used for active defense mechanism to improve 
crop protection.

4.4.2  Myconanoparticles Mechanism of Action Against 
Fungal Pathogens

The exact mechanism of growth arrest and destruction of fungal pathogen of plants 
by myconanoparticles is not well understood. Microorganisms are believed to use 
some enzymes to metabolize oxygen to sustain life. Silver ion particles scrapple the 
enzyme and stop oxygen metabolization. This suffocates the fungi and other micro-
organism, leading to death (Longoria et al. 2012). Currently, fungus based AgNPs 
are being completely surveyed and extensively investigated as potential antifungal 
agents. Their tiny size and high surface-to-volume ratio boost their interaction with 
fungal species to carry a diverse range of antifungal activities (Blackwell 2011). The 
suppressive effect of AgNPs on fungi has led to follow many mechanisms. It is 
assumed that AgNPs possess high affinity towards sulphur and phosphorus in the 
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cell. As silver ions (Ag+) from AgNPs move with DNA containing phosphorous ele-
ment moieties, this leads to inactivation of DNA replication. Interaction of AgNPs 
with proteins containing sulphur which is present within or outside the cell is con-
sidered to be another reason. AgNPs become connected to sulphur-containing pro-
teins of microorganism cell membranes resulting in high permeability of cell 
membrane, leading to the death of microorganisms (Ahmad et al. 2002). Studies on 
the dose dependent effects of AgNPs (in the range of 10–15 nm) on microorganisms 
showed that at a micromolar level of these Ag+ ions can inhibit enzymes participat-
ing in respiration or may interfere in permeability of membrane to protons and 
phosphate. At higher concentrations these ions can move within nucleic acids and 
cytoplasmatic elements (Das et al. 2009). As fungi contain large quantities of pro-
tein product, they’re most popular as new economical sources for nanostructure 
formulation (Alvarez-Puebla et al. 2004).

4.5  Future Prospective

The production of metallic nanoparticles by fungi appears to be a relatively simple 
biotechnological process, predominantly involving only the reaction of fungal cul-
ture filtrates with solutions of metal salts. There are, however, a number of issues 
where further research is required. The work undertaken to date indicates that there 
may be a number of different kinds of reducing agents involved in the mechanism of 
synthesis of metal nanoparticles. These may also have effects on the final shapes and 
size of the nanoparticles. There is also a need to search out the specific mechanisms 
which involved in nanoparticle formation from fungi, and for comparative studies to 
determine whether the same or different pathways are used by different fungi for 
different metals. Once the basic mechanisms have been determined there will be a 
need to evolve mechanism for optimizing the specific concentrations, sizes and 
shapes of the nanoparticles. For the synthesis of commercially feasible 
myconanaoparticles, it would be necessary to develop low-cost recovery techniques 
to isolate the nanoparticles from the fungal mycelium for the easy use of these NPs 
in industrial processes. More researches need to be carried out on applications of 
myco-nanoparticles for plant disease treatment by a targeting particular disease and 
their controlled release.
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Chapter 5
Nanotechnology in Pest Management

Iqra Akhtar, Zunera Iqbal, and Zeb Saddiqe

5.1  What Is the Science of Nanotechnology?

Nanotechnology has been emerged in different fields of applied sciences like, biol-
ogy, medicine, chemistry, engineering and physics. The “formation, characteriza-
tion and application of materials, system and devices by regulating the shape and 
sizes at the nanoscale” is known as Nanotechnology (Ramsden 2005).

A meter comprises of one billion of nanometers, so 1 nm is one billionth part of 
a meter. In general word Nano indicates the size range from one nanometer (1 nm) 
to hundred nanometer (100 nm) in one dimension. It requires the development and 
modification of devices and materials between that size ranges. Figure 5.1 describes 
different ranges and types of nanoparticles.

5.2  Pest and Pesticides

The unwanted organisms which are harmful and cause damage to humans, animals 
and crops are called “Pests”. The chemical substances which are used for killing, 
repelling, preventing, mitigating and destroying the pests are known as “Pesticides”.

There are different groups of pests which cause different kinds of damage to 
humans, animals and crops. To identify the type of damage caused by pests, would 
helpful to understand and identify the type of pest. There are five main groups in 
which pests can be divided:

 1. Arthropods: It includes Spiders, Insects, Ticks and Mites.
 2. Nematodes: It includes Root knot and Root lesion nematodes.
 3. Vertebrates: This group contains animals with backbones.
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 4. Weeds: This group contains dandelion, nutsedge, pampas grass and purslane.
 5. Pathogens: It contains the microorganisms which cause diseases.

There are many types of pesticides which are commonly used in the field of agricul-
ture. These pesticides includes Azoxystrobin (used on vegetables, cereals, fruits and 
rice), Atrazine (used to eliminate harmful weeds from major crops), Metolachlor 
(used to control weeds in corn and cotton), Pendimethalin (used to control pest in 
soyabean, wheat and annual grasses), and Oxyfluorfen (used to control weeds in 
fruits and vegetables).

5.2.1  Risk Factors Associated with Pesticides

Due to the poisonous properties of pesticides there are many risk factors which are 
correlated with the use of pesticides such as:

The users of the pesticides:

One of the main risk associated with the use of pesticides is the farmers and their 
family members. They are at the highest risk. When the farmers mix the drugs or 
chemicals and when they apply these chemicals to the crops are examples of 
their direct contact with these pesticides.

The consumers of farm products:
When the pesticides are applied to the crops, these chemicals leaves residues behind 

and those residues will be used by the consumers.
The environment:

Pesticides not only kills the targeted organisms but also kills the other beneficial 
organisms including fish, birds, earthworms and insects which are present in or 

Fig. 5.1 Different ranges and types of nanoparticles (Brar et al. 2010)
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all around the fields, which cause the loss of biodiversity, results in the death of 
farm animals and death of wildlife. These poisonous chemicals can easily get 
mixed with water bodies, air and soil to contaminate it.

5.3  Pest and Agriculture Today

Insecticides, herbicides, nematicides, fungicides, plant growth regulators, rodenti-
cides and molluscicides are all included in the term pesticides as it covers a large 
range of compounds. Generally a pesticide must have the properties like destructive 
to the specified pests and non-harmful to non-targeted species, like human. 
Unfortunately, these properties are not considered while using the pesticides so that 
the arguments about use and misuse of pesticides has surfaced. The excessive use of 
these pesticides, as considering the proverb, “If little is good, a lot more will be bet-
ter” has played destructive role in mankind and other forms of life (Aktar et al. 2009).

5.3.1  Excessive Use of Pesticides

Crop productivity is limited by the major factor known as “diseases”. The problem 
is that the disease management could not identify and detect the exact situation and 
stage of disease prevention. Pesticides are usually applied by no consideration of 
precautionary measures and their harmful aspects, as a result, residual toxicity and 
environmental threats come into fronts. But on the other side, when pesticides are 
applied after the appearance of the disease, it leads to the loss of crops to some 
extent. Diseases caused by viruses (viral diseases) are very difficult to control in 
comparison to all other types of diseases, because in viral diseases the spreading of 
disease takes place by the vector and it is very difficult to stop the spreading. As at 
the initial stages, it starts to show the symptoms of the disease then the use of pesti-
cides would not be more effective. That’s why the identification and detection of the 
specific stage of viral disease such as DNA replication and production of viral pro-
teins is the main point to successfully control the viral disease.

To improve, the quality of food, taste and better flavor, techniques of biotechnol-
ogy are well known. It has been very safe to use biotechnological techniques in 
agriculture and to increase the crop preservation, production and protection. As bio-
technology has many benefits but at the same time it has many ecological conse-
quences which are harmful for the environment. These harmful impacts include, 
wide spreading of genetically modified genes to the native plants which results in 
increasing the toxicity level. This toxicity level may also pass through the food 
chain and can disturb the natural system of pest control by generating the new viral 
resistant strains and weeds as a result of loss of biodiversity and occurrence of 
insecticidal resistance. Therefore, it is really important to bring new, modern and 
inventive methods and technologies to sort out the above mentioned problems 
(Kitherian 2017).
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A new area of biotechnological research included the detection, identification 
and application of biomarkers. These biomarkers point out the exact stage of dis-
ease. The identification and detection of other proteins produced during the period 
of infection can be carried out by comparing the protein production in diseased state 
with the protein production in healthy state.

Rats, mice, ticks, mosquitoes, other disease carriers and pests are controlled by 
using pesticides. In agriculture to control disease, weeds and insect infection, pesti-
cides are used. Nowadays the use of pesticides is the fastest way to overcome the 
effects of different disease and pests. These chemicals include herbicides, fungi-
cides and pesticides. Biological control methods are also used but presently these 
are very expensive. Problems associated with uncontrolled use of pesticides 
includes:

• Deleterious effects on the human health.
• Damaging effects on domestic animals and pollinating insects.
• Penetration of these materials into the soil and getting mixed with the water.
• Having direct and indirect effects on ecosystem.

5.4  Nanotechnology for Pest Management and Disease 
Control

The appropriate and suitable solution for the above mentioned problems is the con-
trolled and programmed use of chemicals on nano scale basis. In controlled release 
method these materials are directly used into the plant’s part where the pest or dis-
ease attacked. These carriers are self-regulatory on nano scale, which means that 
only the required amount of chemical is delivered to the plant tissue as medication. 
Such nano particles are also used to change the kinetic profile of the releasing drugs 
which results in more appropriate and sustainable release of drugs with lesser 
demand for constant dosing (Sharon et al. 2010).

In agriculture sciences, nanotechnology helps to reduce the environmental pollu-
tion with the production of different types of pesticides carriers by using nano cap-
sules and nano particles which have the capability of controlled or delayed delivery, 
more absorption, effective, ecofriendly, and the formation of nano-crystals which 
increases the capability of pesticides when applied in lesser dose. In near future 
nano particles will be widely used for the delivery of drugs or active ingredients to 
treat all the diseases associated with plants (caused by pathogens). There are a large 
number of nano materials which are used as pesticide or to deliver drugs. These 
nano materials include gold nano particles, polymeric nano particles and iron oxide 
nano particles which can be synthesized easily. Size, surface functionalization and 
shape of the nano particles may be modified and change the pharmacokinetic 
parameters of these nano particles.

Nano-scale based characterization of viral disease which include the multiplexed 
diagnostic kit development played very crucial role for the identification and  detection 
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of the specific stage of viral strain and utilization of drugs to prevent from the disease. 
The power and speed of disease detection increases by the utilization of nano-based 
diagnostic kits (Prasanna 2007). To make the “smart” agriculture system nano scale 
devices with unique properties could be used in near future. As an example, to identify 
the health issues of plant, nano devices could be used before these issues become 
notable to the farmer. These devices may have the capability to respond in different 
situations and to take proper action for the removal of disease. If these devices could 
not do so then they will alarm the farmer about the problem. In such a way the “smart” 
devices will serve as warning at very initial stage and offer prevention from the dis-
ease. These devices could be used in targeted and controlled manner to deliver the 
medicine in the same way when nano-medicine applied in humans for drug delivery. 
Developments in nano-scale medicine allow us the treatment of different diseases like 
cancer in animals because of the target delivery with high precision and it has become 
highly successful (Joseph and Morrison 2006). Therefore, they are also being consid-
ered to be targeted research area for plants.

5.4.1  Nanoscale Materials and Their Application

All the living organisms in nature, from the smallest to the largest depend on the 
nano-sized materials and the protein machines which are responsible for performing 
everything such as from the movement of flagella to the movement of a muscle. 
Nano-sized black carbon helps in the improvement of mechanical qualities of tires. 
The nano-sized silver nano particles start up the development of photographic film 
(Bhattacharyya et  al. 2010). For the protection of environment, nanotechnology 
already has many great applications (Nowack 2009). Figure 5.2 describes the role 
of nanotechnology in agriculture.

5.4.2  Formulation of Nanopesticides

The formulation of any pesticide which includes the elements in the range of nm 
and claims the innovative properties are associated with these small ranges of size. 
Nano pesticides have a great variations in different products that’s why we cannot 
consider all these in a single category. Nano pesticides may be consisting of:

 1. Ingredients which are organic in nature and include polymers.
 2. Ingredients which are inorganic in nature include metal oxides in different forms 

such as micelles and particles.

Like in the formulation of other pesticides the aims of nano formulations are:

 1. To enhance the solubility of main ingredient.
 2. To protect active ingredient against the early degradation.
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 3. To release active ingredient in a slow manner.

At present time we cannot fairly assess the advantages and disadvantages of nano 
formulation due to the poor knowledge which results in avoiding the use of some 
nano pesticides.

5.4.3  Controlled Release of Pesticides Using Nanomaterials

Controlled release of pesticides with the help of nanomaterials is a new horizon to 
face challenge, rapid growth in the demand of food and energy as well as increased 
soil and air pollution. The controlled release of pesticide is a crucial step to achieve 
these goals of food, energy and environment sector (Sarlak et al. 2014).

Fig. 5.2 Role of nanotechnology in agriculture
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Pesticide carriers are those substances which have the efficiency and stability to 
encapsulate or bind with active ingredients, as well as their controlled release prop-
erties such as an organic solvent and mineral clay which carries the active part of 
pesticides and transfer it to the target. The selection of material used as pesticide is 
very important and crucial for selection of carrier molecules (Yusoff et al. 2016).

To synthesize a pesticide, is a very difficult chemical process which need the 
experienced and trained chemist and a well-established, sophisticated laboratory. 
The primary process is to alter an organic molecule into pesticide. In order to for-
mulate the pesticide products, ingredient, such as solvents, surfactants, emulsifiers, 
clay, propellants and water need to be added (Xu et al. 2016). But nanoparticles 
present easy solutions; a few commonly used carriers are as follows:

5.4.3.1  Nano-micellar Aggregates

Micelles are aggregates of electrically charged particles which occur in a colloidal 
solution. At the critical concentration these micelles are formed in solvent system. 
Micelles can be synthesized in different sizes ranging from 10 to 100 nm and their 
shapes depend upon their molecular weights. Nano-micelles are very small size 
micelles which have the particle size in the range of nano-scale, Nano-micelles are 
hydrophilic and hydrophobic (amphiphilic) colloidal structures formed by self- 
assembly of 5–200 nm monomers. For their ability to solubilize hydrophobic mol-
ecules in aqueous solution, nano-micelles have been an appealing carrier. 
Nano-micelles are commonly used for targeted delivery in agricultural, biological 
and pharmaceutical applications. The amphiphilic properties of the nano-micelles 
stimulate the insoluble molecules to be carried out and delivered to the specific 
target tissues (Rivera et al. 2016).

Nano-micellar aggregate is the most efficient way in which a micellar delivery 
system can maintain drug release. Typically, this strategy includes the formation of 
a drug conjugate with the hydrophobic portion of an amphiphilic polymer and the 
formation of micelles from this conjugate (Li et al. 2002).

For the release of drugs such formulations have two steps:

 1. From the polymer the drug is removed by hydrolysis enzyme or other breakdown 
methods.

 2. The drug is released out of the micelles through the diffusion of the drug, the 
former being typically the rate-limiting step.

A significant benefit of this technique is that because of conjugation, the drug 
stays in the micelle for a longer time (Zhang et al. 2016).

5.4.3.2  Nano Encapsulation for Controlled Release

The process of packing or enclosing the small particles of a substance inside the 
other material is called “Encapsulation”. Encapsulated particles are intended and 
designed in such a way that, when these particles are subjected to a specific trigger 
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they release their contents. Encapsulation can be helpful in making bioactive com-
pounds and living organisms more stable such as bacterial spores being not interac-
tive to the environment. Encapsulation can also be very helpful to ensure timely 
delivery of bio-pesticides, where they can be applied in the field. As an example, in 
a polymer a bacterial spores could be encapsulated which breaks down and open at 
the critical temperature, which ensuring that the spores activated at the same time 
when the pests arise (Bashir et al. 2016).

The amphiphilic copolymers (that can be synthesized from the polyethylene gly-
col and different aliphatic di-acids) are, self-assembled in aqueous media into nano- 
micellar aggregates, and are used to form controlled release (CR) formulations by 
using encapsulation techniques. The effectiveness of formulations can be increased 
by high solubilization power and low concentration of critical micelles (CMC). 
Various methods such as Dynamic Light Scattering (DLS), Infrared (IR) spectros-
copy and Transmission Electron Microscope (TEM) can be used to characterize 
these formulations. The formulations which are formed for CR can be used in vari-
ous plants and crops for effective pest management. When a commercial formula-
tion is required for a practical implementation in the selected area, the use of 
materials is very crucial and should be compatible with the applications:

 1. Ecofriendly.
 2. Easily biodegradable.
 3. Nontoxic waste products.
 4. Cost effective.

The utilization of different biopolymers, i.e. polymers generated by natural sources, 
which simultaneously have excellent chemical and physical properties and still 
present in mild circumstances of biodegradation, is an interesting strategy to prevent 
the use of petrochemical derivatives that could be another cause of environmental 
pollution (Adak et al. 2012).

For the ideal drug action, the drug must be delivered as efficiently as possible to 
the required site of action. Targeting the drug to the site of action using either a 
prodrug or an advanced drug delivery scheme would be more beneficial. It not only 
enhances the therapeutic ability but also allows a decrease in the dose of the drug to 
be administered. As a result the unwanted toxic impacts are minimized. A delivery 
via colloidal drug delivery systems may be one possible way to deliver the drug to 
the targeted site. These devices give benefits in many fields like veterinary, medical, 
agricultural, and industrial applications, mainly because of their nano-size (Anamika 
et al. 2014).

5.4.3.3  Nanoparticles Used in Bio-pesticides Controlled Release 
Formulations (CRFs)

The most common forms of nanomaterials used for biocidal delivery in CRFs are:

 1. Nanospheres: Aggregate with a homogeneous distribution of the active com-
pound into the polymer matrix.
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 2. Nanocapsules: Aggregate in which the active compound is concentrated inside 
and surrounded by the polymer matrix near the center or nucleus.

 3. Nanogels: Hydrophilic polymers (usually cross-linked) that can absorb excess 
amount of water.

 4. Micelles: Aggregate synthesized by hydrophilic and hydrophobic molecules in 
aqueous solutions (Fig. 5.3).

5.4.4  Organic Nanoparticles as Pesticide Carriers

Polymerization properties of some organic compounds have led most of the scien-
tists to create pesticide encapsulation from them as carrier transportation. Sarlak 
et  al. (2014) used the multi-walled carbon nanotube (MWCNT) covered water- 
soluble dithiocarbamate fungicides as carrier with poly citric acid. The pesticide 
encapsulation was optimized with a stirring period of 30–80 min in the pH range of 
6–8. In order to enhance the photo stability of various pesticides, polymeric nanopar-
ticles were generated. The photo-degradation of the pesticide group of macrocyclic 

Fig. 5.3 Morphological description of Nanomaterials used in controlled release formulations
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lactones has been altered by encapsulation using polyacrylate polymer nanoparti-
cles. The increase in the photo stability of the nanopesticide was apparently signifi-
cant by the enhancement in insecticide activity against the Helicoverpa armigera 
which is cotton bollworm (Mishra et  al. 2015). Photo stability of pesticides is 
advantageous as it increases the effect of applied dose so pesticides in lesser amounts 
are good in action. Polyethylene glycol (6000) nanoparticles were used to encapsu-
late plant-based pesticide oils in the ranges of 100–400 nm in size (Gonzalez et al. 
2013). Figure 5.4 shows the types of nano-pesticides carriers.

5.5  Metal Nanoparticles as Pesticide

The nanoparticles having the particular biological and chemical properties can be 
used as a pesticide carrier or as a pesticide as the entire nano-sized metal entity. 
These metals can readily penetrate in the body of the insect and perforate the body. 
The antimicrobial and anti-parasitic properties of silver and silica nanoparticles are 
used in various agricultural and food processing applications for pest control. Metal 
nanoparticles and their insecticidal properties are given in Table 5.1. A comprehen-
sive research was conducted on the strength and insecticidal activity of nanoparticles 

Fig. 5.4 Types of nano-pesticides carriers
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and terpenoidal silica nanoparticles by Rani et  al. (2009). Nanoparticles surface 
layer expanded the storage capacity of pesticides to 180 days, and also ten times rise 
in insecticidal properties which were observed against two worms (tobacco cut-
worm and semi-looper worm). The silver nanoparticles were treated with 
Deltamethrin, a type II pyrethroid pesticide, and its mosquitocidal activity was 
tested against the Aedes aegypti dengue vector. The nanosilver-deltamethrin com-
plex was formed in the size range of 20–300 nm and the deltamethrin insecticide 
activity was improved due to this complex formation. The use of metal nanoparticles 
leads to elimination of the accumulation of targeted pest. But, the excessive use of 
metal nanoparticles in plant cells can lead to the internalization of NPs and metal 
ions. This can lead to bioaccumulation and un-desirable bio-magnification of the 
metal in food chain (Jones and Hoek 2010). Metal nanoparticles which are non- 
specific in action can cause damage to the soil’s useful microorganisms, and metal 
leaching can interrupt water ecosystem and aquatic invertebrate communities.

5.5.1  Nanopesticides and Environmental Concern

The pesticide’s main ingredient is hazardous to environment because of several liv-
ing and non-living variables. The biological efficacy and pesticide chemodynamics 
are influenced by abiotic conditions such as temperature, light, soil physicochemi-
cal aspects and salinity. Biotic factors such as microbes, crops and certain insects 
play a major part in the environmental degradation and persistence of pesticides. 
Microorganisms play a crucial role in maintaining soil chemical equilibrium and in 
soil and water decomposition of xenobiotic compounds. The selection of nano- 
pesticide can resolve the issues posed with excessive use of the pesticide. But, there 
are numerous environmental dangers associated with the use of nano-products in 

Table 5.1 Applications of metal nanoparticles in pest management

Sr. 
No.

Metallic nanoparticles and 
preparations

Size 
(nm) Target References

1 Silver nanoparticles, extraction of 
chlorophylis

1–100 Mineralization of 
halocarbons

Manimegalai 
et al. (2011)

2 Gold nanoparticles, using the 
extracts of Magnolia kobus and 
Diopyros kaki leaf extracts

5–300 Bipolaris sorokiniana 
fungi

Al-Samarrai 
(2012)

3 Zinc oxide and Aluminum oxide 
nanoparticles, by the process of 
combustion

3–250 Sitophilus oryzae 
insects

Keratum et al. 
(2015)

4 Zinc nanoparticles by extraction ≤100 Fusarium graminearum Dimkpa et al. 
(2013)

5 Cobalt nanoparticles, by plant 
extract

50–
350

Pseudomonas 
Aeruginosa and 
Escherichia coli

Kuchekar et al. 
(2018)

6 Sulfur nanoparticles by Acid 
hydrolysis

10–
100

Escherichia coli Suleiman et al. 
(2013)
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pest control. Because of their large surface area, nanoparticles are reactive with dif-
ferent parts of the atmosphere, which can lead to an unexpected environmental out-
come. Due to the variation in chemical ingredients and preparation process, the 
different types of nano-pesticides from emulsion to nano-dispersion have different 
environmental relationships. A clear knowledge of the safety of the environment, 
the future of nano-pesticide and its main ingredient is required before commercial 
use (Fenner et al. 2013).

5.6  Transformation of Nanoparticles in Environment

Nanoparticles form aggregates and clumps in the range of micron sizes because of 
the distinction in the ionic pressure between the environmental media and the sur-
face of nano-particles. As described by Kah et al. (2014) Nano-pesticides based on 
metal active ingredients can undergo rapid environmental alterations by incorporat-
ing new chemical substances onto their surface. Combination of nanoparticles with 
different materials depends on their volume and nature, therefore, can increase the 
stability of toxic materials in environment as well. Polymeric nano suppliers and 
organic nanoparticles are capable of sedimentation with particles of soil and cause 
biotic degradation. The grouping of nano emulsion indicate modifications such as 
flocculation, phase separation, and emulsion creaming after too long storage, tem-
perature and pH modifications (Sugumar et al. 2014). Figure 5.5 shows the transfor-
mation of nano-pesticides.

Fig. 5.5 Transformation of nano-pesticide in environment
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5.7  Future Prospects

Applications of nanotechnology have great potential to alter production future in 
agriculture by enabling sustainable crop management. Nanotechnology offers much 
easier techniques of detecting threat of the pests and bio-remediating the environ-
ment. It can improve the productivity of agriculture by using nanoparticles as 
nanopesticides or by covering current pesticides with nanomaterials for smart deliv-
ery to plants. Both methods require extensive research work to define the optimized 
conditions for each crop with each nanoparticle and every pesticide. Nanosensors of 
particular type should be developed for each cash crop to deliver pesticide at par-
ticular timing and placement. Nanoparticles can also be used to degrade the remain-
ing of pesticides from environment. Thus, nanotechnology will change farming 
methods in the future, including sophisticated pesticide management. Green revolu-
tion would be accelerated through nanoscience over the next 20  years. 
Nanotechnology could be used for the formation of new insect repellent and pesti-
cides. Therefore, nanotechnology is regarded as one of the best possible solutions to 
issues in the food and agriculture sector.

5.8  Conclusion

In this century, increasing technologies will face a more suspicious and difficult 
challenges. These technologies have to make themselves clear not only for their 
benefits but also have to predict and describe potential hazards associated with 
them. Nanotechnology can be a major source of developing alternatives to minimize 
pesticide contamination. Nanotechnologies have demonstrated excellent ability to 
control the release pattern of the active ingredient of pesticides to make them more 
effective for long-term functionality that can overcome agricultural runoff and 
residual pesticide accumulation problems. Furthermore, nano-pesticide has shown 
enhanced solubility and stability of the active ingredient for efficient pest control. At 
present, nano-encapsulation is the most promising technology to protect host crops 
from insect pests. Thus, nanotechnology will improve agricultural output in the 
coming years, including pest management. But extensive research work is needed.
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Chapter 6
DNA Nanobiotechnology and Plant 
Breeding

Saadia Basheer, Khadija Rafiq, Muhammad Tariq Javed, 
Muhammad Shahid, and Muhammad Sohail Akram

6.1  Introduction

Nanotechnology refers to processes or applications which utilize materials (nanopar-
ticles) with size range of 1–100 nm (in a single dimension). These nanoparticles 
have very unique properties in terms of their chemistry, physical appearance, reac-
tivity and magnetic as well as optical effects. Generally, nanotechnology is charac-
terized by the approach being utilized to achieve a task i.e. it may be ‘top-down’ or 
‘bottom-up’. The former is making nanoscale structures by utilizing the techniques 
of mechanizing, templating and lithographic, e.g. photonics applications in nano-
electronics and nanoengineering. Contrarily, ‘bottom-up’, (also called molecular 
nanotechnology), approach builds organic and inorganic materials into defined 
structures, atom by atom or molecule by molecule, often by self-assembly or self- 
organization, which can then be applicable in several biological processes.

Biotechnology is utilization of various advance technological tools and applica-
tions for better understanding and development of living things or biological mole-
cules. Nanobiotechnology, therefore, is an interdisciplinary approach of utilizing the 
techniques of both nanotechnology and biotechnology for a larger benefit of man-
kind. Nanobiotechnologists have analysed and utilized various components of natu-
ral biological systems to design innovative nano-devices like biochips,  molecular 
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motors, nanocrystals and nanobiomaterials. Nano genomics-based methods have 
enabled breeders to achieve greater precision in breeding programs and have opened 
up new exciting opportunities for selecting and transferring genes. This has not only 
reduced the time needed to eliminate unnecessary genes, but has also allowed the 
breeder to access useful genes from distant plants.

The current chapter has highlighted the advancements in nanobiotechnology and 
its application towards plant breeding programs. Particularly, the role of nanotech-
nology, magnetofection, mesoporous silica nanoparticles, and clay nanoparticles in 
plant transformation/breeding has been discussed.

6.2  Mesoporous Silica Nanoparticles (MSNs)

Mesoporous silica nanoparticles are very small sized particles of silica (nano-size) 
with honey comb like channels and pores with great capacity of absorbing and car-
rying materials. The exceptional structural properties of organically functionalized 
mesoporous silica nanoparticles include thermally and chemically stable mesopo-
rous structures, huge surface areas, highly organized surface properties, and adjust-
able pore sizes. These properties have increased their excellency for hosting various 
molecules of different sizes, shapes and functions. Mesoporous nanoparticles have 
appealed scientists for their application as carrier system specially their use in can-
cer treatment in animals.

MSNs are not toxic to plants and can be taken up by endocytosis in acidic lyso-
somes, therefore making MSNs unique candidates for delivery of drugs. Molecular 
gatekeepers, used for capping the MSNs, protect and help efficient internalization 
of MSNs into target. MSNs penetrate the roots by apoplastic and symplastic path-
ways through xylem (conducting tissue) towards the aerial parts of plants including 
stem and leaves (Sun et al. 2014).

In many systems which are based on non-porous nanoparticles for delivery in 
plant tissues and cells, particles of interest are restricted to nucleic acid, which usu-
ally adsorb on carriers exterior surface. For example, in gene gun system,  which 
extensively uses DNA coated microparticles for bombardment of plant cells and 
tissues to transfer genes in these plants (containing cell wall). Such systems are used 
in many fields but co delivery of other molecules with nucleic acids is very difficult. 
For delivery of DNA and many other biogenic species, microinjection could be 
used. Although, this method is not appropriate for plant transformation due to its 
low efficiency and need to be replaced (Potrykus 1990).

In such situations, use of  MSNs presents a solution. In MSN systems, silica 
nanoparticles are loaded in mesopores to stop the leaching of drugs. These drugs 
and imaging agents are then  encapsulated with physical bound caps. Uncapping 
materials which enhance the breakdown of linkage between caps and MSN, are 
introduced in these molecules and they release pores. This design is feasible and is 
shown by using a disulphide antioxidant DTT (dithiothreitol) as a gateway for bio-
genic release of molecules in mammalian cells (Lai et al. 2003). Different research 
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groups have synthesized a chain of MSNs with different functional groups which 
has helped in the investigations involving efficiency of MSNs. First investigation on 
MSN use was on protoplasts which are model systems in cellular and physiological 
studies (Sheen 2001). These mechanisms have been extensively studied and under-
stood in animal cells where these studies were restricted to impermeable membrane 
dyes. Experiments were also performed for the mesophyll protoplasts of tobacco 
and they undergo endocytosis by use of Lucifer Yellow dye. Different types of 
MSNs are used for the uptake of nanoparticles.

Type-I MSN did not work for uptake of particles while Type-II MSN (Type-I 
MSN functionalized with Triethyl glycol/TEG) showed successful internalization 
and they were found in endocytic vesicles of cytoplasm during complete experi-
mental duration. It is demonstrated that for plant endocytosis (cell) particle surface 
characteristics play a vital role. MSN concentrations per plant are observed to be 
low as compared with the animal cells. Size of endocytic vesicles between the range 
of 0.2 and 3 mm, which presents from 1 to 15 MSNs. Number of vesicles in each 
cell was highly varying from 1 to 20. This was the first example of plant cells (iso-
lated) endocytosis for TEG coated nanoparticles. For cell biology and plant endocy-
tosis studies, this was a new, unique and versatile MSN system because it caused no 
toxic effects in plants and proved to be totally safe and opened a new horizon of 
research.

For the evidence that MSNs could be used as DNA delivery agents in plant cell, 
a plasmid containing GFP (green fluorescent protein) gene under constitutive pro-
moter control was used. Optimal coating ratio for DNA and MSNs was 1/10. For 
Type-II MSNs, DNA complex formed successfully and this proved that stable DNA 
and type-II MSN complexes were formed because no free DNA was detected  in 
solution after incubation. Restriction enzymes did not digest the DNAs bound to 
Type-II MSN. GFP expression (transient) could be observed after protoplast incu-
bation with MSN coated with DNA. Type-II MSNs could be identified in whole 
GFP expressing cells. Standard PEG (Polyethylene glycol) mediated transformation 
(protoplast) could be achieved with 40–90% transformation efficiency when 1–2 mg 
of DNA/106 cells is used (Torney et al. 2007).

It is found that Type-II MSN coated by DNA serves as an excellent delivery 
system of DNA to protoplast and could make DNA, approachable to transcription 
machinery which leads to transgene expression. For genetic engineering of plants 
desired targets are intact plant tissue. It was tested that MSNs could be introduced 
into plant cells with gene gun method. Attempts for MSNs bombardment did not 
result in successful transformation and there were no MSN in the cells, may be 
because of lower density of silica nanoparticles.

Another type, Type-III MSN was introduced to overcome this issue, in which 
mesopores were encapsulated with surface-functionalized, gold particles, which 
served not only as biocompatible covering agent (Shukla et  al. 2005), but also 
increased the weight in every MSN to enhance the density of the resulting material. 
On tobacco cotyledons, GFP expressing foci can be seen which are coated with 
Type-III MSN.  By the use of gene gun method, gold nanoparticle-capped with 
Type-III MSN could be used for delivery of DNA in intact plant cells and tissues. 
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Mesoporous structures have more efficiency of loading larger amounts of biogenic 
moieties. These include chemicals which are membrane impermeable or incompat-
ible to growth media. In comparison, the gold particle DNA delivery system has 
DNA coated with solid gold materials. Maize immature embryos are also bom-
barded by Type-III MSNs. GFP expression was also observed in callus portions 
from a culture grown in non-selective medium few days after bombardment. Gold 
nanoparticles may be aggregated on MSN surface. It is concluded that the DNA can 
form stable complexes on Type-III MSN surface; this gene system could be appli-
cable for both stable transgenic and transient plant materials.

Most beneficial feature of MSN technology is the potential to be delivered in 
varying biogenic species at the same time to target site and discharge the encapsu-
lated chemicals in control manner. For testing whether controlled discharge for the 
animal cell (Radu et al. 2004) are also applicable for plants, a transgenic tobacco 
was generated which contained inducible promoter control GFP gene. GFP expres-
sion in plants was observed only in presence of a chemical inducer, beta-oestradiol 
(Zuo et  al. 2000). Average fluorescent foci are counted for different transgenic 
events which are germinated on medium containing DTT. It is concluded that gene 
present inside the plant genome can be activated through chemicals delivered in 
cells, which directly leads to controlled discharge in planta by the use of this 
MSN system.

Finally for demonstration of MSN system transparency and delivery of both 
chemicals and gene simultaneously, experiments were performed where plants were 
bombarded with MSNs loaded with beta-oestradiol along with gold nanoparticle 
coated with GFP marker gene. The results described that DNA molecule delivery of 
a marker gene along with the chemical at same time is possible. The technique 
releases the encapsulated chemical by controlled manner for trigging expression of 
co-delivery of transgene in cells. Currently nanotechnology is basically applied to 
animal and medical sciences but it has been demonstrated that it could also be used 
in plant sciences for crop improvement and genomic studies (Bharti et  al. 2015; 
Torney et al. 2007). During material synthesis direct functionalization of silica sur-
face is allowed by the co-condensation process, which is preferential for internal 
mesopores surface. Porous silica materials are the most beneficial compounds 
which provide pathways for the challenging diseases treatments. Many broad range 
advantages of silica include its versatility, biocompatibility, pore volume, biode-
gradability, porous space for guest molecules of different pore sizes, and surface 
charge control, and their dispersion throughout plant body.

Another application of MNPs in plants is to produce magnetoferon pollens (pol-
len with external DNA transferred by magnetic nanoparticles). Pollen of most crops 
have surface apertures with diameter of 5–10 μm with a pollen wall reduction or 
absence. It is confirmed that cotton pollen has aperture structures where pollen wall 
is thin and has high permeability which helps in delivery of exogenous genes into 
the pollen. Pollen magnetofection is tremendously mild and cause no damage to 
pollen. Pollen tube growth and germination of magnetofected pollens showed high 
pollen viability. Pollen germination showed higher viable pollen. It is because of the 
sizes of MNPs that are smaller than 200 nm and could pass by the pollen apertures. 
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This whole procedure involves a mixing of MNP–DNA complexes and pollen, 
effectively reducing pollen perturbation.

MNPs exhibit advanced properties in protection and concentration of exogenous 
nucleic acids. DNA molecule adsorption on the surface of MNPs is demonstrated 
clearly in mechanism of assembly of MNP/DNA complexes through morphology 
characterizations. MNPs can efficiently transfer exogenous gene in mammalian 
somatic cells and have high stability in gene expressions. Different structures of 
MNP/DNA complexes are produced with varying ratios of MNP/DNA. Due to these 
characteristics, their biological performance is affected, leading to changes in dose–
response relationships and cytotoxicity. Application of MNPs in efficient magneto-
fection and their gene delivery systems and functions are elaborated effectively 
(Zhao et al. 2014).

6.3  Clay Nanosheets

Plant pests and pathogens are affecting the global food security by reducing the crop 
yields about 30–40% per year (Borges and Martienssen 2015). Increased global 
warming is another environmental problem responsible for moving the causative 
agent of diseases into new territories (Bebber et  al. 2013). Disease control pro-
grammes depend on plant genetic resistance and/or transgenes in combination with 
insecticidal and fungicidal sprays. There is a need of versatile strategies for manag-
ing the crop health which in turn is driven by greater crop production, pesticide 
resistance and toxicity problems among different climate ranges. RNAi (RNA inter-
ference) is a conserved eukaryotic mechanism present in both plant and animal 
kingdoms (Baulcombe 2004). It plays an important role in growth, development, 
and defence mechanisms of host against viruses and transposons.

RNAi, with the help of its DCL (DICER LIKE) enzyme activity, processes 
dsRNA into small interfering (si) RNAs. These siRNAs are incorporated into RNA- 
induced silencing complex which ensures that they particularly degrade RNA 
shared sequences resembling with the induced dsRNA.  RNAi pathway confers 
resistance to transgenic diseases against pathogenic microorganisms in plants (Duan 
et al. 2012; Gordon and Waterhouse 2007). Topical application of dsRNA emerged 
as an attractive alternative for pest control in comparison to conventional transgenic 
methods. It is concluded that exogenous application of dsRNA could develop a new 
environmentally protected biotechnological method that aims to protect plants 
against viral diseases. However, there are some limitations with dsRNA  topical 
application  that could be addressed through advance nanotechnology techniques 
(Robinson et al. 2014; Tenllado et al. 2004). Encouraging research is being con-
ducted for the application of dsRNA topically for plant virus control (Lau et  al. 
2014). The short period of post spray protection of dsRNA from virus is the limita-
tion in its practical application (Gan et al. 2010). There is a preliminary information 
about BioDirect technology, as an RNAi spray application, from Monsanto, but no 
details emerged on surface.
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There are enormous questions regarding dsRNA fragment delivery into the plant 
cells, mechanism of uptake in dsRNA into plants, and the issues regarding stability 
of the dsRNA applied topically to withstand all environmental conditions and facil-
itate long term protection against viruses. For this purpose potential applications of 
clay nanoparticles have been investigated. These sheet-like clay nanoparticles are 
composed of positively charged LDH (Layered Doubled hydroxide) nanosheets 
that contain dsRNA for prolonged and efficient protection against viruses. LDH 
materials are found in nature either because of precipitation in salt water bodies or 
due to weathering of basalts. LDH nanosheets belong to the family of inorganic 
layered materials (Xu et  al. 2006) containing mostly divalent and trivalent 
metal ions.

A striking alternative to RNAi (transgenic RNA interference) is the use of 
pathogen- specific dsRNA (double-stranded RNA) for resistance against virus in 
plants. For practical application of this technology, a major limitation is the instable 
nature of naked dsRNA. It is demonstrated that dsRNA could be loaded on non- 
toxic, designer and degradable LDH (layered double hydroxide) clay nanosheets. 
Once dsRNA has been loaded on LDH, these do not wash off, sustained discharge 
and could be found on sprayed leaves even after many days of application. Evidences 
are being provided for degradation of LDH, silencing of homologous RNA and 
dsRNA intake in plants by topical application. Radically, single spray of this RNA 
loaded on BioClay (LDH) protected the plants from virus attack at least 20 days 
when assessed on sprayed and newly born unsprayed leaves. This invention trans-
lates nanotechnology made for the delivery of RNA interference for its use in envi-
ronment friendly easily adaptable topical spray of human therapeutics.

Efficient laboratory protocol has been developed for the production of homoge-
nous stable positive charge bearing LDH nanosheets which have particle size from 
80 to 300 nm. Large dsRNA could be loaded on LDH nanosheets and form com-
plexes known as BioClay (dsRNA–LDH). The BioClay dsRNA could be detected 
even after 30 days of topical application on leaf surface and is protected from nucle-
ase activity. Under ambient environment, BioClay provides sustained discharge of 
dsRNA on leaf surface. Over a time period, LDH nanosheets could be degraded, 
most importantly BioClay sprayed topically provides RNAi based protection to 
unsprayed newly emerging and sprayed leaves for a longer duration of time after 
one spray. There are evidences for the uptake of dsRNA for triggering RNAi against 
homologous RNA.

6.3.1  Degradation of LDH and Release of dsRNA

Moisture and CO2 can gradually breakdown LDH in a biochemical residue and 
release the loaded biomolecule. This test was performed on leaves of Nicotiana tob-
bacum by placement of LDH suspension droplets and incubated at 27 °C with 95% 
humidity in natural environment or with 5% CO2. After a week of exposure LDH 
residues on the leaf showed decrease in Al (28%) and Mg (22%) amounts. dsRNA 
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loaded into the leaves was also tested in the solution by incubation of  CMV2b- dsRNA–
LDH complex for 7 days either in normal environmental conditions or 5% CO2. The 
residues were tested after incubation through Northern blot analysis. After compari-
son between normal atmospheric and 5% CO2, the former atmospheric conditions 
showed a decrease in LDH-bound CMV2b-dsRNA. This indicated the LDH disso-
lution, at pH 3.0, together with release of dsRNA.

These conclusions indicated that degradation of LDH nanosheets occurred 
through the formation of carbonic acid when CO2 in the atmosphere reacted with 
water film on leaf surface, facilitating the slow release of dsRNA.

6.3.2  Uptake of dsRNA into Plant Cells and Induction of RNAi

The ingestion of dsRNA or small regulatory RNAs into the plant cells is a crucial 
step in topical application of dsRNA. Different Cy3 fluorophore alone as well as 
LDH, Cy3, CMV2b and dsRNA combinations were applied to the leaves of 
Arabidopsis thaliana and then observed under confocal microscopy after 2 days of 
application for Cy3 uptake in leaf. There was no uptake of Cy3 alone and in combi-
nation with LDH and LDH was found in xylem with CMV2b-dsRNA–Cy3. 
CMV2b-dsRNA–Cy3-LDH demonstrated that Cy3 is found in mesophyll abun-
dantly. Many observations showed that dsRNA could be taken up by plant cells by 
passive diffusion or by active transport. GUS (β-glucuronidase) reporter system 
could be induced for further confirmation for RNA uptake and RNAi induction in 
Arabidopsis.

There was no specific difference in GUS expression in seedlings which were 
treated with empty vector, LDH (control), water, non-specific CMV2b- 
dsRNA. Difference was found in seedlings treated with GUS-dsRNA or with GUS- 
dsRNA–LDH in comparison with control. Naked dsRNA and dsRNA with LDH 
both were taken up by seedlings and they regulated the post transcriptional down 
regulation of expression of GUS.

Results of GUS system showed that dsRNA enters when applied to whole plant 
body and transgene expression was silenced by RNAi pathway (Mitter et al. 2017). 
Recently there are two reports regarding uptake of dsRNA through roots (Jiang 
et al. 2014; Li et al. 2015) and one through flower bud (Lau et al. 2015). dsRNA 
moves systemically inside the whole plant has been confirmed by confocal 
microscopy.

6.3.3  Stability of dsRNA Loaded into LDH

For long lasting RNAi-mediated protection from viruses, the applied dsRNA 
(loaded into LDH) must not reside only on the leaf surface for prolonged duration 
than naked dsRNA, but they should be stable enough to sustain harsh field condi-
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tions like rain, nucleases and sunlight. The LDH nanosheets capability of protecting 
dsRNA from degradation could be observed by testing with confocal microscopy 
and Northern blot analysis. LDH nanosheets could protect dsRNA from nucleases, 
resist washing and mediate sustained discharge on leaf for extended duration. The 
fluorescence was not observed after rinsing in case of Cy3 alone, while Cy3-LDH 
exhibited fluorescence both before and after rinsing. Most of the CMV2b-dsRNA–
Cy3 washed away and CMV2b-dsRNA–Cy3-LDH remained on the leaves after 
rinsing.

6.4  BioClay Spray for Crop Protection

The effectiveness of BioClay topical application, compared with naked dsRNA, to 
mediate RNAi protection mechanism against plant pests was tested by local lesions 
as well as systematic infection assays. It was confirmed that CMV2b-dsRNA spray-
ing could induce virus resistance (sequence specific). BioClay application resulted 
in low necrotic lesions on the plants sprayed with CMV2b-dsRNA or in combina-
tion with BioClay on both time intervals. Mechanical inoculation process in cow-
pea (Vigna unguiculata) is a limitation that cowpea cannot be exposed to spray 
treatments after 5 days because they themselves degrade the old leaves without any 
treatment. There are many demonstrations regarding viral protection from topical 
spray of dsRNA application (Tenllado and Dıaz-Ruız 2001). Results from earlier 
experiments clearly showed that BioClay gives longer protection to plant cells 
against a large set of viruses as compared to the naked dsRNA. Collectively, it is 
concluded that CMV2b-BioClay application results in reducing the viral infections 
in long and short both terms, while CMV2b-dsRNA is only efficient in short term 
protection. CMV2b-specific RNAs could also be detected in newly emerged 
unsprayed leaves in whole plants which were sprayed with CMV2b-BioClay 
(Mitter et al. 2017).

It has been demonstrated that BioClay are viable, and is a new LDH nanocarrier 
system for the dsRNA for delivery of RNAi and it is a stable crop protection mecha-
nism (spray application) which negates conventional transgenic procedures. Up till 
now, the field for application of nanoparticles for the delivery of RNAi is human 
therapeutics predominantly (Wittrup et al. 2015; Kanasty et al. 2013) with mini-
mum research in plant applications because of cell wall barrier (Jiang et al. 2014). 
Previous studies indicated that LDH (loaded with siRNA) showed gene silencing 
expression in cells and effective delivery of siRNA in mammalian cells (Ladewig 
et al. 2009). BioClay platform efficiency can be attributed by the elegant design and 
functions of these LDH nanosheets for loading dsRNA, as these can strongly stick 
to the leaf. These are not affected even after vigorous dipping, and under atmo-
spheric conditions they increase the stability of dsRNA for longer duration. For the 
release of dsRNA,  carbonic acid is produced on leaf, which in turn degrades LDH 
nanosheets.
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6.5  Diffusion-Based Biomolecule Delivery

Plant biotechnology helps in provision of resources for world’s leading challenges 
which mainly include food security, higher demands for energy and pharmaceutical 
manufacturing. Genetic enhancement of plants is employed to produce high resis-
tance against diseases, insects and herbicides. Bioengineered plants provide excel-
lent biofuels and help generate small drug molecules and proteins (recombinant). 
Instead of several advancements in biotechnology, genetic transformation of most 
of the plant species is difficult to achieve. Delivery of biomolecules in plant cells is 
limited and a big problem towards effective genetic transformation. Plant cell walls 
are rigid, and are multilayered so acts as a barrier for plant genetic transformation. 
Biolistic particle and agrobacterium delivery techniques are the  most commonly 
used techniques for gene delivery into plants, but these techniques have many limi-
tations i.e. they are narrow in range in plant species and are tissue specific (Baltes 
et al. 2017).

Nanomaterial based delivery systems are understudied in plant cells; however, 
their potential use and delivery system is well elaborated in animal cells (Demirer 
and Landry 2017). Researchers have described the nanomaterials uptake in plant 
cells and most of it is non-essential cargoes, delivery into plant cells is carried out 
by mechanical aids, and use of protoplast cell cultures for the entry of nanoparti-
cles instead of thick walled plant cells (Silva et al. 2010). For the delivery of func-
tional cargoes into the plant cells, avoiding mechanical aid, nanomaterial 
internalization is demonstrated by LDH (layered double hydroxide), silicon car-
bidewhiskers, MSNs (mesoporous silica nanoparticles), clay nanosheets and DNA 
nanostructures and origami (Demirer et al. 2019).

Currently, there must be a plant transformation system which can facilitate 
highly efficient DNA delivery, avoiding unnecessary  transgene integration, and 
work in a species independent way. Long-standing issue of DNA delivery into the 
plant cells has been studied in model and non model plants by nanomaterials. High 
aspect nanomaterials like CNTs (carbon nanotubes) have been studied to traverse 
extracted chloroplast passively, and plant membranes on several particular merit 
scales: exceptional tensile strength, high aspect ratio, high surface area to volume 
ratio with strong biocompatibility. Biomolecules, when bound to CNTs, are pro-
tected from degradation and cellular metabolism (Wu et al. 2008), giving higher 
biostability as compared with free molecules.

Moreover, SWCNTs (single-walled carbon nanotubes) have strong NIR (near 
infrared) fluorescence, inside the tissue transparency window thus advantage from 
reducing photon scattering, allowing nanoparticles delivery in plant tissues. Previous 
integration of CNTs is limited only to exploratory studies on CNT compatibility and 
small molecule sensing in plant tissues by the introduction of CNTs complexed to 
synthetic (fluorescent) polymers or dyes (Wong et al. 2016). It is a CNT-based plat-
form which provides further advances in the field of nanoparticle based plant trans-
formation. This validate and accurate platform delivers DNA in model and crop 
plants with greater efficiency, no toxicity and without transgene integration and 
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mechanical aid. This combination of highly efficient features is not possible with 
conventional transformation approaches. These CNTs have delivered DNA into 
mature Triticum aestivum, Gossypium hirsutum, Nicotiana benthamiana and Eruca 
sativa leaves and generated protein expression. Studies have established that low 
size exclusion limit of CNTs are a promising solution for the problems regarding 
biomolecules delivery in a non-integrating and specie independent way that could 
be a new source of plant biotechnology applications (Demirer et al. 2019).

6.6  Grafting DNA on CNT (Carbon Nanotubes) Scaffolds

For loading of GFP encoding plasmids or linear PCR amplicon on MWCNTs 
(multi-walled carbon nanotubes) and SWCNTs (single walled carbon nanotubes), 
two distinct grafting methodologies were performed in an earlier research. One 
method is DNA grafting for direct loading of DNA on surface of CNTs through 
dialysis. Initial coating of CNTs is performed with sodium dodecyl sulfate 
(SDS)  surfactant. During dialysis, through a dynamic ligand exchange method, 
DNA is adsorbed on the surface of CNTs and the SDS desorbs from its surface and 
leaves the dialysis membrane. By π–π stacking interactions, dsDNA vectors are 
grafted on the CNTs. By SWCNT near infrared fluorescence emission spectra 
adsorption of DNA on CNTs surface is confirmed by solvatochromic shift, it exhib-
its a DNA adsorption induced change in CNT dielectric conditions. These dialysis 
aliquots of CNTs (coated with SDS) without DNA exhibit rapid precipitation of 
CNT and have no NIR fluorescence, and confirms the replacement and desorption 
of SDS by DNA in dialysis aliquots with DNA.

Another technique used for the delivery of CNTs is by electrostatic grafting 
known as DNA grafting, where carboxylated CNTs are modified covalently to a 
cationic polymer for carrying positive charge. Negatively charged DNA vectors 
(DNA-CNT) are then  incubated with positive charge carrying CNTs. After each 
step, height of CNTs increases, indicating that PEI attachment and DNA adsorption 
is performed which can be verified by AFM.  This attachment is also revealed 
through zeta potential measurement. DNA conjugates ‘DNA-CNT’ which are pre-
pared through electrostatic grafting have greater loading efficiencies of DNA then 
the conjugates of dialysis method. When loaded with similar amount of DNA, the 
loading efficiency of DNA-CNT conjugates of electrostatic grafting were 100% but 
the loading efficiencies of dialysis method were 50–70% (Demirer et al. 2019).

Intracellular stability of DNA-loaded PEI–CNT is measured through incubation 
with proteins as plant intracellular conditions are at complete protein concentration. 
After this incubation half of DNA remains on the surface of nanoparticles this indi-
cates the stability of DNA into the plant tissues. By comparing free DNA and DNA 
with PEI–CNTs, this conjugated DNA is protected from endonuclease degradation 
when proteins extracted from leaves is incubated with it. DNA-PEI CNTs remain 
(50–70%) stable and intact after some days after incubation but 100% of free DNA 
is degraded. This could be validated through smTIRF (single-molecule total internal 
reflection fluorescence) microscopy (Demirer et al. 2019).
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6.6.1  DNA Delivery into Mature Plants with CNTs

Gene expression in laboratory species are tested with arugula, cotton for their trans-
formation in addition to model plant N. benthamiana on this platform for the dem-
onstration of applicability of the procedure. Moreover, protein expression and gene 
delivery experiments are carried out in wheat plants for signifying the applicability 
of this protocol in monocot species besides dicot plants. Cy3-tagged DNA-CNTs 
were delivered to leaves and the infiltrated leaf tissue were observed with confocal 
microscopy for the assessment of nanoparticle fate.

DNA–CNTs internalization into leaf cells (mature) is confirmed by the TEM 
(transmission electron microscopy) and NIR imaging of these CNTs within leaf tis-
sue by taking benefit of intrinsic NIR fluorescence of SWCNTs. DNA–CNTs infil-
trated shows that CNTs amount reduced per leaf area, nearly 50% after some days, 
presumbly due to leaf expansion and cell division thereby resulting in CNT dilution. 
It is also assessed that DNA–PEI–CNTs can also internalize into chloroplasts. 
DNA–PEI–CNTs which have positive Zeta potential have internalized into the chlo-
roplasts (extracted chloroplasts). DNA–PEI–CNT chloroplasts internalize conclu-
sions are in accordance with lipid exchange envelope penetration model, which 
shows the nanoparticle internalized into small dimensions below ~20 nm and posi-
tive zeta potential value above ~+30 mV or below ~−30 mV (Wong et al. 2016; 
Giraldo et  al. 2014). GFP fluorescence arises from the full leaf thickness was 
revealed by the Z-stack analysis of the DNA–CNT treated leaves’ fluorescence pro-
file. This confirms that full leaf profile is penetrated and diffused by CNT nanocar-
riers. In the absence of nanocarriers, there is no GFP expression in leaves with free 
DNA vectors. Under different formations of nanomaterials, the effectiveness of 
GFP expression and nanocarrier internalization differs substantially. Arugula leaves 
quantitative fluorescence intensity analysis through confocal images indicates that 
electrostatic grafting results in more significant GFP expression of DNA–CNTs as 
compared to GFP expression bring on by DNA–CNTs formed by π–π grafting 
through dialysis. It is demonstrated that gene expression mediated by CNT in 
mature leaves is transient and independent of target plant species. It was recorded 
that GFP expression was transient and genes which diffused into plant cells through 
nanocarriers did not integrate into nuclear genome of the plant (Demirer et al. 2019).

6.6.2  DNA Delivery into Isolated Protoplasts with CNTs

Nanocarriers have the ability to deliver plasmid DNA and to trigger gene expression 
into unique plant system of the isolated protoplast. Plant mesophyll protoplasts 
could be internalized through CNT formulations (Lew et al. 2018). Protoplasts are 
extensively used for the enhancement of output of plant genetic screens and in the 
production of recombinant proteins, consequently taking advantage of a facile, 
highly efficient and specie independent platform (Schaumberg et  al. 2016). 
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Internalization of nanomaterial is confirmed when imaging of protoplasts is 
observed after incubation of protoplasts with Cy3–DNA–CNTs. It was confirmed 
that nanomaterial penetrated the cytoplasm and nucleus of the protoplast.

6.7  Magnetofection

Plant transformation techniques to produce genetically modified crops with versa-
tile characteristics are of major concern at present. Conventional breeding method-
ologies have been extensively used for the production of genetically modified plants 
through laborious and time consuming regeneration cultures. New and advance 
technologies are established which are of vital importance for improvement in 
transformation of DNA in GM plants. One of such technology, pollen magnetofec-
tion, involves the production of transgenic seeds without traditional regeneration 
processes. This method is based on the pollen mediated transfer of selected genes 
(Schreiber and Dresselhaus 2003; Stöger et al. 1992). Active DNA is transformed to 
pollen during pollination and fertilization. Direct generation of transgenic seeds 
could be achieved through pollination by exogenous DNA transformed pollen 
(Touraev et al. 1997; Ohta 1986). DNA and RNA could be exploited for the produc-
tion of desired protein from cells, endogenous gene expressions and even for repair-
ing the defective genes. Their insertion in the target cells is highly challenging. 
During previous 10 years, nano-magnetic techniques for the delivery and targeting 
of nucleic acids have been established, which are known as magnetofection (Plank 
et al. 2011). In pollen-based magnetofection, Fe3O4 MNPs, coated with positively 
charged polyethyleneimine, were employed as DNA carriers for holding the nega-
tively charged DNA, forming the MNP–DNA complexes. This MNP–DNA is then 
directed to pollen in the presence of an applied magnetic field.

Magnetofection methodologies are based on principles of Widder and others in 
late 1970s for delivery of magnetically targeted drugs. Transfection through mag-
netic microparticles was first established in vivo in mice and in vitro in C12S cells 
by Cathryn Mah, Barry Byrne and many others in 2000. Basically this technique is 
established by coupling magnetic nanoparticles and genetic material. In vitro mag-
netofection is actually the introduction of particle/DNA complex in cell cultures 
where earth magnets have established field gradient which increases the speed and 
sedimentation of the transfection (Dobson 2006). Magnetofection is taken as an 
ideal and efficient approach for gene transfer which uses magnetic force for inser-
tion of DNA associated with magnetic nanoparticles (MNPs) in target cells (Scherer 
et al. 2002). Magnetofection have been applied currently in animal, human medical 
research and in plants for various purposes (Wang et al. 2014). Cell wall in the plant 
cells are resistant to exogenous DNA insertion unlike bacteria and mammalian cells 
(Torney et al. 2007).

Paramagnetic particles are exploited as drug carriers in magnetic targeting; it 
directs its accretion in target tissues with full magnetic field strength and is success-
fully used in cancer treatment (Lübbe et al. 1996). In vitro and in vivo efficacy of 

S. Basheer et al.



97

gene vectors could be improved by the application of this principle in transfection 
(Scherer et  al. 2002). Both these goals need rapid transfection kinetics, possible 
vector targeting to chosen area and improvement in characters of dose–response. 
Magnetofection is an advanced tool for the solution of problems regarding slow 
vector accumulation which results in low concentration of vector on the target tis-
sues and reduces gene delivery (Luo and Saltzman 2000). Physical association of 
gene vectors to super-paramagnetic nanoparticles (coated with polycation) enhances 
vector accumulation/concentration and thus, gene delivery. Magnetofection strongly 
benefits from this fact that individual system modules can be independently opti-
mized and variants are assembled in combination, and thus important towards spe-
cific application.

6.7.1  Genetic Transformation Mediated by Pollen 
Magnetofection

Introduction of the desired gene into the pollen grain is necessary for the subsequent 
use in pollination and fertilization. Zygote is produced by fusion of egg and sperm 
cells at fertilization. So it is integral to integrate transgenes into the specific genera-
tive cell of the pollen. Because of thick cell walls of pollen grains it is very difficult 
to introduce genes into mature pollen cells with conventional breeding transforma-
tion methods. Initially experiments failed to produce viable transgenic plants after 
pollen treatment with exogenous DNA after pollination and fertilization (Booy et al. 
1989; Sanford et  al. 1985). Pollen transformation is carried out on the basis of 
assumptions that DNA uptake of pollen lead to integration of transgene in germline 
with consequent transmission into progeny (Eapen 2011).

In breeding of transgenic plants by pollen magnetofection, cotton was used as a 
representative species due to its high economic value but difficult regeneration. 
pBI35SBTΔ αCPTI plasmid containing magnetofected pollen was collected and 
then through artificial pollination BTΔα-CPTI-kanares (insect-resistant transgenic 
seeds) were produced. Different generations of cotton transgenic plants were 
screened from seedlings of genetically modified seeds. Very interesting feature of 
genetic transformation of target cells is that transgene incorporation by genome 
doubling creates exclusive opportunity for the immediate generation of plants 
homozygous for the transferred gene (Kumlehn et  al. 2006). Nanoparticle and 
nucleic acid complex formation is necessary to complete gene delivery. Complex 
formation is fundamental for exogenous gene application, expression that depended 
on DNA and RNA concentration assembling mechanism and ratio. Two main mech-
anisms of assembly, adsorption and encapsulation, depend on modified functional 
groups and size of vector (Zhao et al. 2014).

Pollen magnetofection is a platform for high profile technology in crop genetic 
transformation and provides efficient in-field operation. It can evade the tiresome 
processes of tissue culture and develop transgenic plants from transformed seeds in 
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short intervals of time. Through pollen magnetofection production of scaled-up 
germplasm transformations are possible and it creates new breeding techniques for 
genetically modified plants. This technology will lead to the development of crops 
particularly those which are difficult to transform using current methods. This will 
help farmers and public to achieve better crops in suitable yields.

Formation of multifunctional magnetic nanoparticles is one of the most attractive 
research areas in recent era. MFMNPs have magnetic properties and functions and 
it has been demonstrated to have great role as multimodality imaging probes. 
Multifunctional surfaces allow them to conjugate with other biological and drug 
molecules, for making target specific diagnostics and therapeutics (Hao et al. 2010).

6.8  Conclusion

Plant breeding programs must be speed up in order to get varieties with more pro-
duction, nutritive value and higher resistance to pests. In a slow tempo of traditional 
techniques, advanced formulations of nanobiotechnology like magnetoferon pollen, 
mesoporous silica nanoparticles, carbon nanotubes and clay nanosheets can play 
role by enhancing the pace of DNA transfer to various host systems, importantly the 
plants. These methods give more precision and accuracy with greater stability. 
Extensive research work is needed in this field as the system is still in its infancy but 
it could be the best choice for generation of transgenic organisms.
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Chapter 7
Nanotechnology and Plant Disease 
Diagnosis and Management

Afifa Younas, Zubaida Yousaf, Madiha Rashid, Nadia Riaz, Sajid Fiaz, 
Arusa Aftab, and Shiwen Haung

7.1  Introduction

Plant infection is a major alarming situation in sustainable crop production affecting 
20–30% of the total annual loss (Nezhad 2014). Nutritional sustainability has 
declared as one of the most crucial concerns of human race. Nation-states, societies 
and administrations have been fraught with this problem from a long time ago. The 
imminent appearances even miserable with food deficiency matter approaching 
hefty. Plant infections also lead towards economic loss by communal attack of plant 
pathogens on other cash crops than food cash crops resulting in loss in achievable 
yield (Pan et  al. 2010; Thind 2012). World population is increasing day by day 
therefore the main task exactly is how to fulfill the requirement of growing popula-
tion with limited resources (less input expense, limited land) and to reduce the dan-
gers to the environment. Main task, sometimes, appears to be disease management.

Nanotechnology is a versatile discipline which embraces information from natu-
ral science, chemistry, physics and other fields. Joseph and Morrison (2006) 
explained nanotechnology as the operation or assemblies of discrete atoms, mole-
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cule or molecular collections into structures to generate material maneuvers with 
novel or extremely diverse assets. The utilization of nanotechnology in agriculture 
can modify the agricultural science with advanced apparatuses for quick infection 
recognition, directed dealing, improve the capability of vegetation to engross nutri-
ents, combat contaminations and resist ecological stresses and active operational 
schemes for handling etc. Smart sensors and smart delivery systems will support the 
agronomic production to fight against viruses and further harvest infections.

Nanotechnology has another prospective to improve the agronomic harvest from 
genetic amendments of vegetation, transfer of gene and pesticide to exact sites at 
cellular level. Nano array and genomic technologies can be used for strengthening 
the plant defense system in disease condition or stress management.

Initial and effective detection of pathogen is vital for proper infection resistance 
and management to reduce the yield damage. Different types of nanoparticles like 
gold, magnetic nanoparticles and quantum dots are generally used for molecular 
level detection. Due to some distinctive properties of gold nanoparticles like small 
size, catalytic and surface effects, these are used for quick insusceptible identifica-
tion. Gold nanoparticles can show covalent bonding with DNA so it can be used for 
DNA assessment and reorganization. Nano Plant Pathology is a progressive branch 
of science in which nano based applications are used for detection, diagnosis and 
controlling of plant pathogens at preliminary phase, owing to harvest protection 
from endemic ailments.

New phyto pathologists are trying to use their information in nano plant pathol-
ogy for diagnosing and monitoring features of plants illness and to assess environ-
mental friendly analytical dimensions. Recent nano based molecular techniques are 
used for checking the microbes populace inheritances, gene transmission and plant 
microorganism interactions between host and pathogen. Moreover, sliver and silica 
nanoparticles have been used as antifungal and antibacterial means. Furthermore, 
nanoparticles can be used for fungal toxin diagnosis and detoxification, improving 
host resistance (plant) and nano-based prediction of phyto-pathogens.

Bio-barcode analysis is an ultra-sensitive magnification, acceleration and recog-
nition of nucleic acids/proteins. DNA bio-bar coded examinations can be used for 
oligonucleotide-modified magnetic gold nanoparticles (AuMNPs), indication of 
detected magnification and mild parting of a specific protein from the sample. The 
colossal amount of DNA can be detected by identification mediator which manages 
a means of significant indication/recognition. Different types of proteins can also be 
detected by its molar concentrations (Joseph and Morrison 2006) and nucleic acids 
can be identified by their molar levels under the improved conditions (Goluch et al. 
2006). The conception of the bio-barcode evaluation is exclusive and effective 
which characterizes a latent substitute to the PCR practice. This chapter describes 
about uses of nanotechnology for faster, more gainful and accurate analytical mea-
sures of plant ailments. Nanotechnology might have main effects on flora in future. 
Coped or skillful usage of the nanotechnology might create chances for evolving 
novel procedures which will be quicker, accurate and effective diagnostic systems 
(Nam et al. 2004).
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7.2  Nanotechnology Based Detection of Plant Diseases

In plant disease management, one of the serious issues is the detection of right phase 
of disease. A large proportion of plant disorders are seen at later stages only thus 
their control becomes a challenging task. Mostly, pesticides and fungicides are 
applied on plants for protection, only after the appearance of symptoms. Instead of 
plant protection, these cause significant loss of crops. Subsequently, it is critical to 
distinguish and dissect plant diseases at their starting stage, with the objective that 
the plant defensive synthetic chemicals could be given at right amount and at ideal 
time, so as to stay away from residual toxicity and environmental hazard. A shrewd 
coordination among nanotechnology and plant pathology could help in the early 
location of various viral, parasitic, and bacterial sicknesses in plants. Existing rec-
ognition procedures ordinarily take numerous days to recognize the illness, in this 
way scientists more often than not focus on straightforward identification strategies 
that give better results within a little time period. There are number of problems 
associated with disease detection in field plants. Sometimes, it is not possible to take 
sample to lab for diagnosis. Furthermore when a crop is established in a field, it is 
not possible to check each and every plant in the field for disease symptoms. These 
kinds of frameworks are specific and in this manner for the most part fitting for 
research facility utilize as it were. In reasonable cultivating, distinct data of the scat-
tering of infections in the field is significant; however it is difficult to look at each 
and every plant in a tremendous field an area. Additionally, it is troublesome, repeti-
tive and exorbitant also.

Appropriate identifying frameworks that could perceive and assess pathogens in 
particular places of the field would be really valuable to the ranchers in site-focused 
and expanded utilization of agrochemicals alongside least ecological dangers. In 
this circumstance, nano-biosensors, once presented in the field, could perceive 
pathogens with extraordinary particularity and affectability. These nano-sensors are 
very compact frameworks with ‘real time’ checking of results. They don’t require 
complex sample arrangements and furthermore the location is targeted (Sadanandom 
and Napier 2010). Cell biologist of Cornell University have been taking a shot at 
nanofabrication advances to perceive how the microorganisms feel their way on the 
plant surface, to actuate tainting (Mccandless 2011). Fungi can recognize little dif-
ferentiations on the leaf surface to pick the spot and time to sully. Scientists have 
recreated leaf surface by creating smaller scale edges on silicon wafers utilizing 
electron beam lithography and organisms are made to situate themselves on edges, 
which are fundamentally the same feel as the leaf surface. This will help to under-
stand the pest attack and mode of action. Along these lines the information could 
support the reproducers (in not so distant future) to develop better assortments that 
makes them significantly increasingly impervious to contagious attack. Viral infec-
tions are very difficult to control, among all plant diseases, as in this case, the vec-
tors which are spreading the diseases needs to be prevented instead. Also, the 
indications of disease appear very late, therefore, the application of pesticide after 
the advent of symptoms is not so much successful. Along these lines, recognition of 
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exact phases of disease either viral DNA replication or viral protein production is 
very important to cure such infections. Utilization of nano-based viral indicators 
could help in the recognition of particular viral strain as well as the exact phase for 
the application of protective chemicals to control these diseases. Such nano-based 
diagnostic kits would be able to detect the pathogen and disease at a quicker speed 
and also lead towards the enhanced power of detection.

7.3  Nano-phytopathology

Various sorts of inorganic and organic salts have been utilized for controlling infec-
tion for a longer time (Talibi et al. 2011). There are a number of reports by various 
scientists to use different amendments for a better and enhanced control of plant 
diseases (Abd El-Hai et al. 2010; Kundu and Saha 2014; Ali et al. 2017). Citrus blue 
mold was controlled by the organic acids and salts (Latifa et  al. 2011). 
Nanotechnology is a novel field for this part of century, but with passage of time and 
continued research in the field, utilization of nanoparticles in treatment of plant 
infection will be increased. Nanotechnology is going to offer a bright future of plant 
pathology studies in reference to their antibacterial and antifungal action. The most 
effective way may be to shield the seeds and foliage from intruding pathogens by 
use of nanoparticles. Along these lines, the NPs may stifle the pathogens in a man-
ner practically identical to synthetic pesticides. But when we talk about broadly, 
about application of nanoparticles on soil and their interaction with non-targeted 
species should be considered. Particularly when these non-targeted species are play-
ing their beneficial roles in soils, like nitrogen fixing bacteria, then this problem 
becomes really serious. Research also shows that nanomaterials can be used as a 
carrier of important chemicals like pheromones, inhibitors, pesticides, nutrients etc. 
Also, the nanomaterials, carbon tubes, cups and so forth can likewise be utilized as 
a bearer of some extravagant synthetic substances for example, pheromones, SAR 
actuating synthetic substances, polyamine combination inhibitors or even focused 
dynamic elements of pesticides for their controlled discharge. Therefore it can be 
summarized here that nanoparticles can play their role in plant disease management 
in following ways mainly,

• Nanoparticles being used as pesticides themselves and being applied to plants 
directly for the control of disease

• Nanoparticles as carriers of other pesticides/nanoparticles for their controlled 
and targeted release and to increase their effect

• Nanodevices to detect diseases at early stages

Nanoparticles can be successfully applied to disease affected plants with 
enhanced and effective results due to their extremely reactivity/affectability. This 
increased reactivity can be attributed to their extremely small size and large sur-
face area.
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7.3.1  Effect of Nanoparticles on the Pathogens/
Microorganisms

Since, chemical and physical properties of nanoforms of materials have shown 
really marvelous shift from its macroform to nanoform. These transformations in 
properties end up with real practical applications in plant protection and plant 
defense. Nanoparticles influence the activity of plant pathogens in a more precise 
way due to their advantageous size and surface area. They have more chances of 
interactions with microorganisms as compared to their macro sizes. There is a lot of 
research available to strengthen this argument.

7.3.2  Effect of Nanoparticles on Bacteria

Recent studies have shown that nanoparticles can have antibacterial properties, 
caused either by physical destruction of the bacterial cell wall or by oxidative stress 
through generation of reactive oxygen species (ROS) (Zhang et al. 2010; Cabiscol 
et al. 2007; Wiesner et al. 2006).

Bacterial infection is leading cause of prolonged contaminations and mortality. 
Antibiotics have been chosen for the treatment of bacterial contamination because 
of low cost and effective outcomes. But several studies have indicated that the over-
use of antibiotics leads towards the multidrug resistant bacterial strains. Some kind 
of super bacteria have developed resistance to almost all kind of antibiotics. Previous 
researches have exposed, these kinds of bacteria consist of gene, which are super 
resistant (Hsueh 2010). Nanoparticles can control these types of super-resistant bac-
teria because mode of action of nanoparticles is directly linked with bacterial cell 
wall. Nanoparticles would be less susceptible to promoting resistance of bacteria 
than antibiotics. So, it would be possible that new NP-based materials can perform 
antibacterial activity (Wang et al. 2017a, b, c). Latest researches have shown that 
nanoparticles contain anti-bacterial properties, which showed either physical 
destruction of bacterial cell wall and resultant formation of reactive oxygen species 
(ROS) which causes oxidative stress (Gurunathan et al. 2012).

Silver nanoparticles, Zinc oxide nanoparticles, Copper nanoparticles have been 
reported to have enhanced antimicrobial activities against Staphylococcus aureus, 
Escherichia coli, Pseudomonas aeruginosa and Klebsiella pneumonia etc. 
Nanoparticles may be bactericidal or bacteriostatic but mainly nanoparticles inhibit 
their growth by controlling the metabolism or by decreasing their colonization. 
There are a lot of examples from the literature which support the results like maxi-
mum inhibition value against the species P. aeruginosa was shown by zinc nanopar-
ticles (Jayaseelan et al. 2012). Antibacterial activity of hybrid material which were 
based on nano-particles of silver and polyvinylpyrrolidone was shown for three 
kinds of bacteria, gram positive bacteria (Staphylococcus aureus), non-ferment 
gram-negative bacteria (P. aeruginosa) and gram-negative bacteria (E. coli) studied 
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by Bryaskova et al. (2011). Depending on NPs concentration silver nano-particles 
affect the bacterial physiology, inter-cellular permeability of membranes and metab-
olism of microbes. The nanoparticles showed high anti-microbial activity against 
P. aureginosa, S. aureus and E. coli (Guzman et al. 2009). There is another nano- 
material copper oxide nano-particles (CuO NPs) disclosed antibacterial activity 
against Bacillus subtilis, E. coli, S. aureus and P. aeruginosa (Azam et al. 2012).

7.3.3  Influence of Nano-particles on Plant Pathogenic Fungi

A fungal disease can be identified by symptoms which are produced on the particu-
lar part of the plant. Diagnosing and controlling plant pathogenic microbes (fungi, 
bacteria, virus and nematodes) which cause the plant diseases is the major task for 
nanotechnologist. These microbes are significant restrictive reasons for progression 
of crops and foodstuffs (Khan et al. 2011; Khan 2012).

Different methods and techniques are being functioned to diagnose pathogen but 
there is no proper way for control of infection (Khan and Jairajpuri 2010a, b; Khan 
2012). Most of the nanoparticles have a great scope for management of plant pests 
and nanoparticles area mostly effective to control the fungi. Nano-forms of micro- 
nutrients (CuSO4 and Na2B4O7) exhibited the maximum operative to control rust 
disease of Pisum sativum. Micro-nutrients such as Mn (manganese) and Zn (zinc) 
particles inhibited the damping off and charcoal rot diseases in Helianthus annuus 
(Abd El-Hai et al. 2010).

The Silver nanoparticles and Polyvinylpyrrolidone (AgNPs/PVP) show their 
own fungicidal activity in counter to various molds and yeasts such as Candida 
krusei, C. albicans, C. glabrata, C. tropicalis and Aspergillus brasiliensis. The mix-
ture of PVP and Ag nanoparticles exhibited sound anti-fungal effects against micro- 
organisms (Bryaskova et  al. 2011). Zinc-nanoparticles with fungicides worked 
against two patho-fungi Botrytis cinerea and Penicillium expansum. Anti-fungal 
activity of ZnO NPs can be inspected by Scanning Electron Microscopy (SEM) and 
Raman Spectroscopy to highlight any changes in cellular and morphological com-
position of fungal hyphae. The NP handlings produced alteration in the hyphae of 
B. cinerea and prohibited the asexual growth of P. expansum which ultimately 
became reason of losing fungal propagation (He et al. 2011).

Effects of silver nanoparticles were also examined on plant patho-fungi, 
Macrophomina phaseolina, Sclerotinia sclerotiorum, Alternaria alternata, B. cine-
rea, Curvularia lunata and Rhizoctonia solani. The lesser concentration of NPs 
exhibited more inhibitory activity of all the tested pathogens (Krishnaraj et  al. 
2012). The Zn NPs (25  mg  mL−1) can also terminate the growth of A. flavus 
(Jayaseelan et al. 2012). These nanoparticles have been found effective antifungal 
agents which cause positive consequences than synthesized fungicides.
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7.4  Bio-nano Materials

The bio-nano materials are manufactured by bio reduction methods in which simple 
sugars, catalyst proteins and other complex phenolic compositions are suggested to 
cause the reduction. The manufacturing process has been monitored by different 
factors like reaction mixture (pH), origin of material and material nature. After for-
mation of the bio-nano materials are categorized through X-ray diffraction (XRD) 
technique, X-ray photoelectron spectroscopy (XPS), Energy-dispersive X-ray spec-
troscopy (EDS), UV visible spectroscopy, Scanning electron microscopy (SEM), 
Fourier transforms infrared spectroscopy (FTlR), Coupled plasma spectrometry 
(ICP), Transmissions electron microscope (TEM) and Atomic force microscopy 
(AFM) techniques.

Metal nano particles have outstanding uses in the arena of life sciences like cata-
lysts, sensors, optically used thin films, diagnostic probes and other displayed 
devices. These bio nano materials played noteworthy role in field of agriculture, 
medicine and biology. Even these nano-materials are used in removal of pollutants 
from environment. The increasing usage of bio nano materials in many areas will 
enhance their productivity in the atmosphere by developing more analytical tools in 
nanotechnology for controlled environmental risk management (Sahayaraj 2012).

Bio-synthesis of bio-nanomaterials can be achieved by using plant extracts 
(Sahayaraj et al. 2015), microbial cultures or their enzymes and proteins. They also 
possessed anti-feedant, larval killing by formulating with silver nanoparticles using 
liquid leaf extract of Aristolochia indica against growing stage of larvae of H. armi-
gera which revealed maximum anti-feedant and larvae killing efficiency (Siva and 
Kumar 2015). Gold nanoparticles and bifenthrin insecticide showed more intense 
effect to Lygushesperus. Another combination of bifenthrin and Ag solution was 
toxic against Acheta domesticus treated eggs under cotton filed condition due to 
arrested embryonic development (Louder 2015).

7.5  Nano Bio-barcode Assay

Bio-barcode is a developing technique with advancements in nanotechnology used 
for recognition of enzyme-free ultra-sensitive proteins and DNAs. Protein bar-code 
assay would be more complex, more sensitive and profound than orthodox ELISA 
based assays relying upon target and sample density. The nanoparticle based bio- 
barcode assay is very sensitive towards detection of pathogens in comparison to 
other traditional techniques like ELISA, Real time PCR etc (Bao et al. 2006; Nam 
et al. 2003). This can help to detect plant disease at a very early stage. The bio- 
barcode technique consists of two probes

 1. Magnetic micro beads (MMB): which are meant for target recognition and carry 
an antibody or DNA as a biological probe
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 2. Gold nanoparticles (Au-NP): it has a polyclonal antibody or an oligonucleotide 
(Bio-barcode)

Bio-barcode is a developing technique with the help of advancements in nanotech-
nology. It is an enzyme free, PCR free technique and highly sensitive for protein and 
DNA detection.

Traditional conventional approaches seems unable for handling complex level 
probability existing biomarkers while bio-barcode method was helpful in diagnosis 
of low concentration biomolecules with prostate specific antigen (PSA).

One of the example in human beings is with prostate specific antigen (PSA) test. 
Nowadays, advanced bio barcode PSA assay is found to have 300 times additional 
sensitivity facilitating measurement of serum PSA level comparable to commercial 
immunoassays. Hence, this advance technique is helpful in significant possible out-
comes i.e. (1) Detection of non-rising PSA level which was undetectable with con-
ventional assays, (2) Diagnosis ability to assign earlier recurrence by measuring 
increased PSA levels which was impossible through conventional assays (3) To use 
PSA levels to find out patients response towards their recovery therapies (Bao 
et al. 2006).

Advancement has been made on different aspects of Bio-barcodes to make it 
more applicable in fields. DNA barcoding has been suggested for fungal identifica-
tion (Xu 2016). It has been reported to be reliable and rapid method of detection. A 
DNA barcode should be standardized and scalable. It should be a protein coding 
region, easy to make copies and should be easily comparable.

Fluorescence bio-barcode technology is used to identify P. aeroginosa with gold 
nanoparticles. In probe 1 bio barcode DNA who act as signal identifier, second 
probe was designed for identification of specific DNA at other end. So, both probes 
worked and hybridized to their complementary DNA sequences through covalent 
bonding. The fluorescent spectroscopy proves the assay is fast, convenient, sensitive 
and has a wide linear range of (5–200 ng/mL) detection (Amini et al. 2017).

Similar techniques can be developed for speedy and onsite detection of plant 
pathogens particularly viruses to decrease the losses to crops.

7.6  Nanopore System

Nano pore systems are capable of electronic detection of DNA structures with low 
cost, less sample preparation potential and working at high speed (Branton et al. 
2008). In fact nanopore is a pore of nano size and ionic current is passed through the 
pore. A change in that current is measured as that informs about biological mole-
cule. Nanopore based systems identify nucleotides by measuring conductivity 
changes which can detect nucleotide through lipid membrane whereas, DNA sec-
tion is dragged across a nano-scale pore by electric current (Egan et  al. 2012). 
Protein nanopore is injected in a polymer bilayer membrane from the top of a micro 
well which bear sensory chip to measure iconic current (Clarke et al. 2009).
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Newly, nanopore based sequencing (Nano-SBS) distinguished four DNA bases 
through discovering four different sized tags released from 5′-phosphate-modified 
nucleotides at the particular molecule level for sequence determination (Kumar 
et al. 2012). Nano SBS can sequence the real long frame of DNA and RNA. On the 
other hand IBM and Roche introduced an advance sequencing technology “DNA 
transistor” having the potential to record the nucleotide sequence by pulling tem-
plate through nanopore sensor (Zhang et al. 2011). Currently, UK based nanopore 
technologies has launched a portable DNA sequencing machine (MinION) which 
enables to sequence 10 kb of single sense and anti-sense DNA strand to make next 
generation sequencing easily approachable to other researchers (Hayden 2015). 
This advance technology offers not only determination of epidemic outbreak, epi-
demiology of disease but can discriminate among closely related microorganisms 
i.e. bacteria, fungi, viruses, complex genomic portions and difference among two 
versions of genes located on individual chromosome. Thus, nanopore platform 
applicable inside current diagnostic apparatus can analyze the entire genomes in 
minutes. With reference to agriculture, this technology could be used for analyzing 
plant and pathogen genomics for improvement of agronomic crops.

7.7  Nanodiagonastic Kit

Nanodiagonastic kit also called “lab in a box” is used as a small box for measuring 
important tasks in plants which can be done in small space (Khiyami et al. 2014). A 
smart kit help to detect the plant pathogens and can help the farmers in prevention 
of wide spread diseases (Pimentel 2009; Nezhad 2014). Nanodiagonastic kit con-
tained four myco-sensors which can detect the of ZEA, T-2/HT-2, DON and FB1/
FB2 myco-toxins on only one strip used for cash crops like wheat, barley and corn 
(Lattanzio et al. 2012). This technique is quick, easier and less expensive for detec-
tion of fungal attack on cash crops. There are numerous other purposes, efficient, 
specific about antigen and antibodies, nucleotide sequence in which nano kit can be 
used. So, it required more improved features for different applied agriculture sec-
tors. It required evaluations of different trials and specific level for detection limits. 
Moreover, it can also detect particular gene target, isolation and purification of spe-
cific genes. But nano kit has not fully checked practically for the plant pathogen 
detection in field conditions. More extensive research work is needed in this field.

7.8  Quantum Dot (QDs)

Quantum Dot (QD) is another level of radiant semiconductor nanocrystals that radi-
ate light of specific wavelengths. They are three dimensional nanoparticles 
(Edmundson et al. 2015) offering many benefits due to their wide excitation spectra. 
These QD possess narrow tunable emission peak, extensive fluorescence lifetime, 
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resistance against photo bleaching and 10–100 times higher molar extinction coef-
ficient. They can assist the fluorescent dyes to result in brighter probes as compared 
to traditional fluorophores (Zhao and Zeng 2015). Quantum dots are supposed to be 
the future of indoor planting due to their ability to produce light of particular 
wavelength.

Quantum dots, also called inorganic fluorophores, propose substantial benefits 
above conventionally used fluorescent markers. These are highly sensitive (brighter 
imaging signals) and possess vast excitation bands, with consistent simply excited 
fluorescence independent of laser. Above stated qualities lead towards QD-FRET- 
based nanosensors which got universal popularity in agriculture with frequent 
applications in DNA and enzymatic activity detection region (Stanisavljevic et al. 
2015). Detection of plant viruses is very important to secure the future. It’s of criti-
cal importance when you are concerned about international trade of food and crops 
etc. QD related techniques when came forward to play their role as they are rapid 
and cost effective as compared to ELISA and PCR.

Knudsen et al. (2013) in one of his findings revealed multiple enzymatic proper-
ties of QD-based nanosensors and Safarpour et al. (2012) also stated CdTe quantum 
dots usage as biosensors with specific antibiotic coatings against Polymyxa betae 
specific glutathione-S-transferase (GST) protein. The mutual antigen-antibody 
bonding carrying combination of CdTe quantum dots and rhodamine permit the 
resonance dipole-dipole coupler needed for the occurrence of the fluorescence reso-
nance energy transfer (FRET). The assembled immune sensor exhibit highly sensi-
tive, specified and effective utilization for maximum output to screen plant samples 
in less than 30 min time. Contrary to this Rad et al. (2012) documented a highly 
sensitive detection of phytoplasma (Candidatus Phytoplasma aurantifolia) diseased 
lime trees by showing 100% specificity with a sensitive detection limit for P. auran-
tifolia successfully by quantum dot (QD) based nano-biosensors.

Currently, an optical fluorescence resonance energy based upon DNA biosensor 
with synthesized quantum dot has been recognized for the detection of specific- 
sequence of DNA for Ganoderma boninense (Bakhori et  al. 2013). Synthesized 
quantum dots (5–8  nm) comprised of carboxylic groups and conjugated with a 
single- stranded DNA probe (ssDNA) via amide-linkage when hybridized with tar-
get DNA conjugated with QD-ssDNA along with reporter probe labeled with 
Cyanin 5 allows the detection of associated synthetic DNA sequence of Ganoderma 
boninense gene based on FRET signals. The newly established biosensors were 
reported to have sensitivity detection limit of 3.55 × 10−9 M providing the proficient, 
simple, fast and sensitive method of plant pathogens detection. Moreover, QDs 
excitation with ultraviolet (UV) light and fluorescence is possible to visualize with 
bare eyes and can be applicable into field for instant use. Research is the utmost 
necessity of beginning of QDs to check their efficacy to detect plant pathogens and 
toxic compounds in food. Still, there is much of the work needed for the optimiza-
tion of assays to get precise signals to identify minor stages of pathogens with mul-
tifaceted systems either food, plants or insects etc. It provides unlimited opportunities 
for QDs nanoparticles constructed diagnostic application in agricultural setups to 
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keep in touch with advanced technologies for betterment of crops. It can create a 
revolution in Agronomy.

There are reports of production of quantum dots by fungi and other microbes. 
The mycosynthesis of semiconductor nanomaterial response against salt stress was 
first detected in unicellular yeast by turning them out into Cadmium sulphide crys-
tals as a result of cadmium salt stress (Cds) (Dameron et al. 1989). Diverse micro-
organisms have been reported to be useful for synthesis of cadmium quantum dots 
but its fluorescent properties have been remained limited (Yadav et  al. 2015). 
Whereas significant myco-mediated biosynthesis of fluorescent CdTe quantum dots 
was also achieved by Fusarium oxysporum, when mixed with cadmium dichloride 
(CdCl2) and Tritellurium dichloride (TeCl2) (Jain 2003; Kashyap et  al. 2013; 
Alghuthaymi et al. 2015) (Fig. 7.1).

Quantum dots have a lot of applications and already in final steps in medicine 
and diagnostics for human health. For example, QDs with infrared coloration allows 
complete blood analyses with broad ranged applications of molecular diagnostics 
and genotyping. They also contribute in complex diagnosis and combination with 
therapeutics leading towards possible applications for cancer diagnosis. Some spe-
cific quantum dots like luminescent and stable QD bio conjugates enables to visual-
ize cancer cells in living animals as well as provide high resolution of cancer cells 
in combination with fluorescence microscope.

Fig. 7.1 Effect of different nanotechnology approaches for detection and diagnosis of plant 
pathogens
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7.9  Nanotechnology and microRNA for Harvest Security

RNA molecules have clear and attracted attention due to their remarkable range in 
construction and task. RNA can be in numerous forms like ribozymes, aptamers, 
miRNA (micro RNAs) and siRNA (small interfering RNA) (Shu et al. 2013). The 
RNA nanotechnology is a unique method for dealing and identification of several 
types of tumors, viral contagions and genetic infections in plants (Chaudhary 
et al. 2018).

The non-coding miRNA is endogenous which is mainly responsible for gene 
expression in living organism. These miRNAs commonly has 18–22 nucleotides 
and these are most important in translational regulation. These miRNAs are active 
and dynamic for their functions and produced by nucleus. The miRNA configura-
tion is altered in disease stated miRNAs, a lavish task for medication remedy 
through RNA nanotechnology. Renewal of inactivated miRNA or highly-expressed 
miRNA to return miRNA to its normal condition is the evidence for infection con-
trol which can be moreover examined to analyze, control and manage further sev-
eral protein/enzymes based functions also. There are specialized genes for harvest 
protection which can be maintained by the handling of miRNAs. Plant miRNAs 
(extremely flexible in size) are commonly transcribed by RNA pol II as alike to 
animals (Axtell et al. 2011; Ma et al. 2015).

miRNAs are the main key managers of changed gene product due to attack of 
diseases in living organisms (plants, animals and humans). So, accurate and sensi-
tive evaluation of miRNA can correct disease diagnosis at early stage and these can 
act as biomarkers for further research (Degliangeli et  al. 2014a, b). In previous 
research infected miRNA detective method was based no microarrays and real time 
polymerase chain reaction. These techniques are erring through hybridization and 
need specific time duration because miRNA are very small sequences; difficult 
coded primers (Chen et al. 2005). Nanotechnology is right choice for minimizing 
the ambiguities and making more targeted and sensitive alternative for miRNA 
detection.

Gold nanoparticles are making sensitive and sustainable detection technology as 
their optical properties can be modified and used for surface functions with well- 
defined chemical moieties which are disulphides, amines and thiols (Jain et  al. 
2007). Gold and graphite transistor biosensors are more accurate, efficient and can 
be used without any label of miRNA. They can be used for diagnosis and detection 
of disease in living organisms (Cai et al. 2015). In plant miRNA delivery technique 
used for biotic and abiotic stress and this technique is more compatible than other 
techniques. RNA nanotechnology can be used for crops and food security (Table 7.1).
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7.10  Nanoparticles for the Control of Disease and Pest 
Incidences in Plants

Some nanoparticles have specific activity or characteristics to bind with specific 
tissue in its active or passive form. This characteristic of nanoparticles can be used 
plant disease diagnostics directly. These nanoparticles include gold nanoparticles, 

Table 7.1 Effect of nano-particles mRNA and plant disease

No of 
Obs. Nano-particles mRNA Plant disease Reference

1. Artificial miRNA in 
transgenic 
Arabidopsis

amiR-P69159 and 
amiR-Hc-Pro159

(1) Turnip yellow 
mosaic virus
(2) Turnip mosaic 
virus

Niu et al. 
(2006)

2. AmiRNA based on 
Arabidopsis

pre miRNA159a Cucumber mosaic 
virus

Ai et al. 
(2011)

3. AmiRNA against 
Hc-Pro

Arabidopsis thaliana 
miRNA159a, miRNA167b 
and miRNA171a

(1) Potato virus Y 
(PVY)
(2) TGBp1/p25 of 
Potato virus X (PVX)

Duan et al. 
(2008)

4. Nicotiana tabacum amiR-159a Cassava brown streak 
virus

Wagaba 
et al. (2016)

5. Vitis vinifera Grapevine fan leaf virus amiRCP-2 Jelly et al. 
(2012)

6. Solanum 
lycopersicum

Viral infection amiR-2a/b Zhang et al. 
(2011)

7. Nicotiana tabacum Potato virus Y and potato 
virus X

amiR-Hc-Pro159a 
amiR-Hc-Pro167b 
amiR-Hc-Pro171a

Ai et al. 
(2011)

8. Arabidopsis thaliana Cucumber mosaic virus amiR-159a Duan et al. 
(2008)

9. Gossipum hirsutum Cotton leaf curl virus Pre-miR-169a Ali et al. 
(2013)

10. Triticum aestivum Wheat streak mosaic virus Pre-miR395 Fahim et al. 
(2012)

11. Arabidopsis thaliana Water melon silver mottle 
virus

Pre-miR-159a Kung et al. 
(2012)

12. Solanum 
lycopersicum

Tomato leaf curl virus amiR-AV1-3 Van et al. 
(2013)

13. Arabidopsis thaliana Turnip mosaic virus amiR159-P69 Lin et al. 
(2009)

14. Oryza sativa Rice stripe virus and Rice 
black streaked swarf virus

Osa-pre-miR528 Sun et al. 
(2016)

15. Hordeum vulgare Wheat dwarf virus huv-pre-miR171 Kis et al. 
(2016)

16. Nicotiana tabacum Tomato spotted wilt virus Pre-miR-159a Mitter et al. 
(2016)
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magnetic nanoparticles and quantum dots.

7.10.1  Gold Nanoparticles for Diagnostics

Now a day, gold nanoparticles are frequently used for diagnosis. For this purpose, 
tiny DNA segments smaller than 13 nm are attached to these nanoparticles. Then 
they will bind to the sensor surface by accompanying a complementary target. 
Furthermore, a patterned surface sensor occupying multiple DNA strands is 
attached, then millions of DNA sequences can be detected all together because of 
having a variety of analytical techniques (Fig. 7.2).

7.10.2  Silver Nanoparticles [AgNPs] and Nano-silver-silica 
Composites

In case of antimicrobial application, silver nanoparticles have proved to be an effec-
tive antifungal and antibacterial mean (Panacek et al. 2009; Singh et al. 2008). Their 
broad spectrum antimicrobial potency has leds them towards acting as controlling 
agents against bacterial and fungal diseases in plants. In previous researches, AgNPs 
showed strong efficacy against sclerotium fungi phytopathogens like Rhizoctonia 
solani, Sclerotinia sclerotiorum and S. minor widely affecting plants resulting into 
major economic losses. To overcome this situation AgNPs even with small concen-
trations could be used to minimize this issue by their intensive permeability and 
contact with fungal pathogens inhibiting growth and sclerotial germination. In this 
regard their efficacy can be enhanced by pre applications before fungal penetration 
and colonization in plant tissue cells (Jo et al. 2009). In another research efficacy of 
AgNPs was also tested against ascomycetous fungi i.e. Raffaelea sp. producing oak 
wilt disease (Kim et  al. 2009). AgNPs significantly decrease the fungus hyphae 

Fig. 7.2 Diagnosis and 
detection of DNA by 
Nano- gold sensors
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growth and conidia germination in concentration dependent manner. In another 
case, AgNPs treatments also revealed their intended results against bacterial growth 
extending vase lifetime of Gerbera jamesonii cv. Ruikou flowers (Liu et al. 2009; 
Solgi et al. 2009).

Nano-silver-silica compound is made up of silver salt with silicate and water 
soluble polymers and radioactive exposure is reported to possess significant antimi-
crobial effect with minute quantity (Oh et al. 2006). Therefore, these nano-sized 
silver silica compounds can be utilized successfully against plant pathogens like 
Phytophthora spp., Rhizoctonia spp., Colletotrichum spp., Botrytis spp., 
Magnaporthe spp. and Pythium spp. (Park et al. 2006). When these nano-composite 
compounds are absorbed by fungal strains, AgNPs increases sterilizing activity 
while silica particles physically block pathogenic fungi, thus increasing resistance 
to disease. Even though, several research evidences declared more effectiveness of 
nano-composite particles at lower concentrations than 3.0 ppm. While in case of 
phytopathogenic bacteria, this composition was found effective at concentrations 
higher than 10  ppm. Therefore, it is essential to optimize the minimal effective 
nano-formulation for effective microbial defense. The best thing about these com-
posite nanoparticles is their long term control over microorganisms based upon con-
centration optimization with single application without any toxicity. Such 
nano-formulation could be proved effective against phytopathogens resistant to 
antibiotics (Nair and Kumar 2013) (Fig. 7.3).

7.10.3  Nano-carbon

Carbon has its wonderful applications in a number of areas. Being an astounding 
element, it is available in many forms like diamond, fullerenes, graphite and gra-
phene. Carbon based nanostructures have vast applications for development of each 

Fig. 7.3 Fungal detection 
by nano sliver sensors
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biological and chemical sensor and their application in agriculture and medicine 
(Kurbanoglu and Ozkan 2018).

Carbon-based nanomaterials (CBNs), like fullerenes, graphene, carbon nano-
tubes, nano-diamonds and carbon nanodots, have just received substantial consider-
ation among scientific communities due to their distinctive physio-chemical 
properties (Hu et al. 2017). These carbon-based nanomaterials stand out as unique 
nanosensors due to their utmost performance in the detection of heavy metal ions, 
food additives, gas molecules, toxic pesticides, antibodies and reporters for bio 
imaging as well. Wang et  al. (2017b) stated aerogel preparation from graphene 
oxide/cellulose nanofibril hybrid for adsorptive removal of four types of antibiotics, 
achieving 81.5%, 73.9%, 79.1% and 79.5% removal percentages for doxycycline, 
tetracycline, oxytetracycline and chlortetracycline respectively. Xiong et al. (2018) 
reported the preparation of BiVO4-rGO (a leaf-like BiVO4-reduced graphene oxide 
composite) that showed comparatively higher photocatalytic capacity of BiVO4- 
rGO towards rhodamine B dye degradation under visible-light irradiation than that 
of pure BiVO4. Similarly, Younes et al. (2017) studied the electrical responses of 
carbon nanotubes-epoxy (nanocomposites) which were single walled due to the 
impact of saline solution. They found 50% increased resistance on the nanocompos-
ites film surface by just a drop of saline solution (Fig. 7.4).

7.10.4  Magnetic Nanoparticles

The magnetic nanoparticles for site-focused delivery of medications have generally 
been utilized in the field of biomedicine against a few infections (Jurgons et  al. 
2006; Mornet et al. 2004). Though, in plant sciences, this type of application is still 
in its budding stage. However, magnetic nanomaterials could be used for site- 
targeted delivery of fundamental plant protection compounds as well as against site 
specific ailments of plants. If it could be probable to remotely follow the movement 

Fig. 7.4 Application of 
nano carbon sensors
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of internal magnetic nanomaterials by utilizing high power external magnets, only 
then the release of chemicals will become site specific where needed.

Along these lines the functionalized magnetic nanoparticles will permit outer 
control of the development of nano-carriers inside a plant framework. The nanopar-
ticles should have been functionalized remotely so as to make them progressively 
biocompatible. Since the presence of these particles inside the plant framework may 
cause changes in various enzymatic and metabolic elements of plants. This has 
shown effects on the plant pigments and DNA (Răcuciu and Miclaus 2007, 2009), 
therefore, further research is required to comprehend the overall changes occurring 
in plants based on their physiological and metabolic responses for the uptake of 
magnetic nanoparticles (Fig. 7.5).

7.10.5  Other Metal Nanoparticles

Nanoparticles show sharp bias from their mass in various respects which has turned 
out to be favorable in developing new analytic tools. Many nano-crystals are attrac-
tive probes of biological markers because of a lot of properties. These include their 
small sizes (1–100  nm), larger surface to volume ratio, alteration in the physio-
chemical properties with reference to their shapes and sizes, chemically adjustable 
physical properties, strong relation towards the target proteins. These characters 
cause the enhancement in the aggregation of particles which was dependent on sur-
face modification types, structural strength, enhanced photoemission, high heat and 
electric conductivity as well as improved surface catalytic activity (Garg et al. 2008; 
Liu 2006; Rosi and Mirkin 2005; McNeil 2005) (Fig. 7.6).

Fig. 7.5 Application of 
nano magnetic sensors
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7.11  Future Prospects of Nanotechnology in Disease 
Management

The utilization of molecularly focused on radio-labelled nanoparticles may offer 
numerous advantages over the recently utilized atomic imaging tests. Primarily, 
thousands of imaging labels or a combination of labels could be attached to a single 
nanoparticle, for different imaging modalities. Additionally, various, pesticides may 
be going to vanish from plant protection protocol. They also seem to be working in 
pre and post-harvest disease management. Nanoparticle can give improved receptor 
binding affinity or specificity. Efficacy of targeting is being enhanced through the 
bypassing of biological barriers.

7.12  Conclusion

There is a significant need of ultrasensitive diagnostic tool which can perceive the 
sub-molecular deformities, at biochemical or hereditary level. Most of the current 
diagnostic tools are unfit because of the nonappearance of association between the 
particle of interest and sensor. This is a result of almost more noteworthy size of the 
sensor substances used in quantifying and evaluating. In basic words, there ought to 
be a nearby cooperation between the particle (of interest, like seeds or other planting 
material) and the one which is used as a sensing. Biological systems are believably 
composed with functional nano-metric devices like nucleic acids, enzymes and 
motor proteins, which are made of brilliant assemblage of macromolecules. These 
mystic tools work with great precision in order to drive most insightful bio pro-
cesses, like DNA replication, protein folding, temporal and spatial gene expression, 
movement of the cell (assisted by extracellular matrix) and cellular proliferation. It 
remained a huge task to detect the molecular signature markers of a specific disease 
because of very low concentration of observable objects. Another chief reason is the 

Fig. 7.6 Application of nano metal sensors
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lack of sensitive tools for indicating the small amount of fungal, viral or bacterial 
infections. Here nanotechnology can play its role.
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Chapter 8
Nanofertilizers

Beenish Zia Butt and Iqra Naseer

8.1  Introduction

Agriculture plays a crucial role in the world economy, and is known as the backbone 
of several developing countries. The extensive and relentless application of agro-
chemicals in the agricultural cropping systems to secure greater yield has led to 
many health risks and environmental concerns. Regardless of all the associated 
environmental problems, chemical fertilizers are being frequently used to achieve 
more food with a better quality, in order to feed the world’s ever growing population 
(Ghaly 2009). The identification and use of some new substituent compounds 
instead of chemical fertilizers is an urgent demand of the present time, though the 
accomplishment of sustainable agriculture through the exploitation and develop-
ment of nano-technological advancements seems to be a capable approach (Pijls 
et al. 2009). The development and use of nano based materials including nanofertil-
izers and nanopesticides is one of the promising solutions of all agricultural prob-
lems. Extremely small size, large surface area to volume ratio, surface specificities 
and many other unique characteristics make nano materials as magical tools and 
their application in agriculture can be carried out to achieve a balanced and highly 
nutritive food (Joseph and Morrison 2006).
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8.1.1  Chemical Fertilizers in Agricultural Cropping Systems

Chemical fertilizers are inorganic materials or compounds of mainly synthetic ori-
gin and have a specific chemical composition. In agricultural cropping system these 
chemical fertilizers are mainly used as a nutrient supply like potassium, nitrogen 
and phosphorus which are deficient in soil. But the key concern in their application 
is their loss from soil through leaching, water runoff and volatilization of some 
compounds. The release of chemical nutrients from conventional chemical fertiliz-
ers is also a main cause of degradation of environment, a considerable amount of 
nutrients is lost to the environment and hence become unavailable for plants 
(Ombódi and Saigusa 2000; Trenkel 1997).

Conventional chemical fertilizers are extensively used in agricultural systems, 
applied usually through fumigation. Though, the actual efficacy of these fertilizers 
depends on the actual concentration of the chemical nutrient that is absorbed by the 
plant. In actual only a small percentage of the applied fertilizers are absorbed by the 
plant roots and most of the proportion is lost to the environment. Therefore, their 
mode of application is also a main factor which should be considered to reduce the 
environmental pollution. The frequent use of agrochemicals in agricultural practices 
has also been proved to be a major cause of soil nutrient deficiency and imbalance, 
besides this, it adversely affects the plants and microbial community of the soil 
(Ombódi and Saigusa 2000).

Several devastating effects of chemical fertilizers which are degrading the envi-
ronmental quality have also been reported. Thus to achieve the maximum produc-
tion there is a great need to optimize the over exploitation of fertilizers which in turn 
will also reduce the pollution (Tilman et al. 2002).

Hence the use and development of other most efficient alternatives like nanofer-
tilizers which would have an excellent impact on plant and soil properties is a great 
need of the time (Miransari 2011).

8.1.2  Nano Agriculture

Nanotechnology has provided the feasibility of exploring nanoscale materials as 
fertilizer carrier or fertilizer by themselves which can be used for the fabrication of 
smart fertilizers. These nano structured fertilizers used to enhance the nutrient use 
efficiency and reduce the cost of environmental pollution (Chinnamuthu and 
Boopathi 2009). The use of nano based fertilizers seems to be a significant alterna-
tive to meet the nutrient requirements of the plants and agricultural crops. The appli-
cation of nano coated fertilizers provides a slow release of nutrients which are 
readily absorbed by the plants. In last few years, the development and exploitation 
of nanofertilizers has gained much importance over the chemical fertilizers which 
are heavily degrading the environment by causing the land pollution (Wu and 
Liu 2008).
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In general, nano materials that are mainly used in crop nutrient delivery system 
are referred as nano fertilizers. Nano material coated nutrient encapsulations or 
emulsions of nano materials are examples of nanofertilizers (DeRosa et al. 2010). 
Nano coated nutrient particles are more efficient in holding nutrients more strongly 
due to their unique surface characteristics which aid in site specific and slow nutri-
ent release than the usual material surfaces that are used in chemical fertilizers 
synthesis (Brady and Well 1999) (Fig. 8.1).

One of the most prime aspects of nanotechnology in agriculture is the release and 
supply of macro- and micronutrients through chemical fertilizers (Table 8.1). These 
characteristics features of nano materials are because of their great surface area and 
active sites, stability, extremely smaller dimensions and least toxic effects are attrib-
uted to their enormous exploitation in agriculture (Sasson et al. 2007).

Agricultural 
Nanotechnology 

Growth 
regulators 

Nutrient and 
water release 
as per need 

Slow release 
of 

agrochemicals

Improved 
quality of 

agricultural 
products

Water and 
nutrient 

reten�on in 
soil 

Plant disease 
management

Fig. 8.1 Different aspects 
of nanotechnology in 
agriculture

Table 8.1 Some advantages of nanofertilizers over the use of conventional fertilizers 
(Miransari 2011)

Sr. No Properties Nano-fertilizers Conventional fertilizers

1 Solubility High solubility Low solubility
2 Adsorption capacity Lesser higher
3 Bioavailability High Less
4 Nutrient uptake efficiency High nutrient uptake Low nutrient uptake
5 Release of nutrients Slow and controlled release Rapid release
6 Loss rate Less High
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8.2  Nano Formulation Used in Agriculture System

These are the nano materials-based products used to attain a sustainable agriculture 
system. These nano formulations includes

• Nanoherbicides
• Nanofungicides
• Nanofertilizers

8.2.1  Nanoherbicides

Herbicides are the chemical substances that are used to eliminate and reduce the 
growth of unwanted plants (weeds). The presence of these superfluous weeds in the 
main cultivated greatly affects the nutrient supply to the main crop plant and results 
in a decline in the actual yield. The elimination of these weeds through herbicides 
can be achieved but still to avoid the health and environmental risks a least or opti-
mal application is required. Nanoherbicides are the alternative forms of herbicides, 
prepared in combination with nano materials, polymeric core shell nanoparticles are 
the encapsulated herbicides (Kumar et  al. 2015). Their efficient mode of action 
significantly controls the growth of parasitic weeds. Encapsulations of target spe-
cific herbicide in nanoparticles are used against specific weeds, these acts on par-
ticular root receptors and kill the target weed (Jampílek and Kralova 2015).

8.2.2  Nanofungicides

These are the nano formulation used to manage the plant fungal pathogens in agri-
culture cropping system. Essential oil encapsulations in nanoparticles have potent 
antifungal activity. Chitosan nanoparticles encapsulated with essential oil of Zataria 
multiflora were studied for their antifungal activity against Botrytis, the slow release 
of oil from these encapsulations showed a great reduction in disease occurrence 
(Mohammadi et al. 2015). Similarly, thyme oil containing polyethylene terephthal-
ate punnets encapsulated with chitosan nanoparticles demonstrated a notable 
decline in brown rot of peach (Jampílek and Kralova 2015) (Table 8.2).

8.2.3  Nanofertilizers

These are the altered forms of conventional chemical fertilizers, fabricated through 
various physicochemical and biological methods with the help of nanotechnological 
interventions. Nanofertilizers have distinctive novel characteristics than the bulk 
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materials and also have enormous advantages over the traditional fertilizers and 
used to improvise the crop production and soil properties in general (Brunner 
et al. 2006).

8.3  Basic Forms of Nanofertilizers

These are the commonly occurring form of nanofertilizers which are greatly 
exploited in the agriculture systems. These are as follows:

• Zeolites
• Nano-composites
• Super absorbent fertilizers
• Carbon nanotubes

8.3.1  Zeolites

These are microscopic, crystalline hydrated forms of aluminosilicate minerals that 
are frequently used as adsorbents. There are different types of mineral zeolites 
(clinoptilolite, stilbite, chabazite, analcime, natrolite) depending upon the ion 
exchange capacity and ability to retain or lose water.

8.3.1.1  Zeolites as Efficient Nutrient Carriers

Zeolites being an illustrious carrier of nutrients, these also act as an additive and 
regulator of several nutrient mineral fertilizers (Bagdasarov et al. 2004). The appli-
cation of zeolites in combination with potassium and phosphorus compounds in 
agriculture and horticulture is a good way to control the slow release of these nutri-
ents (Dwairi 1998). Efficiency of nutrient use can be improved by loading zeolites 
to the nitrogen and potassium containing fertilizers (Ming and Allen 2001).

Table 8.2 Applications of nanotechnology (Manjunatha et al. 2016)

Sr. 
No Delivery Application Nano materials

1 Nano 
fertilizers

RNA (double stranded) Histosan
Controlled delivery of NPK Chitosan, sulfur 

nanocoatings
2 Biopesticides Encapsulated essential oils (Artemisia 

arborescens)
Solid lipid

Insecticide nanosilica Nanosilica
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8.3.1.2  Beneficial Impacts of Zeolites Containing Fertilizers on Plants

Zeolites containing fertilizers are good source of nutrients which hold and release 
nutrients slowly (nitrogen, calcium, potassium, magnesium etc.) in the rhizosphere 
which are easily extracted by the plants (Flanigen and Mumpton 1981). As a result, 
notable increase in efficiency of potassium and nitrogen use occurs which leads to a 
remarkable increase in crops yield.

Application of these slow release fertilizers in the initial stages of seedlings has 
profound effects on the agricultural crops development and yield (Arthanareeswaran 
et  al. 2008). Growth promoting effects of calcium containing zeolites were also 
observed on tomato and rice crop production, as a decline in sodium ions concentra-
tion in plants shoot was recorded (Song and Fujiyama 1996). Effects of zeolites 
added chemical fertilizers was observed on the yield and production of grapes, 
peach and tomato (Burriesci et al. 1984; Valente et al. 1982). The application of 
chemical fertilizers in combination with zeolites was assessed to investigate the 
nutrient use efficiency by maize. The addition of these slow release fertilizers sig-
nificantly improved the potassium, nitrogen and phosphorous uptake by the plant 
parts. Results established that zeolites have several advantages over the traditional 
chemical fertilizers (Ahmed et al. 2010).

Application of zeolites in improving the photosynthesis and plant biomass was 
also reported in barley and maize (Krutilina et al. 2000). The use of zeolites due to 
their excellent cation exchange capacity has also been investigated for the produc-
tion of most important crops including vegetables, cereals, fruits (Butorac et  al. 
2002). Zeolites in combination with fertilizers can be used to increase the nutrient 
use efficiency by the crop with ultimately effect on the plant growth and results in 
stunning production (Polat et al. 2004). Similarly the use of zeolites has been sub-
stantiated to improvise the Nitrogen uptake by plants, its use efficiency and biomass 
production by reducing the loss of ammonia to the atmosphere (He et al. 2002).

8.3.1.3  Zeolites as Soil Conditioning Agents

Zeolites act as soil conditioner which improves the soil structure and other proper-
ties in general. The amendments of zeolite containing fertilizers has also been stud-
ied and reported for their remarkable moisture holding, ion exchange capacity and 
growth promoting potential. Saline soils have a high percentage of Na ions which 
interferes with the overall nutrient content of the soil. Addition of zeolites was 
found to be a good source to balance the sodium ratio by supplying calcium ions in 
saline soils. The release of calcium checks the sodium accumulation in the rhizo-
sphere which has harmful effects of the plant development (Ayan et al. 2005).
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8.3.1.4  Nano Porous Zeolite

Nano porous zeolites are an excellent source of slow release nutrient fertilizers, 
which reduce the mineral nutrient loss and release the required nutrients as per need 
of plants. Their large surface area and highly active sites make them suitable for 
nutrient substitutions which are replaced by other ions through cation exchange 
process (Naderi and Danesh-Shahraki 2013).

Being an essential element nitrogen is a vital nutrient for plants, but the greater 
solubility of nitrogen containing fertilizers can have serious damaging effects on 
plants, though a slow release and significant increase in nitrogen uptake from urea 
can be achieved by using urea in combination with zeolites (Manik and 
Subramanian 2014).

8.3.2  Nano-composites

These are multiphase matrixes of silicates (montmorillonite clay and some organic 
polymers), which are incorporated with nanoparticles to improve the desired prop-
erty of the material. It is anticipated that these are the promising tools that can be 
used to develop nano materials with unique characteristics. The application of 
ammonium loaded clinoptilolite in combination with phosphorite as a good carrier 
and facilitate the slow release of nitrogen and phosphorus (Barbarick et al. 1990). 
The combination of phosphorite, potassium and ammonium loaded clinoptilolite 
has been reported for the slow release of Ca, P, K, N (Allen 1991).

8.3.3  Super Absorbent Fertilizer (SAF)

These are the copolymers of fertilizers (nitrogen, potassium, phosphorus) and super 
absorbent polymer, these nanofertilizers are linked through hydrogen bonds. The 
water holding potential of these super absorbent fertilizers largely depends on the 
hydrophilic groups, present in their molecular structure. Slow release of nitrogen 
and the moisture holding capacity of soil was also studied using super absorbent 
nitrogen fertilizer (SANF). The study substantiated that the products having cross 
linkages are excellent slow releasers of nutrients and have a high-water retention 
capacity which in turn enhances the water and fertilizer use efficiency by the crop. 
In arid regions SSNF have remarkable application in agricultural practices (Liu 
et al. 2006).

The effects of nanofertilizers (incorporated and coated with nanoparticles) in 
comparison with chemical fertilizer were observed on the yield and nutrient con-
tents of wheat. Results indicated an increase in the overall yield and protein content 
of wheat. It was confirmed that the use of nanofertilizers (slow release fertilizers) 
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can be made to improvise the nutritional value and production of wheat (Xiao 
et al. 2008).

8.3.4  Carbon Nano Tubes (CNTs)

These are the nano structured, allotropic forms of carbon, which possess several 
unique properties that facilitate their extensive use in agricultural industry. The use 
of carbon nano tubes as slow release fertilizers have excellent effects on seeds ger-
mination, results confirmed up to twofold increase in germination rate and seeding 
biomass was recorded in experimental plants than the control plants. Furthermore, 
analysis of the seed revealed the penetration of carbon nano tubes inside the seed 
which in turn have ameliorating effects on germination and growth (Khodakovskaya 
et al. 2009).

The effects of CNTs on water absorption and retention capacity of seeds have 
also been studied. Water content in the CNTs incubated seeds was calculated as 
57.6% though it was 38.9% for seed in control. Results elucidated the formation of 
new pores (water gating channels) in the seed coat due to the penetration of CNTs, 
caused a higher absorption (Srinivasan and Saraswathi 2010). Nanotechnology is 
considered as an essential and promising area of science that can make a great prog-
ress in our agricultural products. Most of the studies that have been done so far in 
recent years inclusively encouraging the exploitation of slow release fertilizers and 
zeolites in the agricultural fields to improve the production (Dutta and Sugunan 2004).

8.4  Classification of Nanofertilizers on the Basis 
of Mineral Nutrients

Mineral nutrients play an essential role in plant growth and metabolism. There are 
two main types of nano nutrient fertilizers.

• Macro nanofertilizers
• Micro nanofertilizers

8.4.1  Macro Nanofertilizers

Macro nutrients are the mineral elements which are required by the plants in large 
amounts. These include nitrogen (N), phosphorus (P) and potassium (K). 
Macronutrients are further categorized into primary and secondary nutrients.
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8.4.1.1  Primary Nutrients Coated Nanofertilizers

Nitrogen Nanofertilizer

Nitrogen is a vital chemical element of several structures; proteins are the main 
structural units of plant cells made up of amino acids which possess nitrogen as an 
important constituent. Being an essential component of the chlorophyll, DNA and 
ATP, it takes part in many metabolic and regulatory pathways. Three basic forms of 
nitrogen are readily accessible to plants, this includes nitrate and ammonium ions 
and organic nitrogenous substances, though most of the atmospheric nitrogen is 
unavailable and plants cannot utilize this nitrogen (Preetha and Balakrishnan 2017).

Nitrogen Leaching

Leaching is the main difficulty that is encountered by the farmers during the appli-
cation of fertilizers, to overcome this loss few modified forms of fertilizers like 
neem and sulfur coated urea and polyolefin resin coated urea are used which lowers 
the nitrogen release. Though the use of such kind of fertilizers is a costly approach, 
substitution of different cation exchangers in chemical fertilizers is a significant 
way to control the NH4+ leaching.

Nitrogen Zeolites

Use of zeolites is a very effectual alternative that retains and releases the required 
nutrients hence it boosts the crop productivity by providing all the nutrients in 
appropriate amounts. Clinoptilolite zeolite (porous zeolite), has an excellent affinity 
for ammonium ions with a notable cation exchange capacity (300 cmol kg−1) (Gupta 
et al. 1997). It has been applied to control the release of ammonia and protects the 
plants from the toxic effects of ammonium ions (Amon et al. 1997).

Soil Amendments of Zeolites

The moisture and nutrients holding capacity of sandy soils is quite low as these are 
coarse structured soils therefore prone to leaching. The amendments of clinoptilo-
lite zeolite (CZ) in sandy soils have been reported to reduce the loss of nitrate and 
ammonium ions during leaching and also to improve the water holding capacity as 
zeolites offers a high surface area to volume ratio (Huang and Petrovic 1994). Urea 
is one of the most widely used fertilizers that have been an economical source of 
nitrogen, but in agricultural practices it rapidly transforms into ammonia that is 
readily released in the atmosphere. It is a major limiting factor which reduces the 
use of urea as nitrogen source. The exploitation of CZ due to its high cation exchange 
capacity (CEC) allows the slow and steady release of ammonia (Kithome et al. 1998).

The use of CZ coated ammonium sulfate was also reported to reduce the loss of 
nitrogen and to improve the nitrogen use efficiency by crop and significant results 
were recorded in comparison with ammonium sulfate. The application of 
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clinoptilolite not only increases the nitrogen use efficiency by the crops though it 
also limits the nitrification and hence lowers the nitrate loss from soil (Perrin et al. 
1998). The application of urea along with sago waste water and zeolites has been 
reported as an advantageous approach as it promotes the availability of nitrate and 
ammonium ions for plants rather ammonia (Latifah et al. 2011). The nutrient release 
phenomenon from nano-fertilizers were observed by several scientists, results 
showed that these nanofertilizers release the nutrients for an extended period of 
50 days that is threefold than the usual chemical fertilizers. This indicated the use of 
zeolite as an appropriate approach to increase the nitrogen availability and effi-
ciency (Sharmila 2010).

Phosphorus Nanofertilizer

Phosphorus is a vital mineral component. It is one of the other indispensables for all 
living beings. In plants it is one of the key components that regulate the several 
biochemical processes and being a structural component of many compounds 
including ATP and ADP, it plays crucial role in energy transfer. Phosphorus is also 
a main structural part of enzymes, phospholipids, nucleic acids and sugar phos-
phates. A sufficient quantity of phosphorus is required at premature phase for the 
development of reproductive structures in plants. There are several growth param-
eters which are directly coupled with the availability of phosphorus to crop, these 
include improvement in seed yield, increase in root shoot length and vigor, enhanced 
flowering, disease resistance and crop quality and yield (Preetha and 
Balakrishnan 2017).

Phosphorus Zeolites

The impact of nutrient cation coated zeolites on the solubility of phosphate rock was 
studied and it was reported that crop only uses 20% of the applied concentration, the 
other 80% becomes a part of the phosphorus pool in the soil and its gradual release 
becomes available to the plant over the time (Malhi et al. 2002). Recently a research 
was conducted on zeoponic, to assess the release of nutrient to plant in artificial 
nutrient growth system, zeoponic which releases the nutrients like N, P, K as per 
plant requirement by the ion exchange and dissolution of apatite. These artificial 
systems improve the nutrient retention capacity, lower the mineral nutrient loss and 
also reduce the fertilizers dependence by maintaining a balance of renewable supply 
to the plants (Preetha and Balakrishnan 2017). Phosphate release scheme from zeo-
lites and nano clays was also reported and it has been observed that nanofertilizers 
release the phosphate slowly up to 1200 h while the conventional fertilizers release 
all the nutrients within 300 h and hence it is suggested that the use of surface modi-
fied zeolites is a promising way to improve the potassium use efficiency (Subramanian 
and Rahale 2009).
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Potassium Nanofertilizer

Potassium as Vital Nutrient

It is an important macronutrient, required to plants in adequate amount to carry out 
numerous physiological and biochemical processes which are essential for plant 
survival. It has a basic role in protein synthesis, photosynthesis, maintain the ionic 
equilibrium, translocation of carbohydrates, regulate water use efficiency and also 
act as a catalyst in many enzymatic processes. It has been reported that it catalyzes 
the activation of 60 enzymes associated with the plant development and growth. 
Potassium deficiency causes decrease in root shoot development and reductions in 
seed and fruit production, the plants are more susceptible to pest and insect attach. 
Appropriate concentration of potassium is seemed to be an important factor that 
improves the color, shape, size, taste and shelf life of fruits (Preetha and 
Balakrishnan 2017).

Potassium Zeolites as Effective Fertilizers

Natural zeolites are known to have a capacity to absorb potassium rather other cat-
ions from fertilizers thus decrease its loss from the soil. The application of chemical 
commercial fertilizers in combination with zeolite showed the great amount of 
potassium is available in the soil (Mazur et al. 1986). From all the mineral elements 
potassium is one of the known nutrients that have a maximum cation exchange 
capacity (216 cmol kg−1), therefore it is readily released and dissolved in the soil 
solution (Treacy and Higgins 2007). Ion exchange capacity of nano-zeolites with 
specific cations is mainly responsible for the gradual release of potassium from 
nanofertilizers. Hence, the ample amount of mineral nutrients can be provided to 
plants by growing these into the zeolites enriched medium (Zhou and Huang 2007).

Slow and steady release of potassium from potassium zeolites (nanofertilizer) 
was investigated and the effect of potassium zeolites on the different growth param-
eters of black pepper was also studied (Li et al. 2010). Similarly, the gradual release 
of potassium from nanofertilizers was also studied with respect to its effects on 
plant. Potassium fixation and equilibrium are mainly accountable for the accessibil-
ity/availability of potassium in the soil, though further advancements and research, 
nanofertilizers may be helpful in improving the crop growth and yield (Subramanian 
and Rahale 2009).

8.4.1.2  Secondary Nutrients Coated Nanofertilizer

Micronutrients are the secondary mineral nutrients that are required in small 
amounts for balanced crop nutrition. These include calcium, magnesium, sulfur. 
Calcium and magnesium both are coupled with the clay contents in the soil and 
exhibit a same behavior like potassium in the soil. The slow release of both of these 
nutrients has been reported by zeolites, and it is proposed that the calcium and 
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magnesium contents can be improved in the soil by the use of zeolites as fertilizers 
(Supapron et al. 2002).

Surface Modified Zeolite

The use of surface modified zeolite (SMZ) as stabilizer to slow down the sulfate 
leaching has been investigated. The experimental results showed the minimum loss 
of sulfate. Hence it is substantiated that the application of SMZ as additives can 
significantly decrease the sulfate leaching from the soil and it can be used to achieve 
the slow release of sulfate (Li and Zhang 2010) (Fig. 8.2).

8.4.2  Micro Nanofertilizers

Micronutrients are the chemical substances which are required in trace amounts for 
the optimal plant growth and development. These micronutrients include manga-
nese (Mn), boron (B), molybdenum (Mo), iron (Fe), zinc (Zn), chloride (Cl) and 
copper (Cu). Their small amounts are as important as macronutrients for the proper 
plant growth and regulation.

8.4.2.1  Micronutrients Deficiency

In many countries of Asia, deficiency of these micronutrients is attributed to several 
abiotic factors and it is the key problem in agriculture farming. Micronutrient defi-
ciency can have serious damaging effects on plants morphology as well as physiol-
ogy which in turn causes a reduction in crop production and yield (Malakouti 2008).

Nanofertilizers

Macro 
nanofertilizers

Primary 
nanofertilizers

(N, K, P) 

Secondary 
nanofertilizers

(Ca, S, Mg)

Micro 
nanofertilizers

Zn, Br, Co, 
Mo, Fe, Cl, Mn

Fig. 8.2 Types of 
nanofertilizers
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8.4.2.2  Natural Zeolites

The slow release of iron and zinc was investigated from five zeolites and bentonite 
minerals. The results showed that natural zeolites (bentonite and chabazite miner-
als) are in particular more effective for nutrient sorption (Sheta et al. 2003). Foliar 
application of zinc and copper zeolites was reported on wheat plant. The results 
suggested an overall increase in protein content of the wheat plant with zinc zeolites 
than the plants treated with copper zeolites (Schmidt and Szakal 2007).

8.4.2.3  Zeolites as Soil Conditioning and Plant Growth Promoting Agents

The use of zeolite has been reported as soil conditioning agents, improves the soil 
quality by maintaining the nutrient equilibrium and also helps in the micronutrient 
especially cations uptake by the plant roots. An increase in the uptake of Mn and Cu 
was observed in zeolite/P-rock applied Sudan grass. The effect of zinc oxide 
nanoparticles has also been studied on the growth of rye grass, an increase in the 
germination and growth rate was observed with the application of ZnO nanoparti-
cles. The potential effects of carbon nanotubes on plant cells (pumpkin crop) were 
also observed. The study revealed that carbon nanotubes can be used as an excellent 
source of nutrient supply to the plant cells (González-Melendi et al. 2007). It has 
been stated that ZnO NPs have a great potential and ameliorate the induction of 
indol acetic acid in root cells, and improve the overall plant development and yield 
(Pandey et al. 2010).

Boron is another micronutrient crucial for plant metabolism, its sorption phe-
nomenon by other mineral nutrient and soil has been studied, though its accumula-
tion in excess amounts in plant cells may have damaging effects on plant cells 
(Kavak 2009; Köse and Öztürk 2008; Cengeloglu et al. 2007). Molybdenum is one 
of the important nutrient being a part of few vital enzymes (nitrate reductase and 
nitrogenase) (Rana and Viswanathan 1998).

8.5  Biofertilizers and Nanobiofertilizers

Biofertilizers are the other major substances which contain living microorganisms 
(or latent cells of microorganisms) which are frequently used in agriculture. These 
increase the nutrient uptake efficiency by improving the interactions among the 
micro flora in the rhizosphere. These microbes include Pseudomonas spp., 
Azospirillum, Bacillus spp., Rhizobium, Azotobacter, blue green algae, and some 
fungal species (Wu et al. 2005). These microbes bring the conversion of organic 
material into much smaller simpler compounds which are a vital source of mineral 
nutrients and readily utilized by the plants and also maintain the soil fertility. The 
effectiveness of these substances depends on their handling during preparation. 
Application methods are also important factor to get fruitful results (Jha and Prasad 
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2006). Though, there are some shortcomings in the use of biofertilizers, these 
include short shelf life, temperature-sensitivity, and degradation during storage.

8.5.1  Nanomaterials Coated Biofertilizers

The use and preparation of nanoparticles coated biofertilizers which have a capacity 
to resist desiccation, has also been achieved. Emulsions like water in oil are consid-
ered as simple and achievable approach to preserve these formulations 
(Vandergheynst et al. 2006). The oil reduces the water loss by making a covering of 
water around the microorganisms and it is suitable for those microbes which are not 
able to resist desiccation. These emulsions have a good impact on the microbial cell 
viability and release. Though during preservation sedimentation may occur that is 
the main issue in their storage. The addition of hydrophobic silica nanoparticles in 
water in oil emulsions may cause a reduction in sedimentation and also increase the 
cell viability (Vandergheynst et al. 2007). Due to limited availability of land and 
water resources and development of horticultural crops of Fabaceae, use of silver 
and gold nanoparticles as a growth promoting materials could be effective (Dikshit 
et al. 2013).

8.5.2  Nanofertilizers as Growth Promoting Agents

Nano-formulation have also been studied and investigated for their growth promot-
ing effects on many crop plants. Nanoparticles in combination with bio-fertilizers 
(Bacillus subtilis, Paenibacilluselgii and Pseudomonas fluorescens) have been 
reported for their growth promoting effects on the in vitro grown plants. These nano 
based bio-formulations are much useful and cost effective than the chemical fertil-
izers because only a small quantity of these formulations is enough for a large area 
application. Rhizosphere bacteria that are frequently found in the plant root zone 
have growth promoting effects on plants by establishing beneficial interactions 
among the microbial community. Dikshit et al. (2013) reported the effect of plant 
growth promoting rhizobacteria. Gold nanoparticles were ineffective against the 
Pseudomonas putida; however, a considerable rise was recorded in the case of 
B. subtilis, P. fluorescens and P. elgii. It was established that gold nano formulations 
can be applied as nanobiofertilizers (Shukla et al. 2015).
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8.6  Nanofertilizers and Their Interventions in Agricultural 
Cropping System

8.6.1  Nano-fertilizers for Balanced Crop Nutrition

Fertilizers are responsible for enhanced food grain production from last few decades 
that coincide with the exponential increase in fertilizer consumptions. It has been 
clearly demonstrated that fertilizer contributes to the tune of 35–40% of the produc-
tivity of any crops. This results in imbalanced fertilization and occurrence of nitrate 
pollution in ground waters. The usage efficiencies of macronutrient fertilizers like 
N (30–35%), P (18–20%) and K (35–40%) remained persistent from the past few 
decades. Consequently, added fertilizers remained in soil or enter into aquatic sys-
tem causing eutrophication (Tarafdar 2015).

The solution of various issues such as nutrient deficiencies, unavailability of 
organic matter and excessive fertilization is to introduce nano based fertilizers with 
different functions. There is a vast scope for the formation of nanofertilizers as this 
technology is new and revealing. Nano particles as fertilizers can be applied as 
foliar spray for enhanced production. It was found out that by foliar application of 
640 mg ha−1 of nanophosphorous to cluster bean and pearl millet under arid envi-
ronment yield was increased (Raliya 2012; Tarafdar 2012). Recently researchers are 
developing nano-composite which would supply all required nutrients in appropri-
ate amount with the help of smart delivery system. Nanotechnology can provide 
balanced fertilization. When nitrogen is applied in the form of conventional fertil-
izers 50–70% of nitrogen is lost which causes lesser nitrogen usage efficacy of 
plants. Nanofertilizers are capable to positively affect the economy, energy and 
environment by decreasing nitrogen loss due to leaching, secretions and long term 
incorporation of soil microorganisms (Derosa et al. 2010). Nanoscale porous parts 
of plant have the capability to reduce nitrogen loss with the new nutrient delivery 
systems. In the future agronomy, nanofertilizers will be triggered according to the 
environmental conditions or timely released. Also, nanoparticles encapsulation will 
enhance the nutrient uptake. Similarly, controlled and slow release of fertilizers will 
also enhance efficiency of nutrient uptake. Coating and cementing of nanofertilizers 
with natural materials is more economical for crop production than to synthetic 
coated fertilizers. Nanofertilizers with their controlled and slow release also reduces 
toxicity of soil, related to higher consumption of fertilizers (Tarafdar 2015).

8.6.2  Controlled Release of Nano-fertilizers

Recently, slow and controlled release fertilizers are being developed for plants. 
These fertilizers in nano form ought to be efficiently more available to plants due to 
nano scale plant pores. Some unfavorable effects such as soil and water pollution 
might be caused by indiscriminate use of chemical fertilizers. Nano agrochemicals 
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must contain all necessary properties like targeted delivery, stability, efficacy, less 
eco toxicity and time controlled release hence reducing repetition. With slow- 
release fertilizers, plants are able to take up maximum number of nutrients without 
leaching as compared to the soluble fertilizers hence nutrients are released slowly 
throughout the plant development. Zeolites are excellent source for this purpose. 
These are natural group of minerals which contains honeycomb like structure. The 
interconnected network contains calcium, potassium, nitrogen, phosphorous and 
many other trace elements. Nano membranes can be coated on to fertilizers which 
would ease the release and utilization of stable nutrients i.e. micronutrients, amino-
acids, nitrogen, potassium and phosphorous in grain crops (Tarafdar et al. 2012a, c). 
Carbon nanotubes (CNT) can act as carrier which transports desired nutrients or 
biocides into the seeds during germination. In the same way, triazophos in a nano-
emulsion could be preserved efficiently from hydrolysis in the acidic and neutral 
medium (Tarafdar et  al. 2012b). Nanoparticles of titanium dioxide reported to 
enhance the plant development, photosynthetic rate and yield by 30%. Decrease in 
acute diseases in plants was also observed. For instance titanium nanoparticles were 
found to be exceptionally efficient for decreasing the severity of bacterial leaf blight 
and curvularia leaf spot diseases in the maize. TiO2 nanoparticles also found to be 
prevalent for the occurrence of rice blast and tomato spray mold. They also have 
growth promoting effect in the plants (Zheng et al. 2005).

8.7  Advantages of Nanofertilizers Over Conventional 
Chemical Fertilizers

Nanofertilizers have several advantages over the traditional chemical fertilizers. 
Appropriate use of nanofertilizers is a significant way to achieve a high crop pro-
duction and it also improvise soil properties. Some of the advantages of nanofertil-
izers in agriculture systems are discussed.

8.7.1  Seeds Germination and Growth Parameters of the Plant

Nanofertilizers are of significant importance as they positively affect the plant at 
earlier growth stages. It has been reported previously that by applying nanofertiliz-
ers, seed germination seedling growth and seed vigor improves well. The reason 
behind this phenomenon is that small size of nanofertilizers enables the nutrients to 
absorb into the seed and as a result shoot length and root length is enhanced. 
Nanoparticles have both stimulating and inhibitory effects on plant growth. Up to a 
certain level nanoparticles enhance plant growth but higher doses of nanoparticles 
can also negatively influence the plant (Pijls et al. 2009). Nano ZnO recorded higher 
peanut seeds germination percent and root growth compared to bulk zinc sulphate 
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(Prasad et al. 2012). Similarly nano-scale SiO2 and TiO2 have positive effects on 
plant germination like higher seed germination, shoot length, root length under 
nanofertilizers treatment over control or without nanofertilizer treated seeds 
(Mahmoodzadeh et al. 2013). Nanofertilizers increase availability of nutrient to the 
growing plant which increases chlorophyll formation, photosynthesis rate, dry mat-
ter production and result improve overall growth of the plant (Singh 2017). Similar 
results were reported that nano-TiO2 treated seeds produced more dry weight, higher 
photosynthetic rate, chlorophyll-a formation compared to the control plants (Dos 
et al. 2011), which indicated that nanofertilizers significantly improved seed germi-
nation and overall growth of the plant.

8.7.2  Crop Yield and Yield Parameters

8.7.2.1  Sustainable Water Usage

Nano-hydrogels should be used to optimize water utilization and for sustainable 
agricultural production. These are capable of cyclic releasing of water and nutrients 
leading to effective water usage. Silver coated hydrogel added in soils can hold 
7.5% more water than soils without hydrogel. Also, these can store rain water or 
irrigation water more than its own weight (Vundavalli et al. 2015). The volume of 
pollutants is also reduced by Bio-degradable hydrogels (Montesano et  al. 2015; 
Magalhães et al. 2013). Hence, Nanofertilizers can be beneficial in arid environ-
ment. This is highly needed as drought is considered to be the important environ-
mental risk for crop production (Jaleel et al. 2009).

8.7.2.2  Seeds Treatment with Nanofertilizers

By treating with nanofertilizers seed germination is enhanced and they can cope up 
with the environmental stresses easily (Adhikari et al. 2016). Seed endurance, seed-
ling development and strength are also increased by the application of Nano fertil-
izers (Adak et al. 2016; Dehkourdi and Mosavi 2013; Khodakovskaya et al. 2009). 
It was reported that seeds coated with silver nano materials enhanced water absorp-
tion (Adhikari et al. 2016). Besides, seed treatment with nanoparticles also induced 
90% enhancement in drought resistance (Rahimi et al. 2016). In addition, seed lon-
gevity during storage is also improved (Adak et al. 2016). These characteristics help 
to improve the yield parameters and environmental resilience (Dehkourdi and 
Mosavi 2013). Nanoparticles in the form of foliar spray enhance crop production 
significantly.
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8.7.2.3  Pest and Disease Detection

It is known that plants are badly affected by the diseases and pests and almost 25% 
loss in rice and 50% loss in cotton is caused by the pests (Rai and Ingle 2012; 
Dhaliwal et al. 2010). For this purpose, organic biosensors like enzymes can be used 
for detecting these particular threats (Otles and Yalcın 2015; Perumal and Hashim 
2014). Due to their size-related properties, nano-biosensors show an increase in 
accuracy, detection limits, sensitivity, selectivity, temporal response and reproduc-
ibility, compared to conventional biosensors (Huang et al. 2011).

They are able to detect single viruses and contaminants at the molecular level 
(Viswanathan et al. 2009). Therefore, nano-biosensors are very precise tools that 
can be used to prevent pest outbreaks and monitor soil quality, which enhances 
quality and quantity of yields (Prasad et al. 2014).

Nanofertilizers improve germination parameters of the seed as well as morpho-
logical characters such as no of leaves, leaf area index and plant height. Nanofertilizers 
also increase dry biomass, chlorophyll content, photosynthetic rate and transloca-
tion of photosynthats to different parts which causes more yield. According to 
Aschberger et  al. (2015) Titanium oxide nanoparticles improved photosynthetic 
rate, chlorophyll content and dry weight of the plant as compared to the control. 
This improve translocation of photosynthetic products from source (leaves) to sink 
(grain, tuber, bulb, stem, fiber and leaves.) which results in more yield and quality 
parameters in nano-fetilizers treated plants as compared to traditional fertilizers 
treated plants. Also, higher value of yield parameters was observed under nanofer-
tilizers treated plants compare to bulk nutrient sources. Iron content was enhanced 
in plant by treating with nano iron than control plant (Dehkourdi and Mosavi 2013).

8.7.3  Nutrient Usage Efficiency

Most of the plants do not easily take up the traditionally applied fertilizers and other 
products due to their instability and insoluble form (Arias-Estévez et al. 2008). In 
this case, nanofertilizers have advantage over traditional fertilizers because they are 
delivered on target site and have smart and efficient delivery system of nutrients to 
specific plant cells due to their small size. Also, they show enhanced stability in the 
environment, which improves the availability of nutrients to crops (Liu and Lal 
2015). Smart delivery systems further enhance the delivery of nutrients and plant 
protection products through their ability of slow or controlled release (Kah 2015). 
This is shown to extend the electiveness of plant protection products from 3 to over 
30 days (Adak et al. 2012). In addition, the effect of pesticides was found to be 
twice as strong with half the dose applied (Xiang et al. 2013).

Nano-biosensors can enhance this process even further by enabling smart deliv-
ery systems to precisely release nutrients in response to environmental triggers and 
biological demands (Rameshaiah et al. 2015).
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Because of small size of nanoparticles and large surface area, nanofertilizers 
have the ability to provide more space which smoothen the different biochemical 
processes in the plant as a result photosynthesis improves. Certain properties like 
high reactivity with other compounds, high solubility in water and lesser size (<100) 
nm of nanofertilizers enables them to absorb by the plant from soil and leaves more 
easily. Penetration capacity and nutrient uptake by the plant are significantly 
increased due to higher surface area and small pore size of the leaves and roots of 
the plants. Reduction of particle size results in increased specific surface area and 
number of particles per unit area of a fertilizer that provide more opportunity to 
contact of nano-fertilizers which leads to more penetration and uptake of the nutri-
ent (Liscano et al. 2000).

8.7.3.1  Reduced Runoff

The application of nanofertilizers in agricultural production has a strong potential to 
reduce runoff resulting from soil and water pollution caused by conventional fertil-
izers and remediate soils polluted with heavy metals (Karn et al. 2009). Up to 90% 
of agrochemicals are directly lost in the environment due to their uncontrolled 
application. Through increased efficiency and small size, nanofertilizers decrease 
leaching and reduce environmental nutrient loss (Kah 2015).

8.7.3.2  Remediation

Nanotechnology is also a solution for remediation of soils polluted with heavy met-
als to make them fertile again. It is most promising for countries like China and 
Africa which are suffering from severe soil pollution with heavy metals (Jackson 
et al. 2013; Qu et al. 2013). These nano techniques for soil remediation are said to 
be effective, economical and ecofriendly (Wei et  al. 2013). A Previous study 
reported that iron nanoparticles reduced 99% of Trichloroethane which is a pesti-
cide solvent, within a few days (Zhang 2003). Metal nanoparticles produced at large 
scale are being utilized as smart delivery systems as a result of technology expansion.

8.7.4  Nutritional Value and Health

Nanofertilizers provide greater role in crop production and several research studies 
revealed that these can be used to enhance growth, yield and quality parameters of 
the crop which results in better yield and quality food product for human and animal 
consumption. This translates into an improvement to three major areas of produc-
tion. And if these nutrients are accumulated in reasonable amounts, then treated 
crops can be used as functional food as important source of nutrients like zinc, 
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copper, iron etc. These ions are also essential for human beings and as well as ani-
mal consumption.

Researchers are taking much interest in uptake of Nanofertilizers by the plants 
nowadays. Nanoparticles uptake, their transfer and accumulation by plants is depen-
dent upon the plant species, its age and the developing environment. More impor-
tantly, these procedures are related to the certain properties of the nanoparticles 
such as physiochemical property, functionality, and stability and delivery process. 
Plants take nanoparticles by the root system and transfer it to the leaves of the plant 
irrespective of the nutrient species (ZnO, iron, copper, aluminum and silver nanopar-
ticles). Mostly, translocation of copper, zinc, aluminum and silver nanoparticles is 
observed in leaves while nickel and iron nanoparticles can be speculated in stem and 
cerium nanoparticles in both leaves and stem. Entrance of nanoparticles in plant cell 
depends upon cell wall pore size which is usually 5–20 nm. Small size of nanopar-
ticles makes them to easily enter in the cell wall and reach up to the cell membrane. 
It is noticeable that pore size can be enlarged or new pores can be formed by the 
nanoparticles to increase their uptake by the plant. It is supposed that nanoparticles 
might enter into the plant system by binding with certain carrier proteins, ion chan-
nels or by endocytosis. They can also enter to the plants by root exudates and by 
forming membrane proteins. Nanoparticles might enter through the leaf appendages 
known as trichome or by stomata. A study on titanium oxide alizarin complex 
uptake and translocation in Arabidopsis thaliana seedling reported that root muci-
lage forms pectin hydrogel complex which is helpful for the entrance of nanoparti-
cles complex in the plants (Fig. 8.3).

8.7.5  Reduced Nutrient Loss

To reduce the uncontrolled release of nanofertilizers in the environment, they are 
associated with materials such as hydrogels, films or other biopolymers such as 
chitosan (Kashyap et al. 2015; Hasaneen et al. 2014), which aggregate the fertilizers 
in complexes with mineral NPs obtained from the clay in soil or other types of 
ceramic materials (Choy et al. 2007) that are used for manufacturing controlled- 
release blocks, pots, or film for padding. These respond to environmental stimuli 

•Leaf appendages, epidermis, stomata, cell to cell through 
plasmodesmata, aquaporins and ion channels

Foliar spray method

•Roots, root tip, rhizosphere, root exudates and pectin 
hydrogel complex around the root

Nano suspension uptake from 
soil method

Fig. 8.3 Nanoparticles entry to plant cells
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(such as temperature or irradiance) by modifying the release of the NFs according 
to the plants’ need, such that more nutrients are available during times of optimal 
plant growth. This may reduce, for example, nitrogen losses by nitrification associ-
ated with low temperature (Derosa et al. 2010).

Another alternative for regulating NF contribution to the environment is by 
applying a foliar spray, especially for elements with limited bioavailability in the 
soil such as Fe, Cu and Ni (El-Kereti et al. 2013). Emulsions or encapsulated organic 
NPs can be useful for this purpose. Finally, another way to reduce the release of NPs 
and NMs in the environment is to match their quantities with the stage of crop 
growth with the greatest response.

8.8  Nanofertilizers and Nanotoxicity

With the advancement in nanotechnology various aspects of human lives have been 
revolutionized but there are also uncertainties associated with this technology. One 
of the main concerns regarding this technology is long term and unknown effects of 
nanoparticles on human health and environment which masks their potential bene-
fits. To address these issues, usage of nanoparticles needs to be evaluated before 
complete implementation of this technology. This consideration has developed 
“nanotoxicology,” which is responsible for assessing toxicological potential as well 
as promoting safe design and use of nanoparticles (Oberdörster et al. 2005). A sys-
tematic and thorough quantitative analysis regarding the potential health impacts, 
environmental clearance, and safe disposal of nanoparticles can lead to improve-
ments in designing further applications of nanotechnology (Meng et al. 2009).

Even though nanoparticles are not directly related to any human diseases till now 
but some studies have shown their adverse effects on biological responses which 
may lead to toxicological consequences (Nel et al. 2006). Due to size of nanoparti-
cles, they can pass through oral, respiratory and dermal route to animals and human 
beings. Now it is also assumed that due to minute size of nanoparticles, they can 
easily enter to cells, organelles and tissues and connect with biological structures 
like DNA and ribosomes. Also, size of engineered nanostructures is same to many 
other biological molecules such as proteins and antibodies etc. As a result, they can 
enter to the living systems and cause damage and serious problems to the human 
beings (Xia et al. 2009).

Nonetheless, it is quite disappointing that there is a lot of non-technical data also 
available on toxicity of nanoparticles which is giving chance to the opponents of 
nanotechnology to form controversial, unscientific and far reaching results about 
the safety of nanoparticles. This uncertainty of nanotechnology is the greatest con-
cern of the cynics (Colvin 2003). Therefore, it is the need of the hour to form spe-
cific protocols which would assess nanoparticles outcomes in the environment and 
their effect in internal systems of organisms. When these problems are solved, such 
experimental conditions can be formed which would identify the particular nanopar-
ticle threat to human being. For this purpose, research between multidiscipline 
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(environmental science and material science) should be developed to overcome 
restrictions in identifying the threats posed by nanotechnology (Thomas and 
Sayre 2005).

As nanotechnology is a heterogeneous and developing subject so no single rule 
could be applied universally to describe its risks and control to conclude the out-
come. Similarly, it is difficult to assess and compare different research groups due 
to lack of standard guidelines and methodologies (Dhawan et al. 2009).

Agricultural nanotechnology is also quite significant because human beings are 
directly affected from it (Bouwmeester et al. 2009). Nanoparticles from nanofertil-
izers enter to the food chain and as a result distributed to every organism in the food 
chain. In most of the studies, it was proposed that lower concentrations of nanopar-
ticles have promoting effects on plant growth. Though question can be raised on 
their insignificant damage to health and the environment (Colvin 2003). The poten-
tial of nanotechnology in agriculture and food sectors has been identified by many 
countries and they are investing in its applications to food production.

It is known that various nanoparticles differ in the toxicity level. Also very lim-
ited information exists on the oral consumption of nanoparticles because most of the 
studies focus on toxicity of nanoparticles in vivo and in vitro system through other 
routes. Evaluation of nanoparticles risk should be done on individual basis. For this 
purpose, different factors like characterization, biotransformation, distribution, sta-
bility and elimination of nanoparticles can be involved to decide their risk assess-
ment in the food and ultimately human beings. FDA has issued outline and 
implementing plan for nanotechnology and nanoparticles related products to check 
the scientific problems in the tools and methods for assessing these products 
(Chaudhry and Castle 2011).

8.9  Conclusion

Nano materials as nutrient carrier which are being used for the fabrication of 
nanofertilizers can greatly improvise the nutrient use efficiency in a balanced way 
by eliminating the environmental risk. These nanofertilizers release the required 
nutrients in a controlled and précised manner as per need of the plants. Nanofertilizers 
supply all the required nutrient elements to plants and improve their growth and 
development; on the other hand these also act as soil conditioning agents, making 
soil more fertile and productive for the cultivation. These are delivered to plants via 
in vitro or in vivo methods, though their translocation and mode of action in plants 
is still unclear. Therefore, there is a great need to study the potential mechanism of 
nanofertilizers in plant cells which is in fact responsible for the enhanced plant 
growth. On the other hand several safety concerns must be addressed prior the 
release of these nanofertilizers in the agricultural systems. Nano toxicological eval-
uation of nanofertilizers regarding the harmful impacts on human beings and envi-
ronment will provide new basis for the synthesis of highly active nanofertilizers.
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Chapter 9
Nanotechnology and Waste Water 
Treatment

Beenish Zia Butt

9.1  Introduction

Water is one of the most important and infinite reservoir from all of the renewable 
resources. Being essential and natural compound, water is a vital primary source for 
the existence of life on the planet earth. Naturally occurring water except sea water 
and brackish water is called as fresh water; it includes various above and under-
ground water resources. Fresh water contributes only 3% of the earth’s water and 
approximately one third of this is available for human consumption, while the rest 
is erratically circulates and polluted with domestic and industrial wastes (Patil 2015).

Contamination of water reservoirs as a result of anthropogenic activities causes 
water pollution. Fresh water pollution through numerous organic and inorganic pol-
lutants causes devastating impact on environment and human health. In order to 
access the clean portable water several biological, physical and chemical methods 
have been developed including biosorption, adsorption, evaporation, ion exchange, 
precipitation, electrochemical treatments, flotation, reverse osmosis, membrane fil-
tration and oxidation which are being widely used for the treatment of waste water. 
Though, adsorption is amongst the most productive conventional process that is 
being used to eliminate the noxious microorganisms and metal contaminants from 
water (Samanta et al. 2016; Patil 2015).

As the worlds water resources are declining day by day, so there is an emergent 
demand to optimize the use of water by appropriate planning and development 
therefore access to pure fresh drinking water is crucial to improve the quality of life 
by reducing the frequent disease incidence (Patil 2015). Currently, there is a fright-
ful situation in most of the developing countries which are facing drastic shortage of 
drinking water. To ensure the availability and access to fresh portable water is 
becoming a difficult challenge as the over exploitation of water is continuously 
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causing a gradual depletion of fresh water resources (EPA 1999; Sandia National 
Laboratories 2003).

In many developing countries including Pakistan water scarcity has become a 
major issue which is needed to be addressed seriously to avoid the crises linked with 
water shortage. Furthermore, earth’s natural water resources are being contaminated 
through different industrial processes and agricultural practices; these are mainly 
responsible for the fresh water pollution (EPA 2009). In a recent study it has been 
reported in India that 80% of disease incidences are associated with contaminated 
water containing microbial contaminants. According to World Health Organization, 
there should be a zero count of fecal and coliform in drinking water (Samanta 
et al. 2016).

Over the years, the actual necessity of water has raised due to a great outburst 
and rise in population and industrialization. Considerable efforts have been made to 
collect and reduce the over exploitation of water by generating underground water 
reservoirs. There are several other alternative approaches which are found to be 
costly, hence there is an urgent need to develop and investigate the more appropriate 
and cost effective methods to recycle and treat water (Qu et al. 2013). In this regard, 
nanotechnology is considered as an important and much functional technique that is 
used to improvise the quality of water (EPA 2009).

New horizons for waste water treatment include use of nano-scaled materials 
like magnetic nanoparticle, nano-structured iron zeolite and nano-filtration mem-
branes which have a significant potential to remove contaminants from water. These 
can be used to purify water by removing chemicals, heavy metals, sediments and 
microbes (Patil 2015). Recycling of waste water and its management through 
advanced nanotechnological approaches would be helpful in reducing the environ-
mental pollution that is becoming a foremost challenge of the present century 
(Pandey and Khare 2016). Nanomaterials including bioactive nanoparticles, Nano 
sorbents and catalytic membranes etc. are highly reactive as they have extremely 
small size and low surface area to volume ratio then the bulk material. Therefore 
these exhibit significant reactivity towards the target contaminant thus possess sev-
eral advantageous over the traditional methods (Chorawalaa and Mehta 2015; El 
Rahman and Gepreel 2013).

Nano scaled materials are frequently used to clean the contaminated water hav-
ing a large proportion of heavy metals (like lead, zinc, lead, nickel and cadmium) 
which are the main pollutants of the water and have detrimental effects on living 
beings (Qu et al. 2012). Currently the treatment of water and waste water is being 
carried out through nanomaterials like nano composites, metal nanoparticles and 
carbon nano tubes (Rao et  al. 2007). Exploitation of magnetic nanoparticles as 
adsorbing agents presents an efficient method that can be used to elicit and remove 
the pollutants by providing external magnetic fields. Therefore, the potential appli-
cation and use of these nanomaterials is based on the stability of nanoparticles that 
can be achieved by surface modification (Samanta et al. 2016).

Recent advancements in nanotechnology present significant alternative substi-
tutes to develop new means of water supplies that will be available in future. In most 
of the developing countries water recycling, its supply and discharge at consumer 
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sites greatly depends on delivery and centralized systems. The extremely effective, 
multifaceted and modular techniques allowed by nanotechnology are anticipated to 
offer highly productive and economical methods to clean waste water without the 
involvement of advanced infrastructure (Qu et al. 2013).

9.2  Nanotechnological Interventions in Water Treatment

Nanotechnology has facilitated the innovative means for the waste water remedia-
tion and it also assures to overwhelm the major problems coupled with the tradi-
tional methods.

There are four main nano based materials which are used in water treatment and 
purification (Fig. 9.1).

• Nano-adsorbent
• Nano-metals and metal oxides
• Nano-membranes
• Nano-Photocatalysis

9.2.1  Nanoadsorbents

Adsorption is a physico-chemical process that has been used since a long time to 
treat the contaminated and polluted water. Treatment of waste water through adsorp-
tion is mainly based on the adhesive capacity of the adsorbent which attracts the 
pollutants into its surface. Mainly it is a physical process occurs due to physical 
attractions. But chemical forces are also considered accountable for adsorption 
(Faust and Aly 2018). The actual phenomenon of adsorption depends on some 
important factors which facilitate the process. These include temperature, chemical 
nature of adsorbent and adsorbate, pressure and a variety of pollutants. On the other 
hand experimental conditions including particle size, pH, contaminants 

Nanotechnology
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metal oxide 

Nano 
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Nano 
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Fig. 9.1 Nanotechnological 
interventions in water 
treatment
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concentration and contact time are also responsible for the adsorption of contami-
nants. As the adsorbent adsorbs all the maximum amount of contaminants present 
in the water, an equilibrium point is reached, at this point a correlation is established 
between the amount of contaminant adsorbed as well as in water, this is referred as 
adsorption isotherm. These adsorption isotherms are used to calculate the various 
parameters involved in adsorption process (Condon 2006; Lewinsky 2007).

Nanomaterials are found to be excellent adsorbing agents. These are considered 
as magical tools owing to the several unique properties like extremely small dimen-
sions, reactivity, surface area and morphology and the presence of numerous active 
sites that make contact with the target contaminants specifically and help in the 
removal of pollutants. There are different types of metallic nanoparticles including 
iron and iron oxide, gold, copper oxide, nickel oxide, zinc oxide, titanium oxide and 
many others are being efficiently used in the recycling and purification of waste 
water. Adsorption technique is basically exploited for the removal and separation of 
inorganic pollutants mainly heavy metals. Adsorbents are the substances that adsorb 
the pollutants onto their surface and the pollutants that are being absorbed by adsor-
bents are known as adsorbate. Nano-adsorbents are novel, most potent and have a 
significantly high rate of adsorption for the elimination of organic and inorganic 
pollutants. In order to save the adsorbent materials, the higher process efficiency 
facilitates the application of condensed wastewater decontamination materials with 
extremely smaller footmarks, mainly for decentralized systems and applications.

There are mainly three types of carbon nano-adsorbents which have remarkable 
adsorption capacity (Gehrke et al. 2015).

 1. Carbon nanotubes (CNTs)
 2. Polymeric nano-adsorbents
 3. Zeolites.

9.2.1.1  Carbon Nanotubes

Carbon based nano-adsorbents are amongst the extensively studied nanomaterias 
used for the decontamination of wastewater (Fig. 9.2). Carbon nanotubes (CNTs) 
are cylindrical modified structural forms of carbon. These are of two types of CNTs, 
one is single walled and the other is multi-walled, based on their fabrication. CNTs 
show a wide range of unique feature with a highly reactive surface chemistry with 
numerous adsorption points. As these show hydrophobic surface characteristics 
therefore it is needed to stabilize these during adsorption process to minimize the 
aggregate formation which in turn makes the reactive sites unavailable for contami-
nants. These CNTs can be used to detect and eliminate several non biodegradable 
pollutants (Pan and Xing 2008). Metal contaminants are absorbed by the carbon 
nanotubes through electrostatic forces and chemical bonding. Moreover these car-
bon nanoadsorbents show antimicrobial potential as these cause oxidative stress in 
microbes by damaging their cell membranes, though in this process no noxious 
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chemical compounds are produced. Therefore it is considered as an edge over the 
traditional methods (Liu et al. 2013).

Through apposite alteration during operating process can be used to re- synthesize 
these nanomaterials. In a recent study Yang et al. reported the synthesis of plasma- 
modified ultra-long CNTs which exhibit higher adsorption properties for salt 
removal then the usual decontamination methods (Yang et al. 2013).

These are the most promising nanomaterials which have great implementations 
in water purification for future generations with significant filtration, desalination 
and disinfection features (Table 9.1). According to a recent report, a sponge equipped 
with CNTs and boron has fabricated by a group of US researchers which exhibits an 
excellent potential to remove oil from water (Hashim et al. 2012). Despite of several 
advantages their exploitation on large scale to treat municipal wastewater is intrac-
table due to hefty development costs. Though, these are much more effective in 
point-of-use applications (De Volder et al. 2013).

9.2.1.2  Polymeric Nano-adsorbents

Polymeric nano-adsorbents are another class of adsorbents, these include den-
drimers which are highly branched molecules used to remove organic and inorganic 
substances. They possess inner hydrophobic core that adsorbs organic pollutants 

Carbon 
Nanotubes 

Adsorption Anti
microbial

Photo
catalysisAntifoulingDesalination 

Composite

Fig. 9.2 Application of 
carbon nanotubes in water 
treatment

Table 9.1 Use of CNTs in the removal of water pollutants by mechanism (Usmania et al. 2017)

Sr. No Water pollutants Carbon nanotubes as adsorbents Metal removing capacity

1 Co(II) Multi walled carbon nanotubes (MWCNTs) 69.63 mg/g
2 Cd(II) MWCNTs 75.84 mg/g
3 Pb(II) MWCNTs 101.05 mg/g
4 Zn(II) MWCNTs 58 mg/g
5 Cu(II) MWCNTs 50.37 mg/g
6 Cr(VI) MWCNTs–AC 9.0 mg/g
7 Ni(II) MWCNTs/iron oxides 91.8 mg/g
8 As(III) MWCNTs 0.08 mL−1
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while the inorganic compounds are adsorbed by the outer branches (Khajeh et al. 
2013). The use of dendrimers in recovering copper has been demonstrated by incor-
porating these dendrimers in an ultrafiltration device. The combination of dendrimer- 
ultrafiltration as a device found to be successful in removing large amounts of 
copper. Though the synthesis and development of dendrimers is multifaceted and 
these are commercially supplied by only few companies of China (Diallo et  al. 
2005). To recover anionic substances from industrial effluents a remarkable potent 
biodegradable and safe bioadsorbent is developed by coupling chitosan dendrimer 
by Sadeghi et al. (2013).

9.2.1.3  Zeolites

Zeolites are aluminosilicate, microporous minerals frequently used as adsorbing 
agents. Silver embedded zeolites are most important nanomaterials and have been 
acknowledged since 1980s. As, these nanadsorbents have pores which can be incor-
porated by nanoparticles, where these are replaced by other ions (Nagy et al. 2011).

The Water Research Commission Report No KV 297/12 states the exploitation 
of zeolites in combination with silver nanoparticles to be used as adsorbing agents 
as a disinfectant means (Petrik et  al. 2012). Tiwari et  al. (2008) and Jung et  al. 
(2004) developed and used nanozeolites in waste water treatment (Table 9.2).

9.2.2  Nano-metals and Nano-metal Oxides

Nanoscale metals and metal oxides are most potent means to recover metal con-
taminants and considered as substitutes to adsorbing materials. There are few nano- 
metal oxides which facilitate the removal of metals using a low gradient magnetic 
field. Nano iron hydroxide is an active adsorbent that resist abrasion, it has a high 
surface area which facilitates the adsorption process during arsenic removal from 
water (Aredes et al. 2012). Commonly, these nano-metals and their oxides are com-
pacted bits or used in powders for industrial use (Qu et al. 2013).

9.2.2.1  Silver Nanoparticles (AgNPs)

Silver and its nanostructures are excellent biocides which are extensively used as 
antiseptic agents and destroy the microbial pathogens of wastewater (Jain and 
Pradeep 2005). These have a wide range of applications, though these are exten-
sively used as anti-microbial, anti-fungal, anti-viral and also used as decontaminat-
ing agents in water purifying process (Masel and Masel 1996). Nanosilver is well 
known for its potential antimicrobial activity which greatly depends on silver ions 
that released from the sheets or layers of nanosilver. Therefore, these nanosilver 
coatings and inner materials have to be transformed after a certain period to 
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improvise the adsorption efficiency. But the modification cost of these nano-adsor-
bents is high which limits the use of nanosilver as disinfectant (Quang et al. 2013). 
The use of nanosilver has been reported since 1800s for the photo development 
process, its use in swimming pool has been certified by the Environmental Protection 
Agency, as algaecides and purifying agent for drinking water. Though, it has excel-
lent and wide ranged activity against several microorganisms (Nowack et al. 2011).

9.2.2.2  Titanium Oxide Nanoparticles (TiO2NPs)

Titanium oxide nanoparticles are chemically stable, least toxic to humans and can 
be used as disinfecting agents and to treat water contamination (Kim et al. 2012; 
Savage and Diallo 2005). These are more superior and have many advantages over 
the nanosilver metals particles due to their infinite life time. When used as a catalyz-
ing agent it resists the change in its chemical composition during degradation and 
antimicrobial processes. Though, TiO2 are activated through ultraviolet lights, while 
no energy is needed for nanosilver to exhibit its antimicrobial activity (Quang et al. 
2013). Photocatalytic TiO2 nanoparticles have a number of advantages over the 
other metallic nanoparticles, as these are inert, abundantly available in abundance, 
less expensive and have a wide range activity to degrade chemical contaminants 
including organic compounds and microbes. These features make it an efficient, 

Table 9.2 Removal of metal pollutants by adsorption mechanism (Usmania et al. 2017)

Sr. No Metal pollutant Nanoadsorbent nanoparticles Metal removing capacity

1 As(III) ZVI 3.5 mg/g
2 As(III) Akaganeite –
3 As(III) ZVI onto activated carbon 1.997 mg/g
4 As(III) Mt-nZVI 59.9 mg/g
5 As(III) Iron chitosan 94 mg/g
6 As(III) CS-NZVI-CMβ-CD 18.51 mg/g
7 As(III) a-Fe2O3 2.41 mg/g
8 As(III) Mag-Fe-Mn 47.76 mg/g
9 As(III) Fe2O3 20 mg/g
10 As(III) Fe2O3 188.6 mg/g
11 As(V) y-Fe2OOH 37.3 mg/g
12 Cd(II) Thiolactic acid modified TiO2 –
13 Cd(II) Cu I 136.3 mg/g
14 Cd(II) Akaganeite (2.6 nm) 17.1 mg/g
15 Cd(II) Alumina–silica (32 nm)
16 Cd(II) S-nZVI 83.19%
17 Co(II) S-nZVI 73.82%
18 Co(II) nZVI 59.63%
19 Cr(VI) Akaganeite (3–6 nm) 80 mg/g
20 Cr(VI) MnFe2O4 (10 nm) 31.5 mg/g
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resilient and most potent nanoadsorbent, used to treat water at small and large 
scales. Toxicological effects of the above described metal nanoparticles and oxides 
have found to be low, but the further surface modification during process may lead 
to toxicity so these should be re-evaluated for safety concerns after making chemi-
cal alteration (Gehrke et al. 2015).

9.2.2.3  Magnesium Oxide Nanoparticles (MgONPs)

Magnesium oxide nanoparticles and its other nanoscale structures are used to 
remove halogens as they have a high surface area than the bulk material. MgO-NPs 
generally range from 5 to 100 nm with specific surface area from 25 to 50 m2/g. 
Photocatalytic nanoscale materials also offer the elimination of degradation of vari-
ous types of pollutants including effluents and agrochemicals. Effectiveness of Mg- 
and MgO-NPs as effective bactericidal agents against different species of 
Gram-positive and Gram-negative bacteria (Stoimenov et al. 2002).

9.2.2.4  Gold Nanoparticles (AuNPs)

Gold nanoparticles and its other nano-structural forms including nano-powder and 
nanodots are spherical, brown colored metal nanoparticles that usually are 
20–100 nm in diameter with a specific surface area of about 1–3 m2/g. Palladium 
coated gold nanoparticles are most efficacious and active in removing organic com-
pounds particularly tri-chloroethane (TCE) from water, palladium coated gold NPs 
have found to be 2200 times superior than the palladium and gold NPs alone 
(Brittany et al. 2006).

9.2.2.5  Zinc Oxide Nanoparticles (ZnONPs)

Zinc oxide NPs have been reported as most effective catalysts to absorb heavy met-
als from contaminated water specifically arsenic, although zinc oxide in bulk form 
is unable to remove arsenic (Brittany et al. 2006).

9.2.2.6  Aluminum Dioxide (Al2O3NPs)

Heavy metals elimination from water and waste water can be achieved using alumi-
num oxide as an adsorbent. The use of Al2O3NPs in comparison to Alumina as bulk 
material is found to be more reactive in removing metallic ions from water due to 
unique features of nanomaterials (Goswami et al. 2012).
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9.2.2.7  Magnetic Nanoparticles

Magnetic nanoparticles have widely been studied and reported as good sorbents and 
have a profound application in water treatment process, to recover and remove arse-
nic. These can be directly introduced into the polluted ground water and later on 
after a period of operation can be recovered using magnetic field (Jung et al. 2004).

As magnetic nanoparticles have also been investigated and employed for various 
medical applications, US Food and Drug Administration have approved these as 
contrasting agents in magnetic resonance imaging. Though, to evaluate the toxicity 
of magnetic nanoparticles a substantial database has been generated that facilitate 
the production and use of magnetic nanoparticles with least toxic effects to remove 
contaminants from water.

9.2.2.8  Iron Oxide Nanoparticles (Fe2O3NPs)

Iron and its different mineral compounds like akaganeite, goethite, lepidocrocite, 
feroxyhyte, ferrihydrite, hematite, magnetite and maghemite are frequently used in 
decontamination processes as adsorbents. Organic substances exhibit exceptionally 
high rate of adsorption towards the metal nanoparticles, it has been estimated that it 
takes only 30 min to adsorb 90% of the organic pollutants (Brittany et al. 2006).

Ferrites are magnetic iron oxide compounds, have crystalline structure. Due to 
its strong magnetization property, iron atoms from iron ferrite are rapidly exchanged 
by other metallic ions. Therefore, different natural magnetite and ferrites are 
employed in wastewater treatment to recover actinides and other metals. The appli-
cation of NPs of ferrite and other iron containing compounds in decontamination 
process have few advantages over the other methods; significantly higher rate of 
metal removal can be achieved as the higher surface area to volume ration of NPs 
can seriously improve the adsorption capacity of NPs. On the other hand, reactive 
sits on the surface are occupied by different functional groups which greatly facili-
tate the adsorption of target metal contaminant (Gehrke et al. 2015).

9.2.2.9  Nano-zero Valent Iron

It can be used as a substitute for the treatment of groundwater pollution in addition 
with perchlorates and chlorinated hydrocarbon. It is highly reactive than the iron 
particles. These zero valent iron nanoparticle have a very short life time, therefore 
further investigation should be carried out to make these more stable by surface 
alterations (Aredes et al. 2012; Matlochová et al. 2013).
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9.2.3  Nano-membranes

Membrane technology is a highly advanced approach used for the remediation of 
wastewater. These membranes act as physical barrier for contaminant substances 
and their efficiency depends on their pore and molecule size. Recent technological 
developments has also increased their specificity and functionality, and made them 
most advanced and promising means to treat water.

There are few types of nano-membranes which are used in water treatment and 
purification systems.

 1. Nano-filtration membranes
 2. Nanocomposite membranes
 3. Self-assembly membranes
 4. Nanofiber membranes
 5. Aquaporin-based membranes
 6. Graphene membranes
 7. Cellulose membranes

9.2.3.1  Nano-filtration Membranes

Membrane filtration is a pressure driven process which redistricts the entry/access 
of substances with a diameter of less than 0.5 nm. The charge based repulsion sys-
tem is a distinctive feature of these membranes that facilitates the recovery of vari-
ous metal contaminants. Nano-filtration membranes are mainly used as water 
softening agents, to reduce foul smell and color and to remove heavy metals from 
groundwater reservoirs. It is cost effective approach, can be significantly employed 
to desalinize water (Jagadevan et al. 2012).

9.2.3.2  Nanocomposite Membranes

Nanocomposite membranes are a novel and reliable material used in separation 
process. These are mainly consisting of two types of membranes including surface- 
functionalized membranes and mixed matrix membranes. Nano-fillers, which are 
mostly inorganic substances, are embedded in a matrix material of membranes. 
Nano-fillers have a high surface area to volume ration with specific surface area 
(Feng et al. 2013; Wegmann et al. 2008).

Incorporation of nano-fillers like metal oxides nanoparticles can be done to 
achieve thermally and mechanically stable membranes. Water permeability of these 
membranes can be increased by embedding zeolites which enhance membrane 
hydrophobicity. Silver NPs, carbon nanotubes and Titanium dioxide NPs are usu-
ally used to overcome and reduce fouling. Kim and Deng (2011) synthesized a most 
advanced type of nanocomposite membrane by incorporating mesoporous carbons 
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into thin film polymeric membranes. These membranes are semipermeable having 
an upper selective layer that helps in reverse osmosis (Kim and Deng 2011).

9.2.3.3  Self-Assembly Membranes

These are one of the most novel and advanced techniques that facilitate the perme-
ation of gases. Self-assembly is defined as the “autonomous organization of compo-
nents into patterns or structures without human intervention” (Whitesides and 
Grzybowski 2002). Their structural integrity can be maintained systematically by 
managing different reaction parameters (Qiu et al. 2012).

These membranes have same characteristics as ultrafiltration and offer improved 
efficacy. Development of self-assembling membranes have been achieved on 
nanoscale but the synthesis of these membranes on commercial scale is not feasible 
due to processing complications (Pendergast et al. 2013).

9.2.3.4  Nanofiber Membranes

Electrospinning is a nano fiber production method, it employs the electric force to 
draw and join different charged substances and polymers. These nanofibers diame-
ter ranges in nanometers, and are frequently used in filtration and separation pro-
cesses. These can be modified by making specifications as per desired application 
(Wegmann et al. 2008).

Electrospinning technique is a highly established process to clean contaminated 
air but its exploitation in water remediation is still not clear. Therefore, there is a 
great need to investigate the potential aspects in electrospinning to treat wastewater. 
NanoCeram® is a patented small sized nanofiber with an extremely high surface 
area of 300–600  m2/g, electropositive filter medium can be synthesized in large 
amounts. It is a white powder having fibers of 2  nm that assemble in aggregate 
forms. It can be used for pre-filtration processes used for ultrapure water systems, 
deionized water for laboratory use from industrial wastewater (Karim et al. 2009).

9.2.3.5  Aquaporin Based Membranes

Aquaporins are integral membrane proteins that form pores in biological mem-
branes, and facilitate the passage of water molecules between and within living 
cells. These are also known as water channels which limits the transport of other 
ionic molecules. These offer high permeability for water and allow selective entry, 
therefore are considered as suitable nanomaterials to develop more efficient biomi-
metic membranes (Tang et al. 2013).

Aquaporin Inside™ (Aquaporin A/S, Copenhagen, Denmark) is the first com-
mercial aquaporins incorporated biomimetic membrane. It can be used to treat 
saline water as its pressure withstanding capacity is up to 10 bar and can offer a 
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water flux of 100 L/(h m2), There are no such aquaporin membranes which can 
withstand operating pressure permanently and intense reaction conditions during 
the process. To commercialize aquaporin membranes for water remediation pur-
poses, vast investigation is needed in order to improve their stability and efficiency 
(Xie et al. 2013).

9.2.3.6  Graphene Membrane

It is a semi metal, allotrope of carbon, the use of graphene based membranes in 
water remediation has not been established extensively, though it possesses many 
distinctive characteristics like carbon nanotubes. Therefore, the exploitation of gra-
phene in the fabrication of nanocomposite membranes is under consideration to 
compete and overcome the principal limitations that are encountered during CNTs 
application in wastewater treatment. It has been observed that the smooth surface 
plane and edges are characteristic features of graphene which are readily available 
for chemical modification making these more reactive and increase their work effi-
ciency (Lee et al. 2013).

Furthermore, it has been investigated that the surface oxidation of graphene and 
its addition in polymeric membrane make it hydrophobic and facilitate water infil-
tration and reduce fouling (Krishnan et al. 2008) (Fig. 9.3).

9.2.3.7  Cellulose Membrane (CM)

It is most abundant organic polymer compound on earth. Its micro and nanofibers 
sizes and mechanical strength can be employed in the fabrication of cellulose based 
membranes for water treatment processes. Some cellulose membranes have also 
been synthesized through immaculate cellulose nanomaterial mats and by incorpo-
rating CM in other suitable matrices like poly vinylidene fluoride (Fernandes et al. 
2013; Mautner et al. 2014).

The use of polymeric cellulose membranes has also been investigated in various 
membrane filtration processes like microfiltration, nano-filtration and ultrafiltration 
etc. These seem to be more biocompatible and possess many advantages over the 
other methods as surface hydrophilicity alteration, improved permeability and 
selectivity and most active in reducing biofouling (Lalia et al. 2014).

9.2.3.8  Modification of Nano-membrane by Different Types of NPs

Alterations of nano-membranes through different types of nanoparticles can be 
achieved to improve their filtration efficiency.
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Titanium Based NPs

Titanium oxide (TiO2) NPs have excellent surface characteristics thus considered 
appropriate nano-filler that is employed in the synthesis of Ultra Filtration (UF) 
polymeric membranes. The addition of NPs as nano-filler in the polymeric mem-
branes can be used to improvise the separation efficiency (Cao et  al. 2006). 
Moreover, the distribution and abundance of TiO2NPs on the surface of polymeric 
membrane is an important factor which influences the membranes performance in 
general (Bae and Tak 2005; Chou et al. 2005).

NPs embedded polymeric membrane allows more surface area for contaminants 
interaction. Two forms of TiO2, rutile and anatase, have structurally distinct fea-
tures. Anatase (TiO2NPs) forms pores of smaller diameter on the membrane surface 
and slits within membrane while rutile makes pores with larger diameter. Therefore 
smaller anatase can be used to enhance the antifouling and permeability character-
istics of the membrane and can be effectively used in water treatment processes. 
TiO2 embedded ultrafiltration membrane allows the rapid dispersal of water on the 
membrane surface which facilitate the photocatalytic degradation of pollutants. 
TiO2 embedded ultrafiltration membrane allows the rapid dispersal of water on the 
membrane surface which facilitate the photocatalytic degradation of pollutants 
(Zhao et al. 2012).

Nanoporous graphene membranea

b Stacked graphene oxide membrane

Size exclusion

Size exclusion

lon adsorption

lons
Water

Electrostatic binding
Cation-TT
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Electrostatic interactions

Fig. 9.3 Separation mechanism of (a) a monolayer graphene membrane with nanopores of con-
trolled size (b) a multilayer graphene membrane composed of stacked graphene oxide sheets. 
(Reprinted with permission from Perreault et  al. 2015, Copyright 2015 The Royal Society of 
Chemistry)
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Silver Based NPs

It has been investigated that the incorporation of AgNPs in ultrafiltration mem-
branes brings a pronounced change in membrane surface morphology efficiency 
and antimicrobial potentials. AgNPs shows significant antimicrobial activity with 
low concentrations, it provide advantages over the bulk use of biocide as water puri-
fication agents. AgNPs with smaller diameter are most valuable due to their higher 
surface area to volume ratio, which allows a more surface area for microbial interac-
tion. Filtration of activated sludge has been achieved using silver coated polysul-
fone UF membrane, silver NPs provide mechanical strength to these membranes 
which are used as separating and purifying materials (Taurozzi et al. 2008).

Silica Based NPs

Silica NPs embedded ultrafiltration (UF) membrane has also been employed to 
separate contaminants during water remediation process. It offers more extensive 
inner channels to increase the flux during water treatment (Arthanareeswaran et al. 
2008). Polysulfone in combination with SiO2NPs was used to enhance the antifoul-
ing and permeability properties of the membrane (Ahmad et al. 2011).

Zinc Oxide Based NPs

Zinc oxide NPs have well established antimicrobial potential of ultratfiltration poly-
meric membrane when in turn improves the antifouling resistance of these mem-
branes. Scientists have reported the development and use of ZnONPs embedded 
membranes for wastewater treatment, it was observed that the incorporation of 
ZnO-NPs as nanofiller improves the water permeability (Langlet et al. 2006).

9.2.4  Photocatalysis

Photocatalysis is a light driven chemical oxidation reaction used in water purifica-
tion process; in general it is the oxidative removal of micro contaminants and micro-
organisms (Friedmann et al. 2010). It has been reported that most of the organic 
contaminants are readily deteriorated by photocatalysis. The use of TiO2 in this 
regard has been extensively studied (Table 9.3) as it is less expensive, less toxic, 
availability in access, and many remarkable features makes it an ideal photocatalyst 
(Qu et al. 2013).

Many persistent substances such as antibiotics and other mico-contaminants can 
be degraded photocatalytically during tertiary cleaning steps in wastewater. 
Ultraviolet lamps are generally used for the activation of TiO2, though sunlight can 
also be used. KRONO Clean 7000 (Kronos Inc., Cranbury, NJ, USA) is a unique 
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photocatalyst, allow the use of sunlight. In addition to TiO2, tungsten trioxide has a 
photocatalytic effect when exposed to visible light (Meng et al. 2013). 

In past few years several researchers have also described the separation and cata-
lytic processes in order to clean wastewater. The use of most productive nanoparti-
cles in filtration process like nano-filtration has to be applied to limit the entry of 
toxic materials. Soil particles and most microbial pathogens, viruses, spores and 
other pollutants are trapped and degraded by microfiltration membranes. Recently, 
some advanced oxidation techniques were effectively established commercially to 
treat wastewater. An accredit company, Purific Water (Holiday, FL, USA), has 
developed water purification and softening treatment by combining ceramic mem-
brane and photocatalysis, it has a great capacity to treat water by degrading highly 
toxic compounds including dioxine and volatile organic substances (Azrague et al. 
2007; Keuter and Gehrke 2012).

9.3  Applications of Nanotechnology in Wastewater 
Remediation/Filtration

There are several organic and inorganic pollutants which can be removed and 
degraded by the application of different nano materials.

9.3.1  Removal of Metallic Pollutants

Heavy metals are naturally occurring trace elements with toxic effects to all types of 
living forms. These metal pollutants enter in the human body through consumption 
of contaminated water and food which causes severe lethal effects on the human 
body. These are non biodegradable that persist in environment for a long period of 

Table 9.3 CNTs in the removal of water pollutants by photocatalysis mechanism (Usmania 
et al. 2017)

Sr. No. Organic pollutants Carbon nanotubes catalyst

1 Rhodamine B CNT/TiO2

2 Cango Red SWCNT/TiO2

3 Eosin Yellow MWCNT/TiO2

4 Acid Blue 92 MWCNT/TiO2

5 Aniline, nitrobenzene, benzoic acid CNT/TiO2

6 Methyl Orange CNT/TiO2

7 4-Nitrophenol, Rhodamine B CNT/titanium silicate
8 Acetaldehyde Titania nanotube/CNT
9 Methyl Orange (MO) MWCNT/TiO2

10 Bacillus cereus (B. cereus) MWCNTs–TiO2
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time. Different chemical and physical methods are employed for the recovery and 
removal of heavy metals but these techniques are least productive. Thus there is a 
need to develop a new most efficient approach for the recovery of heavy metal pol-
lutants. The use of nanotechnological innovation has also provided a more advanced 
means to treat wastewater for the removal of heavy metals contaminants. Adsorption 
is a conventional method that is being used for the removal of organic and inorganic 
contaminants, the use of nanomaterials as adsorbents seem to be an advanced 
method for water remediation (Mohammed et al. 2011).

9.3.1.1  Arsenic

It is one of the most concerned metal contaminant of drinking water, as the ground-
water reservoirs are heavily contaminated with arsenic and it is a foremost chal-
lenge for developing countries (Brammer and Ravenscroft 2009). Different 
technologies have been used for arsenic elimination from water, and the efficiency 
of these technologies relies on the physical and chemical properties of the arsenic 
compounds present in water. Among all the technologies applied for arsenic removal 
(coagulation-filtration, membrane separation, ion exchange and adsorption), adsorp-
tive separation provides several benefits over others that including low operation 
cost, simple and stable operation, compact facilities, the absence of added reagents, 
and easy handling of waste (Akin et al. 2012). Adsorption technique utilizing NPs 
provide significant improvement with their high specific surface area and sorption 
sites (Qu et al. 2013).

9.3.1.2  Cadmium

It is a naturally occurring soft, whitish blue colored toxic heavy metal, that is chemi-
cally similar to zinc and mercury. All compounds of cadmium are highly toxic in 
nature and it has been listed as a carcinogen like other heavy metals by the 
International Agency for Research on Cancer. Due to its potential harmful effects 
the use of cadmium is mainly controlled by Environmental Protection Agency 
(EPA) in the United States (US). The contamination of cadmium in drinking water 
causes severe health effects diarrhea, vomiting, liver disease, high blood pressure, 
lung damage, cancer and several others (Ostad and Wise 2005).

Skubal et al. (2002) reported the use of titanium dioxide NPs as nanoadsorbent 
to recover and separate cadmium from contaminated water. Results showed that the 
use of nanmaterials as adsorbents could be a promising way to remove cadmium 
from water. The elimination of cadmium from water has been investigated and 
reported using alumina silica NPs and anatase nanoparticle as water purifying 
agents (Gao et al. 2004; Pacheco et al. 2006).
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9.3.1.3  Chromium

Chromium is a lustrous, hard and brittle metal which causes environmental pollu-
tion including soil and water pollution. It occurs in nature in different form but the 
trivalent and hexavalent chromium are most commonly occurring forms. In com-
parison to other forms, trivalent chromium is less toxic to human. Though, hexava-
lent chromium compounds are deadly toxic to animals and human and also a major 
cause of cancer. Due to rapid industrialization and anthropogenic activities the con-
centration of chromium in the soil has increased to a considerable extent. Cr(VI) is 
water soluble and leached easily from soil to groundwater where it causes water 
contamination (Goodman 2011).

Nanofiltration membrane has also been reported for the elimination of Cr(VI) 
from contaminated water. Adsorption of Cr(VI) using FeO nanoparticles, from 
ground water resources has also studied (Ren et al. 2010; Shao-feng et al. 2005).

9.3.1.4  Cobalt

It is a chemical element of earth crust, its consumption in higher concentration 
could cause potential toxic effects, and International Agency for Research on Cancer 
has established the cobalt as a potential carcinogen. Various industrial processes 
(metallurgical, electroplating and petrochemical paints etc.) are contributing the 
higher amounts of cobalt in soil and water.

9.3.1.5  Copper

It is widely used as agrochemicals in agriculture to control the mushroom, and as 
algicides in the remediation of water. Excessive intake of copper can result several 
health ailments. According to EPA it is not carcinogenic and permissible level of 
copper in drinking water is 1.3 mg/L. Different agricultural practices and industrial 
processes are major causes of copper contamination in surface and ground water 
(Deliyanni et  al. 2003; Sun et  al. 2006). Banerjee and Chen (2007) reported the 
synthesis and use of magnetic NPs as adsorbent for the removal of a copper from 
polluted water.

9.3.2  Removal of Dyes

These are the main pollutants produced by industries textile, leather, paints, print-
ing, rubber and paper. Dyes are mainly separated and eliminated through the use of 
nano-adsorbents. TiO2NPs has been employed for the removal of red 195 azo dye. 
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Similarly, the use of Fe3O4, silica nanosheets, chitosan NPs has also been investi-
gated for the removal of orange G, methylene blue, azo dyes respectively from 
wastewater (Chang and Chen 2005; Chen et al. 2011).

9.3.3  Removal of Pesticides

The main sources of agrochemicals are agriculture practices including pesticides, 
chemical fertilizers etc. The extensive application of these chemicals is polluting the 
environment. Use of nano materials to eliminate and degrade chemical pesticides is 
still under investigation, there are only few reported studies (Ali and Jain 1998).

9.3.4  Removal of Microorganisms

Microbes are the other main contaminants of water which are responsible for water 
contamination and cause several diseases. The exploitation of nanomaterials to 
degrade and remove microbial contaminants from water has been extensively stud-
ied (Li et al. 2010; Shen et al. 2010).

9.4  Nanomaterials as Disinfecting Agents 
in Water Treatment

Antimicrobial properties of nanomaterials have also been investigated against sev-
eral pathogenic microorganisms. Microbial water contamination is one of the main 
concerns of portable water, though nanomaterials are frequently used as antimicro-
bial agents in water treatment and purification, proficiently inhibit the microbial 
growth and act as disinfecting agent. Though, the exploitation of antimicrobial 
nanomaterials has also revealed the formation of some toxic by-products (Li et al. 
2010) (Fig. 9.4).

Most of the reported DBPs are carcinogenic in nature and have lethal effects on 
human health (Krasner et al. 2006; Hossain et al. 2014). The other most commonly 
used method is UV-disinfection method, it generates less DBPs but it is not much 
efficient for viruses. All these limitations associated with the conventional methods 
support the development and use of other most suitable methods. Appropriate disin-
fecting agents should have following characteristics; it should have wide range anti-
microbial potential, highly soluble, safe for humans, cheap and simple in application 
and preservation at ambient conditions. Nanomaterials including silver, zinc, tita-
nium and carbon nanotubes have showed excellent properties against microorgan-
isms (Li et al. 2008; Hossain et al. 2014).
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9.4.1  Titanium Dioxide NPs as Antimicrobial Agents

Titanium dioxide nanoparticles are one of the most important nano materials used 
in the treatment of water (Friedmann et al. 2010). Production of reactive oxygen 
species results from the titanium oxide nanoparticles is responsible for their remark-
able antimicrobial activity; ROS cause the destruction of microbial cells (Hossain 
et al. 2014).

9.4.2  Silver NPs as Antimicrobial and Disinfectant Agents

Antimicrobial action of silver nanoparticles has a well-known usage from decades 
ago. Currently nano scale silver has been reported for its extensive use as antimicro-
bial agent. These are considered as the most appropriate disinfecting agents used in 
water treatment to destroy the microbial contamination. Silver ions that are released 
from nano sized silver materials get attached and destroy the cell membrane, DNA 
and most important enzymes which regulate the cell metabolism and hence destroy 
the microorganisms (Qu et al. 2013). Carbon nanomaterials (carbon nano tubes and 
graphene) have also been reported for their outstanding antimicrobial activities, 
CNTs have found more efficient in removing microbial contaminations (Vecitis 
et al. 2010).

Fig. 9.4 Mechanisms of toxicity of nanoparticles (NPs) against bacteria (Singh et al. 2014)
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9.5  Nano-toxicity and Environmental Impact

The implementation of nanotechnological advancements in the purification of water 
and wastewater has been established though the use of these nanoscale materials 
and it is associated with many toxic effects, on human health and environmental 
degradation. Thus the harmful and toxic impacts of nanomaterials are referred as 
nanotoxicity. Nano-toxicological studies should be carried out prior to the release of 
nanomaterials into the environment or for biological use to ensure their safe use. 
The high biological and chemical reactivity of nanoparticles causes the production 
of reactive oxygen species (ROS) and free radicals which results into the damage to 
biological membranes and DNA (Nel et  al. 2006). Due to their extremely small 
dimensions, NPs can easily find an access into human body through ingestion and 
inhalation and can transfer into the other organelles (Hoet et al. 2004; Oberdörster 
et al. 2005). An excess of these nanomaterials in human body may lead to oxidative 
stress which causes inflammation and also affects the immunity (Savić et al. 2003). 
A great research is needed to understand the behavior and mode of action of 
nanoparticles within the human body that is still unknown. To evaluate the toxic 
effects of NPs is a challenging issue because it involves the characterization of vari-
ous nano sized substances. Hence to make an accurate toxicity evaluation of NPs is 
difficult and demanding. These issues need to be addressed to combat the hazardous 
effects of nanomaterials (Fauré et al. 2006).

The use of nanomaterials in the water purification do not have a direct impact on 
humans, but these nano particles may find an access to human body through the 
consumption of sea food. Therefore the effects of nanomaterials on the aquatic life 
should be taken into account as it is an important question that is concerned with the 
toxicity of NPs. Nanoparticles including silver, titanium and carbon nanotubes are 
mainly causing adverse effects on aquatic life (Asghari et al. 2012; Clemente et al. 
2012; Jackson et al. 2013).

The US Environmental Protection Agency in 2010 reported the effects of tita-
nium dioxide nanoparticles on aquatic organisms. In this study, a comparison was 
made among/between the different nanoscale titanium dioxide, point of entry to 
biological systems and their harmful effects on organisms. The study concluded 
several toxic effects on organisms including reduction in reproduction rate, respira-
tory distress, pathological and behavioral changes (Jackson et al. 2013).

9.6  Conclusion

At present the foremost challenges which are faced by the world are the shortage of 
portable water and water pollution, resulting from a great raise in population and 
over exploitation of fresh water etc. To overcome these challenges at global level, 
there is an urgent need to introduce some advanced and practically achievable water 
decontamination techniques to ensure the high quality drinking water. Recent 
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innovations in nanotechnology have provided highly efficient, advanced and cost 
effective means for the treatment and purification of water like nano-adsorption, 
nano-filtration etc. The development and use of nano materials for water remedia-
tion to improvise the water quality for better living has proved to be a main area of 
interest that is gaining importance throughout the world. The unique characteristic 
feature of nanomaterials in combination with convention methods enabled the 
decontamination process much reasonable and conventional and seems to be a most 
promising approach for future. Though the use of nanotechnology in the treatment 
of water has provided many advantages over the traditional methods, on the same 
time there are some challenges including nano-toxicity which limits their use in the 
water treatment. The effects of nano engineered materials on the living organisms 
need to be addressed to ensure the safety of aquatic life as well as human beings. In 
order to minimize the adverse impacts of nanomaterials on biological systems their 
toxicity must be assessed prior their release in the environment.
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Chapter 10
Applications of Nanobiosensors 
in Agriculture

Nadia Ghaffar, Muhammad Akhyar Farrukh, and Shagufta Naz

10.1  General Introduction

The backbone of most of the developing countries is agriculture. It’s not only satis-
fying the hunger of community but also have a great impact on economy. 
Accessibility of water and land resources for agriculture is decreasing rapidly that 
leads to decline in agriculture productivity.

There are different factors which affect the agricultural output like deficiency of 
macro and micro nutrients, depletion of water resources, population explosion and 
difference in soil condition, industrialization and erosion of top soil. Soil lacks some 
macro and micro nutrients therefore fertilizers are used in agriculture to supplement 
soils with these nutrients. In developing countries 35–40% of the crop yield depends 
upon fertilizer but few fertilizers directly affects the growth of plants. In addition, 
the concentration of heavy metals, herbicides, insecticides, pesticides and fertilizers 
in agricultural land is on alarming stage (Corradini et al. 2010).

For example annually 4% growth in agriculture is earmarked by the Indian 
national policy makers to ensure national food security with the inadequate avail-
ability of water and land resources. Avenue for achieving the demand is possible 
only by enhancing the yield and income per unit of the limited supply of natural 
resources by using improved technologies efficiently (Chena and Yada 2011).

New technologies are needed in agriculture to enhance the productivity of crops. 
Nano agriculture is an area which involves the synthesis and implication of nanopar-
ticles in agriculture. These synthesized particles play an important role in improving 
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the crop productivity (Srilatha 2011). Nanotechnology deals with the smallest 
nanoparticles having a size of 1–100 nm, that has potential to enhance the agricul-
tural yield by solving the problems that remain unsolved due to conventional meth-
ods. Nanotechnology and nanoscale science has potential to provide better and 
novel solution to all the challenges that agriculture is facing today (Manjunatha 
et al. 2016).

The development of Nanomaterials and Nanodevices provides different horizons 
for improving agricultural system. It has the potential to revolutionize the agricul-
tural systems. These nanomaterials have a lot of novel applications in agriculture 
and biotechnology (Srilatha 2011).

Nanobiosensors can be used efficiently for sensing soil pH, moisture and a range 
of pathogens, insecticide, herbicide, pesticide and fertilizers. Appropriate use of 
nanobiosensor may help in supporting sustainable agriculture for improving crop 
productivity (Rai et al. 2012).

10.2  Biosensors

Biosensor is basically an integrated self-contained device which uses a biological 
recognition element and provides precise quantitative or semi quantitative analyti-
cal information. Biosensors are used to detect biological product by combining 
physical or chemical transducer with a biological recognition element. Researchers 
are working on integration of nanoparticles into materials that are used in construc-
tion of biosensors, so that sensitivity and performance of the system may improve. 
Advanced form of biosensors can play an important role in existing and potential 
sensing applications (Turner 2000). Some of the data is summarized in Table 10.1, 
showing evolutionary history of biosensors.

10.3  Nanobiosensors

Nanotechnology is a blistering field of science that deals with the production and 
modification of materials to a nanosize (10−9 m) range. On the basis of nanotechnol-
ogy many advanced nanobiosensor with a highly miniature size have been devel-
oped in twenty-first century. Researchers are still working and recently they have 
generated biosensors by combining computer, nanaoscience, biology and electron-
ics. These advanced biosensors are more reliable with high resolution depicting 
extraordinary sensing capabilities.

Nanobiosensors are basically modified form of biosensors with compact analyti-
cal unit which contains biologically derived sensitizing element and a physiochemi-
cal transducer attached with it. Invention of first biosensor was done in 1967 which 
lead to the invention of new and modified forms of biosensors. There are basically 
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three generations of biosensors which resulted in development of several modern 
and innovative biosensors (Updike and Hicks 1967).

Nanosensors are combined with immobilized bioreceptor probes and are much 
selective for targeted molecules. Nanobiosensors are constructed in nanoscale range 
to evaluate the data at atomic scale level (Freitas 1999. http://www.nanome-dicine.
com/NMI/Glossary.htm). In past it was not possible to examine the real bio- 
analytical applications but nanobiosensors provide new horizons for basic research 
and for bio-analytical applications. For molecular analysis nanobiosensors can be 
integrated into lab-on-a-chip, they not only assist in molecular analysis but also help 
in monitoring of many metabolites. They can detect a range of microorganisms, 
many analytes like insecticides, urea and glucose etc. Due to their ability to be eas-
ily carried they are perfect for field application and can also facilitate the laboratory 
settings (Fan et al. 2008; Khanna 2008; You et al. 2009; Velasco 2009).

Table 10.1 Milestone in the advancement of biosensors in twentieth century (Rai et al. 2012)

Year Advancement of biosensors

1906 Data about protein Immobilization was reported
1922 First pH electrode made up of glass was prepared
1956 Information about first oxygen electrode was arranged
1962 First time biosensor was described
1969 First potensiometric biosensor was seen
1970 Ion selective field effect transistor (ISFET) was invented
1974 Reports on thermal transducers for biosensor
1975 To describe fiber optic sensor the term optode was invented
1976 Electrochemical glucose biosensor incorporation in bedside artificial pancreas
1977 The term biosensor was invented by Karl Camman
1982 Illustration of first needle type enzyme electrode
1984 First paper was published on the use of ferrocene and its derivatives as an immobilized 

mediator for use with oxidoruductases
1987 For home blood glucose monitoring a screen printed enzyme electrode was initiated by 

MediSense
1990 Pharmacia BIA Core SPR based biosensor system was instigated
1992 Hand held blood analyzer launched by i-STAT
1996 Invention of Glucocard
1998 Blood glucose biosensor was launched
2002 Use of electro deposition paints for biosensors as immobilization matrices
2003 In living plant an enzymatic glucose/O2 fuel cell was entrenched
2007 First time implanted glucose biosensor was operated for 5 days
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10.3.1  Why Nanobiosensors?

When the size of particles is modified, their associated properties are also changed 
by increase or decrease in particle size. Decrease in particle size causes change in 
physics and chemistry of particles that leads to development of novel properties that 
totally depends upon size.

• Increase in surface to volume ratio is observed by decreasing the size.
• In order to make improved miniature structure device, size of the transducer and 

sensing part in a sensor must be reduced.
• New sensing devices are in the process of development that is totally inspired 

from nano materials science (Choudhary et al. 2015).

10.3.2  Intrinsic Worth of Nanobiosensors over Conventional 
Biosensors

Nanobiosensors are very sensitive and reliable as compared to conventional biosen-
sors, they can sense a single virus particle, and even they can detect much less 
concentration of any harmful substance. The reasons for this efficient role may 
be because

• Nanobiosensors works at atomic scale and depicts much efficiency
• Nanobiosensors also have increased surface to volume ratio
• Nanobiosensors are extremely sensitive with very low chances of error.
• But nanobiosensors are still under developmental stage and need an elaborative 

research to find more applications in the field (Rai et al. 2012).

10.3.3  Distinctive Properties of Nanobiosensors

Rai et al. depicted some unique properties of nanobiosensors which are given below 
in Fig. 10.1. These are some model requirements for nanobiosensors.

10.4  Components of Best Nanobiosensors

It contains three important parts (Fig. 10.2)

 1. The sensitive biological element (e.g. cell receptors, nucleic acids, tissue, anti-
bodies, microorganisms, enzymes, cell receptors etc.), that combine with or 
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Fig. 10.1 Distinctive properties of biosensors

Fig. 10.2 (a) Schematic presentation of a biosensor. (b) Principle of nanobiosensor

Analyte

Recognition element

Transducer

Signal
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 recognize the analyte. By means of biological engineering, biological sensitive 
element can be generated.

 2. The transducer or the detector element (mechanism may be physicochemical; 
piezoelectric, optical, electrochemical, etc.) that assist in transformation of sig-
nals that appeared due to interaction of biological element with analytes into 
such form of signals that can be calculated and measured easily.

 3. Biosensor monitors (displays the results in an easy to use way in connection with 
the electronics or signal processors) (Ejeian et al. 2018).

10.5  Different Types of Nanobiosensors

10.5.1  Ion Channel Switch Biosensor

These biosensors are constructed by using synthetic membranes that are self- 
assembled, assist in detection of signals, and behaves like a biological switch. They 
can detect the presence of a particular molecule by generating electrical current. 
They are very specific, provides particular and quantitative information immedi-
ately. They reduce the delivery time of test results from hours to minuets and play 
an important role in emergency diagnoses (Cornell 2002).

10.5.2  Viral Nanobiosensors

Basically virus particles are considered as biological nanoparticles because they 
have some applications as nanosensors. Adenovirus and HSV (Herpes simplex 
virus) are two of many examples that are used to activate the assemblage of mag-
netic nanobeads as a nanosensor for clinically relevant viruses (Perez et al. 2003).

10.5.3  Mechanical Nanobiosensors

To determine the biomolecular interaction, Nanoscale mechanical forces that pres-
ent between molecules plays an important role and assist in the construction of 
advance, label free, sensitive and small size biosensors (Cheng 2006). For identifi-
cation of biomolecules microscale cantilever beams can be utilized, it interacts with 
biomolecules and provides all the information after deflection. The quantity of ana-
lyte in solution can be measured and deduced by measuring the intensity of deflec-
tion of cantilever beams. There are three methods that help in conversion of 
concerned analyte into micro mechanical bending of cantilever, (a) surface stress 
may cause bending, (b) bending due to mass loading, (c) change in temperature may 
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cause bending. All the nano mechanical appliances are extremely mass sensitive. 
Reduction in size causes reduction in mass, consequently a prominent change in 
main mass is noticed after adding bounded analyte molecule (Ziegler 2004).

10.5.4  Optical Nanobiosensors

Construction of optical biosensors depends upon arrangement of optics where light 
rays dispersed and circulate in a closed path. When analyte connects to resonator, a 
change is observed which is documented in resonant frequency. There are basically 
two types of resonators, (1) linear resonator and (2) ring resonator. Linear resonator 
contains two end mirrors; light rays hit the mirrors and reflect back while in ring 
resonators end mirrors are not present so light dispersed in two different directions.

In nanobiosensor optical fibers of small size are used that plays an important role 
in sensing. They help in intercellular, intracellular sensing and also allow physiolog-
ical and biological parameters (Erickson et al. 2008).

10.5.5  Electronic Nanobiosensors

These nanobiosensors are based on microchips. Every chip contains many sensors 
which can work independently. Their function is to detect the target DNA and its 
binding that actually create a bridge on a microchip between two electrically sepa-
rated wires. These nanobiosensors can be separately deal with captured probes for 
targeted DNA molecules that comes from different or from same organism 
(Jain 2005).

10.5.6  PEBBLE Nanobiosensors

Probes Encapsulated by Biologically Localized Embedding (PEBBLE) nanobio-
sensors contains many sensors that are basically produced by micro emulsion 
polymerization method. It produces sensors of spherical shape which ranges from 
20 to 200 nm and is enclosed in a chemically inert matrix. Many different types of 
sensor molecules can be trapped in the matrix that can assist in detection of fluores-
cence, can detect change in pH, can detect optical change and change in Ca2+ ions 
(Sumner et al. 2002). These nanobiosensors are very proficient and can examine 
real-time intracellular and intercellular imaging of molecules and ions. They are not 
sensitive to interference from proteins so it can move back to its base line and also 
demonstrate constancy to photo bleaching. They exhibit a strong oxygen sensing 
capacity in human plasma and are very less affected by scattering of light and auto 
fluorescence (Cao et al. 2004).

10 Applications of Nanobiosensors in Agriculture



186

10.5.7  Nanoshell Biosensors

Nanoshell biosensors are very efficient and their working is based on detection of 
analyte from complex biological media. For detection of analyte, no sample prepa-
ration is needed; simply gold nanoshells are placed in a rapid immunoassay. 
Nanoshell/antibody aggregates forms conjugation with extinction spectra that can 
be examined in the presence of analyte with the help of spectroscopy. Nanoshells 
are very proficient and can improve the chemical sensing to a great extent as ten 
billion times (Choudhary et al. 2015).

10.5.8  Nanowire Biosensors

These biosensors are basically comprised of two extremely sensitive molecules: 
carbon nanotube and a single stranded DNA molecule. Carbon nanotube works as a 
transmitter and single stranded DNA works like a detector. Nanowires can behave 
independent of analyte if we modify their surface properties. These properties can 
easily be modified by utilizing biological or chemical ligands. By changing the 
surface properties chemical binding started on their surface that leads to change in 
conductance of the nanowire in a sensitive manner. Highly sensitive and real time 
electrical sensors can be produced by using Boron-doped silicon nanowires (SiNWs) 
for biological species (Choudhary et al. 2015).

10.6  Applications of Nanobiosensor in Agriculture

Currently, nanobiosensors are presenting attractive prospects in comparison to tra-
ditional biosensors. Nanobiosensors have some distinctive properties and advan-
tages. They are more sensitive, proficient, and specific and have enhanced detection 
system. They have some potential applications in different fields including agricul-
ture, bioprocess control, bio defense, quality control of food and the most important 
medical applications. Here we are concerned about potential applications of nano-
biosensors in agriculture and agro products. Few applications of nanobiosensors are 
explained below in Fig. 10.3.

10.6.1  Evaluation of Disease and Soil Quality

Nanosensors can be utilized to identify the soil diseases that are caused by microor-
ganisms present in soil like bacteria, viruses and fungi. Nanosensors diagnose the 
soil disease by quantitatively measuring the oxygen consumption of “good and bad 
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microbes” during their respiration in soil. The measurement completed by going 
through following steps:

 1. In the first step two sensors will be selected and saturated with “good microbes” 
and “bad microbes” and then drenched in soil suspension in buffer solution.

 2. In the second step both microbes will be examined for oxygen consumption and 
data will be recorded.

 3. In the third step data collected from both microbes will be compared which will 
depict that which microbe is best for the soil (AIST 2004, http://www.aist.go.jp/
aiste/latestresearch/2004/20040402_1/20040402_1.html)

10.6.2  Role of Biosensors to Support Sustainable Agriculture

A Nano fertilizer plays an important role in supporting the sustainable agriculture. 
A nano fertilizer is basically a product that is encapsulated within nanoparticles and 
provides nutrients to soil and crops. Encapsulated nano fertilizer can be prepared by 
three ways:

 1. Encapsulation of nutrients can be done in the form of nanotubes or nano-porous 
materials.

 2. Encapsulation can be done by coating the nutrients with a thin protective poly-
mer film.

 3. Nutrients can be isolated and dispersed as nanoscale emulsions or as particles.

Nanobiosensors

Biotoxin 
detection

Carcinogen 
detection

Pathogen 
detection

Sugar 
detection 

GMO 
detection

Agrochemic
al residue 
detection

Gas 
detection

Allergen 
detection

Fig. 10.3 Applications of 
nanobiosensor in 
agriculture
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Nitrogen deficiency is a major problem in some areas which happen due to leach-
ing, absorption of soil microorganisms for longer period of time and may be due to 
emissions. Nanofertilizers prove to be very helpful in reducing the nitrogen loss 
(Derosa et al. 2010). In recent research, it is reported that carbon nanotubes can 
enter in the seeds of tomatoes, zinc oxide nanoparticles can penetrate in the ryegrass 
root tissues. This proposes that new system for the release and delivery of nutrients 
can be developed that take advantage of nanoscale porous domains on the surface of 
crop plants.

In this case, nanofertilizers are only helpful if they can control the release of 
nutrients on the time of need and prevent the release of nutrients without any demand 
that are not absorbed by the plant and converted into gaseous form and polluted the 
environment. For this purpose, biosensors are attached to nanofertilizers that permit 
the release of nutrients according to demand and according to soil nutrient condi-
tion. Controlled and slow release also helps in reducing the harmful effects of 
fertilizers.

Another example is of zeolites, zeolites are thought to be very supportive in 
enhancing the soil quality and crop yield. Zeolites are basically aluminum silicates 
crystals that help in improving the soil quality, plant growth and crop yield, improves 
the water retention, infiltration and efficiency of fertilizer, retain nutrients in the soil 
for longer period of time for the plant and lessen the nutrient loss from soil.

Zeolite is considered to retain the nutrients in the roots of plants and supply to 
plant when it is needed. It assists the plant for proficient use of K and N fertilizers 
and fertilizer will not be wasted and even small amount of fertilizer can produce a 
better yield. Zeolite remain in the soil for longer period of time and assist in making 
better nutrients quality and retention time.

A combination of Zeolite and nanobiosensor modernized the agriculture and 
plays a significant role in advancement of agriculture. Biosensor sense the defi-
ciency of nutrient or water in the soil or plant and control their release that zeolite 
have retained.

Pesticides encapsulated in nanoparticles have been synthesized which release 
pesticides after a specific time and due to change in environment. Herbicides have 
also combined with nanobiosensors that are provided to plants only when needed 
that leads to better crop yield (Lin and Xing 2008).

10.6.3  For Storage of Seeds

When we store the seeds they release some volatile aldehydes due to ageing pro-
cess. These volatile compounds are even deleterious for other seeds. By detecting 
these volatile aldehydes in seed storage area, deteriorated seeds separated from 
other seeds and refreshed before their use. For this purpose Electronic nose (E-Nose) 
is used (Choudhary et al. 2015). In the field of sensor technology Electronic Nose is 
the most advance device (Fig. 10.4). It can detect and classify the vapors, gases and 
odors automatically. Electronic Nose is a unique device in comparison to other ana-
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lytical devices because of its exceptional detection system. It not only detects par-
ticular chemical specie but also recognize the fusion of organic sample (Kalita 
et al. 2015).

10.6.4  Smart Delivery Systems

Nano based smart delivery systems and nanobiosensors have a significant role in the 
utilization of natural resources like soil nutrients, water and other organic com-
pounds. Farm managers can detect the crop pests and identify the stress (for exam-
ple drought) by satellite photographing of fields through global positioning systems 
and nanomaterials. If crop pests and drought are identified, pesticide applications 
and irrigation levels will be modified automatically. Encapsulated fertilizers have 
capabilities to release the fertilizer slowly and according to need, that leads to mini-
mize the fertilizer use and environmental pollution (Choudhary et al. 2015).

10.6.5  Detection of Contaminants and Other Molecules

Many nanobiosensors are constructed to identify the temperature, pressure, soil 
nutrients, stress, pests and other contaminants. Biosensors based on liposome are 
used to identify the Organophosphorus pesticides (paraoxon and dichlorvos). Zhang 
et al. (2007) reported a technique to identify the Escherichia coli (E. coli) by utiliz-
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ing advanced bismuth nanofilm. Biosensors which are designed by using PSII (pho-
tosystem II) can easily binds to herbicides that have been separated from 
photosynthetic organisms. These organisms have the ability to detect the chemicals 
that cause pollution. By identifying these pollution causing chemicals, easily avail-
able, cheap and efficient apparatus may set up that leads to identification of a par-
ticular herbicide, sewage sludge, contaminants of urban and industrial effluents 
(Giardi and Piletska 2006).

10.6.6  Efficient Detection of DNA and Protein

To identify a particular DNA oligonucleotides many nanosensors such as optical 
biosensors/ssDNA-CNTs probes are available. Multi walled nanotube/zinc oxide/
chitosan composite film are applied for immobilization of ssDNA probes that is 
used to distinguish between different DNA sequences efficiently.

A nanobiosensor is designed to detect deep DNA damage in which MWNT 
(Multi Walled Nanotube) bionanocomposite layer in chitosan is placed on screen 
printed carbon electrode (Ma et  al. 2008). Transistor based nanowire field effect 
biosensor was reported by Maki et al. (2008) which avoids the PCR amplification 
and bisulfite treatment but can detect the DNA methylation. Biosensors based on 
protein nanoparticles interactions have been constructed which are ultra-sensitive 
and can detect a particular protein molecule. Biosensors which can detect the pro-
tein and DNA play significant role in identification of plant pathogens, anomaly in 
plants due to deficiency of some minerals and can easily differentiate one plant spe-
cies from others.

10.6.7  Role of Biosensor in Effective Investigation of Food 
Products

Analysis of food products by using biosensor is becoming a very essential factor in 
food industry. Some of its applications are given below;

Analysis of vitamins: CM5 sensor chips are used for the immobilization of vitamin 
and the SPR (surface plasmon resonance) biosensor identify the interactions of 
these vitamins with a particular binding protein.

Detection of antibiotics: Some banned antibiotics have been detected in honey, due 
to that reason biosensors are now in frequent use. Biosensors can identify the 
presence of a particular antibiotic, efficiently and in a short period of time.

Detection of food spoilage: Amperometric biosensor based on immobilization of 
enzyme diamine oxidase, detect the amount of histamine in tiger prawn. In the 
same way potentiometric biosensor utilize 23 CO selective electrodes for detec-
tion of iso-citrate that leads to detection of spoilage.
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Detection of microbial contamination: Contamination due to microbes can be 
detected by Immuno bio sensors. These biosensors use the immobilized mono-
clone antibodies onto indium tin oxide (ITO) electrodes, it can easily detect the 
presence of Escherichia coli O157:H7 (Rai et al. 2012).

10.6.8  Role of Biosensor in Detection of Plant Pathogen

Maurer et al. (2012) used a multi-arrayed sensor for plant pathogen detection as 
illustrated in Fig. 10.5.

10.6.9  For Detection of Herbicides

Nanobiosensors have been designed for the detection of herbicides by using atomic 
force microscopy tips with immobilized biomolecules that can combine with ana-
lyte. By measuring the force between analyte and biomolecule detection can 
be made.

Herbicides can be identified at a very less concentration by using nanobiosensors 
which are chemically reformed with antibodies and enzymes. Nanobiosensors are 
very sensitive and selective and can detect the presence of herbicides if a particular 
biomolecule interact with the target herbicide (Choudhary et al. 2015).

Fig. 10.5 Detection of plant pathogen (Maurer et al. 2012)

10 Applications of Nanobiosensors in Agriculture



192

10.6.10  For Identification and Measurement of a Range 
of Toxics

To examine the soil and water toxicity generally microorganisms are used (like 
ToxAlert kit of Merck co.). For this purpose detection system basically depends 
upon luminescent bacteria, for example vibrio fischeri is used for the detection of 
toxic effects in biological test samples (Krystofova et al. 2010). Some biosensors 
have been designed for the detection of contamination in phenol containing com-
pounds. Few phenolic compounds are given in Table 10.2.

10.6.11  Nanobiosensors as a New Tool for Herbal 
Pharmacology

Herbal pharmacology basically uses natural herbs and medicinal plants to support a 
better life. Now a day’s development and advancement of all the crude extracts 
comes under pharmacology. Research on DNA-molecular markers is progressing in 
the world that leads to identification and investigation of some important herbal 
drugs, so that they may accept and can be used for medicinal purpose. Study on 
DNA analysis is thought to be very significant for plant pharmacology but it’s not 
being used in the farm and is only limited to laboratory. For that reason nanoaptas-
ensor have been designed, and it can behave as a good proposal for pharmacological 
applications (Secil 2008).

10.6.12  Nanobiosensors for Detection of Antibacterial Activity

Nanobiosensors can be use for the examination of antibacterial activity of different 
plant species. Therefore some biosensors have been designed and 16 plants have 
been studied by using ethanol as a solvent. Two bacterial strains (E. coli) have been 
modified from E. coli RFM 443 were used for antibacterial activity. Plasmids of 

Table 10.2 Fabricated biosensors used for the identification of contamination of phenolic 
compounds

Analyte type Receptor type Transducer type

m-Cresol or catechol DNA Amperometric
Phenol Mushroom tissues Amperometric
Phenol, p-Cresol, m-Cresol or catechol Polyphenol oxidase Amperometric
Phenol/chlorophenol
Catechol/phenol
Cresol/chlorocresol
Phenol/cresol

Laccase and tyrosinase Amperometric
Multicanal
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both the modified E. coli strains contain luxoperon (structural genes) from Vibrio 
fischeri bacteria. Luminescence biosensors are basically applied for measuring anti-
bacterial activity of all plants (Simona et al. 2011).

10.6.13  Nanobiosensors for Detection of Specific Secondary 
Metabolites

Plant secondary metabolites can be synthesized by using chemical method but this 
process is very expensive and sometimes it becomes very difficult and the worth of 
natural products can’t be denied in comparison to synthetic products. So the plants 
with enough quantity of secondary metabolites are the best possible solution. In 
medicinal plants, quantity and quality of secondary metabolites is very important. 
There are different methods for the identification of secondary metabolites like 
GCMS (Gas chromatography mass spectrometry), HPLC (High Performance 
Liquid Chromatography) and GC (Gas chromatography) etc. but these techniques 
are not economic and are time consuming. Hence, the use of nanobiosensor is sug-
gested because nanobiosensors are efficient and sensitive as compared to traditional 
system (Nabiabad et al. 2015).

10.6.14  Determination of Tropane Alkaloids

Tropane alkaloids can be identified by using biosensors, for that purpose optical 
biosensors (based on fluorescence) can be utilized. Biosensors based on FRET 
(Fluorescence Resonance Energy Transfer) system in which fluorescence probe 
consists of rodamin123 diflorescence and quantum dot’s semi conductive nano 
crystals are basically applied for the identification of tropane alkaloids. The bio 
receptor used for this purpose is muscarinic M2R receptor.

Baghery in 2013 described a nanobiosensor for the first time that can detect the 
presence of anti-cholinergic compounds in plant extracts. In another research it is 
reported that in plants monocrotophos (organophosphors) can be identified by using 
acetyl choline transferase enzyme-voltammetry biosensor (based on combination of 
gold nano particle-CdTe). For detection of glycol alkaloid, potentiostate biosensor 
that based on field-effect transistor and choline esterase can be applied 
(Baghery 2013).
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10.6.15  Revealing the Fraud and Replacement in Herbal 
Drugs

Medicinal plants and herbal drugs have much importance in medical and in other 
fields. Use of some other plants and drugs has been noticed in place of original 
medicinal plants and herbal drugs. It is noticed that original plant species have been 
replaced by their close relative species that looks like almost same but their pharma-
cological properties are different. Due to this reason molecular markers (RFLP, 
RAPD and RFLP) have been introduced for identification and differentiation of 
original herbs from their close relatives. It is exposed by DNA fingerprinting that six 
species of composite plants were used in place of Taraxacum mongolicum. Besides 
confirmation of medicinal plants, it was also necessary to identify the quantity of 
phytochemicals so that they may use for drug purpose. Invention of DNA markers 
and DNA finger prints have much importance in detection of quantity and quality of 
active plant compounds that leads to quality control use in herbal drugs (Secil 2008). 
From all the above facts it is supposed that DNA sequences can be used as aptamers 
and apta biosensor can be constructed for identification and differentiation of pho-
tochemical more efficiently instead of molecular markers.

10.7  Future Perspectives

Nanotechnology is a blistering field and has potential to improve the environment, 
economy, agriculture and even medical fields. New prospects are under investiga-
tion for integration of nanotechnologies into nano-biosensors. With the combined 
efforts of researchers and government such facilitated agro products will flourish 
soon that leads to development of novel products. It is accepted that nanotechnology 
has the potential to transform the agriculture system. With the focused research and 
targeted efforts nanotechnology will take all the ways towards development of sus-
tainable agriculture.

10.8  Conclusion

Nanobiosensors have great sensitivity. They are simple to use and needs less sample 
material. They are portable and have faster detection rates. Nanobiosensors increased 
the surface to volume ratio and are capable of measuring more variables. They con-
sist of multi analyte and works at atomic scale with highest efficiency. But nanobio-
sensors are still under infancy stage and lacks nanoscale quantification. 
Nanobiosensors are needed for advanced and efficient agricultural system with eco-
nomical use of resources, accurate detection of stress and good post harvest care.
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Chapter 11
Nanomaterials and Agrowaste

Sumera Javad, Iqra Akhtar, and Shagufta Naz

11.1  Nanotechnology in Agriculture

Nanotechnology is going to be more and more influential in the agriculture with 
increasing and extensive research in both fields. Modern technologies demand us to 
reduce the cost with complete risk assessments of the procedures with maximum 
productions. There are number of recent advances in nanomaterials like fullerenes, 
nanofibers, quantum dots and CNT (Carbon nanotubes). These materials have spe-
cific physical, optical and mechanical properties which are unique and make their 
applications possible in different areas of agriculture. These can be used in nanosen-
sors with significant applications in soil analysis, pesticides release, water supply 
and management of other biochemicals (Prameela 2017). These can also be used as 
nanofertilizers, nanoemulsions for fertilizer coatings etc. Another use of nanotech-
nology in agriculture may be suggested for the agrowaste management.

11.2  Agrowaste

Agrowaste is a term used to describe the waste material produced during agricul-
tural practices which may be any chemical, pesticide or fertilizer. These materials 
are usually hazardous in nature and their use must be reduced but they are required 
in larger amounts to get optimum products from crops. Agrowaste also includes 
plant parts which are not used as food.
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The significance of sustainability, especially in view of the rise in the worldwide 
population, has been increasingly recognized. This problem is closely related to a 
circular economy that is based on resource regeneration. Waste reduction is one of 
the key elements of circular economy. Agricultural waste is defined as “waste gener-
ated as the consequence of a variety of agricultural activities, including manure and 
other waste, from farms, harvesting waste, landfill fertilizers, pesticides entering 
water, air or soil, and field-drained salts and silt” (Bruce et al. 2005). In the form of 
residues and waste, a substantial portion of agro food production is lost. Therefore 
the exploration of innovative techniques that provide new possibilities for complete 
sustainability is extremely important. Nanotechnology is assumed to contribute 
considerably in this direction too (Chen et al. 2013).

Each year, a lot of food and agricultural products are being lost world wide as 
agrowaste. 1/3 of food produced every year is wasted according to one estimate on 
the name of human consumption (almost 1.6 G  tons according to one estimate). 
Whereas another estimate claims that there is an overall 6 G tons loss of food and 
non-food agricultural products every year. Firstly, if we reduce this much loss of 
agricultural products, we can reduce the pressure on our resources. It will also lower 
the increasing demand of more food availability for ever increasing population, thus 
automatically reducing the use of chemical fertilizers and pesticides.

When crop is harvested, there are other related issues like crop waste which is 
almost 80% of the biomass of agriculture. Mostly farmers burn this waste which 
causes the emission of gasses into the environment in bulk quantities. Now a day, 
it’s the main reason of smog (fog + smoke) and posing a serious threat to health of 
common man. Therefore it is the need of hour to manage the waste in a strategic 
way to recover, recycle and reuse the agrowaste (Krishnaswamy et al. 2014).

This Agrowaste, if used properly, can be a part of economy and progress. There 
are a lot of uses suggested like in production of biotechnological products, synthesis 
of nanoparticles, manure and biofuel production etc. (Fig. 11.1).

Fortunately, instead of remaining in the environment, different types of reuse 
methods are proposed for agricultural waste (Tepe and Dursun 2014). The residues 
which are acquired from agriculture or agricultural products like food, feed and 
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Raw material 
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management of agrowaste
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fruits etc. contain lignocellulose (Chandra et al. 2012). Therefore these waste mate-
rials can be used as a raw material for number of biotechnology products like biofu-
els, enriched protein, microbial pigments, antibiotics, aromatic compounds, 
secondary bioactive metabolic products, organic acids, enzymes and nanofibers 
(Nigam and Pandey 2009).

11.3  Types of Agrowaste

Agrowaste is of different types. Mainly it can be classified into two main categories 
i.e., Agricultural residues and agricultural industry residues. Agricultural residues 
are of further two types namely field residues (stems, seeds, stalks etc.) and process 
residues (Husk, Bagasse, Molasses). Agricultural industry waste may contain any 
agricultural waste produced at commercial level like orange peel, potato peel, 
ground nut oil cake and soybean oil cake etc. (Sadh et al. 2018). Waste is largely 
obtained from coffee, cereal, cocoa, fruit, cotton, tea, vegetables etc. These waste 
materials can produce organic solvents such as ethanol, acetone and butanol; can 
also be used to produce biofuels (Carchi 2014). Leaf fiber of pineapple is also being 
investigated to substitute fiberglass. It is proposed to be used as a construction mate-
rial particularly (Souza et  al. 2010). Wine-producing waste is another example 
which is a huge representative of lignocellulosic waste. It is produced in such a huge 
quantity, like in just Spain, every year over 1 million tons residues of wine waste are 
produced. These residues are being used as cultivation media, land modifications, 
production of lactic acid, phenolic production, antioxidant compounds and bio- 
surfactants, and low cost adsorbent of heavy metals.

Banana waste produces huge quantities of fake stem, foliar and shells waste that 
are problematic to degrade and cause environmental pollution (Mejía et al. 2010). 
Cellulose, present abundantly in nature and from almost every plant organism, is 
one of the enticing compounds produced from agricultural waste. This compound 
can be extracted through the large quantities of agricultural waste of banana, and a 
possible removal of nanocellulose can specifically be attempted. Some plant areas, 
like the pseudo stem, have been found to have a cellulose content of 38%, with the 
floral stem representing 27%. The importance of its extraction exists in the probabil-
ity of substituting certain synthesized fibers which may pollute the environment, 
taking advantage of excess properties and nanocytes offering the production of cer-
tain products of commercial origin such as hemicellulose and lignin with cellulose 
and other components of plants (Carchi 2014). It has a good property such as a low 
density as 1.6 g/cm3 and a responsive surface, which has OH groups. Presence of 
these OH groups on the surface enable certain chemicals to be attached, which 
allowing them to acquire new surfaces. This ability is used to modify the configura-
tion and regulation of the particle-particle bond and the particle-matrix. Furthermore, 
the tensile strength is good, and the thermal expansion coefficient is low. These 
products can be used as polymer strengthening products, biomedical products, tex-
tiles, super capacitors, pharmaceuticals, and antimicrobial films (Nairn et al. 2011).
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Cellulose is an Earth’s most abundant, fibrous semi-crystalline biopolymer. It is 
the primary component of plant matrixes. The cell walls of plants consist of rigid 
microfibrils of cellulose embedded into a matrix of lignin and soft hemicelluloses. 
Cellulose chains are arranged to produce compact, intermolecular as well as intra-
molecular hydrogen bonds that are stabilized to form compaction. These microfi-
brils consist of primary fibers, 8–50 nm in diameter and some microns in length. 
Nanofibers give strength to the plant stem due to their crystal structure. The biggest 
challenge to adopt this new technology is to increase the production size and appli-
cations of nanofibers in industry. One way to do this is to build synergies among 
sectors which use natural fibers, such as packing, cars, textiles and medicines, and 
possible manufacturers of natural nano-fiber (Prameela 2017).

One of the world’s major used juices by health-conscious people is orange juice. 
After extraction, around half the weight of the fruit is transformed into citrus peel 
waste of orange (CPWO), a low-cost material that is best used for the manufactur-
ing and production of bioethanol of the first generation (Awan et  al. 2013). The 
researchers also proved that, by using a new laboratory-sized direct steam injection 
device, oranges peel waste can be fermented by the strain Saccharomeces cerevisiae 
which produce large amount of glucose and ethanol levels (up to 50% m−1). Dry 
orange peel waste is also documented as an effective material for bioethanol pro-
duction with a total process yield (mass equilibrium) at 140 L bench reactor scale 
(Santi et al. 2012). CPWO is also a valuable bioresource for obtaining d-limonene 
(1.5%  g−1 of CPWO), nanocellulose (3%  g−1 of dry CPWO), and bioethanol 
(20% g−1 of dry CPWO), which has been determined on a dry-material basis in 
addition to bioethanol production (Tsukamoto et al. 2013).

The use of pineapple biomass has become interesting in tropical countries due to 
its ecological properties and renewable nature. Pineapple leaf is currently a waste of 
the cultivation of pineapple. These fibers can be acquired without the need for extra 
costs from industrial sectors. The composition comprises of a vascular bundle sys-
tem that is made of bundles of fibrous cells, obtained after all epidermis tissues have 
been mechanically removed. The fibers are, on the other side, highly hygro-
scopic and comparatively cheap. The top mechanical properties of pineapple leaf 
fiber have been determined to be multicellular and lignocellulosic because of the 
high cellulos, the low microfrilliary angle of 14°. The distinctive characteristics 
shown by an apple leaf may be applied in composite matrices as possible enhance-
ment and will be considered to substitute glass fiber in low-cost products in particu-
lar construction materials (Bakshi et al. 2014).

11.4  Nanomaterial and Agrowaste

Agrowaste can be treated using nanoscale devices in various ways. There are mul-
tiple examples like nanoscale iron oxide, other metal nano-oxides and nanotubes 
etc. which are being used in the farmland waste water treatment. Nano-electron 
enzymes are another source which are being used for water remediation. Clay 
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 nano- mineral hydrotalcite is the technology which can be used for water treatment 
along with porous candles (Gillman 2006). There are lots of examples where indus-
trial waste has provided a base for replacement of fossil fuels and also acted as a 
source for the manufacturing of nanomaterials. In the same way, biological waste 
and particularly, Agrowaste can play its own role if used in a proper and environ-
ment friendly way. It can be used to prepare biocomposites which are more sustain-
able in production (Prasad et al. 2017).

Another way may be the removal of these wastes from environment by using 
nanoparticles or nanoformulations. For example, pesticides like Malathion and 
Chlorpyrifos can be removed from air by using nanoparticles. There are different 
types of nanofilters available in various countries for spot maintenance (Karn et al. 
2009). Titanium oxide nanoparticles are used with filters to remove photocatalytic 
contaminants from water (McMurray et al. 2006). Wheat straws and soy fibers are 
also being used as source for manufacture of bio-nanocomposites.

Some of the significant uses of Agrowaste can be recommended as follows.

11.4.1  Biosynthesis of Nanoparticles by Post-harvest 
Agrowaste

The concept of green nanotechnology is currently being developed by scientists. 
This integrates green chemistry and green technology principles to generate green, 
secure and non-poisonous nanoparticles in the synthesis protocol (Llantén  et  al. 
2013). Based on their unique characteristics it is therefore of great interest that 
nanoparticles of noble metals, like gold nanoparticles (AuNP), be produced. 
Semicontractor, spectroscopy, biomedical applications like medicinal products, 
imaging of the tissues and tumors, and cancer treatment are all applications (Seeram 
et  al. 2005). Nanoparticles can be synthesized by using plants extracts in a cost 
effective way which has been described earlier. But, nanoparticles can also be syn-
thesized by using post-harvest agrowaste as a raw material instead of edible part of 
plants. Various agrowaste employed in green synthesis of nanoparticles reported in 
literature is presented in Table 11.1.

All the factors involved in controlling the shape and size of nanoparticles are the 
same as are those controlled for the synthesis of nanoparticles from plant extract 
i.e., light, temperature, pH and time of reaction etc. These factors can be optimized 
for each type of Agrowaste and type of nanoparticles by using suitable experimental 
designs (Edmundson et al. 2014). The formation of metal nanoparticles of silver, 
copper, gold, titanium oxide, zinc oxide can be characterized by using the tech-
niques like Transmission electron microscopy (TEM), X-ray diffraction (XRD) 
analysis, Scanning electron microscopy (SEM), UV-visible spectroscopy etc.

New reports have demonstrated that water is increasingly used as solvent in 
chemical reactions rather than organic solvents. The water-dispersible nature of 
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grape-by-product gold nanoparticles together with their health benefits can revolu-
tionize the effect of nanotechnology on the supply of medicines.

These formed nanoparticles form the basis for production of a number of 
nanoparticles structures like nanodevices, nanosensors, nanocatalysts and nano-
medicines (Kulkarni 2015).

The agricultural waste may be used in nanomaterial synthesis, but a lot of work 
is required to adopt those protocols and techniques of synthesis for their standard-
ization. The use of agricultural waste for the manufacturing of nanoparticles would 
contribute to sustainable development for the environment and also for the develop-
ment of the economy.

11.4.2  Biosynthesis of NPs by Using Weeds

Weeds in a field are the undesirable plants, herbs, or shrubs. Usually, weeds are 
demolished and burnt. Although many weeds have demonstrated significant phar-
maceutical properties and are further investigated. The capability of weeds for 
nanomaterial synthesis and as bio-reactors cannot be rejected, and nanoparticles 
should also be more and more explored because weeds transmitted in a green syn-
thesis do not require the disposal of large green trees and would be more convenient 
and suitable for the formation of nanoparticles (Zamar et al. 2016). The Table 11.2 
below summarizes the recent studies on green synthesis of nanoparticle mediated 
through weeds.

11.4.3  Bio-nanocomposites from Agricultural Residues

Since the beginning of the twentieth century, natural vegetation and wood fibers 
have been utilized as refinement materials for bio-composite production. These bio-
medical composites are of interest as a substitute for reinforced composites made 
from synthetic fibers in increasing numbers of industries including the automotive, 
packaging, construction and consumer products industry, with their relative strength, 

Table 11.1 Synthesis of nanoparticle using agro-waste

Sr. No Agrowaste Nanoparticles References

1 Peels of Pomegranate Silver nanoparticles Ahmad and Sharma (2012)
2 Coconut shells Silver nanoparticles Sinsinwar et al. (2018)
3 Psidium guajava waste Silver nanoparticles Bose and Chatterjee (2016)
4 Sugarcane waste Silver and Gold nanoparticles Mishra and Sardar (2016)
5 Macadamia nut shells Gold nanoparticles Dang et al. (2019)
6 Peels of Banana Gold nanoparticles Vijayakumar (2017)
7 Wastes of grapes Gold nanoparticles Krishnaswamy et al. (2014)
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high rigidity, low density and being renewable. In applications like feedstock and 
energy production, only a small percentage is used.

11.4.4  Cellulose Nanofibers

The most important components of the plant tissues are cellulose, which is the most 
common biopolymer on Earth. The most important industrial source of cellulose is 
the lignocellulosic material that is present in wood. Other materials containing cel-
lulose include farm waste, water plants, grasses and other plant materials. The 
worldwide amount of cellulose produced by photosynthesis is estimated between 
1011 and 1012 tons of cellulose per year (Wang et al. 2015). The development units 
of the hierarchical system of cellulose fibers represent micro and macro fiber in 
plant tissues. In its turn, microfibrils comprise of elementary (nanofiber) fibrils 
which (depending on cellulose sources) have a diameter of about 3–35  nm 
(Athinarayanan et al. 2015). In recent years, nanocellulose attracted considerable 
attention as a new bio-based nanomaterial with excellent optical properties, great 
strength and a particular surface area (Wanyika et al. 2012). For a broad range of 
nanocomposite applications nanocellulose can be extracted from wood waste and 
can be chemically modified (Shen 2017). Different farm plants, including residues 
like soy and wheat straw, sugar beet pulp, potato pulp and rutabaga, have already 
been regarded raw materials for new cost-effective manufacturing of nanocellulose 
(Shankar et al. 2016).

11.4.5  Rice Husk-Derived Si Nanomaterials

In 2017, 503.8 million tons for the worldwide paddy production was estimated by 
FAO (milled basis) (Bhuyan et al. 2016). Almost 25% of this manufacturing is made 
from rice husk (RH), discarded as a rice milling by-product. The rice husk is the 
layer on a rice grain that protects the seed during the cultivation process. Rice husks 
consist mainly of lignocellulose (approximately 72–85  wt%) and silica (approx. 
15–28 wt%) (Muramatsu et al. 2014). The second most important component of the 
Earth’s crust is silicon. Grasses absorb excess quantities of Si and place them on the 

Table 11.2 Weeds used for synthesis of nanoparticle

Sr. No Weeds used Nanoparticles References

1 Cyperus rotundus Silver Nanoprticles Syafiuddin et al. (2017)
2 Clidemia hirta Silver Nanoparticles Trujillo et al. (1986)
3 Medicago sativa Silver Nanoparticles Roy and Barik (2010)
4 Gloriosa superba Copper Nanoparticles Pawar et al. (2016)
5 Tinospora cordifolia Gold Nanoparticles Abbasi et al. (2014)
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plant as amorphous, hydrated silica throughout their life cycle (SO2 · nH2O). The Si 
content in grass ash can be between 50% and 70% (Somanathan et al. 2015).

11.4.6  Orange Peel Cellulose and Nanocellulose in Textile 
and Food Industry

Orange juices are manufactured at an industrial level of large scale, which is still 
considered to be sufficient agricultural waste in a considerable quantity of solid and 
liquid residues (around 8–20 million tons per year). Orange residues normally have 
no commercial value but the residue includes rich, soluble, insoluble carbohydrates, 
pectin, essential oils, cellulose and hemicellulose which are the basis of various 
industries (Awan et al. 2013; Tsukamoto et al. 2013). The orange nanofibril produc-
tion from these residues therefore not only reduces costs but also plays a major role 
in the development of qualitative and sustainable textiles. Citrus by-products are 
diverse for the recovery of environmentally sound nanofibers with greater capacities 
for water and oil retention, great fermentation capacity and lower calorie content 
used for functional ingredients for human health (Lario et  al. 2004; Fernando 
et al. 2005).

11.4.7  Graphene Oxide

The possible use of graphene oxide (GO) has been observed in various fields in sci-
ence. It is single layer of graphite and may be insulator or conductor. GO synthesis 
from sugar cane, bagasse and rice husk ash has proved its importance and cost 
effectiveness. The available GO synthesis protocols from agro-waste are however 
already in its early stages and further development is going on in modern methods 
to synthesize eco-friendly, economical, agro-waste GO compounds (Somanathan 
et al. 2015).

11.5  Future Prospective

Research into biodegradable and biocompatible materials with the concept “green” 
materials is increasingly pressing for environmental sustainability. In this context, 
nano-biomaterial from agriculture waste may be considered an attractive product 
having biodegradable, removable or biocompatible propensities. These products 
may have an excellent thermal stability in addition to being mechanically strong, 
stiff and very crystalline. Nanocellulose is a major pollution management player. It 
is said so due to the potential role of nanocellulose for biomass degradable and its 
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broad applications in particular to the environmental concerns. The extraction of 
nanocellulose from agriculture waste, such as citrus and orange, seems as promising 
waste treatment replacements. The improved crop yields by reducing the use of 
fertilizer and pesticides (SiO2 NPs) were one of the major compounds for improving 
farm yields. As promising instruments for the production of carbon nanoparticles, 
agriculture waste could be utilized to obtain the best possible return from agricul-
tural waste. Despite these potential points of interest, the synthesis of bio- 
nanomaterial from agricultural waste its own importance. Research is going on to 
accomplish its limits to the market sector to a certain degree. In the future, therefore, 
there should be positive aspects for the marketing of these extremely wealthy large- 
scale bio-nanomaterials. New research is also intended to improve the efficiency of 
use of water for plants, pesticides and fertilizers, pollution reduction and environ-
mentally friendly agriculture.
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Chapter 12
Prospects and Constraints

Sumera Javad and Aneeqa Sabah Nazir

12.1  Introduction

Nanotechnology has gained importance in several fields of industry and agriculture. 
Nanoparticles, due to their unique chemical and physical characters have proven to 
be useful in electronics, material sciences, energy sector, and pharmaceutical indus-
try and in agriculture as well (Parisi et al. 2015). One of the important characters of 
nanoparticles is their sustainable competitiveness.

12.2  Agronomy

Agronomy is the basic activity of human race to survive on the face of earth (Reddy 
2015). Agricultural systems are mainly of two types,

 1. Conventional and
 2. Conservation or sustainable agriculture.

First type includes conventional methods of farming with primitive type of preven-
tive measures. These measures may include crop rotation and surface crop residue 
retention. These methods are able to get many goals so far but they are disturbing 
the nature at a faster pace (Farooq and Siddique 2015). Second type of agriculture 
is more planned version of farming with well-planned use of resources along with 
the reduced use of sprays or chemicals.
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Agriculture is the area of research where innovations are continuously needed to 
face the scarcity of food, water and agricultural land with every passing day. 
Nanotechnology has very direct applications in processing and packaging of foods 
but its future directly related to agronomy is still uncertain (Parisi et al. 2015).

Scientists have mentioned about the inter-relationship of different driving forces 
of world which are mentioned in Fig. 12.1.

For example food security includes its availability, nutritional level and quality 
etc., which is related to water and soil quality of an area. In the same way economic 
stability depends upon food security and makes the shape of political security of a 
country and nation (Lal 2015). Therefore these natural resources are said to be in 
close connection with the anthropogenic factors, giving shape to the future of a 
society. It is the need of the hour to optimize the conditions to develop positive links 
and connections of these forces. Therefore much progress in this regard is required 
in plant nutrition and idea of nano-nutrition for sustainable agriculture production 
(Ditta et al. 2015; Shalaby et al. 2016).

12.3  Associated Issues

Nanotechnology is known for its advantages for its applications in the field of agri-
culture, but they are yet considered as marginal by a number of scientists and policy 
makers. Already techniques and tools are available for agricultural purposes 
(Fig. 12.2). Nano-techniques have not intruded so much in the market of agriculture 
as the traditional industries are. Research discoveries are going on in the field of 
nano-agronomy but they are still at the level of academics. Industries are not taking 
chances.

Another associated problem is that the stakeholders of big traditional industries 
have big patents to show. It is so common in traditional agro-chemical companies 
and their number of patents is growing on. This should be the main concern because 
these big industries are free to play solo games with freedom in future to operate the 
commercial developments according to their benefits.

Food security

Soil security

water security

Economic security

Political security

Climate security

energy security

Fig. 12.1 Inter-
relationship of driving 
forces of nature and 
society

S. Javad and A. S. Nazir
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Different regulatory bodies are also working on nanotechnology research and 
products for agronomy. They have to confirm the quality assurance and risk assess-
ment. They are pressing hard to mention nano—on the label which may affect the 
public opinion. A number of products already available in market are consisting of 
nanosized materials involuntarily. They include clay, silica etc. A common man usu-
ally hesitates to accept new technologies and according to one school of thought it 
is the main cause of rejection of nano-products in the market. Whereas another 
school of thought also explains that over all opinion of public is not against the 
nanotechnology (Caliman et al. 2011). Uncertainty and availability are the two main 
factors which are governing the situation. Commercialization is the main step which 
can help people to perceive the idea of benefits and advantages of nanotechnology 
in agronomy. Consequently, it could be established that, nanomaterials or nanopar-
ticles can be used in sustaining the agricultural sectors together with water, energy, 
food and soils within the limits of water security, soil security, food security and 
energy security. There is a need to broaden our views to consider the potential of 
nanoparticles and nanotechnology in the field of agronomy for the sake of broader 
benefits (Shalaby et al. 2016). There is also a great need to resolve the issue of engi-
neered nanomaterials.

There is much literature available about the potential use of nanotechnology to 
revolutionize the agronomy worldwide. Nanotechnology offers novel tools and 
technologies to enhance the agricultural production by providing nanofertilizers, 
nanozeolites, nanoherbicides, nanopesticides and their efficient and targeted appli-
cations. Slow and targeted release of pesticides and water to the crops, enhanced 
germination, in-time disease detection and management are the advantages related 
to nanotechnology and can attract non-scientific consumer to make things economi-
cal as well. When these technologies are going to solve the limitations and chal-
lenges of intensive traditional farming system  (Fig.  12.3) then people will be 
definitely accepting it (Ditta et al. 2015; Tarafdar et al. 2013; Scrinis and Lyons 2007).

Technologies in 
Agriculture used for

Sustainability improved 
varieties

Increased 
productivity

Fig. 12.2 Earlier use of 
technology in agriculture

Fig. 12.3 Problems 
associated with 
nanotechnology in 
agronomy
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12.4  Conclusion

There are studies and reports on the positive impacts of nanoparticles on germina-
tion and growth of various crops. It is believed that nanoparticles have a great role 
to establish a sustainable agriculture system. Reports related to effect of nanoparti-
cles on crop germination are very strong. Future of agronomy lies in the nanotech-
nology and its applications. It is said and well said “While it may be hard to predict 
what future role nanotechnology will play in the development of fertilizers, there is 
a clear indication that the industry is heading in this direction” (DeRosa 2009).
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