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Preface

Nanotechnology is an interdisciplinary science, growing rapidly due to its incorpo-
ration into various scientific sectors, such as medicine, engineering, pharmacy, 
industry, wastewater treatment, paper preservation, and agriculture. Nanoparticles 
(NPs) are aggregates of atoms or molecules at a nano-size, ranging from 1 to 
100 nm. Nanomaterials have unique physical and chemical properties that differ 
from their bulk forms. These properties include a larger surface-to-volume ratio in 
comparison with bulk materials, size, shape, crystal structure, thermal stability, 
charge, and zeta potential. This leads to increased sustainability which is an essen-
tial requirement for enhanced agricultural production and resistance against abiotic 
stress. In countries with high population such as India and China, the use of NPs 
might have a remarkable influence on mitigating poverty, hunger, malnutrition, and 
child mortality. Metal and metal oxides NPs have been reported to promote plant 
nutrition, increase seed germination, boost plant defense system, and enhance soil 
conditions. This book is dedicated to presenting the latest developments of the role 
of NPs to enhance stress tolerance in plants.

The book is comprised of 16 chapters. Chapter 1 discusses the role of quantum 
dots, polymeric NPs, and dendrimers in emphasizing crops tolerate biotic and abi-
otic stresses. Chapter 2 deals with climate change mitigation and nanotechnology. 
Nanoparticles as a new promising tool to increase plant immunity against abiotic 
stress is covered in Chap. 3. In Chap. 4, mechanism of nanomaterial-mediated alle-
viation is discussed. Chapter 5 highlights the alleviation mechanism of drought 
stress in plants using metal NPs. Chapter 6 addresses the role of various NPs in 
countering heavy metal, salt, and drought stress in plants. Chapter 7 deals with 
mode of action and signaling of NPs to alleviate abiotic stress in crop plants. In 
Chap. 8, impact of NPs and nanoparticle-coated biomolecules to ameliorate salinity 
stress in plants, with special reference to physiological, biochemical, and molecular 
mechanism of action, is discussed briefly. Chapter 9 describes the impact of carbon 
nanotubes on abiotic stress response in plants. In Chap. 10, responses of crop plants 
under nanoparticles supply in alleviating biotic and abiotic stresses are discussed. 
This chapter also addresses the modulation of gene expression by nanoparticle sup-
ply. Chapter 11 deals with the nanotechnological approaches for efficient delivery 
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of plant ingredients. In Chap. 12, enhancement of stress tolerance of crop plants by 
ZnO nanoparticles is presented. Chapter 13 demonstrates the effects of nanoparti-
cles on alleviating phytotoxicity of soil heavy metals: potential for enhancing phy-
toremediation. In Chap. 14, bio-fabricated silver nanoparticles are discussed. 
Chapter 15 covers nano-proteomics of stress tolerance in crop plants. This chapter 
also discusses the proteomic technology adapted by plant sciences, plant proteomics 
under nanoparticles stress, and nanoparticles uptake and mode of action under 
stressed conditions. Chapter 16 covers the role of chitosan nanoparticles in regula-
tion of plant physiology under abiotic stress.

This book is not an encyclopedia of reviews but rather a compendium of newly 
composed, integrated, and illustrated chapters describing our knowledge of nanopar-
ticles and their role in minimizing biotic and abiotic stress. The chapters incorporate 
both theoretical and practical aspects and may serve as baseline information for 
future research through which significant developments are possible. It is intended 
that this book will be useful to the students, researchers, and instructors, both in 
universities and research institutes, especially in relation to biological and agricul-
tural sciences.

With great pleasure, we extend our sincere thanks to all the contributors for their 
timely response, their excellent and up-to-date contributions, and their consistent 
support and cooperation. We are thankful to all who have helped us in any capacity 
during the preparation of this volume. We are extremely thankful to Springer for 
their expeditious acceptance of our proposal and completion of the review process. 
The subsequent cooperation and understanding by their staff are gratefully acknowl-
edged. We express our sincere thanks to our family members for all the support they 
provided and the neglect and loss they suffered during the preparation of this book.

Finally, we are thankful to the Almighty who provided and guided all the chan-
nels to work in cohesion on the concept to the development of the final version of 
this treatise, Nanoparticles: A New Tool to Enhance Stress Tolerance.

Nanjing, China Mohammad Faizan
Aligarh, India Shamsul Hayat
Nanjing, China Fangyuan Yu
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Chapter 1
Role of Quantum Dots, Polymeric NPs 
and Dendrimers in Emphasizing Crops 
Tolerate Biotic and Abiotic Stresses

Khaled F. M. Salem, Maysoun M. Saleh, Farrag F. B. Abu-Ellail, 
Heba S. Abbas, and Amira S. Mahmoud

Abstract Quantum dots made of carbon (CQDs), carbon nanoparticles with fluo-
rescent properties, are a modern form of carbon nanomaterials that have attracted 
attention as potential competitors to traditional semiconductor quantum dots. 
Colloidal quantum droplets have the desirable properties of low toxicity, environ-
mental friendliness, low cost, and clear synthetic methods, in addition to their 
related optical properties. Furthermore, surface passivation and activation of colloid 
quantum droplets allow physical and chemical properties to be controlled. Colloidal 
quantum dots have a diverse set of uses since their discovery, including biosensing, 
bioimaging, nanomedicine, photocatalysis, chemical identifying and electrocataly-
sis. This chapter provides a past and present overview of the role of quantum dots, 
polymeric nanoparticles (NPs) and dendrimers in emphasizing crops tolerate biotic 
and abiotic stresses, properties, with a focus on the synthesis, characterizations and 
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toxicity of quantum dots, as well as some discussion of the challenges and opportu-
nities in this exciting and promising field.

Keywords Biotic and abiotic stresses · Dendrimers · Polymeric nanoparticles · 
Sustainability development · Toxicity · Quantum dots

Abbreviations

QDs Quantum dots
CdS Cadmium Sulphide
CdTe Cadmium Tellurium
H Hydrogen
O2 Oxygen
Ni Nickel
Al Aluminum

1.1  Introduction

1.1.1  Background

Several challenges concerning climatic changes and food security are emerging as a 
result of the unprecedented increase in world population (Ebert 2014). The main 
goal to achieve in the agriculture sector is to improve crop production, for that 
researchers worked in the last decades to explore more methods to apply such as 
nanomaterials in agriculture (Fig. 1.1) (Sharma et al. 2019). Recently, nanomaterials 
are playing a critical function in most appliance constructions in agronomy science, 
as well as enhancing plant tolerance to stresses (Marx et al. 2004). NMs are applied 
in agriculture for many purposes such as improving crop yield and protection (Abd-
Elsalam and Prasad 2018; Chen et al. 2015; Gupta et al. 2018; Ismail et al. 2017; 
Karuppanapandian et al. 2011). The nano-scale size considers as the main base of 
nanomaterials categorization, that diverges in classical concepts from 1–100 nano-
meter (Ashkavand et al. 2015). Prajitha et al. (2019) showed the dimension varia-
tions between nano-scale and both micro and macro-scale forms (Fig.  1.2). The 
exceptional characters of size, high level of activity and large surface area which 
were resulted from improving nanomaterials (Prasad et al. 2016), make them proper 
for handling in several fields of sciences (Sharma et al. 2012) such as fertilizers, 
pesticides and herbicides in agriculture (Prasad et al. 2014). Scientists studied differ-
ent effects of nanomaterials on crop defense systems and growth under different 
environments (Drew and Armstrong et al. 2002). Different kinds of NMs like quan-
tum dots and polymeric NMs were produced and used in many appliances for differ-
ent fields of sciences (Chauhan et al. 2016; Joshi et al. 2018; Talreja et al. 2016), for 
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instance in agriculture (Arora et al. 2012). Scientists confirmed the NMs ability to 
strengthen plant growth under water shortage (Khan et al. 2017) and other abiotic 
stress (Prasad et al. 2017), in addition to biotic stress since NMs act as an antioxidant 
material (Aziz et al. 2019). Scientists classified the nanomaterials into many types 
according to their structure to carbon-based NMs, Metal-based NMs, nano-compos-
ites (include polymeric NMs) and dendrimers (Fig. 1.3) (Prajitha et al. 2019).

Fig. 1.1 Some aspects of using nanotechnology in the agriculture sector. (Source: Sharma 
et al. 2019)

Fig. 1.2 Illustrative demonstration of nano-scale comparing to both macro& micro-scale (Source: 
Prajitha et al. 2019)
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1.1.2  Definition

Quantum dots and dendrimers are two examples of the engineered nanomaterials 
which are commonly improved by the usage of various sorts of materials such as 
metals, organic polymer, metal-oxides and carbon (Bandala et al. 2019; Rana et al. 
2013). A well-defined sort of nanomaterials used in many applications is the quan-
tum dots (Matea et al. 2017; Valizadeh et al. 2012), which are metalloid- nanocrystals 
considered according to Rocha et al. (2017) as semiconductors that have distinctive 
electrical and visual characteristics (Mansur et al. 2011; Hardman 2006). The core 
of QDs contains different composites of (magnetic, noble or semiconductors) met-
als, with an outlier shell (Pelley et al. 2009) that enhance the quantum dots charac-
teristics and diminishes the toxicity of the core metal (Chang et al. 2006; King-Heiden 
et al. 2009) that differs according to the metal type in the core (Jamieson et al. 2007; 
Libralato et al. 2017).

In the previous ten years, fluorescent synthesized nanomaterials called quantum 
dots appeared as a promising tool for molecule tracking in internal cells of organ-
isms (Pierobon and Cappello 2012). Quantum dots which are nano-crystals (Chan 
et al. 2002) demonstrate unique levels of energy (Klimov 2007), high stability under 
light (Wu et al. 2006), in which they release definite color which differs according 
to the sort of material (Bakalova et al. 2004; Deb et al. 2011). The first types of 
nanomaterials that were applied in sciences contain quantum dots (Azzazy et al. 
2007; Chan and Nie 2018) such as the quantum dots whose core consists of CdSe- 
ZnS (Deerinck 2008). The diameter of classical-quantum dots is about 2–10 

Fig. 1.3 Nanomaterials classification according to their structure. (Source: Prajitha et al. 2019)
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nanometer (Ghasemi et  al. 2009). The usage of quantum dots as markers raised 
rapidly in the last few years (Corredor et al. 2009) because they can manage the dif-
ficulties in photo-bleaching because of their high stability to light (Fig. 1.4) (Sablon 
et al. 2012).

Polymeric nanomaterials are used especially to both nano-capsules and nano- 
spheres and other polymeric NMs. They were rapidly improved to act as a key ele-
ments in several scientific sectors, for instance pollution, as well as ecological 
management concerning releasing targeted ingredients (Chandra et  al. 2015) 
(Fig. 1.5). It is expected that polymeric nanomaterials will show the way to more 
innovations in the next years or decades (Pradhan et al. 2013).

Dendrimers consider as a famous example of some nanomaterials that consist of 
polymeric organic molecules displayed in a special structure that is branched and 
symmetrical, this structure enables the polymeric nanomaterials to achieve the 
insertion or conjunction of the needed remedial agent on their cap (Weir et al. 2012). 
This sort of NMs which are distinguished from the three-dimension structure is 
called dendrimers as shown in Fig. 1.6. The dendrimers consist of the core which is 
located in the middle and the dendrons (the branched composition), while the inter-
nal space is identified as the central cavity (Baan et al. 2006).

1.2  Properties of Quantum Dots (QDs)

QDs consist of a central semiconductor core surrounded by a stable inorganic salt 
shell. These semiconductor nanocrystals have a size range between 1 and 20 nm 
(Mansur 2010). There are several examples of core/shell structured QDs like cad-
mium telluride, ZnS, cadmium telluride/ cadmium sulfide or core/shell/shell such as 
Cadmium Telluride/ Cadmium Sulfide/ Zinc Sulfide. Because of their small scale, 

Fig. 1.4 Regular distribution of quantum dots construction with barriers. (Source: Sablon 
et al. 2012)
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QDs emit physically confined electrons, also known as quantum confinements. 
They are subject to several unique optical, mechanical and chemical features as a 
result of their spatial features, which are not present in other materials. QDs proper-
ties can be simply under control by adjusting their size, which has given their poten-
tial for several medical and industrial applications (Hong 2019).

1.2.1  Optical Characteristics of Quantum Dots (QDs)

QDs have distinct optical characteristics due to their physical phenomenon called 
quantum confinements. When a photon with enough energy hits QDs, the electron 
will be excited from an electron-filled band to an electron-deficient band and a posi-
tive hole will appear in its position, which is known as the exciton phenomenon. The 
exciton size in QDs is smaller than QDs size, resulting in quantum confinement as 
compressing the exciton into QDs material (Hong 2019; Simon et  al. 2010). 
Recently, the use of QD has gained a lot of popularity. It has been investigated in 
several commercial fields, including biomedical applications (Field et  al. 2020). 

Fig. 1.5 Formulation of the release- management of polymeric nanoparticles. (Source: Campos 
et al. 2018)

Fig. 1.6 The dendrimer regular composition. (Source: Prajitha et al. 2019)

K. F. M. Salem et al.



7

Drug delivery is the most common application of QDs. The ability to detect 
fluorescent- carrying drug dots makes them ideal for imaging in the diagnosis of 
cancer diseases (Badıllı et  al. 2020). The wide absorption and narrow radiation 
spectra of QDs can be adjusted. Photochemical oxidation and photobleaching are 
no problems for QDs. A noticeable stimulated shift is a property that enables the 
recognition of low signal fluorescence. Aside from their distinctive optical features, 
QDs have favorable electrical features (Badıllı et al. 2020).

The size of QDs is largely responsible for their unique features. They have an 
inherent bandgap through which electrons can be promoted by incident light excita-
tion as semiconducting materials. Dissimilar bulk semiconducting substances, QDs 
are too scarce to form incessant electron-filled and electron-deficient bands. QDs, 
on the other hand, create an electronic structure more akin to the distinct electronic 
states, which exist in the single atoms, the greater the QD, the smaller distance 
between energy bands. As a result, as a QD grows larger, its electron-filled and 
electron-deficient bands formed continuously and the bandgap approaches that of 
the bulk materials. So, changing the size of QDs allows the variation in the bandgap, 
which is never happened in a single atom (Hong 2019; Simon et al. 2010). As a 
result of releasing UV light to the small-scaled QDs, electrons that migrate to 
greater energy states travel a greater energy distance until they miss further energy 
and coming back to a balanced level. Consequently, QDs emit more energy from 
visible light and appear to be blue. However, by releasing UV to greater QDs, the 
electrons that migrate to the greater energy state have a narrower energy difference 
as they miss further energy and coming back to the balanced level, so they radiate 
visible light of a reduced amount of energy, which appears to be red. Light emission 
differs according to the elements that make up the center of QDs. CDs emit light in 
the UV blue region, but CdTe emits light in the far red/near-infrared region 
(Krishnaswamy and Orsat 2017).

1.2.2  Effect of Core-Shell Materials on Quantum Dots 
(QDs) Bioactivity

Several biologically active molecules may bind to the QDs shell surface, including 
proteins, peptides and lipids. For example, the thiol group improves the water solu-
bility, when it is attached to the quantum dots surface (Idowu et  al. 2008). 
Furthermore, polymer biomolecules are allowing QDs semiconductors to be 
directed to a certain organ inside the body for disease diagnosis or treatment (Wang 
et al. 2012). Polyethylene glycol is the lion’s share commonly used polymer shell, 
particularly in nanomedicine. A QD external shell can be functionalized by various 
techniques like electrostatic interactions, physical adsorption, and multivalent che-
lating. Surface attachments can influence the dimensions of the QDs significantly 
(Clift and Stone 2012). To summarize, numerous surfaces may be added to the 
surface of QDs, resulting in variations in their physiochemical characteristics 
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(Maysinger et al. 2007). The configuration and various core regions of the quantum 
dot, as well as the typical superficial capping agents, are depicted schematically in 
Fig. 1.7.

1.2.3  Electrical Characteristics of Quantum Dots (QDs)

Besides the optical features of QDs, electrical characteristics are examined by con-
necting metal particles to the metal electrodes using tunnel contacts as a kind of 
QDs. Another kind of QDs is a 3D potential well for electrons that are created by 
applying an electric power between the anode and cathode of a nano-varied configu-
ration on the solid surface. In such devices, when analyzing the conductivity, the 
influence of the Coulomb blockade occurrence and electron’s resonance tunneling 
are noticed (Cartoixà and Wang 2005; Pool and Owens 2003). Kharlamov et  al. 
(2013) documented the electrical properties of CuO and NiO QDs, as well as the 
influence of altering the QD surface state during the chemisorption of the gas mol-
ecule on variance in electrical conductivity. They explained the electrical character-
istics of a nano-varied configuration composed of two electrodes and spherical Ni 
and Cu nanoparticles upon the existence of CuO and NiO QDs. The results showed 
that electrical conductivity varied due to the chemical reactions on the surface of 
QDs and the chemisorption of gas molecules. The nano-varied configuration before 
its treatment with hydrogen, the intensity of electric current through Al/Cu layer- 
value and voltage polarity across Al electrode (I-V) distinctive shape is superlinear 
(Fig. 1.8a). Thus, by growing the voltage, the differential resistance of the nano- 
varied configuration decreases. The (I–V) distinctive form is independent of the 
existence (air, H atom) and pressure of the gas molecule = 0.15–105 Pascal in this 

Fig. 1.7 Quantum dot coated with surface bioactive molecules. (Source: Adapted from Maysinger 
et al. 2007)
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situation. With voltage, the current rises linearly at first; then, once the voltage 
reaches an acute value, the current amplitude declines in hops of up to 104 times (in 
less than 1 s). For instance, the nano-varied configuration with copper particles, a 
resulting drop in voltage outcomes in the incomplete restoration of the electrical 
conductivity for this configuration, and its postponement is noticed (Fig. 1.8b).

However, in the nano-varied configuration with Ni particles, a reduction in the 
voltage does not happen. The transformation from non-conducting to conducting 
level is given only by the shift in the polarity of the voltage. Because of the adsorp-
tion of H-atom on its surface and following desorption, the turn-on and subsequent 
turn-off of the hydrogen atom flux are followed by a flat rise and accompanying 
decline in the nano-varied configurations electrical conductivity (Fig. 1.9).

The adsorption of oxygen molecules alters the nano-varied configuration electri-
cal conductivity and it is I–V features significantly. During the nano-varied 

Fig. 1.8 Dependence of 
the I-V characteristics. (a) 
without and (b) with the 
exposure of Al electrode 
with the placed Cu 
particles to H-plasma for 
0.5 h. The white and black 
circles correspond to an 
elevation and reduction in 
voltage, respectively. The 
spotted line defines the 
jump-like differences in 
the electric current and 
voltage. θ = 0.9, 
T = 295 K. (Source: 
Kharlamov et al. 2013)
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configuration sensitivity to the O2 molecule environment, the electrical conductivity 
decreases non-monotonically (Fig. 1.10). In the case of curve 6, a share of a nega-
tively differential resistance in the intensity of electric current–polarity of voltage 
feature was detected after the nano-varied configuration exposure to the O2 atom 
environment, with its reversible value reaching zero with raising the intensity of 
electric current (Fig. 1.10). Also, a present saturation is found in the intensity of 
electric current–polarity of voltage feature after a decline in the resistance of the 
nano-varied configuration to 5–8 Ω under the exposure of hydrogen atoms. Initially, 
the present amplitude of the current rises with voltage as stated by linear law but 
becomes independent of it afterward the break in the intensity of electric current–
polarity of voltage feature (Kharlamov et al. 2013).

1.3  Synthesis and Characterization

QDs are an archetype nanomaterial that has piqued the interest of a wide range of 
researchers. Because of the quantum size effect, QDs have unique electronic and 
optical features, for example, narrow and symmetrical emission, admirable photo-
stability, and a substantial Stokes change. (Alivisatos 1996; He and Ma 2014; 
Howes et al. 2014; Zrazhevskiy et al. 2010). Advanced QD synthesis methods for 
various routes include living organism synthesis, biomolecule-templated synthesis, 
polymer-templated synthesis, top-down synthesis and bottom-up colloidal synthe-
sis. The most popular method for making highly dispersed QDs for bioapplications 
is bottom-up colloidal synthesis (Goryacheva et al. 2015). Pang and Gong (2019) 
studied QDs effects on plants and their future applications in botany (Fig. 1.11a). 
Figure 1.11b shows how surface modification techniques including ligand exchange, 
silanization of surface, and coating of the cross-linked shell can improve QD 

Fig. 1.9 Dependence of 
the I-V characteristics on 
the time next to (↑) turn on 
and (↓) turn off of the H- 
atom flux. U: (1) 1; (2) 
3 V. θ = 0.8, 
T = 295 K. (Source: 
Kharlamov et al. 2013)
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attributes including solubility, electrophoretic mobility, and targeted activities (Pang 
and Gong 2019).

For applications such as bioimaging or drug delivery, QDs are frequently attached 
to function biomolecules especially enzymes, proteins or nucleic acids by adsorp-
tion or covalently coupling (Karakoti et al. 2015). The detection of new forms of 
QDs has resulted in their use in biological and medical fields (Pang and Gong 2019) 
(Fig.  1.12). Moreover, the absorption, transport and transformation processes of 
QDs affect plants and ecosystems, according to meta-analysis studies (Oh 
et al. 2016).

Finally, it was discovered that the size and surface properties of QDs are the 
most important correlated attributes for QD toxicity (Nair et  al. 2010). 
Understanding trophic transmission and ecological consequences of QDs, particu-
larly in various matrices, requires effectively describing QD features including 
distribution of hydrated particle size, the rate dissolving, surface charge, the chem-
ical and physical properties. (Schwab et al. 2016). To ensure the safety of newly 
emerging nanotechnological applications, it is critical to determine the environ-
mental fate of QDs (Miralles et  al. 2012) and to define relevant standards and 
protocols for the evaluation of QDs phytotoxicity (Farre et al. 2011; Montes et al. 
2017; Nel et al. 2006).

Another study was conducted one of the most important human efforts in the 
history of humanity has been the cultivation of plants for food. So, carbon quantum 
dot CDs have sparked a lot of interest in agriculture as a way to enhance plant 

Fig. 1.10 I–V features of 
the Al–Ni particle layer–Al 
structure after exposure of 
Al electrode with the 
placed Ni nanoparticles to 
the H atom environment 
for (1) 3; consequent 
exposure to O2 molecule: 
(2) 0.5, (3) 3, (4) 16 h; to 
H- atom: (5) 0.17 h; to 
O- atom: (6) 0.17 h; 
θ = 0.9, 
T = 295 K. (Source: 
Kharlamov et al. 2013)
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Fig. 1.11 (a) QD probes photophysical features. (Source: Zrazhevskiy et al. 2010) and (b) A typi-
cal luminous QD production method and surface modification using CdO as a precursor. (Source: 
Costa-Fernandez et al. 2006)

K. F. M. Salem et al.



Fig. 1.12 Schematic illustration of (a) certain applications of capping ligands with diverse func-
tional groups, which are important for QD bioapplication in plant sciences, (b) Agrochemical 
nanocarriers based on quantum dots (Source: Pang and Gong 2019), (c) Cell imaging and labeling 
with QDs. (Source: Wang et al. 2014), (d) Biomolecular multicolor coding based on QDs. and (e) 
Genes or bioactive compounds in QD-based nanocarriers for plant cells. (Source: Han et al. 2001)
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growth and productivity and a lot of progress has been made in this region. Li et al. 
(2019a, b) examined current advancements in the field of CD applications in agri-
culture., Unless they were used in larger concentrations, CDs had a beneficial 
impact on crop plants in most tests, including their growth and resistance to biotic 
and abiotic stresses. CDs can accelerate photosynthesis and nutrition assimilation in 
plants, in addition to Azotobacter fixation of nitrogen, promoting crop plant growth 
at an optimal dose. CDs can improve crop resistance to biotic/abiotic stresses due to 
their inherent free radical scavenging properties and effect on the antioxidant 
defense mechanism and disease resistance gene expression. Aside from that, CDs 
have antibacterial activity over a wide spectrum.

1.3.1  Synthesis of Carbon Quantum Dots (CQDs)

Mahat et al. (2020) have synthesized (CQDs) from oil palm by hydrothermal treat-
ment carbonization at a low-temperature process. by combining 12 g of oil palm- 
activated carbon powder with 300 milliliter DI water. The mixture was then placed 
in a 500-milliliter Teflon-lined autoclave. Set the autoclave for 3  hours at 
200 °C. Allow the reaction container to cool to ambient temperature before centri-
fuging the solution for 30 minutes at 1000 rpm. After that, the solution is filtered 
through a 0.2-micrometer filter. Then, the solution is filtered through 0.2 m filters to 
eliminate micron-sized particles. To obtain solid CQDs, the final solution was 
lyophilized. The CQDs were dispersed in DI water and kept at 4 °C at a concentra-
tion of 7.6 mg/mL.

1.3.2  Characterization

Mahat and Shamsudin (2020) used SEM to measure CQDs characteristics. 
Fig. 1.13a illustrates the morphology of The oil palm empty fruit bunches (OPEFBs) 
as determined by scanning electron microscopy. The matrix material covers the 
entire surface of the fiber in OPEFBs, which have a hard surface and a composites 
layer with a matrix (lignin) and reinforcement or fiber Fig.  1.13b shows the AC 
generated after the carbonization–activation phase. Due to the activation of carbon, 
the AC surfaces are coarse and have thick ridges. During the manufacture of AC 
(Joseph et al. 2017), the structure of hydrothermally synthesized Transmission elec-
tron microscopy was used to confirm CQDs from AC–OPEFBs (Fig.  1.13c). As 
seen in the histogram, The image depicts a homogeneous dispersion of spherical 
CQDs with a diameter of 5–7 nm (inset), according to a high-resolution TEM image 
(Fig. 1.13d) (Kwon et al. 2014). In comparison, CQDs have an approximate size 
range of 5–10 nm, with a peak of 7 1 nm, according to dynamic light scattering 
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(DLS). (Fig.  1.14a). This discrepancy arises since DLS calculates the particle 
hydrodynamic scale, which is greater than the CQDs real size as calculated by 
TEM. The CQDs have an amorphous structure, as shown by the peaks (100) and 
(001) at bands 2  =  18.5° and 2  =  21.92°, respectively, in the X-Ray Diffraction 
(XRD) pattern (Fig. 1.14b). CQDs may have amorphous or nanocrystalline struc-
tures, and their cores are made up of sp2 graphitic (Chan et  al. 2018; Wang 
et al. 2017).

The development of amorphous, porous graphitic carbon structures is aided by 
high-temperature treatment during carbonization (Sharma et  al. 2017; Sudhan 
et al. 2017). In the XRD spectrum, the main diffraction peak occurs at 21.92°, with 
a complete range at a partial limit of about 5.1°, which is related to a 0.35 nm 
interlayer gap between the two layers. The graphite structure area planar carbon-
based sheets (Gomez et al. 2018; Wang et al. 2012). Also, Rani et al. (2014) said 
that the activated carbon from OPEFBs. The existence of an amorphous structure 
was revealed by two broad diffraction peaks at 2 = 20–30° and 40–50°. Carbon 
rings hold the adsorbent together, making it easier to produce well-defined 
adsorbents.

Fig. 1.13 (a, b) SEM of biomass of OPEFBs, AC-OPEFBs, respectively, (c) TEM of histogram 
distribution and (d) Hrtem of CQDs synthesis. (Source: Mahat and Shamsudin 2020).
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1.3.3  Cadmium Selenide Quantum Dots Synthesis 
and Characterization (CdSe QDs)

Banerjee et al. (2021) were synthesized CdSe quantum dots for biomedical applica-
tions. They studied the CdSe QDs cytotoxicity and genotoxicity in onion as a model 
plant. They prepared the CdSe QDs by using the method of Nordell et al. (2005). 
The results illustrated that the existence of distinct cadmium and selenium peaks 
was revealed by EDX spectrum analysis. The presence of impurities in the copper 
grid may explain the occurrence of copper peaks (Fig. 1.15a). CdSe QDs are mainly 
monodispersed and spherical, with an average diameter of 7.69 ± 0.22 nm, accord-
ing to TEM images (Fig. 1.15a). The colloidal sample of CdSe QDs is orange-red 
when viewed under ambient light (Fig.  1.15b). The CdSe QDs colloidal sample 
appears orange-red and when viewed under UV illumination, it appears yellow- 
green (Fig. 1.15c). The optical characterization of the QDs shows that the absorp-
tion energy is higher than the emission energy. A narrow fluorescence emission 
peak appeared at 558 nm and an absorption peak appeared at 442 nm in QD nano-
crystals (Fig. 1.15d,e).

Fig. 1.14 (a) CQDs size 
distribution and (b) XRD 
pattern at CQDs at 
2θ = 18.5° and 
2θ = 21.92°. (Source: 
Mahat and Shamsudin 
2020)

K. F. M. Salem et al.
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1.4  Application for Plant Stress Tolerance

Nowadays, it is very important to assess the positive effects of quantum dots, poly-
mer NPs and dendrimers on crops cultivated under a variety of stresses (biotic & 
abiotic) (Fig. 1.16), since more than ninety percent of arable lands are suffering 
from various ecological stresses (Rolli et al. 2015; Verslues et al. 2006).

1.4.1  A Biotic Stress

Harmful damages on crops development parameters, in addition to production are 
resulted because of salt stress (Shu et al. 2015; Wani et al. 2020), which affect nega-
tively the metabolism process in plants (Parihar et al. 2015; Xiong and Zhu 2002) 
as a result of decreasing potassium and increasing sodium ions in crops (Mozafari 

Fig. 1.15 CdSe QD Primary characterization. (a) CdSe QD EDX spectra, CdSe QD photomicro-
graphs illustrate typical primary diameters, (b) sample of QD as pictured below white light, (c) QD 
sample as pictured below UV light, (d) Fluorescence spectra and (e) CdSe QD spectra. (Source: 
Banerjee et al. 2021)

1 Role of Quantum Dots, Polymeric NPs and Dendrimers in Emphasizing Crops…



18

and Ghaderi 2018; Khoshbakht et al. 2017; Quinet et al. 2010), in addition to the 
decline in the weight of leaves (Zhang 2014). The mixture of some nanoparticles 
with some chemicals can diminish the damaging effects of salt stress (Gohari 
et al. 2020a).

It was noticed that the usage of carbon quantum dots together with the chemical 
material putrescine via priming reduced salinity damages impacts on plants because 
this combination could enhance leaves weight, as well as maintain the percentage of 
each of potassium, phenolic compounds and proline in addition to emphasize the 
activity of antioxidant enzymes (Gohari et al. 2020b; Gohari et al. 2020c).

Few kinds of research were done about the effects of the combination of carbon 
quantum dots with putrescine. Salt stress delays the metabolism in general (Borghesi 
et  al. 2011), but the results of some researches confirmed the positive impact of 
carbon quantum dots in the enhancement of biosynthesis and increasing the carot-
enoids accumulation which considers as antioxidants that support plant tolerance to 
salinity. Furthermore, the lower concentration of graphene quantum dots improves 
plant tolerance to salinity (Feng et al. 2019).

According to Wani et al. (2020), salinity leads to several modifications in differ-
ent crops traits on the nutrition, physiology and morphology levels, furthermore, it 
increases the toxic level of sodium ions and encourages oxidative stress ending with 
reduction of the final yield.

Tang et al. (2015) explained that the reaction toward salinity differs from one 
crop to another comprising defense system, electrons transportation of photosynthe-
sis, absorption of sodium ions, assimilation of dioxide carbon and osmotic adjusting 
(Yan et  al. 2013). Some researchers confirmed the ability to reduce the harmful 
effects of salt stress by using the chemical priming methods in which their 

Fig. 1.16 Types of biotic and abiotic stresses positively affected by quantum dots, polymer and 
dendrimers NPs. (Constructed by: M.M. Saleh)

K. F. M. Salem et al.
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efficiency can easily be emphasized by applying nanotechnology (Pollastri et  al. 
2018), via the advanced formation of nanoparticles (Ioannou et al. 2020; Khan et al. 
2017). Furthermore, some nano-particles, for example QDs could be invested as 
carriers (Bai et al. 2019) since they can raise crop tolerance to salinity and several 
abiotic stresses by assuring the defense system and reducing the oxidative process 
caused by environmental stresses (Khan et al. 2020).

Lim et al. (2015) mentioned that carbon quantum dots consider as an extra model 
of quantum dots consist of oxygen which displays several traits of others carbon 
nanoparticles, like very the small percent of toxicity (Zhang et al. 2015). Many stud-
ies referred to the valuable role of many quantum dots in crops such as using gra-
phene quantum dots with coriander and garlic seeds which revealed a rise in plant 
growth relating to vegetative and productive parts and roots (Chakravarty et  al. 
2015). Also, Li et al. (2018) found that carbon quantum dots emphasized the pro-
duction of carbohydrates, germination of seeds, elongation of roots, the activity of 
some enzymes. The combination of carbon quantum dots with proline sounds to be 
an effective tool to diminish the negative impacts of salinity on plants like grapevine 
plants (Gohari et al. 2021).

According to (Behboudi et al. 2019), chitosan nanoparticles which are a polymer 
can reduce the different negative effects of water shortage stress on several plants. 
It was found by Su et al. (2018) that an efficient concentration of carbon dots can 
control positively peanut crop resistance to drought imitated by polyethylene glycol 
(PEG), they mentioned that the growth parameters of peanut were hindered but 
were alleviated when using the carbon dots which encouraged the action of anti- 
oxidant- enzymes. Many researchers clarified the role of carbon dots in protecting 
crops from several abiotic stresses in combination with the enhancement of the 
antioxidant system (Li et al. 2017; Qian et al. 2018; Wang et al. 2019). Also, Zhang 
et al. (2018) concluded that carbon dots can protect Chlorella vulgaris plants from 
UV radiation stress by playing an antioxidant function in improving the rate of 
crops development and growth parameters.

In addition, carbon dots can bind the dissolved cadmium ions and diminish its 
up-taken from wheat or citrus roots under heavy metal stress, furthermore, carbon 
dots improve each antioxidant system and the content of anthocyanin and at the 
same time reduces the damages caused by most of the abiotic stresses in the cell 
membrane (Li et al. 2019a, b; Xiao et al. 2019) (Fig. 1.17).

1.4.2  Biotic Stress

Applying chitosan nanoparticles in the seedlings of date palm emphasizes the resis-
tance of biotic stress (Mohamed 2019). Shahryari et al. (2020) clarified that the way 
to decrease canker disease in stone fruit trees is to use silver-chitosan nanoparticles. 
In addition, Sabbour and Soleiman (2019) mentioned that the usage of nano- 
chitosan can manage the infection of (Pegomya hyoscyami) beet fly in a sugar 
beet crop.
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One of the common biotic stresses is the contamination with phytopathogens 
that ending with a harsh shrink in crop yield. It was noticed that the rice leaves 
which were pre-cultured with carbon dots revealed good resistance toward this dis-
ease (Li et al. 2018). Regarding the control of crop disease, Kashyap et al. (2015) 
clarified that the usage of biopolymer nanoparticles could be a promising technique. 
The vegetative treatment of chitosan nanoparticles hinders the appearance of wilt 
disease and protect tomato crop from it, ending with yield raise (Sathiyabama and 
Charles 2015). Furthermore, many researchers such as Saharan et al. (2015) and 
Kheiri et  al. (2016) confirmed the efficient task of chitosan nanoparticles in the 
management of phytopathogens, and this role was supported when Chandra et al. 
(2015) confirmed the efficacy of chitosan nanoparticles in the management of crops 
diseases.

Choudhary et al. (2017, 2019) improved the copper-chitosan nanoparticles and 
zinc-chitosan nanoparticles, then used these two combinations successfully in con-
trolling the disease leaf spot in maize. Similar findings were confirmed by 
Sathiyabama and Manikandan (2018) for the management of finger millet blast dis-
ease. In addition, the same combination was successful when applied to control 
some pathogens. A dual role of copper-chitosan nanoparticles and zinc-chitosan 
nanoparticles was confirmed previously by Saharan and Pal (2016) in enhancing 
crop growth, inhibiting crop infection of phytopathogens and defending crops from 
various diseases.

Fig. 1.17 The internal damages in Citrus plantlets due to several concentrations of Cd2+. (Source: 
Li et al. 2019a)
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1.5  Toxicity

Apart from their many industrial and medical applications, NPs and other nanoma-
terials have some toxicities (Bahadar et  al. 2016; Ibrahim 2013; Khlebtsov and 
Dykman 2011; Khlebtsov et al. 2010) and fundamental information is needed to 
properly fight these toxic effects. During various human activities, NPs infiltrate the 
atmosphere through water, soil and air. Using NPs for environmental remediation, 
on the other hand, involves injecting or vacuuming designed NPs into the soil or 
aqueous techniques. As a result, all stakeholders are more interested in the project. 
Magnetic nanomaterial advantages, for example, small size and superior reactivity 
and large capability, can make them potentially lethal by causing cytotoxic and 
adverse effects, which are uncommon in micron-sized meter sections. In addition, 
studies have shown that NPs be able to reach living organisms through consumption 
or breathing and that they can spread throughout the body to numerous organs and 
tissues, anywhere they can respond to the effects of toxins. While several studies 
have looked at the toxic effects of NPs on animal and plant cells, there have been 
few toxicological studies on plants using magnetic NPs to date. Many consumer 
goods contain Ag NPs, which are released into the aquatic environment as dissolved 
microscopic particles, causing harmful effects on aquatic species, for example, 
algae, bacteria, fish and daphnia (Navarro et al. 2008). Since it absorbs the entire 
cardiac output as well as being an entrance gate for inhaled particles, the breathing 
system provides a specific goal for the potential poisonousness of NPs (Ferreira 
et al. 2013).

While nanoparticles are commonly utilized in biological treatments, the capabil-
ity for harmful physical conditions impacts from extended contact at numerous 
strength amounts in human beings needs yet to be demonstrated in the environment, 
considering nanotechnology‘s rapid advancement and early adoption. Nuclear 
power plants, on the other hand, are projected to have a greater environmental effect 
in the future. The ability of NPs to control protein concentration, which is depen-
dent on particle size, curvature, form and surface properties, functional groups, and 
free energy, is one of their toxicities. As a result of this interaction, some particles 
cause biological consequences such as protein shivering, thiol crosslinking, and 
enzymatic activity loss. Another example is when the thermodynamic qualities of 
raw materials support dissolving particles in a suspension or organic system, result-
ing in the release of toxic ions (Xia et al. 2008).

NPs appear toward congregate in abrasive water and saltwater and some forms of 
biological material or other biological particles (colloids) found in freshwater have 
a big impact on them. Although the state of dispersion affects environmental toxic-
ity, several abiotic elements that influence it, for example, organic matter, acidity 
and salinity, are still being studied as part of environmental toxicity studies (Handy 
et al. 2008).

The toxicological data for recorded nanoparticles currently contains a lot of vari-
ables and is not comparable, making it hard to build a model or draw broad conclu-
sions (Santos et al. 2010). For the study and treatment of QDs in botany, a better 
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understanding of their toxicity mechanism is needed (Ravindran et  al. 2005). 
Physical and chemical characteristics of QDs (substance for the coating, volume, 
core/coat) as well as the environmental media in which they are used all contribute 
to their toxicity (Minnaar and Anderson 2018). However, the essence of the indi-
vidual subject matter, on the other hand, is significant.

There are currently few reports on the study of environmental toxicity of nano-
materials from the level of biological morphology and physiology, and there no 
analysis of the relationship between environmental toxicity results and environmen-
tal properties of nanomaterials, limiting the promotion of this method in assessing 
nanomaterials environmental toxicity. The majority of investigations on the mecha-
nism of QD harmfulness in lower plants are based on the release of basic mineral 
substances. QDs, for example, Lemna minor L. and Thalassiosira pseudonana show 
cadmium ion-related toxicity, as well as toxicity-dependent toxicity to Lemna minor 
L. and Thalassiosira pseudonana and toxicity dependent on pH and dosage 
(Modlitbova et al. 2018a; Zhang et al. 2013). QD strain Chlamydomonas reinhardtii 
influence has already been clarified at the molecular level, and RNA sequencing and 
genetic ontology review of the entire transcriptome revealed that free cadmium and 
QDs have different biological effects (Domingos et al. 2011). In the real environ-
ment, a variety of nanomaterials can coexist, and the toxic effect is unaffected. Ion 
release due to antagonism or synergy between the different nanomaterials should 
simply be attributed to QDs (Yu et al. 2018). A variety of molecular mechanisms 
and extrinsic factors are involved in the effect, according to experiments, especially 
those that used forest regression model analysis (Oh et  al. 2016; Winnik and 
Maysinger 2013). Unfortunately, studies documenting QD biotransformation in 
individuals and plant ecosystems (Modlitbova et al. 2018b), QD transfer to the next 
generation of plants is a possibility, as well as the potential for QD biomagnification 
within the food chain, are lacking (Remedios et al. 2012). Several proposed path-
ways of QD-induced phytotoxicity are summarized in Fig. 1.18.

1.6  Conclusion and Prospects

Agriculture could be revolutionized by nanotechnology technologies that allow for 
improved input management and conservation. Through applications in agriculture 
and food systems, nanotechnology researchers have a lot of potentials to help soci-
ety. Nanotechnology has the ability to transform the agricultural industry by con-
tributing to the resolution of critical issues. Such as food shortage, crop productivity, 
abiotic stresses, and sustainability, as demonstrated by the benefits and applications 
of nano-delivery systems listed above. The researchers presented a number of natu-
ral polymers that can be turned into nano-delivery systems for agricultural uses. It’s 
also worth noting that the cost of the material and its processing into nano-delivery 
systems would have a big impact on the materials chosen and their use in each of the 
above-mentioned applications.
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Nanomaterials for botanical applications have created a new generation of tech-
nology with great promise to change botanical science. Because of their distinctness 
and adaptable optical properties, semiconductor quantum dots (QDs) have piqued 
the interest of a wide range of researchers. We focus on the most current advances 
in quantum dots-based botanical science and abiotic stresses, as well as quantum 
dots absorption, translocation, and effects on plants, as well as possible quantum 
dots applications in agriculture. The existing limits of quantum dots technology are 
explored, as well as possible applications in botanical research using quantum dots. 
It is crucial to understand abiotic stresses and the environmental fate of quantum 
dots and to create applicable criteria and methodologies for the evaluation of quan-
tum dots, phytotoxicity to ensure the safety of rapidly developing nanotechnologi-
cal applications. According to the meta-analysis, the toxicity of Cd-based quantum 
dots is affected by the exposure period, exposure amount, cell type, and exposure 
environment, as well as quantum dots, features (size, surface ligand, and shell). 

Fig. 1.18 Several proposed pathways for QD-induced phytotoxicity are depicted in this diagram. 
(Source: Pang and Gong 2019)
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Finally, the most critical linked qualities for quantum dots on tolerance to abiotic 
stresses, and their toxicity were revealed to be their size and surface characteristics. 
To be widely employed in botanical applications, quantum dots must also have great 
biocompatibility (biology and biomedical). Biocompatible quantum dots for in- 
depth applications of plants in vivo can be manufactured using biological and bio-
mimetic systems, and these systems show a lot of promise for future growth.

Quantum dots-based approaches have a lot of potential for enhancing accuracy 
and sensitivity, spatial and temporal detection, multi-parameter and multifunction 
detection. In addition to standard bioimaging, quantum dots with magnetic proper-
ties have been used to change cells, subcellular structures, and molecules at the 
cellular, subcellular, and molecular levels (the axis of cell division). Additionally, 
smart nanocarriers can be developed to efficiently release or recover specific mole-
cules (proteins, medicines, and nucleic acids).

Future perspectives, to summarize, quantum dots and other innovative nanoma-
terials can be effective instruments for botanical study, and quantum dots research 
is crucial for understanding ecological toxicological mechanisms of nanomaterials. 
In comparison to animal and medical studies, there is currently no research on the 
application of quantum dots in abiotic stresses on botany. Novel nanomaterials, 
which will be utilized to create theoretical support for understanding and solving 
real-world challenges, are expected to pique botanists’ interest. Quantum dots will 
be utilized in the future to classify various types of cancer cells, illness molecular 
pathways, and new medication action mechanisms, as well as for intracellular/extra-
cellular investigations and the development of novel biochemical procedures. Novel 
ways for detecting and controlling quantum dots in the atmosphere, as well as 
reducing their dispersion, must also be developed. A biomarker strategy could be a 
useful tool for determining the risk of quantum dots and other engineered nanoma-
terials. This novel integrated technique would aid in precise risk categorization and 
ensure quantum dot long-term use in a variety of applications.
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Chapter 2
Climate Change Mitigation 
and Nanotechnology: An Overview

Asha Kumari, Mahendar Singh Bhinda, Binny Sharma, and Manoj Parihar

Abstract Global climate change is one of the most pressing issues confronting the 
world today, resulting in decreased crop productivity and soil fertility. Plant physi-
ology, morphology, and metabolism all suffer as a result of climate change. Several 
strategies for limiting environmental stress have been adopted to improve stress 
tolerance in plants through transgenic approaches and changes in overall genetic 
composition. Nanotechnology, a fast-growing science which is emerging, plays a 
vital role in agriculture in promoting positive changes in yield, chlorophyll content 
and gene expression in plants. Drought tolerance is boosted by nanoparticles, which 
increase root hydraulic conductance and water uptake while also showing a differ-
ential assortment of proteins involved in oxidation-reduction, ROS(Reactive oxy-
gen sp.) removal, stress signalling, and hormonal mechanisms. Since nanoparticles, 
in their nature, are highly mobile, the nutrients can be easily transported to all the 
plant parts. Thus, the main idea behind writing this chapter is to find ways to increase 
the potential of plants in stressful conditions by using nano-preparations.

Keywords Nano-preparations · Climate change · Environmental stresses · ROS 
(reactive oxygen species)

2.1  Introduction

As global climate change progresses, abiotic and biotic stress is a serious constraint 
on the production of crops. As estimated, about 70 percent of the crop yield reduc-
tion is stimulated through means of different abiotic stresses (Acquaah 2007). 
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Climate changes and other interferences caused by humans are also causing a seri-
ous decrease in fertile soils and apparent food cultivation environments (Khan and 
Akhtar 2015; Chen et al. 2017). Plants that cause enormous losses in the crop har-
vest worldwide comprise drought, salinity, high temperatures, flooding, cold, freez-
ing, UV radiation, etc. (Wani et al. 2016; Li et al. 2017a, b).

Drought, salinity and extreme temperatures are therefore among the various abi-
otic stresses most commonly reported and pose a threat to global food safety. Abiotic 
and biotic stresses lead to a sequence of morphological, physiological, biochemical 
and molecular changes that negatively impact the development and productivity of 
crop plants. Developing stress-tolerant plants is often a worthwhile way of conquer-
ing the issue of decreasing global food production. Limited success in refining the 
stress tolerances of crop plants, including inter-specific or inter-generic hybridiza-
tion, has been achieved with traditional plant breeding initiatives. Traditional breed-
ing processes are limited by the means of prolonging stress-tolerant attributes, in 
addition to the low genetic variability of yield components under stress conditions 
and the lack of efficient selections. Consequently, further techniques to promote 
stress-tolerant crops should be developed.

2.1.1  What Is the Definition of Nano-Technology?

Global agriculture production and changes in the climate, the exhaustion of water 
and soil resources, energy issues, abiotic stresses, biotic stresses, etc. face great 
challenges. These challenges should be addressed in an economically viable and 
ecologically sustainable way. Today, there is a global demand for massive food pro-
duction using limited available resources, but with a minimum use of fertilizers and 
pesticides that can minimize environmental damage in the surrounding areas, as 
well as the redesign of existing agriculture into high-tech agricultural innovations.

One of the solutions to this problem is to use new technologies in irrigation and 
fertilisation, as well as to look for less toxic forms of plant nutrition. On the other 
hand, it is important to promote resistant varieties which will be able to resist abiotic 
stress. In the development stage of agriculture and plant biotechnology, nanotech-
nology is a highly promising technology (Scrinis et al. 2007). Nanotechnology has 
been broadly defined as materials, systems, and processes that operate at a scale of 
100 nanometers (nm) or less. The term ‘Nano’ generally refers to a size scale rang-
ing from 1 to 100 nm. These nano-materials are made up of very small components, 
and these constituents have an impact on the properties of materials at a macro level. 
When compared to the same mass of fibres produced in a larger form, nano- materials 
have a comparatively higher surface area. Nanoparticles may make substances more 
chemically reactive, affecting their strength or electrical assets. These particles have 
a higher surface-to-volume ratio, which increases their excitability and the potential 
for regenerative capacity (Dubchak et al. 2010). In this regard, agri-nanotechnology 
is regarded as one of the most significant and promising techniques. Various 
researchers have discovered that nano-materials can reduce the damage caused by 
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various abiotic stresses by activating the plant defense system. It is also well known 
that, due to their small size, these nano-particles have the ability to penetrate plant 
tissues. These nanoparticles can also increase surface area, making them more 
effective in the adsorption process and in the delivery of targeted substances. 
Because of the nanoparticles, they can control water uptake by plant tissues, stimu-
lating seed germination and plant growth (Elsakhawy et al. 2018). Natural nanopar-
ticles are a native constituent of biological systems with diverse structures and 
broad biological roles (nano-clay, many chemicals derived from soil organic matter, 
lipoproteins, exosomes, magnetosomes, viruses, ferritin) (Li et al. 2013; Hedayati 
et al. 2016). As a result, nanotechnology, a new evolving and rapidly growing tech-
nology, can help to alleviate many of these stress factors through various mecha-
nisms such as antioxidant defence mechanisms and the application of less toxic and 
more efficient fertilizers (Zuverza-Mena et al. 2017).

2.2  Application of Nanotechnology in Major Abiotic Stresses

Because of more than one abiotic stresses and continuous increase in worldwide 
climate change, apprising want is demand for abiotic stress management and adapt-
ability in plants (Grover et al. 2016; Wani et al. 2016). Consequently, the study of 
various consequences of abiotic stresses on plant growth and development is vital 
issue at distinctive stages which includes biochemical, physiological and molecular 
levels (Wani et al. 2016). Different plant mechanisms in counteracting the abiotic 
stresses and sustaining their growth need to be a superb implication. The usage of 
nano-materials is an emergent resolution amid the recognized clarifications of 
plants towards abiotic stresses (Hatami et al. 2016; Reddy et al. 2016; de la Rosa 
et al. 2017; Khan et al. 2017).

The applications of nanoparticles or nano-devices have an effect on different 
growth phases both encouraging as well as deleterious influence on plant develop-
ment. Nanotechnology encompasses unique nano-material features that facilitate 
for agricultural research in crop enhancement in addition to mitigation to stresses 
(Carmen et  al. 2003).The speedy improvement of nanotechnology has endorsed 
metal-based nanoparticles of 1–100 nm in size and in enormously small amounts 
have been to be confirmed as alternative plant mineral nutrients and stimulating 
substance. Khan et al. (2017) postulated by analyzing their own work, and related 
studies that nanoparticles can also additionally facilitate adaptation and tolerance to 
stress in plant via the stimulation of defense mechanisms and stress-associated gene 
manifestation. Plants react to surrounding stress elements through means of activat-
ing numerous transcellular membrane sensors, mainly by employing Ca2+ channels 
and Ca2+ binding proteins (Thapa et al. 2011).Consequent downstream processes 
result in alteration in levels of gene manifestation and eventually to plant adaptabil-
ity for stress. When compared to traditional bulk fertilizer, the use of nanoparticles 
augments plant responses towards drought pressure (Saxena et al. 2016). For exam-
ple, the application of ZnO nanoparticles improved germination percentage under 
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water stress in soybean seeds (Sedghi et al. 2013). Likewise, with ZnO nanoparti-
cles application in soil, the sorghum productiveness and nitrogen procurement 
upgraded remarkably (Dimkpa et al. 2019). Moreover, ZnO nanoparticles added to 
the culture media boost somatic embryo development and plant rejuvenation, as 
well as raised stress tolerance in banana plants grown up under in-vitro (Helaly 
et  al. 2014). Cu and Zn nano-particles, On the other hand, efficiently lessened 
drought consequences on wheat plants via means of enhancing antioxidant enzyme 
accomplishments and relative water content, dropping thiobarbituric acid reactive 
substance (TBARS) accretion, and photosynthetic process stabilization (Taran et al. 
2017).The application of zero-valent Fe nanoparticles become observed to aid nor-
mal drought sensitivity upkeep, plasma membrane Hþ-ATPase stimulation, and 
opening of stomata, in addition to chlorophyll and plant biomass matter, even as 
CO2 absorption in Arabidopsis thaliana elevated throughout water deficit condition 
(Kim et al. 2015). While the potential function of nanoparticles in advancing plant 
protection responses towards abiotic stress, counting water stress, had been compre-
hensively considered, but several more facets endure to be exposed. The impact of 
metal-based nanoparticles for enhancement of adaptability towards various abiotic 
stresses in many plant species has been comprehensively confirmed by various 
researchers (Da Costa and Sharma 2016; Askary et al. 2017; Choudhary et al. 2017; 
Jalali et al. 2017; Latef et al. 2017; Iqbal et al. 2019; Pérez-Labrada et al. 2019), 
although, their involvement in convincing gene expression for stress conditions, has 
not been determined yet.

2.2.1  Nanoparticles Impact on Abiotic Stresses in the Plants

Drought, heat, salinity, alkalinity, flooding or water submergence, and heavy metal 
toxicity/deficiencies are some of the most common abiotic stress factors which have 
a negative influence on development and yield of most of crop species (Boyer 1982). 
Plants are exposed to a variety of environmental challenges during their life span, 
and as a result, they develop their defence system to counter these pressures at mul-
tiple levels with the aids of employing molecular, biochemical, and physiological 
regulating paths. Plants undertake divergent molecular paths to regulate proper 
adjustment of gene expressions in order to cope with these strains. It’s been shown 
by several research investigations have revealed that nanoparticles influence on 
plants growth and development dependent on the amount of these novel particles.

Nanoparticles are concerned in upgrading the actions of antioxidant enzymes 
such as SOD, CAT and POD (Laware and Raskar 2014).There is complexity within 
side the reaction of plants to abiotic stress involving changes of their biology, mor-
phology and metabolism. A collection of techniques had been followed with a pur-
pose to raise the tolerance against abiotic stress in plants that comprehend 
engineering genetic varieties with distinctive genetic organizations which make 
able to perform better under stress conditions. The application of nanoparticles has 
brought about the improved germination and seedling growth rate besides some 
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physiological activities like nitrogen metabolism, carbohydrate contents, protein 
and variety of positive alterations in gene expression demonstrating the fact that 
their applications in plants leads to crop Improvement. It is now evident that nano- 
structured substances are capable of enhancing the water stress tolerance via water 
uptake and increasing in the root hydraulic conductance in addition to differential 
mobility resulting in a quick transportation of nutrients to almost all parts of plants. 
The mitigating effects of various nano-materials on major abiotic stresses (drought, 
salinity, flooding, temperature and heavy metal stresses) in crop plants are given in 
the Table 2.1.

Among the various abiotic stresses, the drought is a major stress that depress-
ingly influences plant development as well as crop yield. To cope up with this 
drought stress various techniques are employed in plants, among those, application 
of nanoparticles is thought to be most efficient and capable. An investigation regard-
ing the performances of soybean crop plants that were exposed with iron, copper, 
cobalt, and zinc oxide nanoparticles under drought-induced conditions was con-
ducted by Linh et al. (2020). The experimental results revealed that these metal- 
based nanoparticles support the drought tolerance in exposed plants. Under this 
study the desirable physiological characteristics especially, in iron nanoparticles 
treated plants were considerably enhanced such as relative water content, drought 
tolerance index, and biomass reduction rate.

Likewise, the use of different concentrations of silica nanoparticles in two sor-
ghum cultivars has led to improvement in drought tolerance through the positive 
effects on malondialdehyde (MDA), photosynthesis parameters, membrane electro-
lyte leakage, chlorophyll, proline contents, carbohydrate and carotenoid contents. 
Various researchers discovered that the expression of the drought tolerance marker 
genes GmRD20A, GmDREB2, GmERD1, GmFDL19, GmNAC11, GmWRKY27, 
GmMYB118, and GmMYB174, were up-regulated in the roots or shoots (or both) 
of nanoparticles exposed plants under drought conditions. In various Arabidopsis 
investigations, the genes listed above have been used as water deficiency tolerance 
indicators (Huang et al. 2012) and other species, including soybean (Neves-Borges 
et al. 2012; Stolf-Moreira et al. 2011). A gene-, tissue-, and nanoparticles- dependent 
amplification of gene expression were revealed through quantitative PCR investiga-
tion at the molecular level of many drought-responsive genes.

Among these, Fe nanoparticles treatment resulted in the expression of all tested 
genes in roots; as well as the expression of three drought responsive genes amplified 
in leaves of all nanoparticles treated plants, whereas the expression of GmERD1 
(Early Responsive to Dehydration 1) was prompted in both roots and shoots under 
the four nanoparticles treatments tested. These conclusions revealed that using 
nanoparticles can advance drought tolerance capacity in soybean plants by stimulat-
ing drought-related gene expression.

Another prominent abiotic stress is salinity stress which has caused concern 
about crop production sustainability. It is expected based on studies that approxi-
mately more than 20% of cultivated land all around the globe is distress from salin-
ity stress and also the trouble is day by day expanding. Salinity stress trigger 
favorable effects on numerous physiological and biochemical pathways that are 
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Table 2.1 Mitigating effects of various nanomaterials on major abiotic stresses in crop plants 
(Taken from – Tamer Elsakhawy et al. 2020) (Source: from Khan et al. 2017)

Nano- 
materials Crop plants Plant characters improved References

Drought stress
Nano TiO2 Wheat (Triticum 

aestivum L.)
Improving wheat growth, production, as 
well as gluten and starch quantity

Jaberzadeh et al. 
(2013)

Nano TiO2 Flax (Linum 
usitatissimum L.)

Enhancing chlorophyll and carotenoids, 
improving development and yield 
characteristics, decreasing H2O2 and 
malondialdehyde (MDA) levels

Aghdam et al. 
(2015)

Nano TiO2 Basil (Ocimum 
basilicum L.)

Improving the toxic consequences of 
drought stress on basil plants

Kiapour et al. 
(2015)

Nano Fe Carthamus 
tinctorius

Reducing drought effect and improving 
safflower productivity

Yousefi et al., 
(2014)

Nano zero 
valent Fe

Arabidopsis 
thaliana L.

In Arabidopsis plants leads to plasma 
membrane activation, H+ -ATPase, stomata 
opening, raised chlorophyll content and 
plant biomass, as well as upheld normal 
drought sensitivity, and amplified CO2 
absorption

Kim et al. (2015)

Nano SiO2 Crataegus sp. Photosynthetic rate, stomatal conductance, 
and plant biomass all showed a positive 
significant influence. However, chlorophyll 
and carotenoid amount shows non- 
significant result

Ashkavand et al. 
(2015)

Nano ZnO Soybean (Glycine 
max L.)

Germination percent and rate improved 
whereas seed residual fresh and dry weight 
decreased in soybean

Sedghi et al. 
(2013)

Salinity stress
Nano SiO2 Tomato 

(Lycopersicum 
esculentum L.)

Germination capability, root length, and dry 
weight were improved at low nano-SiO2 
application. But, at higher levels seed 
germination properties were decreased

Haghighi et al. 
(2012)

Nano SiO2 Cherry tomatoes 
(Solanum 
lycopersicum L.)

Relieving the salinity’s influence on fresh 
quantity, chlorophyll level, photosynthetic 
rate, and leaf water amount

Haghighi and 
Pessarakli (2013)

Nano SiO2 Basil (Ocimum 
basilicum L.)

Fresh and dry weight, chlorophyll as well 
as proline levels were raised

Kalteh et al., 
(2014)

Nano SiO2 Lens (Lens 
culinaris Medik.)

Enhancing emergence and seedling growth 
rate

Sabaghnia and 
Janmohammadi 
(2014)

Nano SiO2

(10 nm)
Squash 
(Cucurbita pepo 
L.)

Seed germination and growth features 
improved, MDA, H2O2 and electrolyte 
leakage was decreased, chlorophyll 
breakdown and oxidative damage was 
minimized, and also photosynthetic 
variables and antioxidant enzymes levels 
were enhanced

Siddiqui et al. 
(2014)

(continued)
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Table 2.1 (continued)

Nano- 
materials Crop plants Plant characters improved References

Nano SiO2 Faba bean (Vicia 
faba L.)

Enhancing seed germination, growth 
parameters, antioxidant enzymes activity, 
relative water content and overall yield

Qados and 
Moftah (2015)

Nano SiO2 
(20 nm)

Tomato (Solanum 
lycopersicum L.)

Influence of salinity stress on germination 
rate, root length, and fresh weight was 
repressed by up-regulation of expression 
level of four salt stress genes whereas 
down-regulation the expression pattern of 
six genes.

Almutairi (2016)

Nano ZnO 
and Fe3 O4

Moringa 
peregrina

Increased N, P, K+, Ca2+, Mg2+, Fe, Zn, total 
chlorophyll, carotenoids, proline, 
carbohydrates, crude protein amounts, and 
enzymatic and non-enzymatic antioxidants 
while decreasing Na + and Cl- levels.

Amira et al. 
(2015)

Nano ZnO Sunflower 
(Helianthus 
annuus L.)

Increased growth, net CO2 absorption rate, 
sub-stomatal CO2quantity, chlorophyll 
content, Fv/Fm and Zn levels and lessening 
Na+level in leaves

Torabian et al. 
(2016)

Flooding stress
Nano Ag Saffron (Crocus 

sativus)
Inhibiting ethylene signals, boost root 
development

Rezvani and 
Sorooshzadeh 
(2012)

Nano 
Al2O3

Soybean (Glycine 
max L.)

Accelerated growth, modulation of energy 
metabolism and cell death

Mustafa et al. 
(2015)

Nano Ag Soybean (Glycine 
max L.)

Reduced production of cytotoxic glycolysis 
by products, increased quantity of 
stress-associated proteins, and enhanced 
seedling growth

Mustafa et al. 
(2015)

Heavy metal toxicity
FeNPs Wheat Increases growth, photosynthesis, Fe 

content in wheat seedlings, reduced 
oxidative stress

Adrees et al. 
(2019)

Nano SiO2 Maize Mitigates Al phytotoxicity and improves 
ROS scavenging system

de Sousa et al. 
(2019)

TiO2 NPs Maize Reduced Cd content Lian et al. (2019)
ZnO NPs Leucaena 

leucocephala
Decreased Cd & Pb genotoxicity, increased 
antioxidant defense system

Venkatachalam 
et al. (2017)

Mel- 
AuNPs

Rice Enhanced melatonin absorption and 
decreased Cd uptake

Jiang et al. (2021)

Fe3O4 NPs Tomato Decreased Cd accumulation, increased 
nutrient uptake and defense mechanism of 
plants

Rahmatizadeh 
et al. (2019)

ZnO NPs Spinach, parsley, 
cilantro

Reduced Pb and Cd toxicity Sharifan et al. 
(2020).

ZnO & Fe 
NPs

Wheat Increased growth, reduced Cd uptake and 
oxidative stress

Rizwan et al. 
(2019).

(continued)
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directly related in the course of plant growth and yield. Under salinity stress condi-
tion the application of silicon nanoparticles and silicon based fertilizers in basil 
have desirable effects on morphological and physiological traits as well as vegeta-
tive features. The results revealed a significant enhances on plants growth, chloro-
phyll content and proline level in basil plants when treated with silicon nanoparticles 
that are competent to interact with plants biological systems mechanically and 
chemically mainly owing to their intrinsic catalytic reactivity, smaller size and huge 
surface area.

Similarly, Jiang et al., (2012) reported that application of silver nanoparticles of 
particle size of about 6 nm when treated at a 5 mg/l concentration, in the Spirodela 
polyrhiza plant exhibited activation of antioxidant system and also an increase in the 
activity of superoxide, dismutase, catalase and peroxidase. In Brassica juncea seed-
lings the use of gold nanoparticles resulted into outstanding enhancement of anti-
oxidant enzymes activity, guaiacol peroxidase, catalase and glutathione reductase 
and peroxidase along with the accrual of hydrogen peroxide and proline content in 
plants. (Das and Das 2019).Likewise, Sharma et al. (2012) found that the treatment 
of Brassica juncea with silver nanoparticles resulted in improved the performance 
of antioxidant enzymes (ascorbate peroxidase, guaiacol peroxidase and catalase) 
that leads to reduced level of reactive oxygen species (ROS).

Heavy metals such as Cd, Pb, Hg, As, Fe etc. into the soil which is major envi-
ronmental concern accumulate as a result of speedy industrialization, modern farm-
ing systems, mining, and other human activities. Heavy metal toxicity not only 
deteriorates the soil quality but also uptake by plants and hampers plant metabo-
lism. Heavy metals present in crop species ultimately become part of food chain 
which directly or indirectly affects human health also. Exposure of heavy metals to 

Table 2.1 (continued)

Nano- 
materials Crop plants Plant characters improved References

ZnO NPs Soybean Reduced As uptake, improved biochemical 
attributes, antioxidant enzymes, ascorbate- 
glutathione cycle and glyoxalase system

Ahmad et al. 
(2020)

Temperature stress
Se NPs Sorghum Increased fatty acid unsaturation, pollen 

germination and reduced oxidative stress
Djanaguiraman 
et al. (2018)

Ag NPs Wheat Reduced heat stress Iqbal et al. (2018)
CeO2 NPs Maize Up-regulation of heat shock proteins, 

reduced heat stress
Zhao et al. (2012)

TiO2 NPs Tomato Improved photosynthesis, stomatal opening, 
reduced heat stress

Qi et al. (2013)

ZnO NPs Rice Enhanced chilling tolerance Song et al. (2021)
TiO2 Chickpea Reduced ion leakage, enhanced cold stress 

tolerance
Mohammadi et al. 
(2013)

Ag NPs Green beans Enhanced germination and plant 
morphological traits under chilling stress

Prażak et al. 
(2020)
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plant may stimulates aberrations in morpho- physiological processes like decrease 
in water potential, oxidative burst, growth inhibitions, cell death. Heavy metal tox-
icity also alters molecular and structural deformities. The effect of heavy metal on 
plant metabolism and sequestration has been thoroughly depicted in several studies 
(Yadav et al. 2010, Maleki et al. 2017, Baig et al. 2020, Goyal et al. 2020). Plants 
develop several approaches to lessen the negative consequences of heavy metal tox-
icity within its system. However, the use of nanoparticles can be a possible effective 
approach to clean the contaminated environment with heavy metal. The magnetic 
Fe3O4 nanoparticles play important role in mitigating toxicity of Pb, Zn, Cd, Cu in 
wheat seedlings (Konate et al. 2017). Venkatachalam et al. 2017 studied that ZnO 
NPs plays potential role in mitigating Cd & Pb toxicity in Leucaena leucocephala 
(Lam.) seedlings by reducing oxidative stress, MDA content and increasing plant 
physiological traits. Foliar application of TiO2 NPs reduced Cd toxicity in maize 
(Lian et al. 2020). Similarly, silicon dioxide NPs ameliorates Al toxicity in maize 
(De Sousa et al. 2019).

Temperature is a fundamental environmental factor that controls plant growth 
and metabolism to a great extent. The fluctuating average global temperatures pos-
sess major threat to agricultural productivity. The increase or decrease in universal 
temperature disturbs plant growth and development adversely and causes injuries to 
plants. Mitigating the harmful effects of fluctuating temperature is a matter of global 
concern for researchers worldwide. Selenium NPs plays important role in alleviat-
ing elevated temperature by fatty acid unsaturation, pollen germination, photosyn-
thetic rate and decrease in oxidative stress in Sorghum bicolour (Djanaguiraman 
et al. 2018). Similarly, Se NPs also mitigated heat stress by increase hydration abil-
ity, chlorophyll content and plant development in tomato (Haghighi et al. 2014). 
Silver nanoparticles alleviate harmful effects on heat stress by enhancing morpho-
logical attributes in wheat (Iqbal et al. 2018).The potential role of nano-materials in 
combating heat stress tolerance had been studied in various crop species 
(Khodakovkazya et al. 2011; Zhao et al. 2012; Qi et al. 2013, Borai et al. 2017; 
Singh et al. 2019).Seasonal changes and alterations in climatic patterns cause chill-
ing stress in plants. They occur at very low temperature and causes adverse effects 
on plant developmental patterns like germination, growth, yield etc. Chilling stress 
stimulates membrane disintegration and ion leakage and ultimately death to plant 
tissues (Jalil et al. 2019).Application of nanoparticles has positive effects on miti-
gating chilling stress in plants. ZnO NPs alleviates chilling tolerance by stimulating 
antioxidant defense system and transcription factors in rice crop (Song et al. 2021). 
Similarly, the TiO2NPs also reduces the chilling stress by reducing ion leakage in 
chickpea (Mohammadi et al. 2013, 2014).Numerous studies have been conducted to 
implicit the role of nanoparticles in mitigating cold stress in the plants (Elsheery 
et al. 2020, Prażak et al. 2020, Gao et al. 2006a, b, Ze et al. 2011, Giraldo et al. 
2014, Hasanpour et al. 2015, Xu et al. 2014). Thus, nanoparticles are small size 
molecules that perform vital role in promoting plant growth and developmental pat-
terns and also combats stress responses in plants by inducing defense mechanism, 
reducing lipid peroxidation, lessening oxidative stress, and stimulating defense 
related genes and transcription factors.
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2.3  Potential Role of Nanotechnology to Confer Biotic Stress 
Tolerance in the Plants

Biotic stresses such as pathogen infection, insect and pest incidence, herbivore 
attack are major constraints of agriculture which not only impart negative effects on 
plant morphology but also affect crop production adversely. Plants thrive under 
variable existing environments as physiological, ecological and genetic unit with 
various microorganisms which can be beneficial, neutral or pathogenic to them. 
Biotic stresses arise due to incidence of such harmful microorganisms, insects and 
pests and herbivores respectively. They are extremely detrimental to plant health 
and functional status. The recurrent occurring biotic stresses due to changing envi-
ronmental patterns negatively affect food quality and also cause pre-harvest and 
post harvest losses of crops as well. According to Food and Agriculture Organization 
(FAO) of the United Nations loss of crop production occurred from 20 to 40% due 
to pest incidence, phytopathogenic organisms and weeds. (Mitra 2021; Khan et al. 
2021). The onset of biotic stresses like pathogen invasion, weeds, insects and pests 
has diverse effects on the plants. The interaction of plants with pathogenic organ-
isms may alter physiological responses and manipulates carbohydrate metabolism. 
Besides this, plants develop chlorotic and necrotic patches in different plant parts 
along with diminished photosynthetic rate (Berger et al. 2007). They influence plant 
metabolic functions and yield attributes accordingly. The frequently changing cli-
matic conditions stimulate the increased incidence of biotic stresses in either way. 
However, our knowledge regarding production losses due to pathogen infection are 
limited. The researchers and agriculturalists globally aim to increase the production 
of agricultural commodities in order to sustain the rising population. The climatic 
abnormalities, limited resources and water scarcity worsen the scenario, thereby 
decreasing production of crops and food grains. With progression of pathogen infes-
tations, insect and pest attack the demand of agrochemicals have been potentially 
increased. The limitless use of pesticides and fungicides adhere the risk of accumu-
lation of toxic chemicals in the produce thereby affecting food chain and deteriorat-
ing plant and human health. The conventional methods for biotic stress mitigation 
are also not worth promising in many aspects, breeding techniques consumes more 
time and is slow process. Also the transgenic crops also face ethical issues and 
safety conflicts. Therefore, in order to cope with biotic stresses, to increase crop 
production and sustainability modern technologies are needed to be intricated in the 
agricultural system. Nanotechnology is one of the promising tools to maintain plant 
health and ensures food security. Nanotechnology is a multidisciplinary and inter-
disciplinary technology which deals with particles ranging of size 0.1 to 100 nano-
meters (Khan et  al. 2019). Nanotechnology has wide applications in agriculture. 
Nanotechnology is a cutting edge method that provides more advantages over con-
ventional methods to increase crop production and productivity. The nanomaterials 
enhance seed germination, soil health status, modulate crop growth, enhance stress 
tolerance, affect gene expression and bring ecological sustainability (Khan et  al. 
2021, Banerjee et al. 2016). Plant nano biotechnology is also used to confer disease 
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resistance and mitigate biotic stress responses in the plants. Nanosensors/ nanobio-
sensors, nano formulations of agrochemicals have been used as nanopesticides, 
nanofungicides, nanofertilizers in agricultural system, crop improvement tech-
niques, disease identification and control, genetic manipulation of agricultural 
crops, postharvest management with smarter, stronger and cost-effective techniques 
(Kerry et al. 2017).

2.3.1  Uptake, Synthesis and Characterization of Nanoparticles

The uptake of NPs is being progressed from soil, atmosphere, water etc. It under-
goes a series of bio geo-transformation which determines its availability within 
plant system. The NPs are absorbed by the roots and then translocated to different 
cellular compartments. However, the mechanism of NPs uptake and absorption 
inside plants is not well established yet but studies conducted reveals this might 
often progressed along with nutrients and water uptake by cellular penetration 
(Mukherjee et al. 2016). The bioaccumulation and adsorption is greatly dependent 
on its size, surface charge, segregation, plant species, growth condition/ environ-
ment which is crucial for its transportation across various cell organelles and tis-
sues. The uptake of ZnO NPs is being studied in ryegrass (Lin & Xing 2007). 
Koemel et al. 2013 studied the uptake of Gold NPs in rice particles. NPs small in 
size enters plant roots through osmotic pressure, capillary forces or directly to epi-
dermal tissues. The entry of NPs in cell membrane depends on size of NPs. They 
further move apoplastically after entering cell wall to vascular system. NPs when 
gets transported through Casparian strip to vascular system shows symplastically 
movement. Further movement consists of binding to carrier proteins present in 
endodermal cell membrane, pore formation and transport. NPs also transport from 
one cell to another through plasmodesmata (Tripathi et al. 2017, Perez-de-Luque 
et al. 2017). The absorbed NPs by the plants occur in cytoplasm, nucleus, epidermis 
and other cell organelles. NPs absorbed by seed coat enter seeds through parenchy-
mous spaces, diffusion in cotyledon (Ali et al. 2021). Foliar application of nanoma-
terials stimulates their entry via stomata or cuticular surfaces. The nanomaterials 
possessing size greater than 10 nm follows both apoplastic and symplastic pathways 
while size 10–50 nm follows symplastic route. Similarly, NPs of size 50–200 nm 
follows apoplastic path. Furthermore, NPs which are present internally moves along 
sugars in phloem sieve tubes and gets accumulated in different plant parts like roots, 
stems, fruits etc. After being absorbed by root system, NPs gets translocated in dif-
ferent plant parts as metallic or non- metallic oxides. Plant physiological and mor-
phological structure plays very crucial role in its translocation. AuNPs which gets 
accumulated in shoot of Oryza sativa cannot do so in shoot of Cucurbita pepo and 
Raphanus raphanistrum (Zhu et al. 2012). The accumulation of metallic and non- 
metallic oxide NPs has been thoroughly investigated in various crop species (Ali 
et al. 2021). The coated nano-anatase titanium oxide has been well absorbed through 
roots but not gets translocated in rice plants (Kurepa et al. 2010). The translocation 
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of NPs has been broadly studied in various crops through various pathways in corn, 
cucumber, tomato and further concluded that it varies considerably different with 
different plant species (Mukherjee et al. 2016). NPs can be categorised as natural, 
incidental and engineered as per their origin (Monica and Cremonini 2009). Various 
forms of nanomaterials used in plant system includes metalloids, metallic oxides, 
non-metallic NPs, carbon nanomaterials, quantum dots, liposomes, dendrimers etc. 
NPs are extremely small size molecules synthesized by physical, chemical and bio-
logical methods with approaches viz., top-down and bottom-up processes. (Fig. 2.1).

2.4  Role of Nanotechnology in Mitigating Biotic Stress

Our agricultural system is based on several management practices. In the awake of 
progressing plant diseases, insect-pests and weeds attack the crop management 
required potential approaches to minimize biotic stresses thereby minimizing crop 
losses. The extensive use of agrochemicals to control phytopathogen is well estab-
lished in the agricultural system. The use of nanotechnology in disease management 
is beneficial to crop production as synthetic chemicals are harmful for plants, envi-
ronment and human health. The nanoformulations like nanopesticides, nanofungi-
cides and nanofertilizers have been widely used in crop production and protection 
in recent times. The optimum dosage of these NPs not only minimizes plant dis-
eases but also ensures sustainability to the environment. They possess antimicrobial 
activity. Silver NPs consists of antibacterial and fungicidal properties used in vari-
ous crop species (Kim et  al. 2012). AgNPs contain antifungal properties against 
Alternaria alternata, A. citri, Rhizoctonia solani, Sclerotinia sp., Penicillium digita-
tum, Botrytis cinerea (Abdelmale and Salaheldin 2016., Krishnaraj et al. 2012). Cui 
et al. 2009 reported that TiO2 NPs possess antibacterial properties against P. synrin-
gae pv. lachrymans and P. cubensis. Chun et al. 2018 reported that chitosan NPs 
enhance biotic stress tolerance against Fusarium andiyazi in tomato by inducing 
up-regulation of pathogenesis- related proteins and antioxidant genes. Danish et al. 
2021 reported that silver NPs synthesized from Senna siamea mitigate biotic stress 
induced by Meloidogyne incognita enhance plant growth and biochemical attributes 
in Trachyspermum ammi. In wheat, titanium dioxide nanoparticles (TiO2 NPs) syn-
thesized using Moringa oleifera Lam. aqueous leaf extract showed antifungal prop-
erties against Bipolaris sorokiniana (Satti et al. 2021).

2.4.1  Concept of Green Nanotechnology in Biotic 
stress Management

Nanotechnology is most prominent approach for sustainable agricultural produc-
tion. Nanotechnology deals with effective utilization of nano particles ranging from 
1 to 100  nm which is crucial for plant growth and defense mechanism. The 
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synthesis of nano particles may involves physical and chemical processes, but the 
utilization of plants and microorganisms for synthesis of nano particles are effec-
tively drawing greater attention to researchers and agriculturalists as they are eco- 
friendly, relatively inexpensive, easy & maintains environmental sustainability. The 
green nanotechnology is gaining rounds in the modern era of agriculture. Plants 
parts like roots, stems, fruits, flowers etc. are effectively used in synthesis of 
nanoparticles. However, various microorganisms like bacteria, fungi, algae are also 
used in this process for synthesis of metal nanoparticles. Many unicellular and 

Synthesis of Nanoparticles

Top- down approach 
(Bulk- powdered NPs)

Bottom- up approach 
(Atoms-Nuclei- NPs)

Green NPs 
synthesisSmall NPs are 

synthesized from 
macromolecular 
initial material. 
Methods include 
chemical etching, 
laser ablation, 
mechanical 
milling, 
sputtering, 
electro- explosion 

Small nanostructure 
are synthesized 
which assembled 
into NPs. Methods 
include Chemical 
vapour deposition, 
laser pyrolysis, sol-
gel process, spray 
pyrolysis, atomic 
molecular 
condensation, 
aerosol processes

Plants
(roots, 
leaves, 
fruits)

Microorganisms 
(bacteria, fungi,
algae

Characterization based on size, shape, optical 
properties, crystal structure, surface charge

NMR UV-Vis 
spectroscopy

TEM, 
SEM, AFM

DLS, XRD, 
STXM

Fig. 2.1 Synthesis and characterization of nanoparticles
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multicellular microorganisms are used in synthesis of nanoparticles. Bacterial spe-
cies like Streptomyces sp., Rhodopseudomonas capsulate, Enterobacteria, 
Plectonema boryanum strain, Lactobacillus sp., Plectonema boryanum, Klebsiella 
pneumonia, Bacillus licheniformis, Klebsiella aerogenes are used to synthesis metal 
NPs, while fungal species include Verticillium sp., Aspergillus flavus, Aspergillus 
furnigatus, Phanerochaete chrysoparium, Fusarium oxysporum, Alternaria alter-
nate, Penicillium fellutanum, Cladosporium cladosporioides (Shang et  al. 2019, 
Adetunji and Ugbenyen 2019). However, microorganisms mediated green synthesis 
of NPs is a challenging process which is stimulated by enzymatic activity of micro-
organisms (Meena et al. 2021). Synthesis of metal NPs Ag, Zn, Co, Cu, Au can be 
facilitated by use of plant species like Brassica juncea, Medicago sativa and 
Helianthus annus, Sesbania plants (Panpatte et  al. 2016, Ghormade et  al. 2011, 
Kitching et al. 2015, Iravani 2011). Plants synthesize different types of metabolites 
and other compounds that facilitate reduction of metal ions in synergistic manner to 
their metallic counterparts and stabilization of metal nanoparticles (Iravani 2011). 
Several studies have been made regarding synthesis of metal nanoparticles from 
plants and its parts (Bonatto and Silva 2014, Kumar and Yadav 2009, Song and Kim 
2009, Vinod et  al. 2011, Silva et  al. 2015, Gholami-Shabani et  al. 2017). 
Nanotechnology has diverse applications in pharmaceuticals, medicine, the envi-
ronment, food processing and agriculture. The biogenic reduction of elements such 
as Ag, Au, Cu, Cd, Al, Se, Zn, Ce, Ti and Fe with plant extracts and microorganisms 
is most widely utilized for production of nanoparticles (NPs) and gained wide atten-
tion. In agricultural system it mainly focused on plant growth and crop protection. 
Hussain et al. 2018 reported that green synthesis of Ag NPs promotes fruit quality 
and productivity in Kinnow against Xanthomonas axonopodis pv. citri. Silver 
nanoparticles augmented Calothrix elenkinii (AgNPs-Ce) enhances biocontrol effi-
ciency against Alternaria blight in tomato plants (Mahawar et  al. 2020). AgNPs 
synthesized using Stenotrophomonas sp. BHU-S7 (MTCC 5978) to ameliorate soil 
borne and foliar pathogens (Mishra et al. 2017) (Table 2.2).

The constraints of conventional approaches of pest management instigate the 
increased use of nano-formulation of pesticides and it is widely used to increase 
crop production worldwide. The nano-formulations like nanogels, nano-emulsions, 
nano-encapsulation, nano-suspension, polymer coated nano-formulation pesticides 
& fungicide formulations, herbicide formulations etc. stimulate the controlled 
release of active encapsulated materials inside plants which thereby avoids the 
chances of toxicity of ingredient inside plant system. Engineered nanostructures 
also possess insecticidal properties (Haq and Ijaz 2019). Similarly, the engineered 
nanostructure also plays potential part in disease and weed management. NPs like 
nano Cu, ZnO, SiO2, TiO2 are promising tool to strengthen plant defense against 
biotic stress. NPs can also be used to prepare formulations of weedicides & insecti-
cides. Nanoherbicides effectively enter root system, get translocated and interfere 
with metabolism of weeds and parasitic plants (Abigail and Chidambaram 2017).
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Table 2.2 Functions of NPs in plant system

Nanoparticles Plant species Biotic stresses
Physiological 
responses References

Se &Cu NPs Tomato Alternaria solani Reduces disease 
severity, increased 
enzymatic and 
non-enzymatic 
compounds.

Quiterio- 
Gutierrez et al. 
(2019)

AgNPs Cocoa A. flavus, F. solani Fungicidal properties Villamizar-
Gallardo et al. 
(2016)

AgNPs Cucumber, 
pumpkin

Powdery mildew Antifungal effects Lamsal et al. 
(2011b)

Nanosilver Gerbera Stem- end bacteria Inhibits bacterial 
infection

Liu et al. (2009)

Silica NPs Arabidopsis Pseudomonas 
syringae

Induces local 
resistance and SAR, 
pathogen tolerance

El-Shetchy 
et al. (2020)

CuNPs + 
potassium 
silicate

Tomato Clavibacter 
michiganensis

Production of 
enzymatic and 
non-enzymatic 
defense system, 
confers pathogen 
tolerance

Cumplido- 
Najera et al. 
(2019)

Nanosilica Maize Fusarium oxysporum 
& Aspergillus niger

Increased disease 
resistance

Suriyaprabha 
et al. 2014

ZnO NPs Tomato Tomato mosaic virus 
(ToMV)

Induces resistance 
against ToMV by 
enhancing growth 
parameters and 
antioxidant defense

Sofy et al., 
(2021)

Chitosan NPs Fingermillet Pyricularia grisea 
(Cke.) Sacc.

Induces resistance 
against blast diseases 
using accumulation of 
ROS, peroxidase

Sathiyabama & 
Manikandam 
(2016)

MnO NPs Cowpea Meloidgyne 
incognitia

Improves plant 
physiology and 
growth, nematicidal 
effect.

Ahmed et al. 
(2020)

AgNPs Arabidopsis Alternaria brassicola Combat blackspot 
diseases, enhance 
plant immunity

Kumari et al. 
(2016)

AgNPs Tomato Alternaria solani Physiological and 
biochemical 
parameters, increased 
disease resistance

Kumari et al. 
(2017a, b)

AgNPs Tomato ToMV & PVY Decreased disease 
incidence

El-Dougdoug 
et al., (2018)

ZnO, CuO, 
AgNPs

Prunus 
domestica

B.cinerea Reduced grey mould 
symptoms

Malandrakis 
et al., (2019)

(continued)
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2.4.2  Mechanism of Action of Nanoparticles under 
Biotic Stress

NPs are extremely tiny particles which play vital role in growth and metabolic func-
tion of plant system. As discussed, NPs passes through series of cell organelles once 
it is uptake by plant roots or other parts. It generally includes apoplastic & symplas-
tic pathways of vascular tissues. There are several mechanism underlying regarding 
the mode of action of NPs with biotic stresses are needed to be studied thoroughly. 

Table 2.2 (continued)

Nanoparticles Plant species Biotic stresses
Physiological 
responses References

Al2O3 NPs Tomato Fusarium sp. Reduced root rot 
symptom

Shenashen et al. 
(2017)

AgNPs Vigna 
unguiculata

X. Axonopodis pv. 
Malvacearum & X. 
campestris pv. 
Campestris

Antibacterial effect Vanti et al. 
(2019)

CuO NPs Tomato P. infestans Control late blight 
disease

Giannousi et al., 
(2013)

MgO NPs Tomato Ralstonia 
solanacearum

Control wilt disease Imada et al., 
(2016)

Chitosan & Ag 
NPs

Faba bean A.alternata Disease resistance Ahmad, (2017)

TiO2, ZnO, 
Al2O3, Ag

– Caenorhabditis 
elegans

Nematode toxicity Roh et al. 2009, 
Wang et al. 
(2009)

Nanoparticles Insect-pest species References
Polyethelene glycol-coated 
NPs

Tribolium castaneum Yang et al. (2009)

AgNPs Spodoptera litura Jafir et al. (2021)
SiO2 NPs Spodoptera littoralis Helaly et al. (2016)
Ag & Zn NPs Aphis nerii Rouhani et al. (2012)
SiO2 NPs Plutella xylostella Shoaib et al. (2018)
Amorphous silica S.oryzae, Tribolium 

castaneum
Goswami et al. (2010)

Chitosan NPs coated with 
fungal metabolite

Aphis gossypii Chandra et al. (2013)

Chitosan Callosobruchus 
maculatus

Sahab et al. (2015)

Nanoparticles Weeds References
SiO2 NPs Phelipanche 

aegyptiaca
Shabbaj et al. (2021)

AgNPs Lemna minor Gubbins et al. (2011)
CuO NPs Lolium perenne & 

Lolium rigidum
Atha et al. (2012)
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Silver NPs breach inside bacterial & fungal cell, thus causing damage to nucleic 
acid. Kumari et  al., 2017 studied that Ag NPs ameliorates the negative effect of 
A. solani by direct inhibiting, reduced spore count, prevention of infection estab-
lishment. Ag NPs showed direct attachment to F. oxysporum & is lethal to fungal 
spores affecting their permeability and respiration (Abkhoo and Panjehkeh 2017). 
AgNPs cause plasmolysis fungal hyphae (Min et  al. 2009). Ahmed et  al. 2020 
reported that AgNPs synthesized using bacillus cereus SZT1 mitigate the leaf blight 
pathogen by decreasing cellular ROS & increasing antioxidant enzymes. Chitosan 
NPs enhance tolerance to Fusarium andiyazi in tomato by up-regulation of chitin-
ases & β-1,3-glucanase genes & antioxidant enzymes (Chun et al. 2018). Carbon 
nanomaterials also showed resistance to fungal pathogen F. graminearum by com-
munting cell surface of pathogen, inhibiting water uptake & inducing plasmolysis 
(Wang et al. 2014). Se & Cu NPs mitigate the negative effect of Alternaria solani 
by enhancing defense mechanism (Quiterio-Gutierrez et  al. 2019). Studies con-
ducted by Divya et  al. 2020 revealed that chitosan NPs ameliorate Rhizoctonia 
solani by enhancing defense mechanism & total phenol content. Cu- chitosan NPs 
enhance the growth parameters against Curvularia leaf spot in maize by increasing 
antioxidant & defense mechanism (Choudhary et al. 2017). NPs induce resistance 
mechanism & stimulate disease suppression (Lamsal et al. 2011). NPs like AgO & 
ZnO increased the expression of genes of glutathione S-transferase (Shgst1) & 
superoxide dismutase 2 (ShSOD2) in response to tolerance against Sclerotinia 
homoeocarpa (Li et al. 2017a, b). NPs also stimulate nematode tolerance to plants 
by disrupting cellular & metabolic machinery, ATP synthesis, membrane permea-
bility & ROS production (Ahamed et al. 2010; Lim et al. 2012). ZnO NPs adversely 
affect cellular machinery & hyphal formation of B.cinerea & Penicillum expansum 
in plants (He et al. 2011). Nano-silica can be used as insecticides to kill insect-pests 
by absorbing the particles into cuticular lipids by physio sorption. It is observed that 
nanosilica increases resistance to plants against S. littoralis (Barik et  al. 2008; 
Hajong et al. 2019). Although various studies regarding mechanism of NPs against 
plant defense mechanism have been made, but the pathways are still remain less 
understood. NPs when translocated within plants stimulate ROS production & inter-
fere with oxidative metabolism of plant system. The interaction of plant with NPs is 
highly complex phenomenon. NPs stimulate oxidative burst which in turn activate 
the antioxidant defense enzyme synthesis in plant system & is associated with anti-
microbial activity (Ogunyemi et al. 2020). ZnO also stimulate antimicrobial activity 
by production of ROS (Patra and Goswami 2012). Corral-Diaz et al. 2014 studied 
that CeO2 NPs stimulate production of antioxidant enzymes. ROS has signaling role 
in plant system inspite of being hazardous nature for plant metabolic processes. 
nMgO NPs causes oxidative stress in cells of Ralstonia solanacearum (Cai et al. 
2018a) & antifungal mechanism against Phytophthora nicotianae & Thielaviopsis 
basicola in nMgO – exposed fungal cells (Chen et al. 2020). The tripartite interac-
tion of NPs with plant & pathogen also stimulate the production of certain proteins 
& metabolic to increase disease resistant in A. thaliana (Kumari et  al. 2020). 
Nanosensors are also a potential tool to detect plant pathogens & monitor metabolic 
production (Abbas et al. 2016) (Fig. 2.2).
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2.5  Toxicity of Nanoparticles

Nano-materials are potential tool which plays a crucial role in plant growth and 
metabolic functions. However, its influence on plant system is highly dependent on 
its size, shape, dosage of application, concentration and others. Although their high 
concentration may causes toxic effects in plant cells. Toxicity of NPs can interfere 
with transpiration & photosynthesis, cell wall blockage, closes stomata, damage to 
nucleic acid and may leads to ROS production (Rasool et al. 2019). Lopez-Moreno 
et  al. (2010) studied that CeO2 nanoparticles cause DNA damage in soybean. 
Similarly, Zn and ZnO NPs showed toxicity symptoms in radish, rape, and ryegrass 

Fig. 2.2 Effect of nano-particles on plants
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(Lin and Xing 2007). High concentration of TiO2 NPs induces toxic responses in 
tomato, cucumber and spinach Gohari et al. (2020). Mukherjee et al. (2014).

studied that ZnO NPs at higher concentrations decreased chlorophyll content in 
green peas (Pisum sativum) and disrupts translocation in cowpea (Wang et al. 2013). 
AgNPs at high concentration causes chromosomal aberrations in Vicia faba (Patlolla 
et al. 2012).Nanoparticles possess both direct and indirect effects on plant metabo-
lism and growth. The concept of nano-toxicology is a fundamental area of research 
for agriculturalists and researchers which are needed to be addressed.

2.6  Conclusion

Nanotechnology has the potential of reducing greenhouse gases emissions consider-
ably and thereby mitigating Climate change. The speed at which global warming is 
increasing may endanger our planet in near future. There has been a dramatic increase 
in greenhouse gases, notably carbon dioxide in recent times from cars and industries. 
Engineering science addresses the worldwide warming issue by minimizing/eliminat-
ing fossil fuels, decreasing energy consumption, and increasing the potency of exist-
ing technologies. On the opposite hand, engineering science consistently involves the 
utilization of nano-materials (nano-membranes, nanocatalysts, aerogels, nanoparti-
cles, etc.), and their manufacture needs a major quantity of energy input. Additionally, 
the science of applying nanotechnologies to resolve the matter of worldwide climate 
change should be closely determined and thus the necessity for an in depth analytic 
thinking. Needless to say, firm commitments from major industries and governments 
alike to reduce greenhouse gases are also essential for our future.
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Chapter 3
Nanoparticles As a New Promising Tool 
to Increase Plant Immunity Against Abiotic 
Stress

Radwan Khalil , Nesma ElSayed, and Hanan A. Hashem 

Abstract According to FAO reports, the scientific community faces a real chal-
lenge in increasing food crop production by 60% to 100% for an additional 2.3 
billion people worldwide by 2050. Abiotic stress such as, salinity, water deficit, 
extreme temperatures, and heavy metal toxicity is a major constraint influencing 
plant growth criteria and productivity. Therefore, there is a global eagerness for new 
technologies that improve plant tolerance against different stresses. Recently, nano-
biotechnology has gained traction as a potential solution to such constraints associ-
ated with environmental challenges, as well as to ensure a sustainable and secure 
future for agriculture globally. Plants’ responses to abiotic stress are complex, 
involving changes in growth criteria as well as transcriptomic and metabolomic 
changes that have an adverse effect on the plant development and crop yield. The 
application of nanotechnology has been proved to play a key role in many physio-
logical and metabolic activities in plants, such as, photosynthesis, proline content, 
hormonal pathway, carbohydrates, the antioxidant system, and the nitrogen metabo-
lism; as well as regulating a wide variety of stress-responsive genes, to mention but 
few. Likewise, recent studies proved that nanoparticles (NPs) can be successfully 
used in plant genetic engineering as a genome editor. All of these factors make NPs 
a perfect candidate to be used to increase plant immunity against abiotic stress.

In this chapter, we presented a detailed overview of the types and properties of 
NPs, and their role as an efficient technology to increase the adaptation potential of 
plants cultivated in stressful conditions. Moreover, the safety assessment of the tox-
icity associated with NPs as well as the possible alterations in biomolecules they 
interact with, in living systems and environment, are also highlighted.
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3.1  Introduction

The global population is enhancing by the day and is expected to reach 9.1 billion 
by 2050, but food production is struggling to keep up. Raising output is difficult 
because the area under cultivation is expected to remain stagnant or even reduce due 
to rising demand for land for non-agricultural purposes. Abiotic stresses are regarded 
as a significant constraint to crop productivity. Abiotic stresses are responsible for 
approximately 70% of crop yield reductions, either directly or indirectly 
(Acquaah 2009).

Abiotic stress causes a chain reaction of anatomical, physiological, biochemical, 
and molecular changes that all have a negative impact on plant development and 
productivity. The most common abiotic stresses that endanger global food safety are 
water shortage, salt, and high temperatures. Growing plants that are resistant to 
stress could be a worthwhile strategy for addressing the issue of dwindling global 
food supply. Traditional breeding methods and inter-specific or inter-generic hybrid-
ization have had limited success in improving crop plant stress tolerance. Traditional 
breeding methods are limited due to the degree of complication in the characteris-
tics of stress tolerance, as well as a lack of genetic diversity among yield compo-
nents under environmental stress conditions and the absence of effective selection 
criteria. As a result, it is critical to seek out alternative strategies for growing stress- 
tolerant crops. For the genetic improvement of crop plants, all conventional breed-
ing methods, such as selection, hybridization, polyploidy, and mutation, was used. 
Despite the fact that there has been additional progress in the history of agricultural 
crop improvement, their productivity has now hit a plateau, and food shortages and 
hunger remain in many developing countries. In addition to conventional and 
advanced breeding tools already available, the discovery of novel strategies and 
their exploitation is crucial for this purpose. Today’s global demand is to improve 
food production using limited resources and the least amount of fertilizer and pesti-
cides while still controlling environmental pollution, leading to emerging agricul-
tural technology that can reshape current agriculture. In the era of the plant 
agriculture and plant biotechnology nanotechnology is the most promising recent 
breakthrough (Scrinis and Lyons 2007). Nanotechnology incorporates new nano-
material properties that enable agricultural research in crop improvement programs 
to mitigate stresses (Moraru et al. 2003). Lynn W. Jelinski, biophysicist at Cornell 
University in the United States, first introduced the term “nanobiotechnology” 
(Saxena et al. 2016). Materials, structures, and processes that operate on a scale of 
100 nanometers (nm) or less are considered nanotechnology..

The term ‘nano’ is commonly used to describe a size scale ranging from 1 to 
100 nm.Nanomaterials are made up of very small components, and the properties of 
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macro-level materials are affected by these components.. In addition to many other 
advantages, as in comparison to the same mass of substance formed into a larger 
shape, nanomaterials (NMs) have a comparatively greater surface area. Nano par-
ticles can increase the chemical reactivity of materials and influence their force or 
electrical characteristics. Because the particles have a high surface-to-volume ratio, 
their reactivity and potential biochemical activity are increased (Dubchak et  al. 
2010; Janmohammadi et al. 2016). Agriculture‘s use of nanotechnology has pro-
vided new opportunities for the production of nanosized agrochemicals in recent 
years, which have the potential to improve performance, improve stability, prolong 
the effective period and minimize environmental loads at the same time (Chhipa 
2017; Pourzahedi et al. 2018). Nanotechnology, a constantly emerging and rapidly 
expanding science, can help to improve some of these stress factors by using 
different processes, such as the antioxidant defense system, and delivering less toxic 
and more efficient fertilizers (Zuverza-Mena et al. 2016).

3.2  Synthesis, Types and Properties of Nanoparticles

Recently, nanotechnology applied in many areas led to synthesis of nanaotechnol-
ogy from metals or their oxides like Ag, Au, Pd, SiO2, ZnO, and TiO2, etc. Various 
techniques are used for NPs synthesis including biological, physical and chemical 
methods (Singh et al. 2016a). Plant extracts are used for some mineral NPs biosyn-
thesis due to their production of sugar, proteins, enzymes, phenols, flavonoids, alco-
hol, terpenoids and cofactors. Siddiqui et  al. 2014 reported that metallic NPs 
synthesized from metal salts act as reducing and stabilizing agent. Furthermore, as 
assistant to detect promising and environmentally friendly nanoparticle synthesis 
solutions that can deal with well-regulated size and shape while preventing atmo-
spheric pollution (Sharma et al. 2009).

Chemical and physical features of nanomaterials used in nanotechnology differ 
from those of ordinary chemicals (i.e., fullerene, carbon nanotube, nano silver, pho-
tocatalyst, silica, nano carbon). NMs enclose dendrimers, fullerenes, metals as Au, 
Ag, etc.) and metal oxide like titanium oxide, zinc oxide, etc.), quantum dots, nano-
tubes padded with carbon; whether single, double or multi walled). Nature contains 
nano-scale materials; both man-made processes (as diesel combustion or volcanic 
activity) and natural can produce materials with nanometer-size. Two types of nano-
material processing processes are present: “top-down” processes (as milling) from 
which nanoscale materials produced from macro-scale counterparts and “bottom-
 up” processes (like self-assembly) which form nanoscale atomic and molecular 
materials. The nanoscale of NMs differs as it can be one dimension (for example, 
Superficial films), two dimensions (for example, fibers or strands), as well as three 
dimensions (for example, surface films) (e.g. particles). Different forms for these 
particles can be detected as monocular, merged, aggregated, or mass forms with 
tubular, annular and unequal shapes. The five types of engineered NPs are metal- 
based NPs (MB NPs), carbon-based NPs (CB NPs), magnetic NPs, dendrimers, and 
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composite NPs. Fullerene (C70), fullerol [C60(OH)20], single-walled carbon nano-
tubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs), and single-walled 
carbon nanohorns (SWCNHs) are examples of carbon-based NPs, whereas metal- 
based NPs include nanomaterials based on gold (Au), silver (Ag), copper (Cu), and 
iron (Fe).

Application of NPs for various metal oxides as TiO2, FeO, Al2O3, ZnO and CeO2 
are extensively studied in medicine as well as agriculture. Lu et al. (2007) reported 
that, magnetic NPs can be manipulated via application magnetic field where these 
particles are generally composed of cobalt, nickel, Fe as well as their complexes. 
Furthermore, it was observed that, Ferrites (iron oxide Fe2O3) particles become 
super-paramagnetic between different magnetic NPs as their size decreases below 
128 nm. The quantum dot is a unique subset of NPs. These are typically particles 
with a diameter of lower than 10 nm, though sometimes the particle size can be as 
big as 50 nm. They may have the extreme distinctive properties for all NPs in terms 
of scale. Quantum dots are semiconducting NPs with measurements so small that 
the particle size affects the intrinsic band distance of the semiconductor. The photo- 
luminescent properties of quantum dots are demonstrated by the majority of them. 
When a photon strikes a semiconductor, it excites an electron from the valence band 
to the conduction band; it results in a valence band hole. This produced photon 
could have a variety of outcomes: trapping of electrons and holes in a crystal disor-
der, electron/hole recombination with the emission of light, reaction to form a radi-
cal with the solvent, and the capping agent’s reaction leading to the induction of a 
radical. Trindade et al. (2001) declared that, many of these activities will also occur 
in molecules that do not display confinement at the quantum level; however, as the 
molecules size lowers in a quantum-constrained setting, the least amount of energy 
needed to form the excited state will rise. This minimum energy is the particle’s 
band gap.

3.3  Nanoparticle Uptake, Mobilization, and Accumulation 
in Plants

Recently, the adoption of carbon- and metal-based nanomaterial’s (MB NMs) by 
plants is studied. The most studied carbon-based nanomaterials (CB NMs) are full-
lerol (C60 (OH) 20), fullerene C70, and carbon nanotubes (CNTs), while Au, TiO2, 
Cu, Ag, FeO, CeO2, and ZnO NPs are the most studied metal-based nanomaterials 
(MB NMs). Plant species influence NP uptake, translocation, and accumulation, as 
well as the NPs’ size, shape, chemical structure, functionalization, and stability. 
Dietz and Herth, (2011) found that, NPs typically enter the plant root system via the 
lateral root and move to the xylem through cortex then to pericycle. The interactions 
of NP with the plant depend primarily on chemical processes that produce the trans-
port activity of the ion through cell membrane, oxidative damage and peroxidation 
of lipids, as well as reactive oxygen species (ROS). Watanabe et  al. (2008) 
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discovered that, NPs react with sulfhydryl; carboxyl groups once entering the plant 
cells and finally change the activity of the protein. Membrane transporter or root 
exudate complexes can be formed when NPs combine, which are then transported 
to the plants. Xylem is the major absorption and transfer pathway of nanomaterials 
to the shoot and plant leaves, where they move from one root to another and from 
roots to leaves, stem, and grains (Miralles et al. 2012). Sharif et al. (2013) showed 
that, the nanomaterials have the capability to penetrate the cell cytoplasm as well as 
the leaf cuticle. On the other hand, NMs can bind to organelles found in the cyto-
plasm and damage metabolic reactions at that location (Zhang and Monteiro-Riviere 
2009). Ag NPs with a molecule dimension of 20 nm can also be moved into cells via 
plasmodesmata in one of the previously mentioned pathways (Unrine et al. 2012). 
Plant techniques of nanotechnology involve a delicate preventive estimation of 
nanoparticle- plant reactions, as well as an understanding of the reactions of their 
absorption, translocation, and accumulation, as well as an appreciation of the poten-
tial harmful influences on growth of plant and development. It is difficult to predict 
the interactions with environmental components for plant uptake of NPs, and this 
because they rely on numerous factors concerning with the application method, as 
well as the actual nanoparticle (size, net charge, chemical structure and surface 
properties). González-Melendi et al. (2008) reported that, Because of their facility 
of detection and monitoring provided by microscopy techniques and the widespread 
use in industry, the majority of preliminary plant research have focused on metal 
and its oxide nanoparticles uptake. Although, great amount of knowledge known in 
metazoans, only a few integrated comparative studies have been performed to 
estimate the contribution of the physic-chemical characters (for example., charge, 
mass and coatings and so on.) of NPs in plant-nanoparticle interactivity (Song et al. 
2013; Moon et al. 2016; Vidyalakshmi et al. 2017). Apoplastic transfer takes place 
via the cell wall and extracellular spaces beyond the plasma membrane; Water and 
solutes are transported between the cytoplasms of neighbouring cells via 
plasmodesmata and sieve layer pores in symplastic movements. It was reported that, 
Apoplastic transport elevate the upward movement of the aerial component via 
facilitating the radial movement of NMs that can pass NPs to the vascular tissues 
and the central root cylinder (González-Melendi et al. 2008; Sun et al. 2014; Zhao 
et al. 2017). By this appropriate method of NP translocation, many uses applied 
including systematic NP distribution. The Casparian strip which defined as a 
longitudinally aligned stratum formed from lignin-analogous structures prevents 
root endodermis from completing this radial movement (Sun et al. 2014; Lv et al. 
2015). For avoiding this natural hindrance, water and another solvent turn from 
apoplasty to the symplastic route. Similar abilities to bypass the block at Casparian 
strip have been reported for various types of NPs, as reported by Schwab et al. (2016).

This is particularly widespread in anatomical parts as the Casparian strip has not 
yet fully developed, like root tips as well as root lateral junctions (Lv et al. 2019). 
The symplastic transport of NPs demands that the NPs enter the cells at certain 
stage. Carpita et al. 1979 showed that, the intracellular transmission of NPs much 
more difficult in plant cells than in animal cells, and this due to the existence of a 
hard plant cell wall that produces a physical barrier to cell entrance. The multilayer 
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cell wall composed mainly of scaffold proteins as well as cellulose/hemicellulose 
microfibrils, providing a permeable environment that serves as a strict selective fil-
ter with average diameter of 10 nm and some exceptions of up to 20 nm. This is a 
pivotal point, from which the design and use of bioengineering in plants are applied 
(Cunningham et al. 2018). However, various kinds of NPs with average diameters 
ranging from 3 to 50 nm as well as carbon nanotubes have been shown to readily 
pass via the cell wall in several plant species (Liu et al. 2009; Chang et al. 2013; 
Etxeberria et al. 2019). Although other cell entrance mechanisms, as those relied on 
membrane translocation, pore formation, or carrier proteins, have been described in 
cells, endocytosis may happen preferentially (Valletta et  al. 2014; Palocci et  al. 
2017). Endocytosis may be used preferentially for subsequent cell internalization 
(Nel et al.  2009; Lin et al. 2010; Wang et al. 2012). More research in plant cells and 
models of invertebrates is required (Marchesano et al. 2013). MWCNTs, for exam-
ple, have been demonstrated to connect protoplasts of Catharanthus roseus via an 
endosome attempting to avoid uptake mode (Serag et al. 2011). Plasmodesmata are 
membrane-lined cytoplasmic bridges that have a variable diameter (20–50 nm) that 
maintain membrane and cytoplasmic consistency throughout plant tissues, allow 
NPs to move from cell to cell once inside the cytoplasm. Plasmodesta have been 
found to transport NPs of varying sizes in Arabidopsis, rice, and poplar plant spe-
cies (Lin et al. 2009a, b; Geisler-Lee et al. 2013; Zhai et al. 2014). The symplastic 
and apoplastic pathways allow tiny particles to enter the xylem and phloem vessels 
and travel to various tissues and organs throughout the plant. Surprisingly, organs 
such as flowers, fruits, and seeds appear to accumulate NMs and have a high capac-
ity to import phloem (sink activity) fluids. NP accumulation in specialized organs, 
in addition to plant toxicity, poses a significant problem in terms of human and 
animal safety (Pérez-de-Luque 2017). In terms of application, studies in maize, 
spinach, and cabbage have shown that metal-NPs can sneak seeds and move into 
seedlings with no considerable effects on seed viability, germination rate, or shoot 
growth. These findings imply that functional NPs can be used for seed priming and 
plant development stimulation even in harsh environmental conditions (Zheng 
et al. 2005; Răcuciu and Creangă 2009; Pokhrel and Dubey 2013).

3.4  Nanoparticles’ Effects on Plants

3.4.1  Effect of Nanoparticles on Growth and Bio-Productivity

Several metal or metal oxide-based nanoparticles are being studied for their role in 
plant growth and development, defence against biotic and abiotic stresses, and mod-
ulation of various plant processes. However, in terms of technological development, 
we still have a long way to go before we can achieve sustainable agriculture (Saxena 
et  al. 2016).Currently, NPs have the potential to be efficient plant growth and 
development promoters, herbicides, nano-pesticides, and nano fertilisers because 
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they can effectively deliver the required amount of content to the target cellular 
organelles in plants Nanotechnology has a wide range of agricultural applications, 
and the potential applications of NPs, particularly their mechanism and function in 
plant growth and development, are unknown (Siddiqui et al. 2015a).

Nanoparticle fertilisers are widely used in agriculture to increase productivity 
and meet rising food demand. Fertilizers are necessary for crop development, 
growth, and production. As a result, there is always a need to develop new applica-
tions based on nanotechnology and nanomaterials. This not only increases crop 
yield and production, but also reduces fertiliser nutrient loss and improves fertiliser 
availability to plants. Nonfertilizer or nano-encapsulated nutrients may be a useful 
tool in the development of sustainable agriculture because they can significantly 
regulate plant growth and production through effective nutrient release and avail-
ability (Saxena et al. 2016). Researchers are increasingly interested in using ex vivo 
NP synthesis for a variety of agricultural purposes, particularly to improve plant 
physiological processes such as metabolic activities, also growth and development 
by leveraging NPs’ unique properties (Giraldo et al. 2014). Furthermore, in a field 
experiment, It was discovered that using an extra low dose of nanocrystalline pow-
ders (no more than 300 mg of each metal per hectare) improved the plant growth 
and production, including chlorophyll pigments, total number of nodules per root, 
pod weight, number of pods per plant, weight of 1000 seeds, and crop production. 
Another research on soybeans showed that applying nano-SiO2 and nano-TiO2 mix-
tures improved germination and growth parameters (Lu et al. 2002). Nanotechnology 
is a rapidly emerging technology that is advancing in a number of fields. However, 
nanotechnology applications and nanoparticle use in sustainable agriculture and 
crop enhancement are still in their infancy.

3.4.2  Effect of Nanoparticles on Photosynthesis and Plant 
Water Relations

At low concentrations, Plant growth stages such as seed germination, seedling 
growth, root initiation, photosynthesis, and flowering are all improved by NPs 
(Banerjee and Kole 2016). Photosynthetic quantum performance and chlorophyll 
content are also improved by NPs (Sharma et al. 2012a, b; Hatami and Ghorbanpour 
2013). NPs like Nano-TiO2 enhanced germination, light absorbance, photosynthetic 
function, and Rubisco activation (Gao et al. 2006). Nano-TiO2 was also discovered 
to promote spinach growth by improving photosynthetic activities in plant as well 
as nitrogen metabolism (Yang et al. 2006). TiO2 NPs treated seeds provided 73% 
above dry weight, photosynthetic rates increased three times, as well as chlorophyll 
a content increased 45% more than control seeds at 30-days germination cycle 
(Mingfang et al. 2013). Engineered nanomaterials (ENs) are applied to the surface 
of leaves and penetrate through stomata openings or trichome bases, where they are 
translocated to different tissues. he accumulation of ENs on photosynthetic surfaces, 
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on the other hand, causes foliar heating, which changes gas exchange due to stomata 
obstruction, which changes plant physiological and cellular functions (Aslani et al. 
2014). Changes in photosynthetic activity disrupt ATP and NADPH synthesis, as 
well as other biochemical reactions and physiological processes like cellular 
development. As a consequence, cellular growth changes caused by NPs may 
indicate a change in Photosystem II (PSII) activity, which is measured by variable 
chlorophyll fluorescence emission (Seaton and Walker 1990; Stirbet 2012). 
Overexpression of the PSII subunit S, a component of the main light-harvesting 
complex that also performs water oxidation, can result in an increase in 
photosynthesis water use efficiency. This is a significant limiting component in 
many agricultural settings that drives higher yields in Nicotiana tabacum (Glowacka 
et  al. 2018). Researchers are currently working to determine the connections 
between these different Photonic structures and photosynthesis are two topics that 
have received a lot of attention recently. Jacobs et al. (2016) recently demonstrated 
that iridescent modified chloroplasts (iridoplasts) found in Begonia epidermis 
increase photosynthesis light harvesting. By simulating these systems, it may be 
possible to create nanomaterials that mimic these natural photonic structures and 
modulate how light is obtained by plants. Recent research has begun to demonstrate 
that NPs can be engineered to interact with photosynthesis and photoprotection via 
proven transgenic and naturally occurring pathways, resulting in their augmentation 
and much-needed crop yield increases (Giraldo et  al. 2014). NPs have been 
demonstrated to be a new, efficient, and promising method for enhancing 
photosynthesis in plants that has yet to be fully exploited. The effect of NPs on 
photosynthesis is still being studied, and further researches are needed to cover this 
topic in detail.

3.4.3  Effect of Nanoparticles on Plant Antioxidant Machinery

NPs may interact chemically or mechanically with biological systems, plants for 
example and these particular interactions are largely due to their low size, large 
surface area, and intrinsic catalytic reactivity. Just a few studies identify the effect 
of NPs on antioxidants and molecular levels. The treatment of Brassica juncea with 
silver NPs (Sharma et al. 2012a, b) increased antioxidant enzyme activity (ascorbate 
peroxidase, guaiacol peroxidase and catalase), leading to a reduction in the level of 
ROS. The activation of the Spirodela polyrhiza antioxidant system was triggered by 
the application of 6 nm Ag NPs at a concentration of 5 mg/l, as evidenced by the 
induced activity of superoxide dismutase (SOD), peroxidase (POX), and catalase 
(CAT) (Jiang et al. 2012). Furthermore, the concentrations of ROS, glutathione, and 
malondialdehyde have skyrocketed. The use of gold nanoparticles (GNPs) on 
Brassica juncea seedlings resulted in an increase in antioxidant enzyme activity as 
well as higher concentrations of H2O2 and proline (Gunjan and Zaidi 2014). The 
content of H2O2 and proline has been found to increase with increasing concentrations 
of GNPs.. In particular, the activities of glutathione reductase (GR), guaiacol 
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peroxidase (GPX), and ascorbate peroxidase (APXincrease by increasing the 
concentration of GNPs up to 400 ppm, while the maximum GR activity was detected 
in response to 200 ppm. Exposure to CeO2 NPs was associated with elevated anti-
oxidant enzymes activity (APX, CAT, and GPX) in in kidney beans leaves, roots, 
and stems (Mazumdar and Ahmed 2011). They discovered that after prolonged 
exposure to 500 mg nano CeO2/l, root antioxidant enzyme activities were signifi-
cantly reduced, while root soluble protein was increased.

Furthermore, nano CeO2 exposure increased GPX activity in leaves, preserving 
cellular homeostasis. Gene expression analyses of the model plant Arabidopsis 
using RT-PCR have provided new insights into the molecular mechanisms of plant 
responses to Ag NPs. The transcriptional response of Arabidopsis plants to Ag NPs 
was studied using microarrays of whole-genome cDNA expression (Kaveh et al. 
2013), which revealed that 286 genes were upregulated, including metal and oxida-
tive stress-related genes (e.g., vacuolar cation/proton exchanger, SOD, cytochrome 
P450-dependent oxidase, and POX).

3.4.4  Effect of Nanoparticles on Phytohormones

Plant hormones defined as organic materials that serve a purposeformed by meta-
bolic processes that can monitor plant’s physiological responses to different stimuli 
during plant development (Santner et al. 2009). Plant growth and production are 
aided by phytohormones (Wong and Osmond 1991). Plant hormone content and 
activity are regarded as essential indicators of plant toxicity. According to Le Van 
et al. (2015) CeO2 NPs had no effect on plant hormones such as indole-3-acetic acid 
(IAA), abscisic acid (ABA), or gibberellic acid (GA) in the leaves of Bt-transgenic 
and non-transgenic cotton. Non-transgenic cotton leaves were exposed to CeO2 NPs 
at a concentration of 500 mg/L., when compared to the control, the content of trans 
zeatin-riboside (t-ZR) in the leaves was reduced by 25%. The IAA and ABA content 
of transgenic and non-transgenic rice roots increased in response to Fe2O3, accord-
ing to Gui et al. (2015). Hao et al. (2016) plant hormone content was significantly 
influenced by NPs in rice seedlings. They reported a decrease in phytohormone 
concentrations in response to nanotubes of carbon application. Bleecker and Kende 
(2000) reported that, Ag ions inhibit the formation of ethylene, the interaction 
between IAA and ethylene is significantly weakened. Regulation of 81 genes, 
including those involved in plant defense and hormonal stimuli (for example, auxin- 
regulated gene, ethylene signaling pathway, and Systemic Acquired Resistance 
(SAR) against pathogens)., As revealed by a proteomic analysis of rice that identi-
fied silver NPs sensitive proteins, Ca2+ regulation and signalling, protein degrada-
tion, cell wall synthesis, cell division, and apoptosis were primarily associated with 
the effects of silver NPs (Mirzajani et al. 2014).
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3.5  Nanoparticles Increase Plant Immunity to Abiotic Stress

Abiotic stress causes a cascade of morphological, physiological, biochemical, and 
molecular changes in plants. All these things are bad for plant development and 
production. The much more common abiotic stressors impacting universal food 
security are drought, salt, and extreme heat. The creation of stress-tolerant plants 
might be a viable method for addressing global food production decline. In addition 
to current traditional and sophisticated breeding methods, researchers aim to 
enhance agricultural yields in the face of environmental stress by harnessing the 
promise of nanotechnology. Nanotechnology has the potential to revolutionize agri-
culture, making it essential for sustainable food and crop production (Servin et al. 
2015). Several studies have evaluated NPs-mediated responses in plants subjected 
to various stresses, such as Ahmed et al. (2011), who examined the outcome of sili-
con (Si) application on sorghum grown under drought stress; Almutairi (2016) who 
explored the effect of nano SiO2 on tomato plants subjected to salt-stress; and 
Rezvani et al. (2012) who studied the impact of nano-silver (Ag) on saffron grown 
under flooding stress. The researchers have shown that NPs suppressed the negative 
impact of stresses on plants.

TiO2 NPs are believed to have pro-oxidant and antioxidant activities. Latef et al. 
(2017) Broad beans can withstand salty soil and grow faster in it after being treated 
with TiO2 NPs, according to research. Additionally, they discovered that promoting 
growth outcomes were linked to higher chlorophyll b, proline, and soluble carbohy-
drates and enhanced antioxidant enzyme activity. According to Lei et al. TiO2 NPs 
can decrease abiotic stress in “Spinacia oleracea” by decreasing the injurious effect 
of different ROS and boosting the quenching effect of antioxidant enzymes (2008). 
The effect of NPs on ROS and antioxidant metabolism varies depending on the form 
and the concentration of the NP.

By augmentation, the activity of stress-related genes, carbon nanotubes with 
multi-walled dramatically impacted the development and germination of tomatoes 
(Khodakovskaya et al. 2009).

3.5.1  The Effect of Nanoparticles on Salt-Stressed Plants

A range of biological functions relevant to plant development and production are 
harmed by salt stress. Specific mutual effects of stress-salinity on plants include 
decreased soil osmotic potential, nutritional imbalances, increased ionic toxicity, or 
a combination of these factors (Ashraf 1994).

Barley (Karami and Sepehri 2018), maize (Fathi et al. 2017), Arabidopsis (Wu 
et  al. 2018), berseem clover (Abd El-Naby et  al. 2018), wheat (Abou-Zeid and 
Ismail 2018), cotton (Hussein and Abou-Baker 2018), and tomato (Almutairi 2016) 
grown under salt stress have all benefited from the use of NPs. Elamawi et al. (2016) 
discovered that ZnO NPs boost rice development and yield characteristics with 
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stress-salinity. In developing rice seeds, nano-priming stimulates and activates 
alpha-amylase by gene overexpression of aquaporin. It should be investigated for 
enhancing rice germinating seeds and seedling vigor under salt (Mahakham 
et al. 2017).

Under salinity stress, silicon NPs and silicon fertilizer were found to have prom-
ising properties on physiological and morphological traits of basil “Ocimum basili-
cum L.” vegetative characteristics. The results indicated a substantial increase in 
growth and development indices, chlorophyll value, and proline level when basil 
was supplemented with silicon NPs and silicon fertilizer under salt stress (Kalteh 
et  al. 2014). Under salt stress, application of Nano-SiO2 particles increased 
chlorophyll content, leaf fresh and dry weights, proline concentration, and antioxi-
dant enzyme activity (Haghighi et al. 2012).

When nano-SiO2 is sprayed to maize plants under salt stress, other investigations 
have demonstrated a rise in fresh soot freshness and weight (Gao et al. 2006). One 
method employed by silica NPs to alleviate salt stress in plants is decreased Na+ ion 
uptake by plant tissues (Raven 1982). CeO2 (cerium oxide) NPs improved plant 
growth and photosynthesis rate in “Glycine max L.” under salt stress by controlling 
photosynthesis, water useability, and Rubisco carboxylase (Cao et  al. 2017) and 
modifying the stress-salinity responses by inhibiting salt intake in Brassica napus 
L. while maintaining nutritional value (Rossi et al. 2016).

3.5.2  The Effect of Nanoparticles on Drought-Stressed Plants

In the plant, the vitality is highly dependent on water, which is primarily essential 
for nutrient transportation; thus, a lack of water causes drought stress, which results 
in depleted plant vitality. Nanotechnology promises to make a significant contribu-
tion to reducing drought stress.

Plant resistance to dryness stress in Hawthorns “Crataegus sp.” is improved by 
using various levels of silica NPs. At various levels of water stress, ranging from 
mild to extreme stress, hawthorn seedlings’ physiological and biochemical responses 
to different concentrations of silica NPs differ. SNP pre-treatment improved photo-
synthesis parameters, relative water content (RWC), chlorophyll, carotenoid, carbo-
hydrate, and proline contents (Ashkavand et al. 2015). Maybe silicon NPs play a 
role in maintaining important physiological and biochemical characteristics in 
drought-stressed hawthorn seedlings, but the exact mechanism is unknown. When 
compared to unstressed plants of faba bean (Kalteh et al. 2014), tomato (Siddiqui 
et al. 2014), and alfalfa (Siddiqui et al. 2014), nano-Si significantly increased the 
activities of catalase (CAT) and peroxidase (POD) in plant leaves (Zheng et  al. 
2005). Furthermore, silica NPs influence xylem humidity, water immobilization, 
and turgor pressure, which increases the RWC of leaf and water use efficiency 
in plants.

The addition of Si to two sorghum cultivars with various dryness sensitivity 
enhanced dryness resistance by reducing the shoot-root ratio (S/R), indicating 
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enhanced root development and photosynthetic efficiency conservation (Hattori 
et al. 2005). Applying Si NPs to drought-stressed sorghum additionally improved 
the root dry weights, leaf dry weight, specific leaf weight, chlorophyll content 
(SPAD), shoot, and leaf area index, according to Ahmed et al. (2011).

Drought stress was found to be mitigated by nano-titanium oxide (TiO2 NPs) in 
wheat by increasing yield, starch content, and development (Jaberzadeh et al. 2013), 
flax by increasing chlorophyll and carotenoids content while decreasing H2O2 and 
malondialdehyde (MDA) content (Aghdam et al. 2016), and basil by reducing the 
destructive impact of drought on plants (Kiapour et al. 2015).

Another research found that iron (Fe) NPs had a significant impact on plant char-
acteristics like the number of bolls per branch, number of seeds per boll, seed index, 
and seed weight at a probability level of one %. Drought stress was alleviated by 
foliar application of iron NPs to Goldasht spring safflower cultivars’ yield compo-
nents and oil percentage. Compared to drought stress without iron nanoparticles (Fe 
NPs) implementation, Fe NPs application improved yield components at both flow-
ering and granulation stages, though it was better at flowering than seed forming 
(Davar et al. 2014).

3.5.3  The Effect of Nanoparticles on Heat-Stressed Plants

Heat stress has been described as temperature spikes in this manner, a dramatic rise 
for a prolonged time that results in progressive deterioration of plant development 
and growth (Wahid 2007). Heat stress boosts the development of oxidative byprod-
ucts “reactive oxygen species”, causing oxidative damage due to membrane lipid 
degradation and membrane ion leaking. Protein degradation occurred (Savicka and 
Skute 2010) and a decrease in photosynthesis rate and chlorophyll content (Prasad 
and Djanaguiraman 2011). Low concentrations of Se NPs boosted hydrating 
efficiency, chlorophyll level, and plant development, minimizing the impacts of heat 
stress (Haghighi et  al. 2014). Plants produced heat shock proteins (HSPs) and 
molecular chaperones in response to heat stress (Schulze et al. 2005). In stressful 
conditions, HSPs enable other proteins maintain their stability. (Wahid 2007) and 
are engaged in heat stress immunity. MWCNTs have been shown to have a function 
in boosting the production of heat shock proteins like HSP90 (Khodakovskaya et al. 
2011). In addition, exposure to CeO2 NPs in maize results in increased H2O2 pro-
duction and HSP70 upregulation (Zhao et al. 2012). Furthermore, TiO2 NPs reduced 
the influence of the high temperature by regulating stomatal opening (Qi et  al. 
2013). When compared to controls, AgNPs safeguard wheat (T. aestivum L.) plants 
from heat stress by increasing root and shoot length, fresh and dry weight, leaf size, 
leaf number, leaf fresh and dry weights (Iqbal et al. 2019). AgNPs increase shoot 
development by blocking ethylene signaling, which is a shoot growth inhibitor, as 
previously described by Syu et al. (2014).
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3.5.4  The Effect of Nanoparticles on Plants Exposed to Heavy 
Metal Stress

Heavy metals are metals with a density greater than 5 g/m; 17 of the 53 heavy met-
als are crucial for living organisms, including iron (Fe), zinc (Zn), manganese (Mn), 
copper (Cu), and molybdenum (MO) (Miransari 2016). The residual heavy metals, 
such as cadmium (Cd), chromium (Cr), mercury (Hg), and lead (Pd), are hazardous 
to the environment and can interfere with plant biochemical pathways (Kumar 
et al. 2015).

Plants suffer from heavy metal stress because of nutrient deficiency, which is 
caused by the interruption of essential supplement absorption along with the inhibi-
tion of enzyme activities (Capuana 2011). Synthesized NPs have been shown to be 
very efficient in reducing heavy metal-induced phytotoxicity (Tripathi et al. 2015). 
Because of these features, NPs are very tiny and have a high surface area; they may 
easily infiltrate plant cells and have a significant affinity for heavy metals. According 
to research, exposure to TiO2 NPs lowers cadmium toxicity while improving photo-
synthetic rate and plant development (Singh and Lee 2016). Furthermore, the treat-
ment of Brassica juncea with hydroxyapatite NPs decreases cadmium toxicity (Li 
and Huang 2014). The addition of Si NPs to pea growth medium has been found to 
reduce chromium toxicity (Tripathi et al. 2015).

Polyhydroxyfullerene (PHF) is a carbon nano-particle with a good water solubil-
ity, that reduces Cd bioavailability by binding Cd to the extracellular medium, 
decreasing Cd-induced oxidative damage. Cr phytotoxicity in pea seedlings can be 
reduced by using Si NPs, which decrease oxidation damage by decreasing Cr depo-
sition and boosting antioxidant defense machinery (Tripathi et al. 2015). Wang et al. 
(2016) proved that application of organic and inorganic nano-Si decreased BCF 
(bio-concentration factor) and TF (translocation factor) of heavy metals (Zn, Cu, 
Pb, and Cd) in rice cultivars grown in artificially contaminated soil. Heavy metal TF 
decreased from roots to shoots and then to grains. The co-precipitation of heavy 
metals with Si in the apoplast may be the primary mechanism for reducing heavy 
metal toxicity in rice plants and accumulation in grains. Mustafa and Komatsu 
(2016) used a proteomics research approach to identify and understand the cell 
pathways impacted by heavy metals. They found that NPs protect plant cells from 
metal-induced oxidative damage by modulating ROS, antioxidants, and energy 
metabolism.

The latest knowledge of stress responses associated with the use of NPs in abioti-
cally stressed plants is summarized in Fig. 3.1.
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3.6  Nanoparticles as Genome Editors

The challenge of introducing external macromolecules into plant cells across cell 
walls has delayed the development of agricultural biotechnology genome-editing 
applications. The cell wall acts as a barrier to exogenous biomolecule delivery into 
plant cells. Different techniques based on Agrobacterium transformation or biolistic 
gun for DNA delivery in plant cells are used worldwide to get through this barrier 
and obtain plant genetic transformation. These approaches have limitations due to a 
limited host range and extensive plant damage. Plant cell cultures were used for the 
majority of the early studies on nanomaterial-based plant genetic engineering. For 
instance, Si carbide-aided delivery was found as a potential technique for delivering 
DNA in a variety of calli (cotton, soybean, rice, and tobacco) (Lau et al. 2017, Asad 
and Arsh 2012, Serik et al. 1996, Armstrong and Green 1985, respectively).

NMs can overcome the cell wall barrier in mature plants, reducing the disadvan-
tages related to delivery systems of DNA targeting. Magnetic NPs (MNPs) were 
used to achieve a better steady genetic delivery in cotton plants. Magnetic force was 
used to infiltrate a glucuronidase (GUS) reporter gene-MNP complex into cotton 
pollen grains without compromising pollen growth. Its transgenic was created by 
pollinating them with external genetic material, and magneto-fected pollen was 
effectively inserted into its genetic material, translated to proteins, and steadily 
passes to the next generation (Zhao et al. 2017). Other work employed carbon nano-
tube scaffolds to deliver linear DNA, plasmid DNA, and siRNA to Nicotiana ben-
thamiana, Gossypium hirsutum leaves, and protoplasts, leading to elevated transient 
Green Fluorescent Protein (GFP) expression (Demirer et al. 2018). According to 

Fig. 3.1 A summary of the possible modes of action of NPs in plants to alleviate environmen-
tal stress
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Valenstein et al. (2013), mesoporous silica NPs (MSNs) are the first and most effec-
tive way to alter genomes. MSNs, which have loxP sites built into their chromo-
somal DNA, have been utilized to transport Cre recombinase to immature Zea mays 
embryos. The loxP was properly recombined after biolistic application of modified 
MSNs in plant tissues, resulting in effective genome editing.

“CRISPR/Cas9 (Clustered Regularly Interspaced Palindromic Repeats/CRISPR- 
associated Protein 9” is a cutting-edge tool for site-directed genome editing that is 
relatively simple and efficient. This system is made up of two core constituents: 
“Cas9 RNA-guided nuclease” and “CRISPR RNA (crRNA)”, which directs the 
Cas9 enzyme to a specific sequence in the genome. The activity of Cas9 nuclease 
causes double-stranded interruptions in the goal genetic sequences (Jinek et  al. 
2012). CRISPR–Cas9 genome engineering has the potential to boost crop yields 
and strength. One of the most promising avenues for making agriculture more sus-
tainable is nanocarriers in gene editing (Landry and Mitter 2019). However, research 
into nanoparticle delivery across the plant cell wall is limited. Many unanswered 
questions remain, including how shape, size, aspect ratios, tensile strengths, and 
other physicochemical parameters affect NPs ability to internalize into plant cells 
(Zhang et al. 2019). Furthermore, to determine the effects on plants, a deep study of 
the effects of engineered nanomaterials on plant physiology must be performed. In 
addition, consumer adoption of this technology should be considered in light of the 
rejection and distrust of many consumers against genetically modified crops, which 
has resulted in the more cautious launch of new genomic editing technologies, such 
as nanotechnology, in the food sector.

3.7  Are Nanoparticles Safe?

NPs have many beneficial effects on plants; as plant growth modulators, they may 
help you gain weight and absorb nutrients, such as when nano-fertilizers are added 
to the soil. However, it has been noted that NPs have both beneficial and undesirable 
outcomes on a variety of plant species due to their configuration, varying size, 
changing physical and chemical characteristics, and the amounts of various NPs 
utilized (Ma et al. 2010; Tripathi et al. 2017).

3.7.1  Nanoparticle’s Toxicity

The toxicity of NPs is primarily due to their small size, large surface area to volume 
ratio, and reactive facets. Because NPs are extremely tiny, they react with ecosystem 
elements after entering the environment through photolysis and oxidative processes, 
releasing harmful materials hazardous to plants (Lowry et  al. 2010). At specific 
doses, many NPs cause toxicity, lowering crop production by changing their bio-
chemical, genetic content, and morpho-physiological (Tripathi et al. 2016). Noxious 
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metals like Hg, Cd, nickel (Ni), Cu, and Zn react with sulfhydryl, carboxyl, or imid-
azole groups on DNA or cellular structure in metal NPs, changing their functions 
(Asgari Lajayer et al. 2017). Interruption of cell functions in metal-exposed plants 
often results in redox imbalances and oxidative stress (Ghorbanpour et al. 2016). 
The investigators have concentrated on the potential genotoxicity outcome of 
nanoparticles and their ability to pass in the nuclear membrane (Karlsson 2007). 
However, certain materials, for example, nitric oxide (NO), can minimize the toxic 
effect of NPs in “O. sativa L.” seedlings (Chen et al. 2015). The use of nitroprusside 
on “Brassica nigra” exposed to nano-Ag and Ag nitroprusside stress accelerated 
seed germination.

3.7.2  What Makes Some Nanoparticles More Toxic 
Than Others?

In terms of toxicology, the proportion of surface area to a particle size of a nanopar-
ticle is an essential physical property; as the particle size decreases, the surface area 
becomes more prominent. Consequently, From the exterior, many particles can be 
detected from the inside (Begum et al. 2011). Several experiments have shown that 
the surface properties of NPs are more toxic than the surface properties of non- 
nanoparticles of the same substance (Kashem and Kawai 2007): The usage of sev-
eral types of NPs has been used in experiments as demonstrated previously, such as 
cobalt, Ni, and TiO2. TiO2 NPs with a size of less than 30 nm were found to cause 
inflammation 43-fold higher than NPs ≥ 200 nm (Feizi et al. 2012; Qiu et al. 2013). 
Currie and Perry (2007) have shown that nano-particle sizes are significantly further 
harmful than micro-particle sizes. The surface area of NPs was discovered to be an 
essential parameter of their noxiousness. In general, the current phytotoxic outline 
of NPs is somewhat speculative at first. However, the impact of nano-particle prop-
erties is poorly understood, and further research on harmful effects, especially on 
essential food crops, is needed (Groppa et al. 2008).

The toxic effect of NPs has also been linked to exposure. Tolaymat et al. (2017) 
discovered that treating peanuts of non-zero valency Fe surges root development up 
to a level of 4.18 ppm nevertheless decreases root growth beyond this point. Size, 
reactivity, chemical structure, surface coating, and other variables govern the pace 
at which NPs affect plants, which is why NPs have both good and adverse effects on 
living organisms (Khodakovskaya et al. 2012).

As a result, multiple studies revealed that direct contact to a specific form of 
nano-particle induced a significant phytotoxic impact, reinforcing the need for envi-
ronmental transparency when disposing of waste-containing NPs. More research is 
vital on the effects of NPs on plant food and the milieu.
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3.7.3  Nanoparticles’ Toxicity in Plants

3.7.3.1  Nanoparticles Can Be Stress Elicitors As Well 
As Stress Mitigators

In Sect.3.5, we discussed the function of NPs in stressor factor mitigation in plants. 
However, many other studies have highlighted the effect of NPs as stress-inducing 
agents (Table 3.1) In this regard, the toxicity mechanism of Ag nano-particles was 
studied in the initial phases of “Glycine max L.” plants under flooding stress, reveal-
ing which proteins related to routes of signaling, as well as cell metabolism and 
stress response, were affected. Moreover, Ag nano-particle treatment degraded the 
glyoxalase enzyme involved in the detoxify mechanism (Mustafa et al. 2015a). In 
other research, Mustafa et al. (2015b) found that treatment with Ag, ZnO, and Al2O3 
NPs depleted protein synthesis in “G. max L.” plants under flooding stress. The 
metabolic processes of lipid metabolism and glycolysis were also affected. These 
experiments show how NPs interact with plants; however, more study is needed to 
understand these discoveries properly. As a result, NPs may have both positive and 
negative impacts on plants. Future studies on the interplay of NPs with plants will 
help to provide a piece of better knowledge, implying that specific NPs may be 
administered to plants for desired results, perhaps leading to higher agricul-
tural yields.

Root elongation in plants has been found to be influenced by non-functionalized 
single-walled carbon nanotubes (SWCNTs) and functionalized multi-walled carbon 
nanotubes (fSWCNTs) in “tomato, Lycopersicon esculentum”, “lettuce, Lactuca 
sativa”, “onion, Allium cepa”, “carrot, Daucus carota”, “cucumber, Cucumis sati-
vus”, and “cabbage, Brassica oleracea” (Cañas et  al. 2008). The dried mass of 
pumpkin “Cucurbita pepo” reduced by 60%, accompanied by 1000  ppm multi- 
walled carbon nanotubes (MWCNTs) (Stampoulis et al. 2009). MWCNTs and C70 
NPs can delay the blooming of “Oryza sativa” by roughly a month, according to Lin 
et al. (2009a, b). MWCNTs and C60 fullerenes, according to De La Torre-Roche 
et al. (2013), reduce the biomass of soybean and maize by about 45%.

Plants react with nanoparticles in various ways, not only directly but also physi-
cally, and electrochemically; the result of these impacts is the production of reactive 
oxygen species, which are significant contributors to DNA damage. ROS has been 
revealed in studies to be an effective messenger in plants under both abiotic and 
biotic stresses (Takahashi et al. 2011).

Plants have an intrinsic protection mechanism against toxic effects caused by 
stressors such as nano-particles. Plants have several enzymatic and nonenzymatic 
stress response mechanisms (Asgari Lajayer et al. 2017). These protection schemes 
are frequently incapable of alleviating and detoxifying the stressors generated by 
stress stimuli, resulting in plant cell death (Hossain et  al. 2016). As a result, in 
plants, the examining of ROS generation is a powerful tool in evaluating the toxic 
effects of toxic metals and NPs (Sharma et al. 2012a, b; Rico et al. 2013). To assess 
oxidative damage in plants, electrolyte discharge, propidium iodide fluorescence 
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Table 3.1 Nano-particles induced stress-like responses in plants

Types of 
nano-particles 
used in the 
study Plants

Nano-particles-induced response in 
plants References

Aluminum 
oxide

Glycine max L. Low seed germination rate, decreased 
raw and dries weight and shoot and 
root height, DNA damage, decreased 
transpiration rate, enhance lipid 
peroxidation, up-and down-regulation 
of many stress-related genes, and 
apoptosis.

Hossain et al. 
(2016)

Carbon 
nanotube 
(multi-walled)

Solanum 
Lycopersicum L.

Stress-related gene expression is 
up-regulated, and seedling 
development is negatively affected.

Singh et al. 
(2016b) and 
Koul et al. 
(2018)

Copper oxide Oryza sativa L. Stimulated enzymatic antioxidant 
values.

Shaw and 
Hossain 
(2013)Lolium perenne L., 

Lolium rigidum 
Gaudin and Raphanus 
sativus L.

Reduced growth and DNA damage.

Fagopyrum 
esculentum Moench

Cu is released, causing metal stress in 
plants.

Atha et al. 
(2012)

Root growth and biomass inhibition, 
root morphology changes, and DNA 
polymorphism.

Lee et al. 
(2013)

Fullerenes 
(nC60)

Scenedesmus 
obliquus

Chlorophyll a & b accumulation was 
inhibited; magnesium deficiency was 
caused by inhibition of 
Mg2 + -ATPase activity.

Tao et al. 
(2015)

Gold Phytoplanktonic alga 
(Scenedesmus 
subspicatus)

Progressive intra-cellular and cell wall 
disruption.

Renault et al. 
(2008)

Graphene 
oxide

Malus domestica Inhibition of lateral roots, increased 
CAT, POD, and SOD activities, and 
increased transcription of auxin efflux 
carrier and auxin influx genes.

Li et al. 
(2018)

Triticum aestivum L. Mineral elements decreased, sugar 
content increased, proteins decreased, 
and globulin, prolamin, amylose, and 
amylopectin decreased.

Gao et al. 
(2020)

Multi-walled 
carbon 
nanotubes 
(MWCNTs)

Oryza sativa L. ROS generation eventually affects cell 
proliferation and, consequently, plant 
cell death, chromatin condensation, 
and shrinkage.

Tan et al. 
(2009)

(continued)
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assays, and lipid peroxidation can all be employed. For example, treating “O. sativa” 
with CeO2 NPs (ranging from 62.5 to 500 ppm) boosted oxidative byproducts accu-
mulation and caused oxidation-induced damage (Rico et al. 2013).

Other research has revealed that metal-based or carbon NPs can cause damage to 
plant carbohydrates, DNA, lipids, and proteins, increasing oxidative byproduct gen-
eration. Carbon nanotubes are a kind of carbon-based NP that forms oxidation- 
induced damage and increases oxidative byproduct production in vivo and in vitro 
studies (Liu et al. 2010, 2013).

Table 3.1 (continued)

Types of 
nano-particles 
used in the 
study Plants

Nano-particles-induced response in 
plants References

Nickel oxide Solanum 
Lycopersicum L.

The activity of SOD, CAT increased as 
well as glutathione content and lipid 
peroxidation.

Faisal et al. 
(2013)

Corianderum sativum 
L.

Concentration-dependent decreases in 
RWC, photosynthetic pigments, and 
root and shoot elongation were 
observed.

Miri et al. 
(2017)

Brassica rapa L. Chlorophyll, carotenoid, and sugar 
content were declined, while proline 
and anthocyanins were up-regulated.

Chung et al. 
(2019)

Silver Allium cepa L. Chromotoxic outcome on mitotic cell 
division.

Kumari et al. 
(2009)

Oryza sativa L. Significant decrease in root and shoot 
weights, leaf area, and chlorophyll and 
carotenoids amounts.

Nair and 
Chung (2014)

Arabidopsis thaliana 
L.

Elevation of oxidative stress-related 
proteins.

Mirzajani 
et al. (2014)

Increased ROS generation and 
oxidative stress.

Kaveh et al. 
(2013)

Titanium 
dioxide

Arabidopsis thaliana 
L.

Genes that are triggered in abiotic and 
biotic stress conditions are up-and 
down-regulated.

Landa et al. 
(2012)

Zinc oxide Aquatic plant 
Spirodela punctuta

Formation of ROS/RNS and H2O2 Thwala et al. 
(2013)

Arabidopsis thaliana 
L.

Reduced germination rate, as well as 
up and down-regulation of genes that 
are triggered in abiotic and biotic 
stresses.

Wang et al. 
(2004) and 
Landa et al. 
(2012)

Cucumis sativus L. Degradation of the epidermis, roots, 
cortical cells, and vacuole’s structure.

Zhao et al. 
(2013)
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3.7.3.2  Nanoparticles and Genotoxicity in Plants

Plant NPs are being examined as a good delivery strategy since they can reach 
plants as targeted-aid genes in specific cellular components (Siddiqui et al. 2015b). 
NPs may pass their compartments via various routes, such as via carriers (Sahebi 
et al. 2015). Investigators discovered Si carriers (Lsi1, Lsi2, and Lsi6 genes) in the 
root of “O. sativa” (Ma and Yamaji 2015). The NPs attach to macromolecules like 
polysaccharides, genetic material, and protein when they penetrate plant cells. TiO2 
nanoparticle in “C. pepo” has been shown to cause genetic damage and alter genetic 
up-regulation (Moreno-Olivas et al. 2014).

Ag and TiO2 nanoparticles were found to have phytotoxic effects on the chromo-
somes of “A. cepa” and “Z. mays” (Kumari et al. 2009; Castiglione et al. 2011; 
respectively). Random amplified polymorphic DNA techniques (RAPD) revealed 
the damaging effect of engineered CeO2 NPs (2000 and 4000 ppm) to the DNA 
structure of “G. max” (López-Moreno et al. 2010). Similarly, the harmful effect of 
TiO2 nano-particles on the genetic content of “A. cepa” at 4 mM was observed, as 
was bridge forming at the anaphase and telophase stages when these NPs are pres-
ent at the same concentration (Ghosh et al. 2010). Furthermore, DNA damage was 
observed in “Nicotiana tabacum” and “Z. mays” in response to TiO2 NPs at 2 and 
10 mM, respectively (Ghosh et al. 2010; Castiglione et al. 2011).

There is currently very little research on the molecular basis of NPs-induced 
phytotoxicity in vascular plants. On the other hand, Transcriptomics technologies 
have disclosed details about NPs-intermediated toxic effect in advanced plants by 
serving as a relation among gene regulation (Landa et al. 2015).

3.7.4  Risks of Nanoparticles on Humans, Soil, 
and Environment

Because of the random release of NPs into natural habitats caused by industrial 
effluents, a massive accumulation occurs (Brunner et al. 2006; Owen and Handy 
2007). The majority of manufactured NPs are heavy metals that contaminate water 
and soil, causing environmental deterioration. Plant interplays with additional NPs 
in soil and water can result in nano-particle uptake and accumulation in the plant, 
eventually leading to physical and chemical injury to various plant parts (Dietz and 
Herth 2011). Though the cell wall prevents NPs from entering the plant’s body, the 
pore size of the cell walls is fixed, enabling the movement of NPs lesser than the 
pore size of the walls (Navarro et al. 2008). As engineered nanomaterials react with 
carbon-based acids in roots, the pH decreases, causing nutrient quantity and engi-
neered material characteristics to change (Marschner 1995). NPs have been widely 
used as antimicrobial agents against pathogenic bacteria, but this indiscriminate use 
harms communities of soil microbes that play essential roles in the ecosystem, such 
as stimulating plant development, element recycling, and pollutant degradation 

R. Khalil et al.



81

(Remédios et al. 2012). Adding NPs to the soil will pollute the groundwater when 
they combine with organic matter (soluble organic matter). Nano-fertilizers and 
pesticides used on farms can end up in lakes (due to erosion) and create a dangerous 
ecosystem, such as eutrophication (Moghadam et  al. 2019). Therefore, soil and, 
consequently, plants may represent the most critical exposure avenue for evaluating 
the environmental risk and raising questions about NPs entrance into food chains 
and human and animal access to contaminated water and farmlands.

Metallic NPs have been shown to trigger oxidation damage in a living organism 
by producing reactive oxygen species. Oxidation byproducts formed by NPs dislo-
cate electron and ion influx and efflux, impair membrane permeability, and decrease 
glutathione content within human lung epithelial cells (Limbach et al. 2007). ROS 
upsurge cell membrane penetrability by oxidizing fatty acid double bonds. TiO2 
NPs have been confirmed to possess photocatalytic characteristics (Khus et  al. 
2006) and produce ROS when exposed to ultraviolet radiation (Zhao et al. 2007), 
generating genetic injury. Photoactive silver NPs were demonstrated to break the 
DNA strands when subjected to UV light (Badireddy et al. 2007). CeO2 NPs have 
now been found to oxidize membrane-bound respiratory electron transport chain 
complexes and to be hazardous in living organisms (Thill et al. 2006). Ag+ released 
from NPs interplay with the thiol groups of enzymes and suppressed respiratory 
enzymes (Kim et al. 2007).

Generally, the impact of nanoparticles in living organisms can be caused by (1) 
chemical effects associated with metal ions during dissolution; (2) mechanical 
changes induced by hard spheres; (3) the catalytic function of NPs; (4) attaching 
with macromolecules via noncovalent/covalent mechanisms; and (5) ROS forma-
tion in cells. (Ma et al. 2010).

3.8  Conclusions and Future Perspectives

Previous research has shown that plants respond to NPs by increasing growth, yield, 
and photosynthesis efficiency and displaying an abundance of ROS-associated pro-
teins, stress signaling, plant hormone pathways, and detoxification. More research 
is required to properly understand the factors that influence how plants react to 
specific NPs. Furthermore, metabolomics and transcriptomics analyses may hold 
great promise to elucidate the complete picture of plant response to NPs. All this 
information would provide us with a wealth of information to clarify the response 
mechanism of plants to nanoparticle-induced stress and the protective role of NPs in 
improving plant tolerance to environmental challenges. The interplay among 
nanoparticles and plants is highly sophisticated, and it is affected by several factors, 
including NP form, specific surface area, crystalline chemistry, concentration, plant 
species, growth stage, and application methods. Before the widespread use of NPs, 
an information gap must be filled, such as the threshold of plant tolerance to 
nanoparticles and the threshold of antioxidant enzyme system activation in the 
plant. Phytotoxicity of nanoparticles should also be considered a red flag, and the 
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risk of nanoparticles being transferred into edible plant parts should be explored 
further. Also, there is an urgent need to define the best standard phytotoxicity test 
that should be used in evaluating NPs toxicity because it is necessary to precisely 
determine the efficient and sufficient NPs concentrations to achieve the desired 
positive effect.
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Chapter 4
Exploring Nanotechnology to Reduce 
Stress: Mechanism 
of Nanomaterial- Mediated Alleviation

Sidra tul Muntha, Mohammad Faizan, Saba Mehreen, and Shareen

Abstract Global food production does not meet the demand of ever increasing 
population which is expected to reach around 9 billion by the first half of twenty- 
first century. Plants being sessile organisms are under detrimental effects of envi-
ronment as well as plant diseases. Abiotic stresses including drought, heat, flooding, 
salinity and frost are major factors, adversely affect plant growth that may minimize 
the productivity to 70%. These stresses lead to morphological, physiological, bio-
chemical and molecular changes in plants resulting crop loss. Due to unavailability 
of adequate arable land and severe environmental issues, there is an immediate need 
of novel avenues of research to meet global food supply. Progress in plant sciences 
and genetics has revealed new technologies to develop stress tolerant plants and 
investigate the better ways to grow plants under detrimental conditions. 
Nanotechnology comprises nanoparticles (NP) gained high impulse to mitigate the 
limitations related to abiotic stresses resulting high plant growth. Nanoparticles are 
metal or metal oxide molecules synthesize by physiochemical or biological 
approaches, with small size of 1–100 nm dimensions. Nanoparticles due to their 
exclusive properties of small size, high reaction potential, increased surface area, 
tensile pore width and divergent morphology opens new doors in agriculture 
research. Hence, the current chapter will focus on the role of nanoparticles against 
plant environmental challenges and how can nanoparticles be used in growth 
improvement of plants under stressed conditions.
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4.1  Introduction

4.1.1  Cascade of Signaling Behind Plant-NPs Interaction 
and Stress Tolerance

Plants have a complex system for defense against environmental stresses, yet the 
mechanism of perception of stimulus to the transduction and activation of respon-
sive units against stimulant before stress prompted destruction is decisive to cellular 
machinery. As per available information about plant-NPs interaction against abiotic 
stresses, it is obvious that synthesis of ROS is vital phenomenon in plant cell against 
environmental stimuli (Khan et  al. 2017). Although the mechanism of action of 
plants by the application of NPs is not well understood, however the omic approaches 
help to conceive the signaling pathways in plant cells.

Signaling molecules predominantly activate a defense mechanism which triggers 
molecular network to encounter a particular challenge. Calcium ions (Ca2+) being 
secondary messenger molecules act as vital components in signal transduction. 
Upon receiving a stress signal Ca2+ start transport from stores to cytosol via Ca2+ 
gated channels and ultimately increase the cytoplasmic level of secondary messen-
ger, which is identified my calcium binding proteins (CaBPs) that start a cascade of 
reaction downstream to alter the gene expression of plant against that particular 
stress (Khan et al. 2014a, b; Tuteja and Mahajan 2007). It has been evident that 
nitric oxide (NO) promotes the cytosolic Ca2+ in cell upon the onset of environ-
mental stress and pathogen attack (Khan et al. 2012a, b; Lamotte et al. 2006) and 
inevitably Ca2+ promote the NO synthesis (Del Rio et al. 2004; Corpas et al. 2004).

Proteomic studies on Oryza sativa roots have declared the role of Ag NPs- 
responsive proteins in oxidative stress pathway, second messenger (Ca2+) regula-
tion, signal transduction and expression and post transcription changes, cellular 
growth and programmed cell death (Mirzajani et al. 2014). The study is a prove of 
previous work by Goyer (1995) who anticipated the Ag-NPs role in cellular metabo-
lism by binding Ca2+ gated channels and Ca/Na pumps (Goyer 1995). It has been 
further observed that C60 nano-crystals prompted the functional regulation of Ca2+/
calmodulin- dependent protein kinase II (CaMKII) (Miao et al. 2014). Further stud-
ies on Arabidopsis thaliana investigated the overexpressed Ca2+ dependent protein 
(CML45) and CaMPK23 caused by the activity of cadmium sulfide QDs (Marmiroli 
et al. 2015). These overexpressed proteins play a pivotal role in stress resistance in 
various plants (Delk et al. 2005; Xu et al. 2011; Boudsocq and Sheen 2013) however 
Ca2+ in the proteins can be switched with NPs (Cheung 1980).

NPs have been reported to involve in increased nitrate reductase activity that is 
key enzyme in nitric oxide (NO) biosynthesis to regulate plant immune system 
(Carpenter et al. 2012; Shahrokh et al. 2014; Chandra et al. 2015). On the other hand 
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NO interacts NP-induced toxicity mechanism and antioxidant genes to increase 
their transcript level and decrease ROS and lipid degradation (Chen et al. 2015). 
NPs are involved in upregulated expression of genes related to stress responsive and 
cell growth and development (Almutairi 2016; Khodakovskaya et  al. 2011a, 
b, 2012).

The studies on NPs-plant interaction have exhibited the increased generation of 
ROS that play not only signaling molecules in plant but also increase phytotoxicity 
(Oukarroum et al. 2012; Qi et al. 2013; Ma et al. 2010; Van Hoecke et al. 2008; 
Simon et al. 2013; Wei and Wang 2013).

The dual action of NPs needs a comprehensive study to evaluate how NPs protect 
plants against ROS while acting as inducers of oxidative stress at the same time. 
Genomics and proteomics approaches aid to existing knowledge by investigating 
the role of NPs in plants under environmental stress. A proteomic study using Ag 
NPs and AgNO3 in Eruca sativa demonstrated the altered level of proteins involved 
in redox regulation and metabolism of sulfur as a result of physiochemical nature of 
NPs (Vannini et al. 2013). A differential expression of genes realted to abiotic stress 
has been observed in Arabidopsis thaliana by the application of Ag NPs and Ag+ 
covered with polyvinylpyrrolidone (PVP) (Kaveh et al. 2013). The study concluded 
that the Ag NPs induced stress is partially due to Ag+ toxicity and partially it is the 
consequence of nanoparticle-specific effects.

Expression of miRNA in response to NPs paves another way to understand the 
mechanism of action of NPs against environment in plants. Increased expression of 
miRNA in Tobacco plant on application of optimum concentration of TiO2 and 
Al2O3 was demonstrated against metal stress however increased level of NPs nega-
tively affected the growth and development of plant (Frazier et al. 2014; Burklew 
et al. 2012). AHA2 (gene involved in stomatal opening) in Arabidopsis is upregu-
lated by the treatment of zero valent NP, which cause tolerance to drought stress 
(Kim et  al. 2015). Moreover studies conducted on the application of TiO2 and 
MWCNTs on Arabidopsis showed the downregulated gene expression involved in 
development and phosphate deficiency (García-Sanchez et al. 2015).

4.2  Nanoparticles and Abiotic Stress Resistance

4.2.1  Salinity Stress

Salinity, due to the deposition of anions (chloride and sulfate) or cations (primarily 
sodium but occasionally of calcium and magnesium) in arid to coastal areas soil, is 
one of the major abiotic stresses limiting food production. Over 20% of agricultural 
land is affected by salinity and the limit is ever increasing. Salinity is detrimental as 
it causes reduction in growth and development by influencing physiological, bio-
chemical and molecular pathways in plants. It not only shifts the osmotic stress but 
also ionic imbalance in plants due to high accumulation of salts. Due to Osmotic 
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stress plants’ nutrients and water uptake is decreased while ionic stress engenders 
decreased proportion of K+/Na+ (Khan et al. 2012) and over production of ROS 
that affects molecular mechanisms in plants leading to electrolytes splits and dam-
ages metabolic pathways such as protein and lipid metabolism, and photosynthesis 
in cytol (Sharma et al. 2012; Ismail et al. 2014; Khan et al. 2010).

Current advancement in nanotechnology highlighted that the NP of Silica (SiO2) 
the second most abundant natural element and titanium dioxide (TiO2) contributed 
much to enhance vegetative growth and overall crop production under salinity. The 
tolerance is attributed to silicon NP that might better absorbed by maize roots than 
its micro or bulk counterparts Suriyaprabha et al. (2012) and form a thin layer in cell 
wall to enhance resistance against stress to maintain yield (Latef et al. 2018; Derosa 
et al. 2010).

The stressed tomato and squash plants exhibited better seed germination, the 
anti-oxidative enzyme activities, photosynthetic rate and leaf water absorption rate 
when treated with Si NP (Haghighi and Pourkhaloee 2013).

Na+ ion toxicity led a reduced yield in maize; however SiO2NPs alleviated the 
plant response under salinity stress by reducing Na+ ion concentration in cell wall 
through lower absorption of the ions (Gao et  al. 2006a, b). Similar studies were 
conducted in tomato plants that lead to better plant growth (Savvasd et al. 2009). A 
remarkable elevation in germination and seedling growth was observed in Lens culi-
naris under salinity stress by application of Si NP (Sabaghnia and Janmohammadi 
2014). A promising effect of Si nano fertilizer was highlighted by Kalteh et  al. 
(2014) in Ocimum basilicum, where increased chlorophyll content, proline level 
and other physiological traits were recorded under salinity stress. Under high con-
centration of salt Squash (Cucurbita pepo) showed a lethal reduction in roots and 
shoots growth, vigor length and yield of plant (Siddiqui et al. 2014). Use of SiO2 
NP ameliorated the traits by decreasing the electrolyte leakage and level of hydro-
gen peroxide (H2O2), malondialdehyde (MDA) and chlorophyll degradation.

Fe2 NPs proved to be auspicious addition in Nano biotechnology. The applica-
tion revealed that it positively affected foliar fresh and dry weights and mineral 
contents of peppermint (Mentha piperita) however it didn’t show any effect on 
sodium content. Maximum activities of anti- oxidant enzymes were recorded under 
salinity stress but masked by the application of Fe2O3 NP (Askary et  al. 2017). 
Torabian et al. (2016) have described high level of chlorophyll content, photosyn-
thesis rate, CO2 concentration, osmotic regulation and reduced Na content in 
Helianthus annuus by the use of nanoZnO under salt stress.

Contemporary studies on the significance of chitosan NPs (maize and tomato), 
multi-walled carbon nanotubes (broccoli) and silver NPs (wheat) have demonstrated 
their mitigating effect on salinity (Bruna et al. 2016; Hernandez-Hernandez et al. 
2018; Martinez-Ballesta et  al. 2016; Abou-Zeid and Ismail 2018; Mohamed 
et al. 2017).
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4.2.2  Drought Stress

Water is the vital component for life on the planet and its deficiency leads to severe 
conditions (Drought stress) in living organisms including plants. Drought is most 
commonly occurring environmental stress which affects almost 45% of global agri-
culture area (Dos Reis et  al. 2016). Water scarcity in plants leads to decrease in 
water potential and turgor of cell, which increase the level of molecules in the cytol 
and extracellular surfaces. Later, decreased cell size elicits the retarded growth and 
reproduction failure in plants. Ultimately cell starts to accumulate abscisic acid 
(ABA) and proline (Osmotic regulator), which leads to excessive production of 
ROS, glutathione and ascorbate (radical scavengers) which exasperates the severity 
(Hussain et al. 2019; Ahmad et al. 2017). Drought not only affects cell water poten-
tial but it also influences the stomatal closure, gaseous and ionic exchange, photo-
synthesis and transpiration rate (Schulze et al. 2019).

During the past decade tremendous efforts have been made to counter the water 
induced stress in plants using NP. The nanoparticles of TiO (Rutile) exhibited 
intense effect by exogenous application in spinach plant. The morphological, bio-
chemical and physiological changes occurred in plant resulted in high rubisco acti-
vase activity, chlorophyll synthesis and promoted photosynthesis which leads to 
increase in dry weight of plant (Gao et al. 2008). Foliar application of TiO2 NP 
might cause an increase photosynthesis rate which augmented the overall seed yield 
in cow pea (Vigna unguiculata L.) (Owolade et al. 2008). As the effect of TiO2 NP 
varies among the species and with different applied environments, 0.02% of foliar 
spray of TiO2 NP enhanced the vigor of wheat plants by improving yield traits such 
as plant height, ear number and weight, 1000-kernal weight and seeds/plant, harvest 
index, and starch and gluten content of plant under water scarcity (Jaberzadeh et al. 
2013). Dragonhead (Dracocephalum moldavica) plants treated with TiO2 NP 
(10 ppm) exhibited more proline level with less H2O2 and MAD content as com-
pared to control plant under water deficit state (Mohammadi et al. 2014a, b). It was 
established that drought-prompted mutilations in plants like membrane damage and 
oxidative stress can be mitigated by optimal concentrations of TiO2 NPs. Silica NPs 
protects cell wall during water deficit conditions by reducing cell wall permeability 
of leaves resulting low lipid peroxidation (Zhu et  al. 2004). SiO2 has proved to 
increase proline content with addition of escalated CAT and POD activities in plants 
under stress vs. controlled plants of tomato (Siddiqui and Al-Whaibi 2014), faba 
bean (Qados and Moftah 2015; Qados 2015) and alfalfa (Cakmak et  al. 1996). 
Reative water content (RWC), water use proficiency and turgor pressure in leaf cells 
are the physio-chemical processes effected by Silica NPs that directly influence 
xylum transport plant. At different level of water deficiencies the response of Silica 
NPs varies in Hawthorns (Crataegus sp.). Enhanced tolerance was observed in plant 
against drought at different concentrations of NPs by positively effecting physio- 
biochemical processes (chlorophyll, carotenoid, carbohydrateand proline contents, 
and increased photosynthesis rate, MDA, (RWC) and membrane electrolyte leakage 
(ELI)) within the cell (Ashkavand et al. 2015).Silicon NP posed a positive effect on 
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two sorghum cultivars with relatively different drought vulnerability irrespective of 
level of stress by maintaining photosynthesis rate and improved root growth (Hattori 
et al. 2005).

ZnO and CuO NPs act as fertilizers as these are source of Zn and Cu to plants. At 
different doses the NPs react on different parts of roots as Zn NPs causes increased 
lateral roots whereas Cu NPs induce proliferated and elongated root hair close to 
root tip in Triticum aestivum seedlings under drought (Yang et al. 2017). The short 
root length may reduce access to water. CuO possibly change the water supply thus 
shrink the cell wall in Arabidopsis and mustard thus increase lignification. The 
altered water transport may also be the reason of Cu-pectin association in cell wall 
(Nair and Chung 2017). The continuous drought stress elevates proline and anthroc-
ynin in cell. The high level of ROS during the stress which leads to increased ABA 
may cause differential gene expression for drought tolerance (Dimkpa et al. 2012). 
Silver nanoparticles (AgNPs) are one of the most abundant NPs in use to mitigate 
abiotic as well as biotic stresses. AgNPs provided an inhibitory role against micro-
organisms (Beyene et al. 2017). In water deficit lentil plants, application AgNPs 
resulted in high germination rate and high growth and production parameters (Hojjat 
and Ganjali 2016).

Sodium nitroprusside (SN) along with Multi walled carbon nanotubes 
(MWCNTs) provide tolerance in Hordeum vulgare against water and salt stress by 
not only improving water absorption capacity of seed as well as seedling water 
concentration (Karami and Sepehri 2017). Increased antioxidants and high germi-
nation rate was recorded in Hordeum vulgare, Glycine max and Zea mays using 
MWCNTs (Lahiani et  al. 2013; Liu et  al. 2016). High root and shoot growth in 
Triticum aestivum suggested the drought tolerance though MWCNTs (Srivastava 
and Rao 2014).cerium oxide (CeO2) provided another source of NP to enhance crop 
production under water defict condition in Glycine max (Cao et al. 2018). In addi-
tion the in vitro use of iron (FeO2) NPs alongside salicylic acid manifested to be an 
effective tool against water deficiency in strawberry at pre transplantation to soil 
(Mozafari et al. 2018).

A comprehensive knowledge of metabolic and molecular mechanisms of plant 
through NPs to ameliorate abiotic stress will pave a way to develop stress resistant 
crops (Singh et al. 2017). Syntheses of dehydrins in susceptible plants, by applica-
tion of NPs cause mitigation of drought stress (Lopez et al. 2003). Production of 
compatible molecules like proline, betaine, etc., is initiated by dehydrins which in 
turn maintains cell integrity and water deficiency (Paleg et  al. 1984). Once it is 
known that at which stage of metabolic pathways NPs counter abiotic stresses, the 
massive increase in their use will be possible.
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4.2.3  Temperature Stress

Temperature is vital factor which determines plant growth, development and crop 
yield. It is characterized by the ideal point beyond that plant growth is effected 
badly, though the optimum temperature varies between species and genera. 
Temperature stress includes high temperature stress (above the threshold tempera-
ture) and low temperature or chilling stress (very low than ideal) for a certain time 
span to cause a permanent damage to plant (Wahid 2007).

4.2.3.1  Heat Stress

Thermal stress implies the increase in temperature beyond the optimum level for a 
longer time span that causes permanent loss to development and vegetative growth 
(Wahid 2007). The stress negatively affects growth and yield of crop globally. High 
temperature elevates the synthesis of ROS and cause oxidative imbalance which 
leads to breakdown of organic molecules (proteins), degradation of lipids and 
escape of ions in cell membrane (Karuppanapandian et al. 2011; Moller et al. 2007; 
Savicka and Skute 2010;) that may affect chlorophyll content ultimately photosyn-
thesis (Prasad et al. 2011).

Selenium (Se) nanoparticles provide an alleviated response of high temperature 
when used in low concentration by modulation of hydration potential and chloro-
phyll content (Haghighi et al. 2014). High level of Se is associated with oxidative 
stress while the low concentration is considered to be responsible for antioxidative 
response (Hasanuzzaman et al. 2014; Hartikainen et al. 2000). Heat shock proteins 
(molecular chaperones) are produced by plant during high temperature stress which 
along with other proteins cause stress tolerance by retaining their stability under 
challenging condition (Wahid et al. 2007). It has been reported that MWCNTs are 
involved in up regulation of gene expression associated with stress tolerance includ-
ing HSP 90 (Khodakovskaya et al. 2011a, b). Furthermore a study in susceptible 
corn plant confirmed the role of heat shock proteins by application of cerium oxide 
(CeO2) NPs that lead to the higher synthesis of H2O2 and high expression of HSP70 
(Zhao et al. 2012). TiO2 NPs also play role in heat stress by enhanced photosynthe-
sis by regulation of stomata opening in plant leaves (Qi et al. 2013).

4.2.3.2  Cold Stress

When plants are exposed to the temperature very lower than their optimum tem-
perature, the cell and tissues are damaged due to physiological and morphological 
changes, the phenomenon is known as Cold stress (Hasanuzzaman et  al. 2013). 
Electrolytes imbalance and degradation in cell membrane are the adversities related 
to cold stress which eventually leads to decreased germination, reduced growth and 
crop production (Welti et al. 2002; Suzuki et al. 2008). Nevertheless, sensitivity to 
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the stress may differs inter species and inter genera with tolerant plants showing 
least membrane damage than the susceptible (Maali Amiri et al. 2010; Heidarvand 
et al. 2011). Despite plants vulnerability to stress, NP like TiO2NPs possesses the 
potential to mitigate the chilling effect by reducing membrane degeneration and 
maintain electrolyte imbalance (Mohammadi et al. 2013). However its accumula-
tion ratio is more in sensitive (thinner membrane layer and wide stomata) to tolerant 
genotype (Giacomo et al. 2010). Photosynthesis is essential process of plant that is 
affected by the chilling stress. Plants subjected to cold result in photosystem dam-
age by decreasing in chlorophyll content, transpiration rate, deterioration in photo-
system enzymes (Liu et al. 2012; Yordanova and Popova 2007).

Ameliorations of NPs on photosystem have been inferred by elevated synthesis 
of Rubisco (photosystem enzymes) (Gao et al. 2006a, b), chlorophyll capacity to 
absorb light, (Ze et al. 2011), rate of electron movement and and suppressed ROS 
synthesis in chloroplast (Giraldo et al. 2014). TiO2 NPs manifested the increased 
expression level in genes associated with Rubisco and chlorophyll binding proteins 
(Hasanpour et al. 2015), improved activities of antioxidant enzyme such as CAT, 
APX and SOD (Mohammadi et  al. 2014a, b), finally increase resistance against 
chilling stress.

When plants are subjected to cold stress the transcript level of antioxidant genes 
like MeAPX2 and MeCu/ ZnSOD is up regulated, dehydroascorbate reductase, 
monodehydroascorbate reductase and glutathione reductase activities are elevated. 
As a result ROS scavenging which leads to repressed oxidative stress factors (lipid 
peroxidation, pigment degradation and H2O2 production) ultimately develop toler-
ance (Xu et al. 2014). While the application of NPs on Chiling stress have been 
reported with enhanced growth and physiochemical processes in plants under cold 
(Azimi et al. 2014; Hawrylak-Nowak et al. 2010; Kohan-Baghkheirati and Geisler- 
Lee 2015; Haghighi et al. 2014).

4.2.4  Heavy Metals Stress

Metal with high molecular weight and toxic at very low concentrations are termed 
as heavy metals. Metal stress has become one of the alarming environmental issues 
plants are facing worldwide that cause toxicity and serious crop loss (Chibuike and 
Obiora 2014; Rahimi et al. 2012). Heavy metal causes reduction in plant growth by 
disruption of important plant activities like reduced up take of vital elements, 
repressed enzyme activities which results into deprivation of important element 
(Capuana 2011). Plant Growth medium augmented with metals accelerates ROS 
synthesis, resulting in to oxidative stress in plant cell by disruption of cell structure 
including organic molecules and plasma membrane (Sharma et al. 2012; Rascio and 
Navari-Izzo 2011).

To combat heavy metal stress plant evolve a special defense mechanism by pro-
ducing metal chelate, polyphosphates and organic acids which restrain the uptake of 
metal ions regulation of anti-oxidative pathways (CAT, POD and SOD)and 
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ultimately ROS scavenging. Although plant defense mechanism is pivotal to coun-
ter heavy metals, artificially induced NPs play key role in reducing heavy metal 
phyto-toxicity (Gunjan et al. 2014; Tripathi et al. 2015).

ZnO NPs along with other micronutrients (Zn, Cu, Mn) are reported to play cru-
cial response to reduce efflux of cadmium (Cd) in plants (Baybordi 2005; 
Venkatachalam et al. 2017). River tamarind (Leucaena leucocephala) possesses Cd 
and Pb phytotoxicity, which can be ameliorated by the foliar spray of ZnO NPs. The 
NPs are responsible for elevated soluble proteins, chlorophyll and carotenoid con-
tent in leaves, and decrease in oxidative damaged to lipids membrane (Venkatachalam 
et al. 2017). The induced level of antioxidative enzymes (CAT, SOD, POD) in leaves 
of L. leucocephala and lipid perodixadation was confirmed at seedling stage. Similar 
effects were recorded by Si NPs application to reduce Cr toxicity through activation 
of anti-oxidative pathways in pea plant (Tripathi et  al. 2015). Enormous studies 
have been conducted using TiO2 against abiotic stresses in plants. Besides mitigat-
ing effects on environmental stress, TiO2 NPs proved to limit Cadmium (Cd) phy-
totoxicity by augmented growth and increased energy driven pathways (Singh and 
Lee 2016). In addition TiO2 multiple NPs evinced positive role against heavy metal 
challenge in plants (Table 4.1). Li and Huang (2014) exhibited that nano- hydroxy-
apatite (Ca5(PO4)3) may regulate toxicity of Cd in Brassica chinensis.

4.3  Conclusion and Future Perspectives

Nanoparticles minimize the damage caused by environmental stresses by activating 
the defense system of plants. The activated defense system is the result of high ROS 
activities, which exhibited the toxic effects. Taking advantage of their size NPs 
become permeable and modulate ion channels to promote growth and germination 
of plants. The large surface area helps in absorption and delivery of molecules. The 
exact mechanism of action of MPs is still not very well studied however the omic 
studies revealed that NPs mimic secondary messengers and related proteins are acti-
vated. A cascade of reactions starts that leads to altered gene expression responsible 
for abiotic stress tolerance and plant growth. In conclusion it is merely important to 
further study the exact role of NPs at molecular level to confirm whether these mol-
ecules are involved in stress tolerance or stress induction.
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Chapter 5
Alleviation Mechanism of Drought Stress 
in Plants Using Metal Nanoparticles – 
A Perspective Analysis

Iqra Naseer, Sumera Javad, Ajit Singh, Saba Maqsood, Sumera Iqbal, 
and Khajista Jabeen

Abstract Drought stress is the dilemma and most of the human population will be 
exposed to its worse effects in coming years. Global production of food crops has 
been reduced due to drought stress. This is an alarming situation for economies to 
feed their population. Researchers are working on different parameters to address 
this problem for ever-increasing food demand of world population. One of them is 
the use of metallic nanoparticles e.g., zinc, iron, titanium etc. (size less than 100 nm) 
which are center of interest at time for solving the issue of drought stress for plants. 
These nanoparticles have higher surface volume as compared to their size which 
make them more active and more penetrative. These particles are not only used as 
readily absorbable nutritive elements for plants but also reduce the oxidative stress, 
produced due to drought by increasing the photosynthetic efficiency of drought 
affected plants. NPs have also been known to induce gene expression to tolerate 
drought stress. These nanoparticles can be supplied to plants in form of seed coat-
ing, soil drench or foliar spray according to their mode of action. In present chapter 
role of metal nanoparticles will be discussed for alleviation of drought stress from 
food crops.
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5.1  Introduction

In the field of agronomy, high quality agricultural applications and related technol-
ogy, not only increase the product, but also facilitate the associated individuals and 
farmers economically, by lessening the inflation rate and encouraging food security. 
This results in financial stability and food security of a region. While, wrong choices 
of agricultural techniques like fertilizers and cheap pesticides which can reduce 
crop yield and production on large scale in very short time with pollution effects 
(Aissa et al. 2018; Barnabás et al. 2008). Certain climatic problems such as increased 
temperatures, unusual long winters/summers, salinity, water logging, pest attack 
and water stress also affect the agriculture. These climatic changes or disasters can’t 
be avoided but can be addressed with proper use of knowledge and technology.

Water stress or drought condition is one of the major climatic catastrophe affect-
ing crops globally. Drought can be defined as a water deficit phenomenon in which 
loss of water exceeds from aerial parts of the plant in comparison to the water 
absorbed by the roots. The reasons of this abiotic stress could be that

 1. water is not retained in the soil particles,
 2. lower water level in soil and
 3. lesser precipitation (Salehi-Lisar and Bakhshayeshan-Agdam 2016; Lambers 

et al. 2008).

Hence, plants have to come up with this water deficiency to preserve their hydric 
status by changing their morphology and physiology (Chaves et al. 2009).

About one third of the land on globe is semi-arid and arid and most of the other 
land is affected with drought. Drought is also known to be one of the main reasons 
of low grain quality and lesser crop production. Water deficiency is detrimental to 
growth of plants and may lead to many social and economic problems. Different 
aspects of plant growth and related parameters such as photosynthetic and respira-
tory machinery, cell membranes, lipid and protein production have been badly 
affected by the drought. It also affects DNA, carbohydrates and production of reac-
tive oxygen species (Caverzan et al. 2016).

All over the world, problem of water scarcity has worsened due to continuous 
change in climate, rapidly increasing global population and water pollution. 
Research and techniques are required in forms of smart agriculture to cope with 
such disasters. Advancement in science and technology has improved human life 
with the enhanced potential of exploring natural resources (Trenberth et al. 2014). 
Nanotechnology is one of the extension of science which has the potential to help 
mankind to cope with disasters like water stress. In this chapter, hazards related to 
drought stress on plants and their possible solution with nanotechnology is discussed.
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5.2  Drought as Limiting Factor for Crop Production

In the past, drought was the cause of great famines. Water scarcity and a rapid 
increase in the world population are two main serious problems which have endan-
gered the world food security on one hand and on the other hand, has provoked 
added to the limiting effects of the drought (Somerville and Briscoe 2001). Drought 
severity is quite an unpredictable response of an environment sometimes in some 
areas which have never faced the problem before. Because it is dependent upon 
rainfall, water storage capacity of soils and rate of evaporation (Wery et al. 1994).

Early stages of plant growth and development such as seed germination, coleop-
tiles length and health are reduced due to drought stress. It limits and alters the 
many characteristics of the plants. One of the main factors of plant progression is 
seed germination which is sensitive to drought stress. Significant changes at the 
germination stage of many plants including maize (Queiroz et  al. 2019), wheat 
(Qayyum et al. 2011) and sorghum (Patanè et al. 2013) were observed. Plants which 
usually bear exposure to drought stress have shown decreased plant height, wilting 
in leaves and delayed buds and flower formation (Fig.  5.1). Stem length is also 
reduced due to the limited availability of the nutrients and soil water to the plants in 
water stress conditions (Razmjoo et al. 2008).

Drought conditions make the plants to change their root structure for water 
absorption from the deep soil layers (Asadi et al. 2012). Roots are part of many 
important activities of plants such as nutrient and water absorption and interaction 
with microorganisms as symbiosis in rhizosphere. In addition, water availability is 
mainly recognized by the roots, as a result, root growth and characters (length, 
spread, number, lateral roots) are regulated (Salazar et al. 2015). Thus, water scar-
city increases root length in plants. Strong root system of the plant give rise to better 
plant growth especially in earlier stages of plant development (Smith and Smet 
2012). Increased root growth in drought, if possible, causes soil water retention and 
enhanced nutrient accumulation which in turn increases plant biomass production 
(Zulfiqar et al. 2020). Drought significantly decreases plant biomass but plant root 
to shoot ratio improves to cope up stress conditions which can be further modulated 
by using different techniques.

The leaf is photosynthetic part of the plant and another important part which is 
badly affected by the drought condition usually. It has been reported in literature 
that number of leaves are decreased under drought stress as reported in Andrographi 
spaniculate (Kapoor et al. 2020). Photosynthesis requires good maintained leaf area 
and development which is the key factor for plant growth. During drought condi-
tions, rate of photosynthesis is usually reduced as a result of lesser water absorption 
in roots (Srivastava et al. 2014). Leaf area is also reduced after facing a long term 
drought situation because of decrease in cell division and cell turgidity. Reduction 
in leaf area as a result of drought also helps to reduce the rate of transpiration from 
leaves, thus overall reducing the negative effects of drought (Bangar et al. 2019).

There are a lot of treatments to help plants in competing stresses like drought. 
These include breeding techniques, genetic engineering, chemical additions and a 
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lot more with their own advantages and disadvantages. Nanotechnology is an easy 
to opt modern technology, showing its deep benefits. For most of the times, nanopar-
ticle treatment help to enhance the existing mechanism of plants to fight against 
stresses. So here an overview has been presented about role of nanoparticles in 
enhancing and boosting the defense mechanism of plants.

Fig. 5.1 Drought stress, a channel towards food scarcity

I. Naseer et al.



119

5.3  Nanotechnology as Drought Resistant Technique

Water, being an important element for survival of plants and having an essential role 
in transportation of nutrients, can bring drought stress if deficient, which can further 
result in weakened strength of plants. A significant effort is promised by nanotech-
nology in the mitigation of drought stresses. Various novel studies have assessed 
mediation of nanoparticle in variety of stresses (Barrena et al. 2009). These particles 
are engineered compositions that have a diameter or length in nanometer measure-
ment and at least one side measurement is less than 100 nm (Khan et al. 2019). 
These nanoparticles can be synthesized by inorganic, organic or biological ingredi-
ents. With regard to their distinctive physical and chemical characteristics, NPs are 
widely utilized in agriculture and industry, which has paved the way for enhanced 
number of processes and products. There are various uses of NPs in different areas 
i.e., for industrial (Aziz et al. 2015), human health (Aziz et al. 2016), food science 
processes (Saxena 2009), and agricultural (Mishra et al. 2014). Yet, nanoparticles 
can interact with biological systems depending upon their surface characteristics, 
mechanical, physical and chemical properties (Klaine et al. 2008). This versatile 
area of nanotechnology has retained its usage in almost all the current disciplines of 
science.

For instance, in the area of agriculture, NPs are being utilized as nano-fertilizers, 
nano-pesticides, nano-sensors, etc. (Iqbal et  al. 2020). NPs application as nano- 
fertilizers can increase various growth parameters of plant like enhanced germina-
tion and growth of seedling. These have also positive effects on physiological 
activities of plants as well like nitrogen metabolism and photosynthesis and includ-
ing actions of APX, POX and CAT inside the leaf tissue. Moreover, nanoparticles 
can cause positive alterations in gene expression of plants which is an evidence that 
NPs can be used in improvement of crops. There are a number of researches show-
ing significant impact of NPs conc. Size and shape on sugar, chlorophyll and protein 
content.

Nanoparticles (NPs) exhibit large surface area, enhanced reactivity, and chang-
ing morphology of particles. Many metal NPs or their oxides have been detected to 
prevent biotic and abiotic stresses. Still, there is much research needed to create the 
technology for the achievement of viable agriculture (Saxena et al. 2016).

NPs also seem to increase the tolerance to water stress through the enhancement 
of hydraulic conductance of root and uptake of water in plants. NPs also assist other 
proteins which fight drought by oxidation-reduction, signaling of stress, ROS 
detoxification, and hormonal pathways. Nanoparticles possess very high mobility, 
which allows quick nutrient transport to all parts of plant. Particularly, concrete 
investigation and exploration of facts and mechanisms is required to find the roles 
of nanoparticles in stress conditions of plants (Das and Das 2019).
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5.3.1  Mechanism Involved

It is already a known fact that supplementation of minerals like zinc, copper, mag-
nesium, cobalt, iron and nickel, can significantly enhance crop yields in trauma 
environments of stress (Ashraf et al. 2012; Jaleel et al. 2008). Nanoparticles with 
their larger surface area and smaller size present a better treatment for drought stress 
to plants as compared to their macro-size salts, being conventionally used. 
Nanomaterials when used as nanofertilizers or nanopesticides, they present a great 
solution for efficient use of resources. If they are used in a targeted manner, they can 
give an outstanding output in terms of plant yield and growth. They can also prove 
their effective role for plants in coping with issues related to soil plant interaction in 
drought resistance (Ragab and Saad-Allah 2020; Prasad et al. 2014).

5.3.2  Role of Nanoparticles

Some of the essential functions of nanoparticles to reduce the effects of stress are 
given below (Dimkpa et al. 2019; Khan et al. 2017; Taran et al. 2017)

 1. Boosting of antioxidant structures and mechanisms in plant cells and tissues
 2. Enhancing seed germination
 3. Toxic metal Co-precipitation with Silicon
 4. Ions of toxic metal are Immobilized in growth media
 5. Enhanced Nitrogen Acquisition
 6. Stabilizing photosynthetic components
 7. Plasma membrane ATPase activation
 8. Stomatal activity maintenance
 9. Activation of stress related genes
 10. Change in uptake processes for water and minerals
 11. Compartmentation of metal ions within plants

5.4  Plant Adaptations to Drought Stress

Plants have tendency to adapt their own pathways at physiological, biochemical and 
molecular stages as a defense mechanism to cope with climatic changes throughout 
their life cycle (Fig. 5.2). Plants alter gene expression at molecular level to over-
come these environmental stresses. Drought affects growth and yield parameters of 
the plant very badly. Breeding is done to get plant varieties with drought tolerance 
at physiological and morphological level. Thus, primary purpose of breeding crops 
is to enhance the survival rate, growth and development of plants in water stress 
situations. Water Use Efficiency (WUE) is considered as significant selection qual-
ity to measure the performance and quality of the crop. As a matter of fact, a range 
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of methods have been developed by the plants to lessen the usage of their resources 
and adjust their growth to unfavorable climate change (Verma et al. 2020; Nishiyama 
et al. 2013).

Plants endure many environmental stresses with the variety of responses at mor-
phological biochemical and physiological stages to survive (Huber and Bauerle 
2016). At physiological level, Plants show two significant responses as a result of 
water deficiency and heat stress:

 1. Avoidance mechanisms

Avoidance mechanism mainly provides escape to the drought and heat stress. 
These are basically modifications (morphology and physiology) of certain 
plant parts which includes enhanced root systems, lesser number of stomatal 
conductance, reduced leaf area, increased leaf thickness and curling to reduce 
the transpiration rate (Goufo et al. 2017). Moreover, biosynthesis of the cuti-
cle wax on the aerial parts of the plant is another adaptive response as well 
(Lee and Suh 2013). No doubt, this is going to decrease in production.

 2. Tolerance mechanisms

Tolerance mechanisms are associated with osmotic adjustments. They pre-
serve the hydrostatic pressure of the tissues. This is done by making changes 
at by cellular and biochemical level (Blum 2017). Many sensors which are 
part of response signaling helps plants to recognize stress under water scar-
city. These signaling pathway make survival possible without morphological 
mechanism.

5.4.1  Role of Phenotypic Flexibility to Cope Drought 
and Related Role of Nanoparticles

As drought adversely affect the plant growth, so plant develop morphological adap-
tations such as changes in roots and shoots because these are mostly affected 
plant parts.

Fig. 5.2 Various adaptations in plants to cope drought stress
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 (a) Leaf area along with number of leaves per plant are reduced during water deficit 
conditions to minimize the water loss as a result yield becomes low. It is a 
known fact that plants having small leaves such as xeric plants can endure 
drought very well even though their biomass and growth rate is low (Ball et al. 
1994). A phenomenon of leaf pubescence protects the plants from bearing 
extreme temperatures. Also, hairs on leaves reduces the transpiration rate and 
temperature but differences can be present under inter and intra species 
(Sandquist and Ehleringer 2003). Leaf hair reduces water loss from the leaf 
surface by causing hindrance in the movements of vapors from the surface into 
the environment during heat and temperature stress. Drought stress stimulates 
formation of trichrome on both side of wheat leaves but no noteworthy effect 
was observed on boundary layer resistance. Mature stems under water stress 
showed decreased water content and water potential i.e., 4%  - 0.25  MPa 
respectively.

During the water stress condition, mature stem of Hylocereus undatus 
actively provided younger stem with phloem supply of water resources and 
other assimilates to maintain growth. Furthermore, sucrose containing nectar 
was preserved during water deficiency maintained but stem elongation was 
stopped by the girdling phloem of younger stems. Insignificant axial hydraulic 
conductivity was observed. Also, for xylem transportation the water potential 
gradient was moving in alternate direction i.e., older stem to the younger ones 
(Nerd and Neumann 2004).

Metal nanoparticles have shown progressive effects related to shoot and leaf 
growth and development in plants. Nano zinc oxide can modulate or alter the 
effects of drought from plants. Researchers have reported that effect of nanopar-
ticles is usually size, morphology, size and type dependent. Yusefi-Tanha et al. 
(2020) used three different types of zinc nanoparticles with a different combi-
nation of size and shape. It included 38 nm, 59 nm, 500 nm with spherical, 
flower like and rod like shapes respectively. They reported that 38 nm spherical 
shape ZnO nanoparticles were most efficient to increase the growth of soya 
bean, but up to a maximum concentration of 400 mg. During the NPs treatment 
during water stress on plants, mineral uptake by plants is increased mainly 
which can increase chlorophyll content of plant cells. This can lead to increased 
leaf and shoot growth (Yusefi-Tanha et  al. 2020). Nanoparticles are also 
increased the microorganism in the rhizome, thus positively enhancing mineral 
exchange between soil and plant roots. This directly or indirectly increases the 
plant shoot and leaf growth (Cota-Ruiz et al. 2020). Dimkpa et al. (2020) also 
reported that in drought affected wheat plants, chlorophyll content is decreased 
where nanoparticle treatment to wheat seedlings can positively enhance chloro-
phyll content and shoot growth (Dimkpa et al. 2020). Titanium oxide nanopar-
ticles cause the loosening of the cell wall and cause the increase of the shoot 
growth in drought stress. These nanoparticles also cause an increase the cell 
division and cell development in plants like the effects of gibberellins and cyto-
kinins (Hojjat 2020; Mohammadi et al. 2016; Sauret-Gueto et al. 2012).
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 (b) Root growth and other characters such as its size, thickness, and production are 
important during water stress because they are basis of water absorbance from 
the soil. In plants roots are significant organs to adapt under water stress. In 
extended periods of vegetative stress where leaf area and growth are main-
tained, modifications in root architecture maintain the plant water status. In 
rice, broad and deep root system has significantly showed tolerance to the water 
stress (Kavar et al. 2008). During crop growing season, root features such as 
structure and its spread rather than its quantity matters in water absorbance. 
Root development and its function enhanced the drought resistance in cotton, 
tea and onion. In legumes yield has been increased under water stress condi-
tions due to the wide spread root system (Subbarao et al. 1995).

Table 5.1 shows the influence of different nanoparticles on plants related to 
their root system health.

It can be sum up that plant might avoid water stress by two main procedures i.e., 
with upholding the high water potential and making an effort to enhance water 
uptake or mixture of both procedures. They maintain their water potential by 
reduced water loss and increase water absorption by morphological and 
physiological changes. Moreover, plants can lessen their growth phase and surface 
area with the formation of small leaves and leaf shedding.

Table 5.1 Reports of positive influence of different nanoparticles on root growth of plants

Sr. 
# Crop/Plant Type of nanoparticles References

1 Anthemis silanica Silicon oxide nanoparticles Ahmadi et al. (2020)
2 Brassica oleraceae Zinc oxide nanoparticles Awan et al. (2021)
3 Capsicum annuum Zinc oxide nanoparticles Afrayeem and 

Chaurasia (2017)
4 Daucus carota Zinc oxide combined with iron oxide 

nanoparticles
Elizabath et al. (2017)

5 Lemna minor Aluminium nanoparticles Juhel et al. (2011)
6 Lycopersicum 

esculentum
Iron nanoparticles Brasili et al. (2020)

7 Mentha Piperita Titanium oxide nanoparticles Samadi et al. (2014)
8 Oryza sativa Iron oxide and titanium oxide 

nanoparticles, carbon nanotubes
Hao et al. (2016)

Silver nanoparticles Ejaz et al. (2018)
Zinc nanoparticles Guha et al. (2018)

9 Glycine max AgNPs + ZnONPS Afsheen et al. (2020)
10 Spinacia oleraceae Silver oxide nanoparticles + sewage sludge Singh and Kumar 

(2020)
11 Triticum aestivum Silver nanoparticles Iqbal et al. (2019)
12 Vigna radiata Titanium oxide nanoparticles Mathew et al. (2021)
13 Zea mays MgO Shinde et al. (2020)

ZnO Itroutwar et al. (2020)
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5.4.2  Physiological Mechanisms

Some key mechanisms are of significant importance for drought resistance which 
includes: osmo-protection, osmotic adjustment, anti-oxidation and scavenging 
defense system. Genetic changes for physiological mechanisms under drought are 
vague but some other complex methods have been suggested. Nanoparticles of vari-
ous types, origin, shapes and sizes have been reported to directly or indirectly 
affecting these phenomenon, thus helping plants to cope water stress.

A few of these methods are explained below (Fig. 5.3).

 A) Role of osmolyte production

The general approach for stress tolerance is excessive synthesis of various har-
monious solutes, organic in nature (Serraj and Sinclair 2002). These osmlytes are 
even nontoxic to plants cell at higher cytosolic concentrations. They are known pos-
sess higher solubility with low molecular weight. Usually these organic solutes save 
plants from stresses by different mechanisms which includes:

• Causes changes in osmotic pressure
• Work against reactive oxygen species thus minimizing the loss
• Help in membrane stability along with the structure Maintenance of proteins, 

membranes and enzymes

Fig. 5.3 Physiological mechanisms in plants to cope water stress
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When water relations are maintained under osmotic stress it is known as osmotic 
adjustment. It contains many molecules or ions which are osmotically active such 
as, sugar alcohols, organic acids, proline, soluble sugar, glycine betaine, chloride 
ions, calcium, potassium and many more. During drought, solute accumulation 
leads to reduced osmotic potential as a result water is attracted to the cell and turgor 
pressure is maintained. Osmotic modifications help plant to carry out its functions 
like photosynthesis, incorporate partitioning and grain filling at normal rate 
(Subbarao et al. 2000).

Proline is one of the significant cyto-solute which is freely accumulated in bac-
teria, algae, animals and higher plants under lower water potential. When water 
potential is low, increased bio synthesis and slow oxidation in mitochondria leads to 
synthesis of proline. Proline has many roles which include establishment of macro-
molecules, storage of carbon and nitrogen after water deficiency and a sink for 
enhanced reductant (Zhu 2002). In peas, proline content was improved during water 
stress (Alexieva et  al. 2001). When there is drought situation, many herbaceous 
plants are more threatened than other stronger plants like trees and shrubs. There are 
research reports about such plants as well that during drought plants like petunia 
(Petunia hybrida) drought resistant cultivars varieties fought against water stress by 
accumulating free proline which was osmo-protectants and stimulated drought 
resistance (Yamada et al. 2005).

There are number of reports showing enhanced proline content in plants treated 
with nanoparticles. Latef et al. (2018) reported higher content of proline in broad 
bean plants when treated with titanium oxide. Faizan et  al. (2018) documented 
improved plant growth in tomato plants under the effects of zinc oxide nanoparti-
cles. Zahedi et al. (2018) worked on strawberry plants under the effects of selenium 
nanoparticles. They also reported the enhanced conc. of osmolytes in presence of 
nanoparticles.

One of the widely studied solute and ammonium compound in bacteria, plants 
and animals is Glycinebetaine, N, N, N-trimethyl glycine (Fig. 5.4a). It has been 
reported that it has significant importance in improving plant resistance to many 
stresses and drought as well (Quan et al. 2004). Plants which don’t form glycinebe-
taine, when were engineered with glycinebetaine producing genes, they showed 
higher tolerance to various types of stresses. In drought tolerant cotton varieties 
glycinebetaine found to be accumulated as compared to the non-tolerant ones 
(Naidu et al. 1998). Moreover, it not only works as an osmo-protectant or helpful in 
enzyme or membrane integrity but glycine betaine is also effective in ameliorating 
various stresses in plant cells by taking part in signal transduction pathways 
(Subbarao et al. 2000). There are also reports of an increased levels of glycine beta-
ine in nanoparticles treated plants, thus helping and assisting plant mechanisms in 
tolerating the stress situation (Najafi et al. 2020).

Citrulline is an amino acid (Fig. 5.4b) and its named is derived from Citrullus 
(Latin name of watermelon). Various proteins have citrulline though these are not 
encoded by the genes and during formation not build into proteins (Kawasaki et al. 
2000). It is proposed that citrulline buildup improves the fighting ability of wild 
watermelon (Citrullus lanatus) to face extreme water stress in spite of having 
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normal C3-type photosynthesis (Akashi et  al. 2001). Citrulline replaced other 
osmolytes in wild watermelon as their leaves contained higher amount of citrulline 
(Kawasaki et al. 2000). It is presumed that citrulline makes only 5% of the meso-
phyll cells and present in cytosol only. In addition, it is a novel solute known as an 
efficient hydroxyl ion scavenger observed till now. Also, citrulline protects the 
essential enzymes and DNA from injuries caused by oxidative species or ROS 
(Bektasoglu et al. 2006). There is not a valid and significant research report to the 
date, reporting higher level of citrulline in plants on exposure to nanoparticles. But 
this aspect may also be worked with.

γ-amino butyric acid is a non-protein amino acid (Fig. 5.4c) which acts as zwit-
ter ion . It is found in free form. Also, it has flexible cylic-molecular structure which 
is like proline. A quick buildup of γ-aminobutyric acid was observed in tissues dur-
ing exposure to stress. It is highly soluble in water at physiological pH. In higher 
plants, it might work as signaling molecule during stress condition (Serraj et  al. 
1998). In water stress conditions, γ-aminobutyric acid act as osmoregulator, ROS 
detoxifier. It plays its role in proline metabolism by enhancing its accumulation by 
its conversion from putrescine to proline, as a mediator of a signal transduction. It 
also causes detoxification of reactive oxygen radicals (Kinnersley and Turano 
2000). γ-aminobutyric acid synthesis takes place under water stress by initiation of 
signal transduction mechanism in which elevated levels of cytosolic Ca2+ stimulates 
Ca2+/calmodulin dependent glutamate decarboxylase action. γ-aminobutyric acid is 
involved in plant growth, pH regulation, nitrogen storage, defense, glutamate utili-
zation and a compatible osmolyte (Wahid 2007). Study of relationship of nanopar-
ticles and resultant γ-amino butyric acid content of plants can help in treating water 
stress areas and crop selection there along with type of nanoparticles.
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Fig. 5.4 (a-c): Phytochemicals being produced in plants during water stress
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As a matter of fact, main point for plants is to preserve water in cells and tissues 
to combat water stress for plants. In this way they can sustain anti-oxidant shield 
and can maintain cell membranes. There are number of compounds which play an 
important role in drought tolerance mechanism of plants like free amino acids, poly-
amines, sugars, γ-aminobutyric acid and plant growth regulators etc. They can per-
form their action by controlling various basic metabolic pathways of plants like 
stomatal regulation to control water movement, protection of DNA, proteins, attack 
against ROS and maintaining integrity of cell membranes by maintain the water 
balance.

 B) Role of Phytohormones

 (i) Abscisic acid (ABA)

Abscisic acid (ABA) is known as stress hormone because it has involvement in 
both biotic and abiotic stress response (Kiba et al. 2011). It acts as a negotiator in 
plant responses to various stresses and drought stress as well (Keskin 2012). In 
water deficiency, ABA regulates the guard cell for maintenance of water status and 
stimulation of genes for proteins and enzymes linked with drought tolerance. There 
are many variants present which are ABA deficient such as maize, tomato and 
Arabidopsis (Zhu 2001). In continuous drought, abscisic acid lacking varieties of 
Arabidopsis wilt and die. ABA preserve root and shoot growth under drought condi-
tions. It also stops over production of ethylene.

Vanvoka et al. reported in 2017, that stress hormones like abscisic acid are upreg-
ulated during nanoparticle treatment. Higher exposure of plants to nanoparticles 
(ZnO) could produce very higher amounts of this growth inhibitor. But it is also 
plant species dependent. If doses and time of application of nanoparticles, this char-
acteristic or negative impact of nanoparticles on plants may be utilized positively 
during stress management. This can help plants to cope better with drought stress as 
enhanced quantities of ABA can help plant in stomatal regulation and better water 
management. But extensive research projects are needed to explore effects of these 
individual nanoparticles and their combinations in cash crops. One of such research 
was carried out by Zahedi et al. (2021) who reported increased drought resistance in 
pomegranate trees when treated with foliar spray of selenium nanoparticles. One of 
the main parameters studied in the trees was the amount of ABA. Foliar spray of 
10 nm size selenium nanoparticles had a positive effect and a positive direct correla-
tion between growth of trees and ABA content of the plants.

 (ii) Salicylic acid (SA)

Although, salicylic acid has various physiological roles but it has also significant 
importance in reducing many stresses like heat, chilling and water stress (Hussain 
et al. 2008). It’s a phenolic compound and plays an important role in signal trans-
duction mechanism of the plant to fight with stresses (Vlot et  al. 2009; Malamy 
et al. 1992). Application of SA to tomatoes under drought, enhanced certain param-
eters which included photosynthesis, chlorophyll contents, relative water content, 
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carbonic anhydrase activity, nitrate reductase activity and over all leaf water poten-
tial (Hayat et al. 2007).

A different aspect for application of nanoparticles through salicylic mediated 
treatment of drought in plants has been investigated. Salicylic loaded nanoparticles 
have been synthesized and caused a slow release of SA when applied to plants 
which help them to better control their immune response against stress and continue 
normal growth (Kumaraswamy et al. 2019). SA acid in combination with nanopar-
ticles has also shown positive impact on stress tolerance of plants by enhancing their 
growth indicators (Abdoli et  al. 2020). Particularly a combination of iron oxide 
nanoparticles and SA is a useful combination as used in drought affected strawber-
ries by Mozafari et al. (2018). Strawberries plantlets were grown with different level 
of drought stress and SA improved growth parameters in all applied drought levels.

 (iii) Jasmonic acid (JA)

Jasmonic acid regulates the development of the plant. It protects the plant from 
pathogen invasion and various climatic stresses including drought (Cheong and Do 
2003). Ascorbate metabolism is an antioxidant response which is induced by the 
JA. Under drought conditions jasmonic acid starts to form in roots and leaves of 
maize and pear respectively (Aimar et al. 2011). Fujikawa et al. (2021) reported the 
anti-stress action mechanism of magnesium oxide nanoparticles through jasmonic 
acid signaling pathway. This can be further tunneled with drought resistant action of 
jasmonic acid.

 (iv) Cytokinins (CKs)

Stress stimulated production of cytokinins reduces leaf aging process and hence 
increases drought tolerance in crop plants (Peleg and Blumwald 2011). Water stress 
limits the synthesis of cytokinins and usually stressed plants contain low levels of 
cytokinins in xylem exudates (Pospisilova et al. 2000).

In plants who have a reduced production of cytokinins for example Arabidiopsis 
and transgenic tobacco, root growth was enhanced which helped the plants to fight 
against drought stress. There is a direct relationship between root increase cytokinin 
degradation. And then root structure and formation is directly related to water stress 
resistance. This has been proven true for a number of crops and plants including 
Arabidiopsis and tobacco plant. Studies in transgenic plants have proven these facts. 
Therefore, to develop drought stress tolerance in plants, attempts are being done to 
develop such plant breeds which have extensive root systems. Because plants which 
have extensive root system can better absorb water and nutrients, thus can fight the 
stress more easily. Their survival in drought is probably more expected (Tuberosa 
2012; Werner et al. 2010).

Silicon oxide nanoparticles have been reported to show progressive effects on 
cytokinins signaling genes, thus promoting growth in treated plants (Azhar et al. 
2021). Cytokinins in leaves and other tissues of capsicum have been reported to be 
increased by application of silver nanoparticles in a dose reliant mode (Vinkovic 
et al. 2017; Zuverza-Mena et al. 2016). Particularly, production of zeatin type cyto-
kinins is enhanced when nanoparticles are applied to them (Vankova et al. 2017; 
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Vinkovic et  al. 2017). These researches put the base for use of nanoparticles in 
struggling against drought stress through cytokinins pathway.

 (v) Ethylene

Stomata are closed when ethylene produce hydrogen peroxide in guard cells. 
Ethylene also expresses SodERF3 gene which enhanced osmotic potential in 
tobacco plants to tolerate drought (Trujillo et al. 2008).

 C) Role of Antioxidant defense

Plant defense system is mostly triggered as a result of drought induced reactive 
oxygen species (ROS). To overcome damages caused by the ROS, a powerful, rapid 
and effective antioxidant system is essential which also provides drought resistance. 
It involves enzymes and non-enzymatic factors which help in detoxification of the 
plant by repairing injuries caused by the reactive oxygen species. An oxidative 
stress is induced during water deficiency by the singlet oxygen, hydrogen peroxide 
(H2O2), hydroxyl radicals (OH−) and free oxygen radicals O2− (Impa et al. 2012). 
Strength and integrity of cell membrane and other organs are maintained by enhanc-
ing antioxidant machinery. This reduces the electrolyte leakage, lipid peroxidation 
and ROS scavenging in plants. ROS activity is controlled by the production of anti- 
oxidant enzymes which activates the cell redox reactions as a result, cell injury and 
cell death is avoided. Antioxidant enzymes which include superoxide dismutase 
(SOD), catalase (CAT), ascorbate peroxidase (APX) and peroxidase (POD) were 
found to very active under drought (Cao et al. 2017). Often, drought resistant plants 
show increased antioxidant activity as compared to non-resistant varieties 
(Table 5.2).

APX is an essential enzyme which is commonly found in chloroplast and cyto-
plasm. In chloroplasts, it scavenges the hydrogen peroxide. Change in its activity is 
widespread in fibrous roots than in cytoplasm (Caverzan et al. 2016). In poeny plant, 
change in functions of antioxidant enzymes (CAT, APX, SOD, POD) protected it 
from drought stress (Wang et al. 2019). During water scarcity Coleus plectranthus 
showed enhanced activity of alpha tocopherol, ascorbic acid, glutathione (non- 
enzymatic antioxidants) and APX, SOD, CAT (antioxidant enzymes) (Prathyusha 
and Chaitanya 2019). In Vicia faba, antioxidants enzymes were formed during 

Table 5.2 Antioxidant enzymes and their role in plants during stress

Sr. 
# Enzyme Function

1 Superoxide 
dismutase (SOD)

In leaf tissues, this is responsible to control production of hydrogen 
per oxide and singlet oxygen and their diffusion in leaf tissues to 
compete with stress (Moussa and Abdel-Aziz 2008)

2 Peroxidase (POX),) 
and catalase (CAT

To control the making of singlet reactive oxygen and hydrogen 
peroxide in plants during stress

3 Ascorbate 
peroxidase (APX)

Its substrate is ascorbate, for conversion of hydrogen peroxide to 
neutral molecules of water and its main participation in the process is 
as ROS scavenger (Hossain et al. 2012).
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drought (Abid et al. 2017). In drought resistant variety of faba bean, antioxidant 
enzymes activity was increased as compared to non-resistant variety (Siddiqui 
et al. 2015).

Drought conditions, whether mild or acute, enhance the production of non- 
enzymatic and enzymatic antioxidants compounds in plants. In Adonis amurensis 
and Adonis pseudo-amurensis actions of APX, CAT, POD and SOD enhanced 
which caused a prominent reduction in the oxidative damage during water stress 
conditions, by lowering the reactive oxygen species inside plants (Gao et al. 2020). 
In a study of Vigna mungo POD and SOD activities were improved which increased 
the resistance to drought to limit its adverse effects during water deficiency 
(Gurumurthy et  al. 2019). Further, to neutralize the effects of H2O2 antioxidants 
(SOD, CAT, POX) were enhanced in Glycyrrhiza glabra L during drought stress 
(Hosseini et al. 2018).

Nanoparticles play a function in up regulation of the activities of enzymes that 
are antioxidant like, CAT, SOD and POD. Nanoparticles of TiO2 increase the activ-
ity of SOD and also, the range of enhancement was considered as a role played by 
concentration of NPs (Laware and Raskar 2014). Silicon Nanoparticles (SNPs) can 
efficiently alleviate the different abiotic stresses i.e., salinity, heavy metal toxicities, 
drought, freezing stresses, and chilling.

5.4.3  Role of Cell Membrane Stability

Various abiotic stresses have biological membranes as their first target. Generally, it 
is suggested that, under water stress, the preservation of stability and integrity of 
membranes is a foremost factor of plants’ drought tolerance (Bajji et  al. 2002). 
According to Premachandra et al. (1991), the stability of cell membrane, is consid-
ered as a physiological key which is a good indicator of measuring drought toler-
ance in individual plants. Moreover, it is also suggested that this is related to plant 
genetic makeup, since in drought stressed rice the quantitative trait loci have been 
drawn at various stages of growth (Tripathy et al. 2000).

Dhanda et al. (2004) elaborated that for the screening of germplasm in drought 
tolerance, the highly important characteristics found to be the stability of membrane 
of the leaf segment. Hence, the stability of cell membrane deteriorated swiftly in 
Kentucky bluegrass with simultaneous exposure of heat and drought stress (Wang 
and Huang 2004). An analysis was done by Gnanasiri et al. (1991) on maize, accord-
ing to which, drought tolerance is improved by potassium nutrition, mainly because 
of enhanced stability of cell membrane. Moreover, tolerance to drought is estimated 
as improvement in the stability of cell membrane. In the seedlings of holm oak 
(Quercusilex), hardening enhanced the tolerance to drought mainly by decreasing 
stomatal regulation and osmotic potential, improved the growth capacity of new 
root and increased the stability of cell membrane. Among the seedlings which were 
given treatment, the most responsive were those subjected to hardening at moderate 
level. Variation in the stability of cell membrane, capacity of root growth and 
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stomatal regulation had negative correlation with osmotic change (Villar-Salvador 
et al. 2004). Factors which are considered as a base for disruption of membrane are 
not well known; nevertheless, if the volume of cell decreases, it produces crowding 
and enhances the thickness of the components of cytoplasm. It leads to the increase 
in possibility of molecular interactions which can induce membrane fusion and pro-
tein denaturation. For systems of protein and model membrane, a wide range of 
certain compounds have been recognized that can reduce the above mentioned del-
eterious effects of molecular interactions. These chemical compounds include, fruc-
tans, glutamate, carnitine, proline, polyols, mannitol, glycinebetaine, sorbitol, 
carnitine, sucrose, oligosaccharides and trehalose etc. An additional chance for the 
leakage of ions from the cell could be because of inhibition of enzymes which are 
bound to membranes under the effects of heat. These enzymes are accountable for 
retaining cell’s chemical gradients. However, in a study by Gigon et al. (2004) leaf 
membranes of Arabidopsis were found to be very repellent to the deficiency of 
water. They show their strong ability to retain the contents of polar lipid. In this way 
they can retain their composition and stability even when drought conditions are 
really acute.

Titanium oxide and zinc oxide nanoparticles treated plants have shown improved 
membrane stability indices in various stresses (Satti et al. 2021; Semida et al. 2021). 
These areas can be further exploited in terms of drought stress in particular doses of 
nanoparticles.

5.4.4  Molecular Mechanisms

Deficiency in cellular water of plant can arise due to the reduction in soil water 
content. In conditions like this, variations occur in expression of genes which 
include both upregulation and down regulation of genes. A variety of genes are 
transcribed as a result of drought, and gene products thus formed are playing an 
important role towards creating tolerance to drought (Kavar et al. 2008). Stress con-
ditions can openly trigger gene expression, or it may be the result of secondary 
stresses or responses of injury. Furthermore, it should be made clear that resistance 
to drought or water stress is not a simple phenomenon at gene level, it is performed 
by a number of genes as a joint venture in a complicated way (Cattivelli et al. 2002).

 A. Aquaporins

Aquaporins are able to regulate and facilitate the water exchange passively across 
the membranes. Moreover, they are a part of family of intrinsic type of proteins 
present in cell membranes (Tyerman et al. 2002). Plasma membranes and vacuolar 
membranes of plant cells contain an abundant number of these proteins in them. An 
analysis of their structure revealed the general system of water transport mediated 
by proteins. While aquaporins were discovered in plants, it resulted in a shift in 
prototype of the understanding of water relations in plant. The relationship of 
drought resistance in plant with aquaporins is still not clearly definable. Nonetheless, 
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it is considered that the hydraulic conductivity of membranes can be regulated by 
the demand. Aquaporins can also potentiate an increase often to 20-fold in the per-
meability of water (Maurel and Chrispeels 2001).

For many years, the research has been done on plant water relations and aquapo-
rins. Mercury is considered to be a likely inhibitor of aquaporins. It became evident 
from numerous reports on deterioration of conductivity of root hydraulic induced by 
mercury, which proved the role of aquaporins in overall water uptake through root 
and also, in root cells that are highly compartmented, they perform a function in 
osmoregulation of cell (Javot et al. 2003). Reversal of genetics provide a refined 
method of exploration of role played by aquaporin in plant water interactions.

 B. Stress proteins

To cope with the widespread stressful conditions like deficiency of water stress 
proteins are produced, which is a pervasive response. Most of these proteins are 
water soluble and hence, contribute to the phenomena of stress tolerance by hydra-
tion of structures of cell (Wahid 2007). In tolerance to drought, production of vari-
ous transcription components and stress proteins is completely involved. The genes 
that bind dehydration-alert component are included in the signaling pathway of abi-
otic stress. There was a possibility to control the dehydration-alert component bind-
ing genes’ expression, which could further help in producing stress tolerance in 
transgenic plants.

When anew dehydration-alert component-binding gene is introduced as a tran-
scriptional factor, it essentially improves the tolerance to drought ability of rice 
(Yamaguchi-Shinozaki and Shinozaki 2004) and groundnut (Mathur et al. 2004). 
Various Capsella bursa pastoris like genes are expressed as a result of drought 
stress in plant species which include rice (Dubouzet et al. 2003), tomato and rye 
(Jaglo et al. 2001), cotton (Huang and Liu 2006), wheat (Shen et al. 2003), soybean 
(Chen et  al. 2007) and Brassica (Zhao et  al. 2006). When the dehydration alert 
component-binding gene1A were introduced in transgenic tall fescue (Festuca 
arundinacea), there appeared an increase in drought resistance by the growth of an 
enhanced level of proline. Also, it shed some light on the capability of Capsella 
bursa-pastoris genes for stimulating tolerance to water stress (Zhao et al. 2007).

With help of genetic and molecular studies various genes playing regulatory 
functions have been recognized for osmotic stress as well as drought response. 
There are two key pathways involved in water stress response:

• ABA dependent
• ABA independent pathway
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5.5  Metal nanoparticles and Drought Resistance

Metal and metal oxide nanoparticles ((TiO2, FeO, ZnO, Al2O3, CuO and SeO3), non 
metals (Phosphorous) and metalloids (Si and SiO2) have been utilized to improve 
the toxic effects of water stress in many agricultural crops.

5.5.1  Titanium Dioxide (TiO2) Nanoparticles

Although, it is not an important element for plants, however titanium has many 
significant physiological roles even in small amount (Tiwari et al. 2017). In water 
stress, the yield, starch and gluten contents were improved by applying 0.02% of 
TiO2 NPs as a foliar spray (Jaberzadeh et al. 2013). Also, in flax (Linum usitatissi-
mum) lower concentrations of titanium nanoparticles up to 10 mg/L reduced the 
water stress stimulated damage (Aghdam et al. 2016). The relative water content, 
CAT and anthocyanin production of Ocimum basilicum was also enhanced by 
applying 0.03% of these NPs during water stress (Kiapour et al. 2015). In cotton 
plants, by applying 50 mg/L of nano particles of titanium oxide at pre-flowering 
stage improved yield and biochemical parameters which included soluble proteins, 
antioxidant enzymes activity, total phenols, soluble sugars and plant pigments under 
water stress (Shallan et  al. 2016). The toxic effects of drought were reduced in 
Eruca sativa plants with the application of 20 mg/L of TiO2-NPs which as result 
increased formation of cysteine and H2S to enhance antioxidant activity, buildup of 
osmolytes and relative water content with immediate decrease in hydrogen per 
oxide and lipid peroxidation (Khan and Alzuaibr 2018). Similarly, in moldavian 
dragonhead plant the lipid peroxidation, and ROS activity was reduced while pro-
line content was increased with the 10 mg/L application of nanoparticles of titanium 
under drought (Mohammadi et al. 2016). Kamalizadeh et al. (2019) also demon-
strated TiO2-NPs effects on Moldavian dragonhead plant. They observed enhanced 
oil content, phenolic compounds but no effect on dry biomass of the plant. Drought 
stress, application of TiO2-NPs (30–50 mg/L) in this plant can be used to enhance 
the phenolic contents.

5.5.2  Iron Oxide (FeO) Nanoparticles

Iron (Fe) is an important component in plant growth and development as it is the 
part of chlorophyll, development of chloroplast, nucleic acid metabolism, respira-
tion and redox reactions. It is also essential for many enzymes because it is involved 
in co factors (Mimmo et al. 2014). Iron in the form of nano zero-valent iron (nZVI), 
nano-goethite (α-FeOOH), nano-hematite (α-Fe2O3), nano-maghemite (ɤ-Fe2O3), 
nano-magnetite (Fe2O4), and nano-iron pyrite (FeS2) is of significant value because 
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they have magnetic characteristics. Researchers have fascinated by their positive 
effects on plants (Zuverza-Mena et al. 2017; Srivastava et al. 2014). In cow pea and 
safflower foliar spray of 1.5 mg/L of iron nanoparticles enhanced seeds per pod, 
seed nitrogen content, yield and oil content simultaneously under water stress 
(Zareii et al. 2014). The growth of sun flower, planted during drought in contami-
nated mine soil, was increased by applying 1% of maghemite, γ-Fe2O3 nanoparti-
cles in soil (Martínez-Fernandez et  al. 2015). In the same way, the yield and 
development and antioxidant activity of Brassica napus and strawberry was 
enhanced even at low concentrations such as 3.4 and 0.8 mg/L of Fe2O3 and Fe3O4 
respectively (Palmqvist et  al. 2017; Mozafari et  al. 2018), correspondingly in 
drought. Soil application of Fe-NPs (100  mg/kg) in cadmium contaminated soil 
enhanced iron uptake, improved photosynthesis, grain production and reduced the 
ROS and cadmium concentrations in wheat plants grown in water stress (Adrees 
et al. 2020).

5.5.3  Zinc Oxide (ZnO) Nanoparticles

For plant cells, zinc is a vital element because it is involved in the biosynthesis of 
tryptophan (precursor of indole acetic acid). IAA is a phytohormone and take part 
in various biochemical and physiological activities including cell division. It is 
essential as well to reduce the unfavorable effects of the various stresses (Cakmak 
2008; Hafeez et al. 2013). Zinc NPs strengthens the photosynthesis, enhances the 
water use efficacy, improves the stomatal movement and hence ameliorate the 
adverse effects of drought. Activities of various enzymes like 
Phosphoglucoisomerase, UDP-glucose pyrophosphorylase and invertase are 
improved by the zinc nanoparticles application. These enzymes help in sucrose 
and starch biosynthesis (Sun et al. 2021).

Zinc oxide nanoparticles have different effects on various plants because they are 
dependent upon the plant species. Their role is determined by their size and concen-
tration. Like, 10  mg/L of ZnO NPs enhanced plant growth in canola (Brassica 
napus) but 1000 mg/L showed toxicity (Rahmani et al. 2016). Similarly, foliar spray 
of 10 mg/L of zinc NPs to coffee plants improved the quality of fruit, photosynthesis 
and dry weight (Rossi et al. 2019). Concerning water stress, 1000 mg/L of zinc NPs 
enhanced the germination, seedling growth, crop productivity and water usage effi-
cacy in soybean, rice and sunflower. Nano particles of zinc known to increase the 
zinc uptake, quick usage of seed reservoirs and hence show positive effects 
(Rameshraddy et al. 2017). Lately, Dimkpa et al. (2019) reported that in sorghum 
plants, harmful effects of drought were reduced by amending the soil with ZnO- 
NPs. It was observed that 5 mg/kg of zinc nanoparticles enhanced the grain produc-
tion, transportation of sodium, potassium and zinc nutrient in grain while reducing 
the delay of flag leaf and grain head emergence.
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5.5.4  Silicon Oxide (SiO2) Nanoparticles

Silicon as an element has positive effects on plant growth and development by 
reducing the adverse effects of abiotic stresses from the past two decades. It alters 
the expression of genes and modifies the production of reactive oxygen species 
(Kim et  al. 2017). When hawthorn (Crataegus aronia) seeds were primed with 
SiO2-NPs (10–30 nm), biochemical parameters such as chlorophyll, sugar, proline 
contents as well as biomass, photosynthesis and stomatal conductance were 
improved at 100 mg/L under water stress (Ashkavand et  al. 2015). In rye grass, 
1  mM of silicon oxide nanoparticles enhanced mineral nutrients and additional 
quality parameters during extreme drought stress (Mahdavi et al. 2016). Similarly, 
in drought grown tomato seeds, 1 or 2 mM SiO2 NPs enhanced germination rate of 
the plants (Haghighi et al. 2013). Alsaeedi et al. (2019) amended soil with silica 
nanoparticles (200 mg/kg of soil). They grew cucumber in this soil with drought 
stress. They reported that adverse effects of drought were reduced in cucumber due 
to high silicon and potassium. In fact high levels of potassium and silicon helped 
plants to regulate the transpiration and to maintain ion balance.

5.5.5  Selenium Oxide (SeO3) Nanoparticles

Selenium acts as a cofactor of enzymes important in antioxidant metabolism 
(Rayman 2008); nonetheless selenium is important for plants due its antioxidant 
activity. It is reported that Se NPs enhances antioxidant capacity of plants thereby 
improving the stress tolerance ability of plants as stimulants (Hussein et al. 2019). 
Se NPs as compared to their bulk size are less toxic and have remarkable biological 
characteristics. High concentrations of bulk selenium have negative effects on plants 
because they induce oxidative stress (Gupta and Gupta 2017). For instance, in 
Nicotiana tabacum plant growth and photosynthesis was reduced by applying 
10 mg L−1 of selenate but in the same plants positive effects of 100 mg/L of Se NPs 
were observed (Zsiros et al. 2019). Hence, it can be applied in nano form to the 
crops and better results can be expected in comparison to its bulk form. During 
water stress, foliar application of Se NPs was applied to wheat plants which resulted 
in enhanced root and shoot length, leaf area, leaf length, plant height and shoot fresh 
and dry weights (Ikram et al. 2020).

5.5.6  Aluminium Oxide (Al2O3) Nanoparticles

Aluminum oxide nanoparticles are being synthesized in large amounts at commer-
cial and industrial scale. These are also being utilized in military and commercial 
fields such as in catalyst support and microelectronics (Jakubiak et al. 2014). In a 
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study by Lee et al. (2010) aluminum nanoparticles showed no toxicity in Arabidopsis 
plant when exposed to different treatments i.e. 400, 2000, 4000  mg/L.  Positive 
effects on root growth of lettuce, radish, ryegrass have also been studied and rape 
plant (Lin and Xing 2007). Aluminum nanoparticles (50–2500 mg/L) significantly 
increased antioxidants (APX, CAT, SOD and POD), saponins, phenolics, DPPH 
activity and plant biomass (Chahardoli et al. 2020) which can be really helpful in 
reducing the effects of drought.

5.5.7  Copper Oxide (CuO) Nanoparticles

Copper (Cu) being a micronutrient is required by plants in very small amounts. It 
has various functions in plant growth and development including seed formation, 
chlorophyll production (Viera et al. 2019). Cu deficiency is quite common in vari-
ous important crops (Karamanos et al. 2004). Various enzymes that stimulates the 
biochemical processes of the plant involves copper (Singh et al. 2017; Drazkiewicz 
et al. 2004). It is the part of photosynthesis and helps in plant metabolism of carbo-
hydrates and proteins (Ambrosini et al. 2018; Din et al. 2017; Singh et al. 2017). In 
a study by Nguyen et al. (2020), effect of nano-CuO priming was observed on maize 
under drought. It contributed to the enhancement of plant growth and biomass, 
maintained leaf water status, chlorophyll and carotenoid content. It also increased 
the antioxidant activity of enzymes which included; APX, SOD. Similarly, Taran 
et al. (2017) showed that negative effects of drought action can be slowed down or 
decreased by using Copper and zinc nanoparticles, when applied on plants of steppe 
ecotype. These nanoparticles positively affected the metabolism of these plants by 
increasing the activity of anti-oxidative enzymes. Increased concentration or release 
of these enzymes in cell sap, decrease the production of TBARS (thiobarbituric acid 
reactive substances). They also helped the plants in stability of photosynthetic pig-
ments including chlorophylls and carotenoids and also increased relative water con-
tent of leaves.

5.6  Methods of applications of nanoparticles 
for Drought Resistance

5.6.1  Nanoparticles Pretreatment of Seeds or Seed Priming

Seed priming is a very common technique often used to activate the plant growth 
particularly seed germination. It is a technique of pretreatment of seeds with differ-
ent chemicals in order to enhance the uniformity in germination, germination per-
centage and germination rate etc. It is usually done before sowing the seeds. This 
treatment can cause the initiation of early stages of germination without protruding 
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out of radicle. It can act in a number of ways to control the emergence of seeds 
depending upon the chemical used for treatment. It may involve simply soaking of 
seeds in plain water, and where they can absorb enough water and can get enough 
hydration which can enable them to start earlier and healthier germination by weak-
ening the testa, mobilizing enzymes and sugars etc. (Nascimento et  al. 2004; 
Rehman et al. 2011).

Priming is an approach that involves treating seeds with different organic or inor-
ganic chemicals and or with high or low temperatures (Kamithi et al. 2016). Priming 
includes the dipping of seeds in various solutions which causes imbibition of seeds. 
It is done in controlled conditions. Seeds are then dried again to the initial moisture 
level of seeds so that they are not having pre-sowing emerged radicles. This then 
involves triggering of number of metabolic processes which help in germination of 
seed species, particularly seeds of vegetables, small seeded grasses and ornamental 
species (Tavili et al. 2011). Seed priming is considered to be an easy, highly effec-
tive, low cost and low risk technique. Primed seeds are more useful because of 
numerous advantages such as uniformity, early and faster appearance (Musa et al. 
1999), germination in broad range of temperature, crop establishment, efficient use 
of water, enhancing roots to grow deeper, allowing germination in dormant seeds by 
increasing metabolic events, to initiate growth of organs for reproduction 
(Soleimanzadeh 2013), early flowering and maturity (Singh et al. 2015), better com-
petition with weeds, combat against abiotic stresses (Elouaer and Hannachi 2013) 
and soil-borne destructive diseases (R. solani, Fusarium spp., Sclerotium rolfsii 
etc.) (Rafi et al. 2015).

Ashkavand et al. (2018) worked on the seedlings of Prunus mahaleb (Mahaleb) 
under drought stress. They used priming of seeds with silicon dioxide nanoparticles. 
Their results showed that seeds which were pretreated with nanoparticles were less 
affected by drought stress particularly in reference to their transpiration rate, photo-
synthesis and stomatal conductance. They used high concentrations of silicon diox-
ide nanoparticles for priming. Seed priming with silicon dioxide nanoparticles 
helped them to maintain the same trophic or nutritional level in drought stress as 
those of well-watered plants. Priming treatment with nanoparticles also helped the 
seedlings to maintain root length and dry root mass for maximum efficiency. 
Therefore, they suggested that seed priming with silicon dioxide nanoparticles can 
be a solution for growing plants in drought hit areas of the world where they can 
help in agronomic practices.

Ashkavand et al. (2015) worked on hawthorn seedlings for their biochemical and 
physiological responses in three different experimental soil conditions including 
zero, moderate and acute stress. They performed seed priming with silicon dioxide 
nanoparticle solution. They studied plant responses like carbohydrate, carotenoid, 
chlorophyll content, malondialdehyde (MDA), membrane electrolyte leakage (ELI), 
proline content and relative water content (RWC). Results confirmed the positive 
effects of treating seeds with nanoparticles after growing in moderate and severe 
water stress conditions. It can be concluded from above studies that seed priming 
can be a solution for drought related issues in plants.
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5.6.2  Nanoparticles as Foliar Spray

Foliar spray is another treatment which is used to feed plants but in the form of 
liquid nutrients sprayed to plant aerial parts or leaves. Plants can absorb these nutri-
ents through their leaves using cuticular or stomatal pathway, apoplastic or sym-
plastic pathway. It is particularly suitable for supplying micronutrients to plants as 
those are requires in lesser quantities to the plants. When there are water stress 
conditions and top most soil is dry, that means, soil is not going to help the plant to 
absorb mineral through roots, then even macronutrients can be provided through 
sprays. Importance of foliar spray has gained much importance in agronomy in 
recent years, particularly for horticulture. It needs awareness campaigns for the 
local farmers to increase the acceptability of this technique for all types of crops as 
it is already well researched and documented for achieving required results. It needs 
application now (Patil and Chetan 2018).

Foliar application could be considered one of the most common methods, which 
used to deliver the needed nutrients to plants in adequate concentrations and improve 
plant nutritional status as well as increase the crop yield and its quality (Smoleń 
2012). Foliar spray has a number of practical applications as it can be used for treat-
ing damages in plants caused by various stresses like drought, heat and frost etc. For 
this purpose different nutrients can be sprayed to plants like amino acids, disaccha-
rides, growth regulators, growth stimulators, peptide chains, pesticides, sugars as 
well as nanomaterials (Shalaby and El-Ramady 2014; Smoleń 2012). A combina-
tion of fertilizer and Foliar spray has a number of practical advantages for better 
growth of crops, optimum yield and protection from pests. Therefore, according to 
environmental factors (if there is any stress) and requirements of plants, doses of 
foliar spray can be decided to get optimum crop yield (Dordas 2009).

Nanomaterials when used as a source of foliar spray can be proved very effective 
as they have very small sizes as compared to pores on the surface of leaves. They 
can easily penetrate into the plant cells when applied as nanospray. Djanaguiraman 
et al. (2018) used cerium oxide nanoparticles (nanoceria) to treat the oxidative stress 
on plants caused by the reactive oxygen species produced in plants as a result of 
drought stress. They selected sorghum crop for their studies. They were successful 
to protect photosynthetic machinery and grain yield of sorghum by using foliar 
spray of nanoceria. Nanoceria foliar spray at concentration of just 10 mg/L, reduced 
the hydrogen peroxide levels, membrane lipid peroxidation and hydrogen peroxide 
levels of sorghum leaves by 36, 41 and 37% respectively under drought stress. 
Positive effects of nanospray were not limited to oxidative stress treatment but it 
also increased seed yield (31%), photosynthesis rate (38%) and pollen germination 
(31%) as well in drought affected plants as compared to normal watered plants. 
Ikram et al. (2020) synthesized selenium nanoparticles (SeNPs) using plants and 
applied them to wheat plants grown in normal irrigation and in drought stress in the 
form of foliar spray. They assessed the efficiency of foliar applications to increase 
the growth of wheat crop affected with drought. For this purpose various concentra-
tions of SeNPs were prepared and applied including 10, 20, 30, and 40 mg/L. Two 
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wheat varieties were used, one was drought-tolerant (V1) and other was drought- 
susceptible (V2). They observed significant increase in leaf area, leaf length, leaf 
number, plant height, root dry weight, root fresh weight, root length, shoot dry 
weight, shoot fresh weight and shoot length with foliar spray of SeNPs at 30 mg/L 
concentration used.

5.6.3  Soil application of Nanoparticles

When nutrients are applied in liquid form near the roots of plant in soil or injected 
there, that process in called soil injection or soil drenching method. It is, therefore, 
required that chemical to be used should be water soluble as much as possible. For 
optimum results, chemical may be applied near to roots and to moist soils. Soil 
drenching can be done just by pouring the water solution of chemical on soil near 
the roots of plant. Any chemical can be applied by this method to the plants like 
pesticides, fertilizers, insecticides, fungicides and nanoparticles as well. But in 
drought conditions it is not much valued, because for most of the chemicals, wet 
soils are required for soil drenching. Soil injectors are also used to inject the chemi-
cals 2–4″ deep in soil according to the requirement if chemical being applied and 
crop under consideration (Fishel 2018). Application of nanoparticles to the plants 
using soil drench method should be last option as nanoparticles are leached down 
easily and can affect bacteria in rhizosphere of plants and can also affect absorption 
of other nutrients as well.

Dimkpa et  al. (2019) evaluated drought effects on performance and nutrient 
acquisition and distribution in sorghum and ZnO nanoparticles (ZnO-NPs) might 
alleviate such effects. This study represents the first evidence of mitigation of 
drought stress in full-term plants solely by exposure to ZnO-NPs in soil. The ability 
of ZnO-NPs to accelerate plant development, promote yield, fortify edible grains 
with critically essential nutrients such as Zn, and improve N acquisition under 
drought stress has strong implications for increasing cropping systems resilience, 
sustaining human/animal food/ feed and nutrition security, and reducing nutrient 
losses and environmental pollution associated with fertilizers.

5.7  Conclusion

A lot of research has already been done on toxicological effects of nanoparticles on 
plants due to their enhanced exposure to NPs. Stress induction studies and drought 
tolerance mechanism of plants suggest that by controlling the dose, size and mor-
phology of nanoparticles, their effect can be optimized by study various morpho-
logical and physiological parameters of plant stress response including root health, 
shoot growth, membrane stability index, production of stress and growth hormones, 
phenolics and stress enzymes etc. . It also varies according to the plant type, 
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therefore, research is needed to optimize this relationship for commercial accep-
tance of nanoparticle based products for treatment of drought stress in plants.
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Chapter 6
Role of Various Nanoparticles 
in Countering Heavy Metal, Salt, 
and Drought Stress in Plants

Suliman Mohammed Alghanem, Haifa Abdulaziz S. Alhaithloul , 
Magdi T. Abdelhamid, and Mona H. Soliman 

Abstract The various forms of nanoparticles (NPs) designed so far and their appli-
cation in crop plants for sustainable crop production is receiving great attention in 
today’s life. In plants, NPs minimize loss of nutrients, reduces various diseases and 
improves the growth and yields under different abiotic stresses. Application of vari-
ous forms of NPs in plants affect seed germination, seedling vigor, respiration, 
flowering, initiation of roots, antioxidant defense responses, growth and photosyn-
thesis and regulate responses to various abiotic stress conditions. The usage of vari-
ous NPs is occupied in the plants’ to protect against induced oxidative stress as they 
have been found to mimic the role of various antioxidative enzymes. The high doses 
of NPs induces phytotoxic effect in plants as they orchestrates the production of 
various reactive oxygen species (ROS), whereas, low doses of NPs exert beneficiary 
results in various plants. Therefore, keeping in view such a conflicting and ambigu-
ous situation of NPs, the present chapter deciphers the ameliorating role of various 
NPs under stressful environmental conditions like salt, drought and heavy metal 
stresses in crop plants. A brief explanation of NPs mediated control of vital plant 
processes under abiotic stresses is also presented.
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6.1  Introduction

Abiotic stresses such as toxic trace heavy metal/metalloid, salt, heat, cold, drought, 
flood or the other oxidizing factors are major factors limiting agricultural productiv-
ity worldwide thus restricting quality, quantity and the economic yield of crop 
plants (Li et al. 2019; Hasanuzzaman et al. 2019; Ahammed et al. 2020; Šamec et al. 
2021; Alhaithloul and Soliman 2021). In the natural environment, plants experience 
different environmental pressures simultaneously which altogether induce physio-
logical, morphological, biochemical and molecular alterations affecting their growth 
and metabolism potential to a great extent (Wani et al. 2018; Zaid et al. 2020; Sadiq 
et al. 2020; Alhaithloul et al. 2020a; Godoy et al. 2021). In the present decade, with 
the increasing global population coupled with the problem of climate change effects, 
there is a dire need to engineer stress-tolerance in diverse crops in the available and 
shrinking agricultural tracts. In an estimate of Food and Agricultural Organization 
(2009), global agriculture is facing a massive threat under the dynamic environmen-
tal conditions, population explosion and over-exploitation of natural resources. 
IPCC, (2007) has predicted a variation in global climate and proposed that the varia-
tion is supposed to cause an increase in mean temperature by of 2–4 °C by the end 
of this century. The agriculture sector is regarded as one of the prime areas affected 
by a change in climatic conditions (Karimi et al. 2018, 2021; Agovino et al. 2019; 
De Pinto et al. 2020; Raza et al. 2019; Zaid et al. 2021). Agriculture and climate 
change are inter-correlated, as a change in one factor could cause severe agricultural 
impacts on the particular area (Fahad and Wang 2020; Alhaithloul et al. 2020b). 
Nevertheless, the productivity and improvement of crop plants under diverse abiotic 
pressures under changing climate is one of the prime tasks faced by the nano- 
biotechnologists community across the globe (Khan et al. 2017; Iftikhar et al. 2019). 
Several efforts are currently going on to engineer tolerance in plants challenged 
with various environmental pressures. The induced stress resistance obtained by 
metabolic regulation engineering, characterization of defensive genes and transcrip-
tion factors (TFs) by phytohormones’ application have also yielded paramount 
results. The underlying abiotic stress tolerance mechanisms are complicated and 
multigenic, and thus through research efforts are needed to engineer stress resis-
tance in crop plants (Wani et al. 2018; Abdel Razik et al. 2020). Nonetheless, the 
contribution of various kinds of NPs in plant stress physiology became the new area 
of interest; as they are cost effective agents as compared to the phytohormones. 
Nevertheless, stress resistance can also be engineered by the exogenous application 
of various kinds of NPs. Inspite of various extensive research efforts currently being 
utilized in the field, the quest for yielding abiotic stress-resistant crop plants by the 
application of various kinds of NPs remains very scanty.

The field of nanotechnology is emerging now day by day and has opened new 
dimensions of the formation, characterization and applications of various 
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nanoparticles (NPs) in agriculture and allied sectors. The branch of nanotechnology 
provides sophisticated tools and brilliant technology platforms for investigating and 
transforming biological systems. All man-made and biological systems have 
nanoscale viz- such as nanocrystal, nanotubes or nanobiomotors as the first level of 
organization at which their basic properties and functions are characterised. In 
1959, the “nanotechnology” was first put forwarded by Richard Feynman and is 
now regarded as one of the fastest emerging areas among research community 
(Reviewed by Irshad et al. 2021). Nevertheless, the term “nanotechnology” was first 
used by Professor Norio Taniguchi in 1974 (Bakker et al. 2008). In current times 
nanotechnology has increased the potentiality touse various kinds of exogenous 
NPs on diverse crop plants to ameliorate the abiotic pressures like salinity, water 
deficit and heavy metal stresses (Rajput et  al. 2018; Ahmad et  al. 2019; Rizwan 
et al. 2019; Abdel Latef et al. 2020; Tarrahi et al. 2021). The term “nanoparticle”in 
the field of nanotechnology is the nano-sized material having diameter not larger 
than 100 nm (Ahmed et  al. 2021a). The NPs possessed size-dependent physico-
chemical properties that differentiate them from various other sub-micron/micron- 
sized particles (Dasgupta et  al. 2017).The high reactivity and the corresponding 
physicochemical dynamicity of NPs are due to the higher surface area (S)-to-volume 
(V) ratio, and this is considered as one of the foremost features of NPs (Mauter et al. 
2018). In addition to this, the high surface energy and quantum confinement is also 
the distinguish characteristics of NPs than their bulk materials in the environment 
(Ma et al. 2010). As NPs have small size, larger surface area, high catalytic reacting 
potential, the features enable NPs to interact within plant tissues and correspond-
ingly affect morpho-physiological traits of plants (Khan et al. 2017). NPs are poten-
tial signalling molecules for the delivery of various chemicals under in  vitro 
conditions for improving growth and yield of crop plants as well as resistance 
against various stresses. So far as the synthesis of NPs is concerned, multiple meth-
ods like physico-chemical or biological are utilized (Singh et  al. 2018). Various 
forms of NPs contain metals. Some of the notable metal containing NPs includes 
aluminum (Al), titanium (Ti), silver (Ag), copper (Cu), bismuth (Bi), zinc (Zn), 
gold (Au), cobalt (Co), indium (In), iron (Fe), silica (Si), molybdenum (Mo), tin 
(Sn) and nickel (Ni). Among these, the most commonly produced metal-oxide NPs 
are titanium dioxide (TiO2), copper oxide (CuO), zinc oxide (ZnO), iron oxide 
(Fe2O3) silicon dioxide (SiO2), aluminum oxide (Al2O3), cerium dioxide (CeO2), 
cuprous oxide (Cu2O), nickel oxide (NiO), magnesium oxide (MgO), zirconium 
dioxide (ZrO2), indium oxide (In2O3) and lanthanum oxide (La2O3) (Rajput et al. 
2018; Ameen et al. 2021). The external supply of various kinds of NPs is known to 
accelerate the growth, development, physio-biochemistry and mineral nutrient 
uptake under normal and stressful environmental conditions in crop plants (Ahmad 
et al. 2019, 2021; Faizan et al. 2020; Singh et al. 2021; Sharifi et al. 2021). A clas-
sical study involving Linum usitatissimum L. plants, the efficacy of four different 
types of NPs viz., ZnO, SiO2, Fe2O3, and TiO2 was evaluated and their potentiality 
of salt induce stress mitigation was tested on growth, physiology and biochemistry 
of the plant (Singh et  al. 2021). The four different types of NPs at same dose 
(50 mg/L) were applied on stressed and non-stressed plants under sodium chloride 
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(NaCl) stress. The results revealed that the tested plants were affected by all the four 
types NPs positively and caused an improvement in growth, assimilation of carbon 
and nutrient, whilst imposition of salt stress accelerated the proline as well as reac-
tive oxygen species (ROS) production. The plants grown under the salt stress and 
NPs application showed an increase in the antioxidant enzymatic system and other 
physiochemical reactions. Thus, in view of the potentiality of various kinds of NPs, 
we discuss their role in alleviating major abiotic stress in diverse crop plants. The 
existing research studies reported the ameliorating effect of various NPs under sin-
gle abiotic stress. However, the role of various NPs under salt, heavy metal and 
drought stress receives little attention. Thus, the present chapter throws light at 
length on the role of various NPs in promoting plant productivity under different 
environment stresses.

6.2  Heavy Metal/Metalloid Stress

The contamination of heavy metal/metalloid in soil and water environment has 
always remained a top priority of agricultural scientists and environmentalists as 
their ions transfer form one food chain to other. In the present era, heavy metals 
(HMs), due to their toxic effects, are one of the well-known environmental pollut-
ants. The environmental contamination by trace elements (so called heavy metals/
metalloids) is increasing day by day due to rapid industrialization and urbanization 
across the globe. The mining and industrial use by human beings causes build up of 
trace element accumulation at levels above baseline concentrations in environment 
(Shaheen and Rinklebe 2015; Shahid et  al. 2017, 2018; Shahid 2021; Arif et  al. 
2019; Natasha et al. 2021). The living organisms, including animals, humans and 
plants are directly or indirectly exposed to these toxic trace elements (Antoniadis 
et al. 2019; Hasanuzzaman et al. 2019; Badr et al. 2014). The effects of these ions 
on these organisms are driven chiefly by their bioavailability. In the current decade, 
the applications and production of metal-based and metal-oxide NPs have increased 
manifold as a result of their enhanced physicochemical properties and profound role 
in alleviating HM stress in diverse crop plants with respect to the bulk parent materi-
als. In a report on rice plants, Ahmed et al. (2021c) unravelled the ameliorative role 
of NPs under combined drought and Cd stress toxicity by studying the nutrient 
acquisition and stress responsive genetic mechanisms. The iron oxide (IONPs) and 
hydrogel NPs (HGNPs) were applied on tested plants. Bacillus strain RNT1 was 
used for the biofabrication of the IONPs, while HGNPs were obtained by chemical 
reactions. On the basis of XRD and FTIR results, it was shown that the NPs capping 
by different functional groups together with their crystalline state. The application 
of NPs was found to increase antioxidant enzymes, photosynthetic efficiency, bio-
mass, and nutrient acquisition but caused a decrease in ROS content and rate of Cd 
translocation. It was revealed that the expression of the Cd transporter genes viz- 
OsHMA2, OsHMA3 and OsLCT1 were also curtailed by the applicationof NPs- 
treatment. The Cd and Pb HM pollution induced toxicity and the prime role of 
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ZnO-NPs application inGossypium hirsutum L. seedlings were studied by unravel-
ling the photosynthetic machinery and antioxidant enzymes mediated defense 
mechanisms (Priyanka et al. 2021). The combined application of ZnO-NPs along 
with Cd and Pb treatments significantly promoted the growth of shoot and root, 
biomass, levels of chlorophyll a, b and carotenoids and content of total soluble pro-
tein. A significant increment in the activities of catalase (CAT), peroxidase (POX) 
superoxide dismutase (SOD), and ascorbate peroxidase (APX) was noticed in plants 
grown under ZnO-NPs along with Cd and Pb supply. Their study concluded that the 
addition of Zn-ONPs protected seedlings of cotton by ameliorating the HM-induced 
toxic effects and increased the plant physiochemical characteristics via regulating 
the photosynthesis capacity inhibition as well as acting on the antioxidant defense 
system. Emamverdian et al. (2021) studied the effect of SiO2-NPs (100 and 200 μM), 
on the germination characteristics and growth parameters of Phyllostachys edulis 
seedling under 100 μM Cd stress. The SiO2-NPs application caused a significant 
improvement in germination characteristics and increased mean germination time. 
The results revealed that application of SiO2-NPs at 200 μM showed more pro-
nounced effects rather than 100 μM could ameliorate the 100 μM Cd stress during 
germination of seed and the seedling growth inhibition in tested plants. In wheat 
plants, the green synthesis, characterization, and application of FeO-NPs for joint- 
amelioration of salt and Cd stresses were studied (Manzoor et al. 2021). The used 
NPs were synthesized from Pantoea ananatis strain RNT4. The FeO-NPs were 
found to be a spherical with a size ranging from 19 to 40 nm as authenticated by 
images taken through scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The application of bioengineered FeO-NPs (100 mg/kg) 
stimulated the plant growth, reprogrammed the morpho-physiological state and 
caused a significant increase in the N, P and K+ contents, whilst simultaneously 
reduced the salt ions in the wheat grains. In a recent pot study, Adrees et al. (2021) 
tested the potentiality of foliar exposure of ZnO-NPs at four levels (0, 25, 50, 
100 mg/L) in improving the growth of Triticum aestivum L. plants under simultane-
ous Cd and various moisture conditions. The two levels (70% and 35% of water 
holding capacity) of soil moisture regimes were started from 6 weeks of germina-
tion. The wheat growth was increased under ZnO-NPs supply and the optimum 
results were found with 100 mg/L ZnO-NPs under normal moisture level. It was 
found that the concentrations of Cd in grains decreased by 26.00%, 81.00% and 
87.00% in normal moisture and 35.00%, 66.00% and 81.00% in water deficit condi-
tions, with application of 25, 50 and 100 mg/L of ZnO-NPs. The application of 
ZnO-NPs increased the contents of chlorophyll, decreased the oxidative stress and 
boosted the activities of leaf SOD and POX. The mechanistic role of different bio-
genic Cu-NPs (25, 50, and 100  mg/kg soil) synthesized from Shigella flexneri 
SNT22  in reducing the Cd translocation from soil to wheat plants was studied 
(Noman et al. 2020) in a growth chamber under optimal environmental regimes. It 
was found that the treatment of 100 mg/kg Cu-NPs increased the plant length, shoot 
dry weight, N, P, contents, but decreased the acropetal Cd translocation. In lettuce 
plants, Gao et al. (2020) tested the effectiveness of exogenous application of gra-
phene oxide (GO) treatment, which is a novel engineered nanomaterial in 
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increasing the photosynthetic capacity and reducing the oxidative stress under 
Cd-stress conditions. The treatment of plants with 30 mg/L of GO were found to 
significantly reduced the signs of Cd-induced toxicity by increasing the net photo-
synthesis, stomatal conductance, transpiration rate, chlorophyll content, photosyn-
thetic electron transport rate, maximum photochemical efficiency of photosystem 
II, actual quantum yield, concentrations of ribulose-1,5-bisphosphate carboxylase 
and oxygenase, and biomass of tested plants. Nevertheless, 30 mg/LGO also reduced 
the ROS accumulation and malondialdehyde (MDA) content. Hussain et al. (2021a) 
explored the effects of ZnO-NPs on chlorophyll contents, antioxidants and proline 
content in Persicaria hydropiper L. for Pb phytoremediation potential in a hydro-
ponic study. The seedlings of Persicaria hydropiper L. were grown in Pb-challenged 
environment supplemented with four doses (5, 10, 15, and 20 mg/L) of ZnO-NPs. It 
was found that Pb significantly decreased the growth of seedlings, but ZnO-NPs 
application significantly alleviated Pb-induced stress by increasing the growth of 
tested plants, improving the contents of chlorophyll and carotenoid. ZnO-NPs 
decreased the oxidative stress in the tested seedlings by enhancing the synthesis of 
osmolytes, secondary metabolites, and modulating the activity of antioxidative 
defense enzymes. The analysis of Pb in plant tissues was studied by inductively 
coupled plasma spectroscopy (ICP) method. In Pb and Cd challenged environment, 
the effectiveness of multi-walled carbon nanotubes (MWCNTs) in enhancing 
growth traits, state of redox and total glutathione content in Calendula officinalis 
L. plants was studied (Sharifi et al. 2021).The seedlings were cultivated under 0, 50, 
100, 250, 500 and 1000 mg/L MWCNT in the presence of Pb and Cd-polluted soils. 
It was found that the MWCNT application up to 250  mg/L alleviated Pb and 
Cd-induced stress by minimizing oxidative damage and increasing antioxidant 
defense system on one hand and promoted the phytoremediation capacity on the 
other hand. In rice plants, a pot study was executed to unravel the effects of the 
exogenous spray of different concentrations (0, 50, 75, 100  mg/L) of ZnO-NPs 
alone or in combination with biochar (1.0% w/w) grown on an aged Cd-contaminated 
soil. The combined application of ZnO-NPs and biochar was found to improve the 
photosynthetic potential and plant biomass, whilst significantly decreasing the con-
centration of Cd and in contrast to increasing concentrations of Zn in shoot and root 
tissues. The combined application of 100 mg/L ZnO-NPs with biochar was found to 
diminish the Cd concentrations in rice shoot and root by 39% and 38% respectively 
(Ali et al. 2019). In a classical study, Rizwan et al. (2019) applied ZnO (0, 25, 50, 
75, and 100 mg/L) and Fe-NPs (0, 5, 10, 15, and 20 mg/L) through seed priming for 
24 h in improving the growth and reducing the accumulation of Cd in wheat plants. 
The plant traits like height of plant, length of spike, dry weights of shoots, roots, 
spikes, and grains were increased with the application of NPs in higher doses. The 
NPs supply increased the photosynthetic potential, while reduced electrolyte leak-
age (EL), accumulation of Cd in roots, shoots, and grains and SOD and POX activi-
ties in leaves of Cd-stressed wheat. In yet another study, Hussain et  al. (2019) 
explored the efficacy of seed priming Si-NPs (0, 300, 600, 900, 1200 mg/L) for 24 h 
under Cd stress conditions in wheat in terms of growth, photosynthesis, oxidative 
stress, yield, and accumulation of Si and Cd in wheat plants. It was observed that 
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application of Si-NPs showed a positive effect on the wheat growth and chlorophyll 
contents, concentration of Si, while diminished the oxidative stress, Cd concentra-
tions, especially in grains, and positively affected the plant antioxidant enzyme 
activity. Ragab and Saad-Allah (2020) tested the efficacy of seed priming with 
greenly synthesized sulfur-NPs for 18 h in enhancing defense mechanisms for mini-
mizing 100 mM manganese sulphate-induced oxidative injury in Helianthus annuus 
L. seedlings. The Mn application induced oxidative stress indicators such as super-
oxide ion (O2

·−) and hydrogen peroxide (H2O2) and MDA but lowered antioxidant 
compounds, such as ascorbic acid, glutathione, and total flavonoids content and the 
activities of SOD, CAT, while induced APX, guaiacol peroxidise (GPOX), polyphe-
nol oxidase (PPO), and glutathione reductase (GR) activities. The priming applica-
tion with S-NPs significantly boosted CAT and SOD activities and enhanced the 
levels of antioxidant compounds and caused significant decrease in ROS levels and 
MDA. In order to investigate the Cd toxicity; the applicability of exogenous inter-
ventions of nano-TiO2 on bioaccumulation of tissue Cd, enzymes associated with 
stress and potential dietary health risk was assessed in cowpea plants (Ogunkunle 
et al. 2020; Abd Ellatif et al. 2021). The plants were exposed to Cd toxicity (10 mg/
kg soil) for 21 days and six regimes of foliar applications of nano-TiO2 were given. 
The nano-TiO2 promoted chlorophyll b and total chlorophyll contents under Cd 
stress, reduced significantly the contents of Cd in roots, shoots and grains, promoted 
stress enzymes activity and increased the Zn, Mn and Co levels. The impact of TiO2- 
NPs (0, 100, 250 mg/L) in a hydroponic study in maize plants under Cd (0, 50 mM) 
was determined in order to evaluate the best mode of application of TiO2 NPs (Lian 
et al. 2020). The results indicated that root application of TiO2-NPs and 100 mg/L 
Cd significantly enhanced the Cd uptake and produced greater maize phytotoxicity 
whereas, by contrast, the foliar TiO2-NPs markedly decreased shoot Cd contents 
and caused a strong effect on ameliorating the Cd-induced toxicity by boosting 
SOD, GST activities and up-regulated the metabolism of galactose and citrate cycle, 
aspartate, alanine, glutamate, serine, glycine and threonine levels. Irshad et  al. 
(2019) in a kinetic and equilibrium study, prepared and studied the application of 
TiO2-NPs for removing the Cd present in wastewater. The results based on Langmuir, 
Freundlich, and Dubinin-Radushkevich isotherm models successfully favored the 
Cd adsorption from wastewater by TiO2-NPs supply. In Azolla filiculoides, Spanò 
et al. (2019) applied TiO2-NPs for alleviating the Cd toxicity. It was revealed that 
the higher Cd contents in leaves did not cause damage to the photosynthetic machin-
ery. The TiO2-NPs permanence ensured an optimum antioxidant defense (proline 
and GPOX, and CAT activities) and consequently induced a decrease in H2O2 con-
tent. Singh and Lee, (2016) carried out the potentiality of nano-TiO2 on the Cd 
bioaccumulation in soybean plants. Cd addition caused a significant decrement in 
plant growth, biomass, pigment and protein contents, increased proline and MDA 
content appreciably. The application of nano-TiO2 restricted the toxicity of Cd by 
causing an increase in the photosynthetic potential and growth traits of the tested 
plants. The overall results of this study revealed that the nano-TiO2 application 
could boost the uptake of Cd and ameliorate the Cd-induced stress in soybean. In a 
recent study, Shah et  al. (2021) studied the combined efficacy of Bacillus fortis 

6 Role of Various Nanoparticles in Countering Heavy Metal, Salt, and Drought Stress…



158

IAGS 223 and ZnO-NPs (20 mg/kg) in order to minimize the Cd-induced (75 mg/
kg) phytotoxicity in Cucumis melo plants. The application of ZnO-NPs and B.fortis 
IAGS 223 increased growth traits including photosynthetic pigments and reduced 
H2O2, MDA contents and modulated the activities of antioxidative enzymes. Raghib 
et al. (2020) unravelled the interactive effect of ZnO-NPsand AM (Glomus macro-
carpum) application in mitigating the Pb-phytotoxicity in wheat plants. The com-
bined dose of AM fungi and ZnO-NPs synergistically increased the overall growth 
performance and reduced the uptake of Pb in tested plants by increasing 30.66% 
plant height, 30.62% plant fresh weight, 54.26% plant dry weight, 45.45% chloro-
phyll content, 19.59% proline content, 26.65% higher activities of SOD, 15.12% 
CAT, and 52.09% and 58.19% decrease in Pb concentrations in root and shoot of 
wheat plants respectively. Under Pb stress and ZnO-NPs and AM supply, the struc-
tural changes in chloroplast of Triticum aestivum L. were also observed. It was 
found that in control plants chloroplast with regular shaped and well-arranged thy-
lakoid systems were found, however, distorted chloroplast structure with wide intra-
cisternal spaces, wavy appearance of the grana and stroma thylakoids were observed 
in plants spiked with Pb. The regained regular shaped with well-arranged thylakoid 
systems were observed when plants were treated with AM fungi and ZnO-NPs. In 
light of the above discussion, it is inferred that various kinds of NPs exert an ame-
liorating role in countering stress of various HMs.

6.3  Salt Stress

The problem of salt toxicity is one of the principal abiotic threats to sustainable 
agriculture practices that reduce yield of plants by causing impairments in various 
physiological, biochemical, and molecular functions to an appreciable extent. The 
salt ions are principally soluble in water. The presence of salt ions in the soil and 
water environment decreases growth and development of the plant to a considerable 
extent. In general, salinity is divided into primary and secondary type. Primary 
salinity results from the natural processes viz- rain, weathering and wind. The sec-
ondary salinity is caused by the action of various anthropogenic activities like shift-
ing cultivation, deforestation, excessive irrigation practices and land degradation. In 
soil and water environment salts ions like Na+, Cl−, Mg2+, Ca2+, SO4

2−, and HCO3
− 

are present (Tanji 2002; Yan et al. 2015). The concentration of various salt ions is 
expressed usually as mmolc L−1 or mg/L. However, in scientific and analytical terms, 
electrical conductivity (EC) or siemens per meter (Sm−1) is taken as a measurable 
unit. Globally large tracts of lands are affected by saline stress. It has been estimated 
that soil salinity harms 900 million ha of land, which is approximately 20% world-
wide land area or about half of the total arable irrigated land (Shin et  al. 2016; 
Velmurugan et al. 2020). In terms of losses due to salinity, over US $27.3 billion 
per annum is lost in agriculture sector (Qadir et al. 2014).The problem of soil sali-
nization is expected to worse further globally due to inefficient irrigation practices, 
inappropriate usage of various agrochemicals, and the ever increasing pollution, 
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which markedly caused a 50% loss in plant productivity globally (Zhao et  al. 
2020).Salt stress affects germination of seedlings, plant growth traits, and affects 
vital physiological and biochemical processes in plants (Misra and Gupta 2005; 
Khan et al. 2010; Elkelish et al. 2019; Soliman et al. 2020c; Ahanger et al. 2020; 
Abdel Latef et al. 2021). The presence of excess salt ions disturbs the homeostasis 
of K+/Na+ in cytoplasm, thereby the ratio of cytosolic K+/Na+ gets reduced (Li et al. 
2020; Soliman et al. 2020b; Hamid et al. 2021; Hussain et al. 2021b). Excessive 
ions of Na+ and Cl− inside tissues of plants lead to ionic, osmotic and oxidative 
stress by the generation of various ROS (Khan et  al. 2010; Shelke et  al. 2019; 
Soliman et al. 2020a; Feng et al. 2020; Sami et al. 2021; Sheikhalipour et al. 2021; 
Alharbi et al. 2021). The ROS includes oxygen radicals, like hydroxyl (·OH), O2

·−, 
peroxyl (ROO·) and some non-radicals such as H2O2, singlet oxygen (1O2) and 
ozone (O3) (Zaid and Wani 2019; Hasanuzzaman et al. 2020). The reactive nitrogen 
species (RNS) is a similar other collective term including radicals like nitric oxide 
(NO) and nitric dioxide (NO2), and non-radicals such as nitrous acid (HNO2) and 
dinitrogen tetroxide (N2O4). Both these ROS and RNS act as signalling agents in 
modulating salt stress responses in crop plants (Kohli et al. 2019; Tomar et al. 2021). 
Thus, engineering salinity tolerance in crop plants is vital for increasing global 
security of food and for sustainable development of modern agriculture. To achieve 
these goals, it is imperative to dissect new ways and means to ameliorate the salinity 
problem. In current years, the adoption of nanotechnology and the products derived 
from it holds ground in agriculture and has gained a considerable ground in amelio-
rating salt-induced effects in various crop pants. Many reports are available to show 
that NPs confer salinity stress tolerance in diverse species of crop plants (Avestan 
et  al. 2019; Alabdallah and Alzahrani 2020; Ye et  al. 2020; Sheikhalipour et  al. 
2021; Faizan et al. 2021; Mohammadiet al. 2021). It has been reviewed by Hussain 
et al. (2021b) that a variety of NPs like C, K, Ca, S, Ag, Cu, Fe, Zn, B, Si, and Ti 
under natural as well as controlled growth conditions effectively enable plants to 
strive well under salt stress conditions. Abou-Zeid et al. (2021) studied the influence 
of seed priming with ZnO-NPs;50, 100 and 500 mg/L on the salt-induced (150 mM) 
damages in Triticum aestivum L. plants. The NPs treatment resulted in a significant 
improvement in wheat growth traits. It was also found that salt-induced alterations 
of growth, photosynthetic pigments, photosynthetic efficiency, and leaf ultrastruc-
ture changes were minimized by the treatment of ZnO-NPs priming in addition to 
the induction of the various changes in shoot protein pattern profiles of tested plants. 
In pearl millet plants: a life cycle study was executed to show the efficacy of Ag-NPs 
induced improvement in plant growth traits and ability to reduce the salt ions accu-
mulation (Khan et al. 2020a). The pearl millet plants were exposed to graded (0, 
120, 150  mM) levels of salinity treatments. Imposition of salt stress triggered a 
substantial increase in the endogenous concentrations of Na+ and Cl− ions in differ-
ent organs which in turn led to increase in H2O2 and MDA content, augmentation of 
antioxidant enzyme activities, negative effect on plant growth traits like height, root 
and shoot dry biomass, chlorophylls and carotenoid contents which eventually 
caused a negative effect in yield of plant. The Ag-NPs (0, 10, 20 and 30 mM) treat-
ment significantly increased the morphology, physiology and yield-related traits. 
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The Ag-NPs application augmented the plant growth and reduced the oxidative 
stress and Na+ and Cl− uptake, maintained the Na+/K+ ratio. The Ag-NPs treatment 
was found to improve the SOD, CAT activities but decreased the POX activity, 
while simultaneously reduced the salt-induced oxidative stress. Unravelling the 
destructive impact of salt pressure in sweet basil, the role of graphene oxide NPs 
and glycine betaine (GB) each in three concentrations; 0, 50 and 100 mg/L were 
studied (Ganjavi et al. 2021).It was shown that GO-GB NPs treatment ameliorated 
the salinity toxicity by boosting traits related to proline, antioxidant enzymes activi-
ties, agronomy, photosynthetic pigment contents, chlorophyll fluorescence, mem-
brane stability index, phenols, and constituents of essential oils while decreasing 
oxidative stress biomarkers. The best positive effects were obtained by 50 mg/L. In 
a completely randomized design experiment with three replications, Hezaveh et al. 
(2019) studied the interactive effects of salinity (0, 50 and 100 mM) and ZnO-NPs 
(0, 20 and 80 mg/L) on physiological and molecular parameters of Brassica napus 
L. plants. It was found that the imposition of salt stress triggered leakage of ions, 
lessen relative water content, stomata density and Hill reaction and reduced the 
expression of ARP, MYC and SKRD2 genes but MPK4 gene expression increased in 
tested plants. The application of ZnO-NPs was found to improve the Hill reaction, 
and reduced ion leakage and decreased the expression of MYC, MPK4, and SKRD2 
genes but increased the ARP gene expression. It was concluded that 20 mg/L ZnO- 
NPs was the optimum concentration to reduce the toxicity of salinity stress in rape-
seed plants. Thus, it becomes clear that various forms of NPs in different doses 
increase salt stress tolerance in diverse crop plants.

6.4  Drought Stress

In the current era of changing climate, imposition of drought stress in plants is a 
major growth-limiting stress factor and the main reason for drought stress is the 
yield reduction both in quantity and quality. Drought exerts a major threat to crop 
plants and is seen as one of the major constraints on global agriculture as the fre-
quency and intensity of drought stress is further expected to rise in the near future 
(Anjum et al. 2011; Koffler et al. 2014; Kour et al. 2020; Kirova et al. 2021). Due to 
tremendous anthropogenic induced-climate changes, the annual precipitation pat-
tern is affected which leads to severe imposition of drought stress in many agricul-
tural land tracts (Guerra et  al. 2015; Gao et  al. 2019). In plants drought stress 
imposes a negative effect in growth traits and productivity through photosynthetic 
capacity inhibition and closure of stomata (Saradadevi et  al. 2017; Oraee and 
Tehranifar 2020). The conspicuous response of drought induce stress is the accumu-
lation of ROS which can cause severe photosynthetic apparatus and chlorophyll 
structure damage (Sharma et al. 2017; Pakdel et al. 2020; Hasan et al. 2020).Plants 
in some cases are unable to absorb water the soil environment, even though the 
optimum moisture is present and this process is known as physiological drought 
(Daryanto et  al. 2017; Salehi-Lisar and Bakhshayeshan-Agdam 2020). The 
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treatment of various NPs in diverse crop plants has been reported to modulate vari-
ous physio-biochemical activities. Semida et al. (2021) applied ZnO-NPs (0, 50, 
and 100 ppm) in Solanum melongena L. plants for promoting drought stress toler-
ance (60% of crop evapo-transpiration). It was found that imposition of drought 
stress significantly decreased relative water content (RWC), membrane stability 
index (MSI), and photosynthetic efficiency of tested plants. The foliar application of 
ZnO-NPs to drought-stressed plants regained the decreased values of RWC and 
MSI which enhanced the photosynthetic efficiency. Under field conditions, the 
impact of exogenous application of ZnO-NPs on physiological, yield components 
and quality attributes of four flax cultivars under drought stress were evaluated 
(Rashwan et al. 2020).The results showed that under drought stress conditions foliar 
spray of ZnO-NPs induced a significant increment in studied traits. In Vicia faba 
L. plants, the involvement of NO in nano-titanium dioxide (nTiO2) induced accumu-
lation of osmolytes and activation of antioxidant defense system towards water- 
deficit stress tolerance was worked out (Khan et  al. 2020c). Water-deficit stress 
increased the concentration of ROS, intensity and contents of EL and MDA which 
decreased the chlorophyll content, nitrate reductase (NR) activity and growth traits 
of tested plants. The application of 15 mg/L nTiO2 under water-stress significantly 
induced synthesis of NO and the NR activity and boosted the enzymatic and non- 
enzymatic defense system, enhanced the accumulation of osmolytes (proline and 
GB) and suppressed the generation of ROS, EL and MDA content. The nTiO2- 
induced synthesis of NO in activation of defense system in faba bean was confirmed 
by using the scavenger of NO viz- cPTIO [2-(4-carboxyphenyl)-4,4,5,5- 
tetramethylimidazoline- 1-oxyl-3-oxide] which re-imposed the water stress condi-
tions. Dimkpa et al. (2019) under drought-induced stress in sorghum worked out the 
alleviatory role of ZnO-NPs by studying the acquisition of nutrients and fortifica-
tion of grains. The plants were grown in soil amended with ZnO-NPs (1, 3, and 
5  mg Zn/kg) and drought (40% of field moisture capacity) was imposed after 
4 weeks of seed germination. It was found that drought significantly reduced grain 
yield, grain N translocation and total (root, shoot and grain) N acquisition and 
delayed the emergence of flag leaf and grain head. The ZnO-NPs (5  mg/kg) 
improved grain N after translocation and restored the total N levels, promoted the 
shoot uptake of P. It was concluded that the ZnO-NPs accelerated the plant develop-
ment, promoted yield by increasing the critically essential nutrients and improved 
the N acquisition. In order to study the effect of CeO2-NPs in decreasing the drought- 
induced oxidative damage in sorghum plants, Djanaguiraman et al. (2018) carried 
out outdoor pot-culture experiment in a randomized complete block for increasing 
photosynthesis and grain yield. Imposition of drought induced the oxidative stress 
and reduced photosynthesis and reproductive strategies. Foliar-sprayed 10  mg/L 
CeO2-NPs under drought stress increased the antioxidant properties that resulted in 
the alleviation of drought-induced oxidative stress by causing the scavenging of 
ROS and reduced the leaf O2

·-, levels of H2O2and MDA content but increased leaf C 
assimilation rates, germination of pollens and seed yield per plant. Under the 
drought-induced stress conditions, in order to study the effects of various metal- 
based NPs like Fe, Cu, Co, and Zn, Linh et  al. (2020) treated them in soybean 
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plants. The results argued that NPs application improved the drought stress toler-
ance by increasing biomass reduction rate, RWC and drought tolerance index. The 
study got further confirmation by quantitative-PCR analysis which revealed that 
expression of several drought-responsive genes was up-regulated by NPs treatment. 
Khan et al. (2020b) in a pot study studied the impact of Si-NPs on wheat growth and 
physiology grown under Cd contaminated habitat under different soil moisture lev-
els. The Si-NPs were applied in four different (0, 25, 50, and 100 mg/kg) concentra-
tions and two water levels (70% and 35% soil water-holding capacity) were imposed 
to wheat plants. It was found that plants treated with Si- NPs showed an improve-
ment in the plant growth traits and photosynthesis potential, and reduced the con-
centrations of metal in grains under drought stress by reducing the oxidative stress 
via minimizing contents of H2O2, EL, and MDA and increasing SOD and POX 
activities. In a recent work, Ali et al. (2021) studied the role of chitosan-NPs (1%) 
in improving drought (100 and 50% of field capacity) stress tolerance in Catharanthus 
roseus L. It was found that drought stress decreased plant growth, total chlorophyll 
content, RWC, stomatal conductance and but increased oxidative stress. Treating 
plants with NPs mitigated the drought stress effects and increased the accumulation 
of proline and CAT and APX activities and reduced oxidative stress. The imposition 
of drought stress increased accumulation of alkaloid that had an additive effect on 
further subjecting plants to the application of NPs. The NPs caused the high alkaloid 
content accumulation under drought stress conditions and was concerned with the 
up-regulation of expression of gene- strictosidine synthase, deacetylvindoline-4-O- 
acetyltransferase, peroxidase 1 and geissoschizine synthase. In wheat plants, Taran 
et  al. (2017) applied colloidal solution of Zn and Cu-NPs for inducing drought 
stress resistance. It was found that both the applied NPs ameliorated the negative 
effects of drought stress by increasing the antioxidative enzymes activities and 
reducing the MDA content, stabilized the content of photosynthetic pigments and 
increased RWC of tested plants. In yet another study, Ahmed et al. (2021b) showed 
that applications of Cu and Ag-NPs in wheat induced tolerance against drought 
stress and resulted in increment of yield. By applying Se-NPs in pomegranates, it 
was found that the effect of drought stress on growth and yield was mitigated 
(Zahedi et al. 2021). Thus in view of the above discussion, it is inferred that various 
kinds of NPs applied in diverse crop plants impart drought stress tolerance by mod-
ulating functional physiological traits.

6.5  Conclusion

The present collected literature clearly indicates that various forms of NPS act as 
regulatory signalling molecules in plants under various abiotic pressures. It is 
inferred that NPs ameliorated abiotic stresses like salinity, drought, and heavy metal 
toxicity by regulating various principal plant metabolic processes. The modulated 
antioxidant defense system have been observed under abiotic circumstances, how-
ever, NPs application further boosted it. This cause entire regained and recharged 
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antioxidant defense machinery by plants that could ameliorate various abiotic stress 
due to efficient detoxification various ROS. The entire sequence of events involving 
boosted antioxidant defense system by various kinds of NPs have diagrammatically 
represented in Fig. 6.1.
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Chapter 7
Mode of Action and Signaling 
of Nanoparticles to Alleviate Abiotic Stress 
in Crop Plants

Nazish, Babli, and Ajai Kumar Jaitly

Abstract Abiotic stress leads to a myriads of morphological, physiological, molec-
ular, and biochemical modifications in plant and unfavourably impinge agricultural 
productivity, and global food security. Sustainable agriculture and food security 
requirements looking for the development of effective technologies to alleviate 
environmental stress. Nanotechnology is found to be a promising technology that 
could transform the agronomic sector with progressive and futuristic perspectives 
by ameliorating cultivation efficiency. Several metal and metal oxide based nanopar-
ticles are executed as a pivotal tool to upgrade plant growth, development and pro-
ductivity by combating against biotic and abiotic stresses. Applications of 
nanoparticles improved antioxidant potential of plants by enhancing the radical 
scavenging potential and antioxidant enzyme activities. A number of researches 
have been organized the study of  mechanisms of nanoparticles action  in order 
to fortifying plant growth and development. This chapter is a pursuit to explicate the 
mode of action and signalling pathway of nanoparticles in plants to combat and 
mitigate the abiotic stress. The relevant elucidation of physiological, biochemical 
and molecular mechanisms of nanoparticles in plants leads to better plant growth 
and yields under abiotic stress and also results in enhanced agricultural production.
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7.1  Introduction

Plants being the sessile organism face abiotic stresses throughout their life cycle 
that adversely affects the plant growth and productivity moreover global food secu-
rity. In response to abiotic stress, plant develops defence system at various levels by 
modifying their morphological, biochemical, physiological and molecular pathway. 
However, these are not enough to nullify the negative impacts of environmental 
stresses. Therefore, it is a major concern for scientist and researchers to mitigate the 
impacts of environmental stresses for the sake of enhancing the crop yield and pro-
ductivity. According to FAO reports, the scientists have a crucial concern to increase 
70% more food crop production (FAO 2009). Hence in this dynamic environmental 
framework there is an incessant requirement to venture the new research dimen-
sions for removal of the technological challenges in context of yield barrier, effi-
ciency of resource applications and eco-friendly technologies development. In past 
few year nanobiotechnology was found to occupy the privilege of being a promising 
tool to mitigate the limitations bound with abiotic and biotic stress to achieve a 
sustainable and reliable agriculture worldwide (Robinson et al. 2009). The major 
applications of nanotechnology could be exploited in agricultural sector, pathogen 
diagnostics, food processing industries, food engineering and packaging materials 
(Perez-de-Luque and Diego 2009).

Nanoparticles are microscopic molecules having dimensions of 1-100  nm. 
Beside their small size the nanoparticles may also have peculiar physio-chemical 
properties like large surface area, improved reactivity, diverse morphology and flex-
ible pore size (Nel et al. 2006). Nanoparticles (NPs) possess lofty surface energy 
and good surface to volume ratio which enhances their reactivity and other bio-
chemical activity, these unique features of NPs may manifest diverse behaviour and 
impact than their bulk counterparts (Dubchak et al. 2010). In the present scenario 
nanoparticles were found to have potential to enhance plant growth and develop-
ment in the form of nano pesticides, herbicides, and nano fertilizers by loading their 
content in required amounts to targeted cellular organelles in plants. There is a sub-
stantial scope of nanotechnology in the cultivation sector; however promising appli-
cations of nanoparticles are still unravelled, especially their role and mode of action 
in plant development and growth (Manzer et al. 2015). Various metal and their oxide 
based nanoparticles are being studied to appraise their latent potential in plant 
growth and development, fortification of plants to condone biotic and abiotic 
stresses, enhancing production efficiency and embroilment in modulating the vari-
ous processes of plants. Application of fertilizers in agriculture is a common prac-
tice that helps to spike the crop production and thereby fulfilled the increasing food 
demand. The excessive application of fertilizers was not completely utilized by 
plants because of leaching in soil, photo degradation, hydrolysis, and decomposi-
tion (Singh et al. 2015). Therefore, novel approaches needs to be developed with the 
help of nanotechnology. Which would increase the crop production and yield as 
well as prevent the loss of nutrient from fertilizers thus exacerbates their efficient 
accessibility to the plants. The applications of nano fertilizers or nano-encapsulated 
nutrients could be a potent tool in the discipline of sustainable agriculture. It also 
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helps to bring down the soil toxicity induced by the accretion of chemical fertilizers 
and pesticides (Nair et al. 2010; De Rosa et al. 2010).

Plants do not have the ability to escape from environmental stress like salinity, 
chilling, drought, UV radiations etc. The stress response in plants was found to 
produce reactive oxygen species (ROS) causing an oxidative burst. Excessive pro-
duction of ROS degrades the macromolecules and membrane lipids lead to the tox-
icity of cells (Yadav et al. 2014) and conquer plant growth (Khan et al. 2016). An 
antioxidant defense system was found in plants in order to mitigate the oxidative 
stress through the ROS scavenging (Khan and Khan 2017). The nanoparticles can 
enhance the antioxidative enzymes system by trapping the ROS (Wei and Wang 
2013) whereas during abiotic stress, nanoparticles boost up the photosynthetic rate 
by conquering the osmotic and oxidative stress and rescuing the photosynthetic 
system (Qi et al. 2013; Siddiqui et al. 2014). Nanoparticles enter into the plants via 
size dependent mechanism and translocated to all growing tissues and germinating 
seeds. Although the potential applications of nanoparticles in agriculture sector is 
receiving global attention, but the accurate mechanism of nanoparticles in plants 
during stress conditions are still scanty. Therefore the present chapter is emphasises 
on the mode of action of nanoparticles during different abiotic stresses and their 
signalling in plants under stress conditions in order to achieve the increased agricul-
ture production.

7.2  Plant Response During Abiotic Stress

The optimum abiotic environmental conditions are necessary for proper growth and 
development of plants. Any type of alteration from optimal environmental condi-
tions which adversely affect the growth, activity and productivity of plants is 
referred as abiotic stress (Bray et al. 2000). Different abiotic stresses like drought, 
salinity, temperature, irradiation, water logging metal toxicity and nutrient defi-
ciency affects the growth and development of plant which ultimately results in low 
yield and productivity (Emamverdian et al. 2015; Pasala et al. 2016). Plants found 
to have the defence mechanisms to overcome the abiotic stress conditions. These 
mechanisms lead the alteration of metabolic processes in the plant system in order 
to assist bio physicochemical progressions of the abiotic stress conditions (Bolton 
2009; Massad et  al. 2012; Mickelbart et  al. 2015). Cellular responses of plants 
against stress include changes in the cell cycle, cell division and in cell wall archi-
tecture, leading to elevated stress tolerance of cells. Biochemically plants alter their 
metabolism to acclimatize environmental stresses through the production of osmo-
regulatory compounds like proline and glycine betaine. After the perception of a 
stress signal the molecular events take place with the genomic responses leading to 
tolerance has been studied extensively in recent years.

The initial prolonged salinity treatment disrupts the osmotic equilibrium and 
caused toxicity in the plant cell. However the consequence of ionic stress followed 
by osmotic stress results in the reduction of plant growth and development (Munns 
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and Tester 2008). Plants retort the osmotic stress by mass production of inositol, 
sorbitol and glycerol as well as amino acids (betaine, proline, glycine, and taurine) 
which maintain the required osmolarity of the cells. During hypoxia conditions the 
unavailability of oxygen to the plants, cause energy depletion and low vigor. Plants 
found to alter their metabolic rate and adopt fermentation over starch metabolism to 
retain normal vigor level (Banti et al. 2013). In response to heavy metal toxicity, 
plants accumulate metal chelates, polyphosphates, and organic acids which results 
in sequestration of toxic metals in the plasma membrane.

Abiotic stress leads to the formation of ROS. Usually there is a balance found in 
production and elimination of ROS, however during abiotic stress this equilibrium 
gets disturbed because of increased ROS production (Fig. 7.1). The excess ROS 
production brings phytotoxicity through the alteration of protein structure and func-
tion. Oxygen radicals and hydrogen peroxide are originated in mitochondria due to 
the over reduction of electron transport chain. These ROS was also found to produce 
in chloroplast and peroxisomes (Davletova et  al. 2005; Halliwell and Gutteridge 
2000). These superoxides are converted into hydrogen peroxide with the help of 
enzyme superoxide dismutase (SOD) which is then broken down into water by per-
oxidase enzyme. The ROS could be damage the biomolecules i.e., carbohydrates, 
proteins, lipids and DNA, which ultimately results in cell death (Foyer and Noctor 
2005) Fig 7.1. 

Fig. 7.1 Possible mechanism of Nanoparticles action during abiotic stress in plant cell. The 
response of plant and toxic effect of NPs cause cell death (Red arrows). The NPs acts as a stress 
signal and stimulate the antioxidant enzyme system for scavenging reactive oxygen species (ROS); 
induce the stress responsive gene which ultimately combats the plant to stress conditions 
(Blue arrow)
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7.3  Abiotic Stresses and Mode of Nanoparticles Action

The initial response of plants to counter abiotic stresses leads to the transient escala-
tion of cytoplasmic Ca+2 cascades which activates the intracellular second messen-
gers (inositol, polyphosphate), ROS, abscisic acid, and increase in mitogen-activated 
protein kinase (MAPK) pathways (Baxter et al. 2013). The advanced level of stress 
response modulates the proteins involved in protection from cellular damage, and 
regulation of the stress-specific genes expression (Mahalingam and Fedoroff 2003). 
Secondary metabolites also play a key role in plants protection against abiotic stress 
by stabilizing the cell structure, signal transduction, protecting the photosystem 
from ROS and biosynthesis of polyamines (Oh et al. 2009). Oxidative stress triggers 
the generation of ROS, biosynthesis of enzymes, accumulation of phenylpro-
panoids, and management of gene expression in plant defence response (Minibayeva 
et al. 2009; Daudi et al. 2012).

Nanoparticles found to mediate their effect on plants growth and development in 
a concentration dependent manner (Laware and Raskar 2014). During their study on 
onion seedling they find out that TiO2 nanoparticles elevate the activity of superox-
ide dismutase enzyme which was further enhanced with increasing the TiO2 concen-
tration. However its low concentration was required for seed germination and 
seedling growth in onion which get suppressed at higher concentration. A signifi-
cant induction of hydrolytic enzyme (amylase), catalase and peroxidase was also 
observed here along with superoxide dismutase.

7.3.1  Salt Stress

Salinity is a profound concern to achieve sustainable crop production among the 
scientific community. More than 20% of cultivated land was found to experienced 
salinity stress worldwide. Salinity poses two major threats to plant growth i.e. 
osmotic stress and ionic stress (Flowers and Colmer 2008). Depletion of soil osmotic 
potential, increasing ionic toxicity and nutritional imbalance are some common 
insinuation of salinity stress experienced by plants (Ashraf 1994). High salt uptake 
by the plant leads to increase the osmotic potential of cytosol. Under the effect of 
saline condition, the sequestration of ions in the vacuole and formation of osmolytes 
(Munns, 2008) helps to maintain homeostasis in the cell. In majority of plant spe-
cies proline and soluble sugars, is produced as a compatible osmoprotectant to resist 
the cells from adverse effects of salinity stress (Sairam and Tyagi 2004; Hokmabadi 
et al. 2005).

The application of silicon nanoparticles and silicon fertilizer was exhibited 
promising results on physiological and morphological features on vegetative state 
of basil (Ocimum basilicum) under salinity stress. The considerable increase in 
growth and development indices, chlorophyll content and proline level in basil was 
recorded under the influence of salinity when treated with silicon nanoparticles and 
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silicon fertilizer (Kalteh et al. 2014). Similar consequences of SiO2 nanoparticles 
have also been observed by (Haghighi et al. 2012) under salinity stress. The nanopar-
ticles (SiO2) have been found to drop the ionic toxicity caused by high Na+ ion 
concentration leading to enhanced crop growth and yield under adverse conditions 
(Savvasd et  al. 2009). The silica nanoparticles are exploited to mitigate salinity 
stress in plants to reduce Na+ ion concentration, probably by reducing Na+ ion 
uptake by plant tissues.

Multiwalled carbon nanotubes applied to broccoli under salinity stress found to 
induce water uptake and transportation by enhancing the net CO2 assimilation and 
aquaporin transduction to alleviate the stress and enhancing growth (Martınez- 
Ballesta et al. 2016).

7.3.2  Drought Stress

Drought is also a major abiotic factor affecting plant growth and crop production. 
The application of nanoparticles was found to be an effective strategy among all the 
techniques used to alleviate drought stress. The applications of Si nanoparticles in 
different fractions enhance the plant tolerance toward drought stress. It was find out 
that hawthorn (Crataegus sp.) exhibited the increased drought resistance. The bio-
chemical and physiological responses in seedlings of hawthorn vary for different 
concentration of Si nanoparticles at various level of dehydration stress from temper-
ate to severe. The pre-treatment of Si nanoparticles indicates the productive changes 
on photosynthetic parameters, malondialdehyde (MDA), water content, leaf pig-
ments, ion leakage, proline and carbohydrate content (Ashkavand et al. 2015). The 
metal-based NPs were found to support the drought tolerance of NP-treated plants 
in Glycine max (Linh et al. 2020) by triggering the expression of drought-associated 
gene. Pei et al. (2010) suggested that exposure to low concentration (1.0 mM) of 
sodium silicate can fairly alleviate the damaging effects of drought stress in wheat 
by improving the shoot growth, increasing the chlorophyll contents, and maintain-
ing leaf water potential of plant. Radical length of germinating seeds has been 
increased by the application of Zn. Moreover higher concentration of Zn increases 
the seed viability especially for plants grown in Zn-deficient areas (Degenhardt and 
Gimmler 2000).

Application of PEG and silver nanoparticles (AgNPs) was found to increase ger-
mination rate and percentage, root length, fresh and dry weight of root in lentil 
(Lens culinaris Medic) seeds significantly (Hojjat 2016). Safflower cultivars exhib-
ited drought stress mitigation on foliar application of iron-nanoparticles by increas-
ing their biomass and oil content. Application of Fe nanoparticles augmented 
biomass production at different stages of flowering and granulation, when subjected 
to drought stress (Davar et al. 2014).
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7.3.3  Heat Stress

The elevated temperature and excessive radiations are the limiting factors for growth 
and development of plant. The continuous exposure of plant to high temperature at 
severe level resulting in irretrievable loss of development and growth is referred as 
heat stress (Wahid 2007). Heat stress elevate the ROS production and generates 
oxidative stress leads to the membrane lipid degeneration and membrane ion leak-
age, followed by protein denaturation (Karuppanapandian et al. 2011) as well as 
reduced chlorophyll content and rate of photosynthesis. Se nanoparticles in small 
concentration were observed to minimize the effect of heat stress by enhancing 
hydration ability, chlorophyll content, and plant development (Haghighi et al. 2014). 
The anti oxidative properties towards the plants were also shown at low Se concen-
tration whereas large concentration of Se nanoparticles could induce oxidative 
stress (Hasanuzzaman et al. 2013). Plants produced some heat shock protein (HSP) 
and molecular chaperones in response to heat stress. The HSPs activates some other 
proteins to conserve their constancy during stress conditions (Wahid 2007). 
Khodakovskaya et  al. (2011) reported that multiwall carbon nanotubes were 
engaged in regulation of heat shock proteins expressions, like HSP90. The CeO2 
nanoparticles exposure to Maize plant causes overproduction of H2O2 and up regu-
lation of HSP70 (Zhao et al. 2012). The application of silver nanoparticles (AgNPs) 
was observed to defend wheat plant from heat stress through the improvement of 
morphological growth (Iqbal et al. 2018).

7.3.4  Chilling Stress

Plants may develop physiological disarray while subjected to a low temperature i.e., 
non freezing temperature. The chilling stress thermodynamically lowers the kinet-
ics of various physiological and metabolic processes in plants (Hussain et al. 2018). 
The major impact of chilling stress includes retarted metabolism, membrane viscos-
ity i.e. distortion of permeability and ion leakage from the membrane affecting the 
germination and growth of plant (Suzuki et al. 2008).

Photosynthesis is an important physiological process of plant which shows high 
susceptibility towards the chilling stress. The photosystem of plants exposed to 
chilling stress found damaged by reducing chlorophyll content, CO2 assimilation, 
transpiration rate and the degradation of enzyme Rubisco (Liu et al. 2012). Effect of 
nanoparticles on the photosystem is attributed to increased production of Rubisco 
enzyme, light immersion ability of chloroplast and inhibiting the ROS production 
(Giraldo et al. 2014). Application of TiO2 nanoparticles enhances the expression of 
Rubisco, chlorophyll binding protein gene and activities of antioxidant enzyme, 
thereby improves the susceptibility of plant to chilling stress (Hasanpour et al. 2015).
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7.3.5  Heavy metal Stress

Heavy metal toxicity is also a matter of great concern as it constraints crop produc-
tion by increasing phytotoxicity to the plants which brings all detrimental manifes-
tations. The exposure of plants to heavy metals triggers the ROS production, causing 
an oxidative burst in the cell which leads to the alteration of cell structure, reduction 
of membrane permeability, and protein degradation (Sharma et al. 2012). The metal 
toxicity could be counterbalanced by several biochemicals, physiological and 
molecular mechanisms of plants. As a defense mechanism plants produce metal- 
chelates, polyphosphates and organic acids which inhibit the heavy metal consump-
tion, efflux of metal ions and activate the antioxidant enzymes system that scavenge 
ROS production (Ghori et al. 2019).

Nanoparticles enter into plant cells easily due to their small size and large surface 
area and retain more affinity for the heavy metals. Exposures to TiO2 nanoparticles 
limit cadmium toxicity and enhance the photosynthesis rate as well as plant growth 
(Singh and Lee 2016). Zn nanoparticles were also play a crucial role in reducing Cd 
generated metal toxicity of plants (Baybordi 2005). Hydroxyapatite nanoparticles 
treatments in Brassica juncea have been found to reduced Cd toxicity (Li and Huang 
2014). The supplement of Si nanoparticles in growth media alleviates chromium 
toxicity in pea (Tripathi et al. 2015). Similarly the application of gold ions on cow 
pea encourages the conversion of Au+3 to nontoxic gold nanoparticles with the help 
of phenolic compounds present in germinating seeds (Shabnam et al. 2014).

7.4  Nanoparticles Signalling During Abiotic Stress

The existing data on nanoparticles and their interactions with plants in the course of 
abiotic stress was indicates that, reactive oxygen species (ROS) production is a 
common response of plants to all type of stresses (Fig. 7.1). ROS play an important 
role in the form of stress signals to trigger the plant defence response thereby aggra-
vates cellular damage (Dat et al. 2000). Various studies suggested that along with 
the induction of ROS production nanoparticles also stimulate the antioxidant 
enzyme activities for ROS scavenging (Ma et al. 2010; Simon et al. 2013). However, 
the extensive mechanism of nanoparticles operation and functioning is not well 
understood. Amalgamation of various approaches such as proteomics and genomic 
will make it possible to understand the mechanism of nanoparticles action in plants 
during abiotic stress conditions. The activities of various antioxidant enzymes i.e. 
ascorbate peroxidase, guaiacol peroxidase and catalase was enhanced through the 
treatment of silver nanoparticles in Brassica juncea that results in the reduction of 
ROS concentration.

The Gene expression analysis of Arabidopsis by RT-PCR has furnished advanced 
insights for the molecular mechanism of plant response to Ag-NPs.
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The transcriptional response of Arabidopsis plants exposed to Ag-NPs was scru-
tinized through whole-genome cDNA expression microarrays (Kaveh et al. 2013) 
resulted in the up regulation of 286 genes, including the genes fundamentally asso-
ciated with metal and oxidative stress (e.g., cytochrome P450-dependent oxidase, 
superoxide dismutase, vacuolar cation/proton exchanger and peroxidase), and sup-
pression of 81 genes, including the genes involved in plant defense system and 
hormonal stimuli (e.g. auxin-regulated gene involved in organ size-ARGOS, ethyl-
ene signalling pathway and SAR against pathogens). mi RNAs have been found to 
regulate various metabolic processes in plants and animals, and also plays a pivotal 
role in plant defence from abiotic and biotic stresses (Frazier et al. 2014). The com-
bined effect of nanoparticles and mi RNAs also reveals insight into the mechanism 
of nanoparticles under abiotic stress. It was observed that the application of TiO2 
and Al2O3 nanoparticles on tobacco plants triggers the up regulation of mi RNA 
expression as well as response to metal stress, though higher concentration of these 
nanoparticles caused wilting, reduced biomass, leaf sizes, and leaf counts (Burklew 
et al. 2012).

A signalling network switches the defense system in plants, which stimulate the 
molecular mechanism in response to a stress conditions. Ca+2 involved in signal 
transduction during various stress conditions serve as a second messenger. Induction 
of stress signals generates a cascade of Ca+2 to the cytosol through calcium ion 
channels, thus the level of Ca+2 in the cytosol increase, which recognized through a 
calcium ion-binding proteins (CBPs) causing modifications in gene expression and 
plant adaptation to stress conditions (Khan and Khan 2014; Singh and Husen 2019). 
It has been reported that nitric oxide (NO) is responsible for the increased cytosolic 
calcium ions concentration during biotic and abiotic stress conditions therefore cal-
cium ions supports the synthesis of nitric oxide (Corpas et  al. 2004). The Ag 
nanoparticles treatment on Oryza sativa roots asserted the involvement of nanopar-
ticles responsive proteins in modulating and signalling of calcium ions, protein 
degeneration, cell wall formation, transcription, oxidative stress response pathway, 
cell division, and apoptosis (Mirzajani et  al. 2014). They also suggested that 
nanoparticles imitate the Ca+2 and their binding with calcium-binding proteins 
(CBP) which stimulates a cascade of stress responsive genes.

The interaction of C60 nanocrystals initiated regulation of the Ca+/calmodulin- 
dependent protein kinase II (Miao et al. 2014). Furthermore, the application of cad-
mium sulfide on Arabidopsis thaliana stimulates over expression of calcium-binding 
protein CML45 as well as calcium-dependent protein kinase 23 (Marmiroli et al. 
2015). These calcium-binding proteins have been reported to control stress 
responses, and their over expression caused improved resistance in plants against 
several abiotic stress conditions (Boudsocq and Sheen 2013).

Nanoparticles also found to activates the nitrate reductase enzyme in plants, 
which enhanced the concentration of nitric oxide to modulate immune response in 
plants (Chandra et al. 2015). Contrarily, it has been find out that nitric oxide causes 
nanoparticles-induced toxicity and stimulates the antioxidant genes expression as 
well as suppresses the lipid oxidation and ROS generation (Chen et al. 2015). Syu 
et al. (2014) has been concludes that nanoparticles sustains an active antioxidant 
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defense system at lower concentration that regulates the generation of ROS into a 
specific concentration that could be incapable of causing damage but adequate for 
signalling. However the complete mechanism of nanoparticle induced signal trans-
duction in plants are under study but it has been find out that nanoparticles induced 
phytotoxicity have shown enhanced generation of ROS that act as toxic compounds 
as well as signalling molecules in plant cells. The different roles of ROS are pre-
cisely governed by their production and scavenging activity, disproportion in any of 
these activities may result in extreme production or diminished accessibility of 
ROS, which leads to oxidative stress or disruption of signalling respectively.

7.5  Conclusion

Nanoparticles enhance the stress tolerance of plants by stimulating the antioxidant 
enzymes production (SOD, CAT and POD) as well as the detoxification of ROS. The 
successful interaction of NPs with plants is mainly due to their small size, large 
surface area and intrinsic catalytic activity which makes them enable for easy pen-
etration, high absorption and efficient catalytic reactions. The complete knowledge 
of mechanism of nanoparticles under stress conditions are still unknown and are 
under extensive study. However the available data indicates that nanoparticles trig-
ger Ca+ dependent signals via the calcium binding proteins (CBPs) in cytosol. These 
signals induced the expression of stress response gene and thereby stimulating the 
defense mechanism of plant. The exact role and mode of action of NPs during abi-
otic stress needs further research at cellular and molecular levels.
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Chapter 8
Impact of Nanoparticles 
and Nanoparticle- Coated Biomolecules 
to Ameliorate Salinity Stress in Plants 
with Special Reference to Physiological, 
Biochemical and Molecular Mechanism 
of Action
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Abstract It is well known that salinity, classified among the major abiotic stresses, 
negatively influences the growth as well as yield of plants in the whole world. There 
is a serious concern among scientists to overcome crop losses due to salt stress. 
With the breakneck advancement in the context of nanotechnology, various engi-
neered nanoparticles are being recognized and applied in plant science to safeguard 
plants from the devastating repercussions of salinity stress. Nanoparticles function 
as magic bullets owing to their unique physico-chemical properties. The incorpora-
tion of nanoparticles can potentially modulate physiological and biochemical 
approaches of plants which could possibly enhance salinity tolerance. To improve 
plants’ adaptation to salinity, nanoparticles encapsulated with certain biomolecules 
and/or signaling agents might be a more effective approach. This chapter aims to 
deliver an update on the utilization of different classes of nanoparticles and their 
mechanisms of action to manage soil salinity in plants. Additionally, the impact of 
nano-encapsulation on salt-stressed plants at physio-biochemical levels will be 
discussed.
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8.1  Introduction

Plants endure various abiotic stresses, among which salinity stress is addressed as 
one of the leading constraints in crop establishment worldwide. On a global basis, 
about 800 million hectares of arable land have been affected due to soil salinity. 
Crop productivity losses due to salt stress are nearly 50% around the world (Zhao 
et al. 2020). Salinity stress evokes osmotic and ionic toxicity; ultimately causes cell 
death in plants, specifically in arid and semi-arid parts of the globe (Munns and 
Tester 2008). Consequently, salinity affects the whole plant physiology. To tailor 
circumstances of salt stress, plants have developed certain tolerance mechanisms 
such as uptake of toxic ions, ion exclusion, osmotic regulation, production of reac-
tive oxygen species scavangers, photosynthetic electron transport, antioxidant 
defense, chlorophyll fluorescence, chlorophyll content, etc. (Tang et  al. 2015). 
Recently, many pieces of research have focused on novel strategies to tackle the 
destructive aftereffects of salt stress in plants (Liang et al. 2018a, b).

In this modern age, ‘Nanotechnology’ is one of those branches of science, whose 
application is very vast. It is one of the most important concepts of ongoing discus-
sion in the scientific community. ‘Nanotechnology’ is defined as the study and uti-
lization of materials of small size ranging from 1 to 100 nm. It is one of the emerging 
techniques to improve plants’ yield and growth performance under salinity stress 
(Duhan et al. 2017). Due to specific attributes like minimal size, large surface to 
volume ratio, and structural features, diverse kinds of nanoparticles such as gold, 
silver, zinc, carbon, cerium, titanium, etc., have been applied to protect plants 
against the devastating implications of abiotic stresses including salinity stress 
(Khan et al. 2017). Moreover, nanoparticles can form a coating around other sub-
stances that differ from both the substance (which is being coated) and the sur-
rounding medium. These coatings can drastically alter the properties of substances, 
such as chemical reactivity, catalytic activity, suspension stability, etc., even though 
just a single molecule thick. Further, nanoparticles allow alterations in physiologi-
cal and biochemical attributes in salt-treated plants via nano-encapsulation. Also, 
the application of nanoparticles alters gene expression profiles in several plants to 
minimize the reducing effects of salinity stress.

Therefore, this chapter discusses the role of various nanoparticles, nano- 
encapsulation in plants under salinity stress. Additionally, it briefly explains how 
nanoparticles affect the physio-biochemical procedures as well as stress-responsive 
genes in plants affected by salinity stress conditions.
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8.2  Importance of Nanoparticles and Nanoparticle-Coated 
Biomolecules in Plants

Biological systems are highly complex. Plants are sessile organisms; hence they 
adjust their metabolism and physiology in response to the dynamic changes in their 
surroundings, including biotic and abiotic stresses. Highly coordinated metabolic as 
well as signaling networks are key to the physiological and metabolic changes that 
are required to continuously face these fluctuating situations. Furthermore, the sys-
tem’s important properties are frequently embodied in its dynamics. Changes in the 
network structure through epigenetic effects or mutation can cause changes in net-
work dynamics, resulting in different physiological properties. The effects of these 
minute changes have resulted in massive developmental steps since the dawn of life. 
DNA and RNA containing hereditary information facilitated the transfer of these 
changes from generation after generation. In this way, the adaptability of the organ-
ism in its environment also developed further. In the entire life cycle, an organism 
faces several abiotic and biotic stresses, which reshapes the genetic configuration. 
Among the abiotic stresses; salinity, drought, cold stress, waterlogging, and heat 
stress are the predominant ones. The soil may be deficient in some of the essential 
nutrients and create a stressful environment for the plant. In brief, those stress- 
imposing factors which are directly related to environmental extremities and not 
associated with other biological entities are termed as abiotic stress factors. On the 
other hand, biotic stress factors are referred to as pathogens, pests, and toxins, which 
directly or indirectly hamper the normal life cycle of the plant. Among the biotic 
factors, unicellular organisms like plant pathogenic bacteria, viruses, protozoa, 
fungi, etc., and multicellular organisms like insect pests, rodents are important.

The plant has its own system of mitigating stress, and the process initiates with a 
network of complex signaling mechanisms. Whenever there is stress, the plant 
receives the signal from the environment through the receptors and transfers it 
throughout the system with a cascade of primary and secondary signaling reactions. 
Hormones like ABA, functional proteins like LEA, HSP, enzymes involving in the 
biosynthesis of osmoprotectants, and transcription factors like DREBs, NACs, and 
AREBs are an important part of these signaling mechanisms. Several genes also 
play a dynamic role in this entire event (Akpinar et al. 2012). On the other hand, 
molecular crosstalk between several growth hormones like jasmonic acid, salicylic 
acid, ethylene, ABA, auxins, etc. is central to the balance between growth and 
defensive responses in the plant (Yang et al. 2019). There are unique mechanisms 
for each type of stress. For example, under the influence of drought and salinity 
stress, ABA plays a pivotal role in signal transduction and closure of stomata, so 
that the moisture present inside the plant system doesn’t escape. The plant also 
retains its moisture through the production of proline, glycine betaine, etc. which 
helps in osmotic regulation (Dikilitas et al. 2020). Similarly, in response to ROS 
(reactive oxygen species) plant involves different ROS scavenging enzymes like 
catalase, superoxide dismutase, peroxidase, etc. which protects the cell from oxida-
tive damage (Tripathy and Oelmüller 2012).
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Surely, plants are well equipped to mitigate mild to moderate stress via several 
pathways. But, both the economic, as well as biological yield of the plant, may get 
adversely affected under those situations. So, researchers are trying to find out vari-
ous ways to enhance the productivity of plants under stressed conditions. It may be 
through the external supply of some compounds or stimuli; or internal regulation of 
genetic factors. Several agronomical approaches like soil amelioration, application 
of fertilizers, change in showing time etc. and biotechnological approaches like the 
introduction of the new gene, regulation of existing genes, RNA interference, etc. 
are very few examples of that. With the advancement of agricultural sciences and 
the introduction of nanotechnology in this field, the opportunities to produce higher 
yield and better-quality foods have widened up. Nanoparticles and biomolecules- 
coated- nanoparticles have produced promising results in drought stress, heavy 
metal toxicity, salinity stress, etc. Not only that, those were also used to improve the 
quality of soil, increase productivity, stimulate plant growth, and smart monitoring 
of crop plants. Following are few areas where nanoparticles and nanoparticle coated 
biomolecules play important roles in plant systems.

 1. Importance of nanoparticles in drought stress:

There are numerous researches that have been conducted on mitigating drought 
stress with the help of nanotechnology. In maize, drought-induced damage to chlo-
roplasts and mitochondria was successfully checked by using nano-ZnO. Drought 
stress causes subcellular ultrastructure modifications, as well as the accumulation of 
osmolytes and malondialdehyde in leaves. In plants, the application of nano-ZnO 
(100 mg L−1) stimulates melatonin production and triggers the antioxidant enzyme 
defense mechanism. Changes were related to the upregulation of relative transcript 
abundance of APX, ASMT CAT, COMT, SNAT, TDC, Fe/Mn-SOD, and Cu/Zn 
SOD, induced by nano-ZnO particles (Sun et al. 2020). In rice, both drought stress 
and Cd toxicity were mitigated by applying IONPs (iron oxide nanoparticles) and 
HGNPs (hydrogel nanoparticles) simultaneously. Bio-fabrication of IONPs was 
done by using the RNT1 strain of Bacillus. On the other hand, HGNPs were synthe-
sised artificially using chemicals followed by the authentication and characteriza-
tion of both the nanoparticles by means of nanomaterials characterization methods 
(Ahmed et  al. 2021). Correspondingly, in sorghum, foliar spray of nanoceria 
(Cerium oxide nanoparticles) @10  mg  L−1 dramatically lowered the impacts of 
drought-stressed and improved pollen germination, rate of leaf carbon assimilation, 
and seed yield per plant; leading to higher grain yield (Djanaguiraman et al. 2018). 
Thus, nanoparticles perform an important function in dealing with the drought 
stress in the plant system.

 2. Importance of nanoparticles in salinity stress:

Salinity stress is one of the foremost reasons of yield decrement in crops that are 
grown in saline soils. The presence of excess amount of salts creates a hypertonic 
environment to the plant root, which ultimately results in exosmosis of water from 
the plant tissue. Nanoparticles may play a vital role in mitigating stress-induced by 
saline soil. For example, silver nanoparticles (AgNP) can be used to check the 
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effects of salinity stress in wheat, which is directly associated with proline metabo-
lism, defense mechanism, and ion accumulation within the plant system (Wahid 
et al. 2020). Another study has shown that the application of TiO2 nanoparticles @ 
100 mg L−1 on Dracocephalum moldavica under salt stress not only reduced H2O2 
concentration in the plant but also increased essential oil content significantly (up to 
1.19%) (Gohari et al. 2020a). Similarly, in salt-treated grapes, iron nanoparticles 
and potassium silicate promoted an increase in membrane stability index and a 
decline in malondialdehyde content (Mozafari et al. 2017).

 3. Importance of nanoparticles in supporting plant growth and providing 
nutrients:

Regular absorption of soil nutrients helps in the developmental process of plants. 
Soil is the provider of most of the essential nutrients, including macro and micronu-
trients. Soil deficient in such nutrients may adversely impact the life cycle and over-
all productivity of the plant. Hence, to achieve higher productivity, the application 
of fertilizer may be necessary. The development of nano-fertilizers is a fact of grow-
ing interest worldwide. Quite a few researchers have examined the infuences of 
various NPs on plant growth and phytotoxicity, for example, magnetite (Fe3O4) 
nanoparticles and plant growth (Shankramma et al. 2016), alumina, zinc, and zinc 
oxide on seed germination and root enlargement of radish, rape, corn, cucumber, 
and lettuce, sulfur nanoparticles on tomato, silver nanoparticles and wheat seedling 
growth (Salem et al. 2016), and zinc oxide in mungbean, etc. Wheat growth and 
yield can be boosted by soil application of silver nanoparticles (SNPs) @ 25 ppm. 
(Ghidan and Al Antary 2019).

 4. Importance of nanoparticles and nanoparticle-coated biomolecules in plant 
pest and disease management:

Traditional laboratory methods of pathogen diagnosis, for instance, microscopic 
and cultural approaches, take time and necessitate complicated sample handling 
processes. Immunological and molecular approaches have progressed significantly, 
but they also have some problems associated with rapidity as well as signal strength. 
However, in today’s agriculture systems, symptoms of infectious diseases can often 
be detected well before the actual onset of infection, with higher accuracy and 
rapidity. Nanotechnology has the ability to be used for pathogen diagnosis and 
removal because it can deal with certain problems created by viruses and other 
pathogens. Teams studying drug delivery mechanisms, nutrients, and probiotics 
have long dreamed of designing medication release systems, and nanotechnology 
now provides opportunities in this area (Kashyap et al. 2016). Different biological, 
physical, and chemical processes are often used in the agriculture and food industry 
to detect viral, or bacterial infections as well as chemical contamination. 
Nanotechnology has recently been used to detect contaminants, even at very low 
levels, thanks to the invention of nanoscale sensors. These sensors can also be used 
to quantify and track materials derived from bacterial metabolism and growth, 
allowing for bacterial and viral toxicity monitoring. For example, plant pathogens 
like Xanthomonas axonopodis pv. vesicatoria inducing bacterial spot in pepper and 
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tomato, were effectively identified using fluorescent silica nanoparticles (FSNP) 
conjoined with antibody units (Yao et  al. 2009). Similarly, copper oxide (CuO) 
nanomaterials and nanolayers were put to use to trace Aspergillus niger in growth 
medium (Etefagh et al. 2013)

 5. Importance of nanoparticles and nanoparticle-coated biomolecules in the 
formulation of pesticides with important functions:

Some nanomaterial properties, like permeability, stiffness, crystallinity, solubil-
ity, thermal resilience, biodegradability, etc. have significantly improved the formu-
lation and impact of nano pesticides, improving the dissemination and wettability of 
agricultural compositions while reducing organic solvent runoff. Controlled release 
kinetics are possible with nano-encapsulated pesticides. By blocking the early dete-
rioration of active ingredients (AIs) under severe environmental conditions, nanoen-
capsulation can improve pest-control performance for longer periods of time 
(Kumar et al. 2019). For example, researchers have created a nanoparticle delivery 
system, containing γ-polyglutamic acid and chitosan for transportation of avermec-
tin, a nematicide that controls pinewood nematode. The system has shown promis-
ing results with a 20% initial release of nematicide regardless of pH, followed by a 
69.5% release at pH 8.5, in contrast to 60.4% at pH 7 and 57.5% at pH 5.5. Because 
of the electrostatic reciprocity between chitosan and the carboxyl groups of -poly-
glutamic acid, the nanocarrier set up demonstrated great stability at pH 5.5. This 
interaction gets affected due to high pH, which causes the release of avermectin in 
a controlled manner (Liang et al. 2018a, b).

 6. Other importance:

Nanomaterials in agriculture are being used to limit the usage of plant protection 
chemicals, lessen fertilizer nutrient inputs, and boost outputs by better nutrient man-
agement strategies. The use of target-specific nanoparticles will minimize non- 
targeted plant tissue damage as well as the number of chemicals released to the 
environment. Plant breeding and genetic transformation have also been studied 
using nanotechnology-derived instruments and techniques. Metal and metal oxide 
nanoparticles of precisely defined sizes, weight, morphologies, and physicochemi-
cal characteristics, in particular, fluorescence, magnetic, and photocatalytic degra-
dation effects, have brought a revolution in sensor development, degradation of 
agrochemicals, and soil remediation among nanomaterials. They also contributed to 
the advancement of new agricultural technologies. For example, selenium nanopar-
ticles (SeNPs) based biosensors, with 35–40 nm size and face-centered cubic (FCC) 
structures are used for the investigation of heavy metal toxicity in agriculture 
(Ahmed et al. 2020). Similarly, Rice plants treated with a variety of carbon nanoma-
terials (nanotubes, C60, graphene) revealed that these materials can increase mois-
ture content in seeds and can also be translocated to leaves (Nair et al. 2012). Cicer 
arietinum treated with water-soluble carbon nanotubes (wsCNTs) showed increased 
water absorption by carbon nanomaterials, which improved shoot, root, and branch-
ing growth rates (Tripathi et al. 2011).
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8.3  Nanoparticles: Types and Synthesis

Silver Owing to better antimicrobial peculiarities, silver nanoparticles are consid-
ered as the most effective against microorganisms such as bacteria, viruses, and 
other eukaryotes (Rai et al. 2009). Among all, they are the most prevalent nanopar-
ticles as they have manifold applications like antimicrobial agents, textile indus-
tries, treatment of water, sunscreen lotions, etc. (Sharma et al. 2009). As per the 
reports, they have been successfully synthesized by several plants namely 
Azadirachta indica (Shankar et al. 2004), Capsicum annuum (Bar et al. 2009), and 
Carica papaya (Jha and Prasad 2010).

Gold For immunochemical researches, gold nanoparticles (AuNPs) are utilized to 
recognize protein interactions. These particles are implemented as lab tracers in 
DNA fingerprinting to locate DNA in a sample. These are also employed for the 
identification of aminoglycoside antibiotics such as streptomycin, gentamycin, and 
neomycin. The application of gold nanorods leads to the detection of cancer stem 
cells, cancer diagnosis, and to identify various kinds of bacteria (Tomar and 
Garg 2013).

Alloy These nanoparticles possess structural features that vary from their bulk 
samples (Ceylan et al. 2006). Because of very high electrical conductivity (Junggwon 
et al. 2008), silver flakes are most commonly exploited. The properties of bimetallic 
alloy nanoparticles are governed by the set of two metals and display greater prefer-
ences over conventional metallic nanoparticles (Mohl et al. 2011).

Magnetic Magnetic nanoparticles, for example, Fe3O4 (magnetite) and Fe2O3 
(maghemite) exhibit biocompatibility. They have been applied for the treatment of 
cancer (magnetic hyperthermia), sorting and manipulation of stem cells, drug deliv-
ery, DNA analysis, gene therapy, and magnetic resonance imaging (MRI) respec-
tively (Fan et al. 2009).

The synthesis of nanoparticles occurs via chemical and biological methods. 
Unlike chemical methods including chemical reduction of metal ions, photoreduc-
tion in reverse micelles, thermal decomposition of organic solvents, etc., which 
have many adverse effects, nanoparticles synthesis through the biological mode is 
eco-friendly. Nanoparticles can be synthesized biologically through microorgan-
isms, plants, or plant extracts.

8.4  Microorganisms for Nanoparticles Synthesis

The approach of utilizing microorganisms for synthesizing nanoparticles offers cer-
tain advantages: (1) It is a cost-effective tool, (2) It is free from harmful, toxic 
chemicals, and (3) It holds huge energy demand prescribed for physiochemical 
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synthesis. Intracellular and extracellular synthesis of nanoparticles has been studied 
using microorganisms such as bacteria (actinomycetes), fungi, and yeasts. The 
intracellular process entails the movement of ions into microbial cells subjected to 
the availability of enzymes. On the other hand, extracellular synthesis entails the 
elimination of downstream processing steps required to recover nanomaterials in 
intracellular methods, numerous centrifugation and washing steps prescribed for the 
purification of nanoparticles, and others. Extracellular secretory constituents like 
metal-resistive genes, proteins, enzymes, peptides, cofactors, and organic sub-
stances act as reducing agents and provide natural capping for nanoparticle synthe-
sis. Therefore, these help in preventing the assemblage of nanoparticles and ensuring 
stability for a longer period.

Bacteria Principally, enzymes help in nanoparticle synthesis through bacteria 
(Zhang et al. 2011). For instance, silver nanoparticle was synthesized using nitrate 
reductase enzyme in Bacillus licheniformis. Bacteria, including Pseudomonas 
deceptionensis (Jo et  al. 2015), Weissella oryzae (Singh et  al. 2015f), Bacillus 
methylotrophicus (Wang et al. 2015), Brevibacterium frigoritolerans (Singh et al. 
2015d) and Bhargavaea indica (Singh et al. 2015c, e), have been utilized for the 
synthesizing silver and gold nanoparticles. Metal nanoparticle synthesis has been 
possible using Bacillus, Pseudomonas, Klebsiella, Escherichia, Enterobacter, 
Aeromonas, Corynebacterium, Lactobacillus, Pseudomonas, Weissella, 
Rhodobacter, Rhodococcus, Brevibacterium, Streptomyces, Trichoderma, 
Desulfovibrio, Sargassum, Shewanella, Plectonemaboryanum, Rhodopseudomonas, 
Pyrobaculum, and others (Li et al. 2011).

Fungi To achieve an easy and stable nanoparticle synthesis, mycosynthesis is a 
comprehensible approach. Several fungi characterized by chief metabolic sub-
stances with more bioaccumulation capacity and basic downstream processing can 
be easily cultured to synthesize low-cost nanoparticles effectively (Alghuthaymi 
et al. 2015). Fungi possess a higher ability to tolerate and uptake metals in compari-
son to bacteria, thereby metal salts bind with the wall of fungal biomass for produc-
ing high yielded nanoparticles (Castro-Longoria et  al. 2011). There are three 
possible mechanisms for mycosynthesis of metallic nanoparticles i.e., nitrate reduc-
tase action, electron shuttle quinones, or duo. Reductase enzymes derived from 
fungi like Penicillium species and Fusarium oxysporum, α-NADPH-dependent 
reductases, and nitrate reductase participate actively in nanoparticle synthesis 
(Alghuthaymi et al. 2015).

Actinomycetes Although actinomycetes mediated nanoparticles are stable and 
have considerable biocidal activities against different pathogens, nanoparticle syn-
thesis using actinomycetes has not been well investigated (Golinska et al. 2014). A 
study illustrated that reductase enzyme from Streptomyces species promoted the 
reduction of metal salts while synthesizing silver, zinc, and copper nanoparticles 
using Streptomyces (Karthik et al. 2014).
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Yeast In parallel to other microorganisms, yeasts play a considerable role in pro-
ducing nanoparticles extracellularly on a huge scale (Waghmare et  al. 2015). 
Examples – intracellular synthesis of lead nanoparticles by Rhodosporidium diobo-
vatum (Seshadri et al. 2011), extracellular synthesis of silver and gold nanoparticles 
by means of Extremophilic yeast (Mourato et al. 2011).

Viruses The synthesis of nanoparticles via viruses is also possible. Viruses enable 
the synthesis of nanowires with working components that have wide applications in 
battery electrodes, photovoltaic devices, and supercapacitors (Nam et al. 2006).

Despite that, microorganisms-mediated synthesis involves specific problems 
including slow synthesis, minimum productivity, need for downstream processing 
to recover nanoparticles, complicated steps involving microbial sampling, isolation, 
culturing, and maintenance.

8.5  Steps Involved in the Microorganisms-Mediated 
Synthesis of Nanoparticles

Extracellular synthesis

• culturing of microorganisms for 1–2 days in a rotating shaker in accordance 
with ideal temperature, pH, medium factors, etc.

• centrifugation of the culture to exclude biomass
• addition of a filter-sterilized metal salt solution to the obtained supernatant 

followed by incubation
• monitoring of nanoparticle synthesis by noticing the colour change in the 

culture medium
• centrifugation of the reaction mixture at varying speeds post-incubation so as 

to remove any large particle or medium components
• final centrifugation of the nanoparticles at elevated speed or with a density 

gradient
• washing of nanoparticles in water/ethanol/methanol and collection of 

nanoparticles in a bottom pellet fashion

Intracellular synthesis

• culturing of microorganisms
• collection of biomass by centrifugation
• washing with distilled water
• dissolving in sterile water with filter-sterilized metal salt solution
• monitoring the reaction mixture for a color change
• removal of biomass by ultrasonication, washing and centrifugation to initiate 

cell wall breakage and release of nanoparticles
• further centrifugation, washing, and collection of the synthesized nanoparticles
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8.6  Biosynthesis of Nanoparticles Using Plants

Phytonanoparticle synthesis is a very simple, rapid, eco-friendly, and cost-effective 
strategy. Besides, it has several benefits in terms of biocompatibility, adaptability, 
applications in the medical sector. Water, a universal solvent is used as a reducing 
agent for synthesizing plant-based nanoparticles (Noruzi 2015). Nanoparticles can 
be synthesized from plants using easily available plant extracts which are non-toxic 
in nature. Reports suggested that medicinal plants can be utilized as resources to 
synthesize nanoparticles, for instance, root and leaf extracts of Panax ginseng have 
been exploited for the synthesis of silver and gold nanoparticles (Singh et al. 2015b). 
Furthermore, numerous plant organs (leaves, stem, roots, fruits) and their extracts 
are utilized for metal nanoparticle synthesis (Table 8.1). Nevertheless, the appropri-
ate mechanism and the ingredients accountable for the synthesis of plant-derived 
nanoparticles are still unexplored. It has been envisaged that amino acids, proteins, 
organic acids, vitamins, secondary metabolites (flavonoids, alkaloids, polyphenols, 
terpenoids, heterocyclic compounds, and polysaccharides) have far-reaching contri-
butions in reducing metal salts and also they serve as capping and stabilizing 
medium for biosynthesized nanoparticles (Duan et  al. 2015). For example, gold 
nanoparticles could be synthesized with the help of proteins and polyamines of 
Corallina officinalis extract (El-kassas et al. 2014). It has been highlighted that sil-
ver and gold nanoparticles were synthesized and stabilized by biomolecule adher-
ence in leaf extract of Murraya koenigii (Philip et al. 2011). Different plants have 
different mechanisms for the synthesis of nanoparticles. For instance, emodin in 
xerophytes assists in silver nanoparticle synthesis; cyperoquinone, dietchequinone, 
and remirin in mesophytes are worthwhile for the synthesis of metal nanoparticles 
(Baker et al. 2013). Eugenol, the principal terpenoid of Cinnamomum zeylanisum, 
takes part in synthesizing gold and silver nanoparticles (Makarov et al. 2014).

Table 8.1 Synthesis of nanoparticles from plants/plant extracts

Plants
Plant 
extract Type of nanoparticle References

Azadirachta indica Leaves Silver Poopathi et al. (2015)
Panax ginseng Root Silver and gold Singh et al. (2015b)

Ginkgo biloba Leaves Copper Nasrollahzadeh et al. (2015)
Euphorbia prostrata Leaves Silver and titanium dioxide 

(TiO2)
Zahir et al. (2015)

Catharanthus roseus Leaves Palladium Kalaiselvi et al. (2015)
Artocarpus 
gomezianus

Fruit Zinc Suresh et al. (2015)

Lawsonia inermis Leaves Iron Naseem et al. (2015)
Musa sp. Peel Cadmium sulfide Zhou et al. (2014)
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Steps involved in plant-mediated nanoparticle synthesis:

washing of plant parts such as leaf, root, bark, etc. using distilled water
cutting into pieces of small size and boiling for extraction
purification of the extract by filtration and centrifugation
incubation of the reaction mixture for reducing the metal salt
monitoring for a color change
collection of synthesized nanoparticles

8.7  Application of Nanoparticles in Salt Stress Management

Different types of nanoparticles play pivotal roles in imparting salinity tolerance to 
plants. These are briefly discussed in this section.

 1. Zinc (Zn) Nanoparticles

Zinc is an essential micronutrient for crops. It performs diverse functions in the 
cell. Moreover, zinc is also associated with DNA transcription, inter-and intra- 
cellular signaling (Caldelas and Weiss 2017). It is believed that zinc performs a 
primary role in plants susceptible to abiotic stress conditions including salinity 
(Sofy et  al. 2020). Nowadays, zinc oxide (ZnO) nanoparticles are being applied 
commercially with an expectation to serve as a boon for the agricultural sector. It 
has been suggested that Zn nanoparticles can be a good remedy for abating the 
unfavorable effects of environmental stresses in plants (Caldelas and Weiss 2017). 
Studies emphasized that plants treated with Zn-based nanoparticles showed better 
morpho-physiological traits under control (Mahmoud et al. 2020) and salinity stress 
(Alabdallah and Alzahrani 2020; Farouk and Al-Amri 2019). Application of ZnO 
nanoparticles enhanced photosynthetic pigments, antioxidative enzymes (CAT, 
SOD) performance, but decreased proline and total soluble sugar content (Alabdallah 
and Alzahrani 2020). It was found that the employment of Zn nanoparticles to salt- 
stressed canola plants reduced the salt-triggered harsh impacts via enhancing osmo-
lyte biosynthesis, ion regulation, and antioxidant system (Farouk and Al-Amri 
2019). While studying salinity stress in potato plants, it was found that the com-
bined soil incorporation of zeolite, zinc, boron and silicon nanoparticles improved 
water retention capacity, nutrient use efficiency, antioxidative enzymatic profiles, 
photosynthetic, growth, and yield (Mahmoud et al. 2019). Further, Zn nanoparticles 
produce positive effects when applied in low doses, while high concentrations lead 
to toxicity even under normal conditions (Molnar et al. 2020). Recently a study in 
rapeseed plants showed that the exogenous application of ZnO-nanoparticles caused 
a reduction in ion leakage and improvement in Hill reaction and henceforth regu-
lated the expression of stress response genes, for instance, ARP expression was 
upregulated while that of MYC, SKRD2, and MPK4 were downregulated (Hezaveh 
et al. 2019). Therefore, from these pieces of literature, it is quite evident Zn nanopar-
ticles ameliorate salinity stress, however, future research must be emphasized on 
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molecular impacts to completely interprete the mode of actions of these nano- 
particles under salinity stress.

 2. Silver (Ag) nanoparticles

Because of their antifungal and antibacterial properties, Ag nanoparticles are 
being used in agriculture. It is known that Ag nanoparticles improve multiple growth 
traits such as germination, growth via modulating various physio-chemical charac-
teristics of crops (Soliman et  al. 2020; Mohamed et  al. 2017). Treatment of 
Pennisetum glaucum seeds with Ag nanoparticles lowered oxidative damage under 
saline conditions as a result of higher antioxidant enzyme activities (Khan et  al. 
2020). Additionally, Ag nanoparticles suppressed the Na+/K+ ratio in leaves but 
enhanced flavonoids and phenolic composition (Khan et al. 2020). During an exper-
iment in wheat, it was demonstrated that salt-stressed wheat seedlings, when treated 
with Ag nanoparticles, showed an improvement in POD activity, total soluble sugar, 
and hence an overall growth of the plants was observed (Mohamed et al. 2017). 
According to reports, germination and grain yield in wheat are influenced under 
saline regimes by Ag nanoparticles-induced- modulation of photosynthetic effi-
ciency and growth regulators because 6-benzylaminopurine, 1-naphthalene acetic 
acid, and indole-3-butyric acid levels were boosted, while abscisic acid (ABA) con-
tent was lowered (Abou-Zeid and Ismail 2018). There are scanty reports on Ag 
nanoparticles to minimize the deteriorating effects of salt stress in plants. Thus, 
future investigations should be focused on annotating their involvement in salinity 
stress management at physiological, biochemical, and molecular stages. Since Ag 
nanoparticles are highly toxic, they should be used carefully (de Souza et al. 2019; 
Tortella et al. 2020). Thus, it is necessary to understand how Ag nanoparticles stim-
ulate the growth of plants, and in what way they can put forth threat to the 
environment.

 3. Iron oxide (Fe2O3) nanoparticles

Iron is an indispensable micronutrient for plants. It cooperates in various cellular 
processes such as photosynthesis, respiration, chlorophyll biosynthesis (Kim and 
Guerinot 2007). It is also associated with the synthesis of proteins related to cellular 
metabolism, oxygen balance and transport, DNA repair and thereby promoting the 
overall productivity of crops (Tripathi et al. 2018). Iron is known to intervene salin-
ity tolerance supported by up-regulation of antioxidative enzymes in plants (Singh 
and Bhatla 2016). For instance, foliar application of nano-Fe2O3 in combination 
with salicylic acid (SA) restored the physiological performance of ajowan plants 
under saline conditions. The authors observed that the plants treated with combined 
SA and Fe2O3 nanoparticles showed enhancement in K+ uptake, K+/Na+ ratio, Fe 
content, endogenous salicylic acid level, antioxidant enzyme activities, and key 
osmolytes. These alterations led to the improvement in membrane stability index, 
leaf water content, photosynthetic pigments, growth of root and shoot, and ulti-
mately seed yield of salinity stressed plants (Abdoli et  al. 2020). Similarly, in 
Helianthus annus plants, Fe nanoparticles increased the activities of catalase, per-
oxidase, polyphenol oxidase and hence alleviated salt stress effects (Torabian et al. 
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2018). However, there is limited information on the particular metabolic pathways 
regulated by these nanoparticles.

 4. Silicon dioxide (SiO2) nanoparticles

Though silicon is surely not an essential mineral nutrient, it contributes to several 
metabolic pathways associated with different environmental stresses including 
salinity in plants (Vaculík et al. 2020). It has been noted that supplementation of sili-
con to plants raises plant water status by withstanding water loss during salinity 
(Abdelaal et al. 2020). Furthermore, the application of silicon to salt-stressed plants 
increases photosynthesis, dry matter production, vegetative growth, k+ deposition; 
decreases Na+ and Cl− accumulation in the shoot (Hurtado et al. 2020).

Nano forms of silicon influence crop growth and yield in response to salt stress. 
For instance, SiO2 nanoparticles enhance the rate of germination and growth in 
wheat seedlings under salinity (Mushtaq et al. 2019). These nanoparticles mediate 
tolerance against salinity stress in soybean seedlings via increasing k+ content in 
leaves, stimulating antioxidative enzyme profiles while decreasing leaf Na+ concen-
tration, lipid peroxidation, and ROS generation (Farhangi-Abriz and Torabian 
2018). Application of nano SiO2 to strawberry plants retained epicuticular wax 
structure, leaf pigments (chlorophyll and carotenoid) but reduced proline accumula-
tion in comparison to the salt-stressed plants without nano supplementation (Avestan 
et al. 2019). In tomato, plants treated with silicon nanoparticles performed well by 
maintaining glutathione reductase level, chlorophyll concentration, phenylalanine 
ammonia-lyase activity relative to untreated plants under saline conditions (Pinedo- 
Guerrero et al. 2020).

From the above studies, it can be inferred that silicon nanoparticles improve 
plant responses against harmful consequences of salinity stress by regulating vari-
ous physiological and biochemical parameters. But, their application at the gene 
level is yet to be understood and further research should be done indicating how sili-
con nanoparticles affect stress-responsive genes in crops.

 5. Manganese (Mn) nanoparticles

Mn, like other micronutrients, is critically required for plant metabolism. It func-
tions as a cofactor for few enzymes like Mn superoxide dismutase, oxalate oxidase, 
and Mn-protein in PS II (Eaton 2015. Mn nanoparticles have the capacity to miti-
gate salt stress through nano-priming. For example, in capsicum plants, priming 
with Mn nanoparticles strengthened root elongation and ameliorated salinity stress 
in the process of germination. Further, nano-forms of Mn assisted in controlling 
oxidative stress in capsicum seedlings (Ye et al. 2020). Foliar application of Mn 
nanoparticles boosted the antioxidant defense system, increased leaf photosynthetic 
pigments, net photosynthesis, and maintained biomass of cucumber plants and 
thereby counteracting unfavorable effects of salinity stress (Lu et  al. 2020). In 
another study, supplementation of Mn nanoparticles improved membrane stability 
index, chlorophyll concentrations, and nitrate reductase activity in mung bean plants 
under salt stress (Shahi and Srivastava 2018). The contribution of Mn nanomaterials 
in influencing various physiological as well as biochemical attributes in salt-stressed 
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plants is still needed to be explored. So, researchers should focus on this domain in 
the future so as to facilitate effective amelioration of salinity stress conditions.

 6. Copper (Cu) nanoparticles

Cu, an essential micronutrient, is broadly distributed in plant tissues and is con-
cerned with various physiological mechanisms (Chibber et al.  2013). It performs a 
chief function in ethylene perception, photosynthesis, respiration, carbon, and nitro-
gen metabolisms (Iqbal et  al. 2018). Furthermore, Cu is a crucial component of 
specific enzymes associated with redox reactions (Lwalaba et al. 2020). Investigations 
demonstrated that Cu imparted tolerance against salinity stress by reducing the pro-
duction of harmful ROS and increasing the accumulation of osmoprotectants as 
well as amino acids in plants, for example, maize (Iqbal et al. 2018). It has been 
examined that foliar application of Cu nanoparticles to tomato plants lowered the 
damaging impacts of salinity stress by ameliorating the Na+/K+ ratio and growth 
performance. In addition, plants with Cu nanoparticles treatment showed a higher 
percentage of phenol and vitamin C in leaves; increased glutathione peroxidase 
content in fruits as compared to untreated tomato plants (Pérez-Labrada et al. 2019). 
The application of Cu NPs to salt-treated tomato plants upregulated the expression 
profile of jasmonic acid and SOD genes, which contributed to the alleviation of 
oxidative and ionic stresses (Hernández-Hernández et al. 2018a, b). This study pro-
posed that the supplementation of Cu nanoparticles could efficiently promote salt 
tolerance via triggering the antioxidant defense mechanism and through the octa-
decanoid pathway of jasmonates. Thus, the utilization of Cu nanoparticles is a fea-
sible way to manage salinity stress and enhance crop growth.

 7. Cerium (Ce) Nanoparticles

Nano-forms of ‘Ce’ are mostly used in cosmetics, semiconductor, pharmaceuti-
cal, drug delivery, and optical markets (Hussain et al. 2019). Application of lower 
doses of Ce-based nanoparticles enhances physiological and biochemical traits in 
plants grown under unstressed conditions (Salehi et  al. 2018). It is reported that 
poor concentrations of Ce nanoparticles increased the rate of photosynthesis and 
overall growth performance of wheat plants while high levels of Ce nanoparticles 
had negative influences on physio-biochemical variables (Abbas et al. 2020). Ce 
nanoparticles are known to have the ability to relieve abiotic stresses such as salinity 
(Rossi et  al. 2019). For instance, under salinity stress, the supplementation of 
Cerium oxide (CeO2) nanoparticles to Brassica plants pruned the barriers of root 
apoplast which enabled more transportation of Na+ to shoots and low Na+ accumu-
lation in plant roots. These alterations in transport and fluxes of Na+ led to the 
improved physiological activity of the plants (Rossi et al. 2017). In another study, 
the morpho-physiological, biochemical, and molecular mechanisms were found to 
be strongly associated with Ce nanoparticles mediated seed priming in salt-stressed 
cotton plants (An et al. 2020). The authors noticed an enhancement in biomass and 
growth, on the other hand, root transcripts had differential expression responding to 
seed priming with nanomaterials of Ce. Furthermore, plants treated with Ce 
nanoparticles showed low levels of ROS. It was concluded by the authors that seed 
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priming with Ce nanoparticles prompted salinity tolerance which was associated 
with ion homeostasis, ROS mechanisms, and Ca2+ signaling pathways in plants. 
Despite that, the availability of research on the impact of Ce nanoparticles in miti-
gating salt stress in crop plants is scarce. Future studies should be undertaken to 
scrutinize the molecular mechanism of action of Ce nanoparticles for combating 
salinity stress conditions in plants.

 8. Titanium dioxide nanoparticles

Titanium is a transition element. Since 0.33% of the earth’s outer layer is com-
posed of titanium, it is categorized as the ninth abundant metal (Buettner and 
Valentine 2012). It improves the performance of plants by regulating enzyme activi-
ties, enhancing chlorophyll content and photosynthesis (Carbajal-VáZquez et  al. 
2020). Specifically, titanium plays an imperative role in making plants resistant to 
handle salinity stress (Lyu et  al. 2017). There are three distinct mechanisms of 
application of TiO2 nanoparticles in plants. The first mechanism is associated with 
alterations in ROS signaling via TiO2 nanoparticles; the second mechanism describes 
the improvement of TiO2 nanoparticles-induced-nitrogen metabolism in plants by 
converting atmospheric nitrogen to nitrate in presence of UV or sun’s irradiation 
and the third mechanism deals with the size, shape, and surface features of TiO2 
nanoparticles, that modulates its accessibility to the plants. The combination of 
these three attributes determines the inclusive functioning of TiO2 nanoparticles in 
plants. In leguminous crops such as broad beans, the supplementation of 0·01% 
TiO2 nanoparticles significantly promoted the activities of antioxidative enzymes 
and profiles of total soluble sugars, proline, and amino acids in plants subjected to 
salt stress against plants with salinity treatment alone (Abdel Latef et  al. 2018). 
Hence, the upregulated activities of antioxidant enzymes attributed to the detected 
drop in the levels of hydrogen peroxide and malondialdehyde, while higher amounts 
of proline and various metabolites were found to be responsible for the osmoprotec-
tion, unanimously leading to the significant advancement in the growth of plants 
under salinity. Moreover, the positive effects mediated by TiO2 nanoparticles were 
dependent on the concentration, for example, 0·01% TiO2 nanoparticle was highly 
effective, contrastingly 0·02% exhibited an intermediate response and 0·03% was 
futile under both normal and stressed environments (Abdel Latef et al. 2018).

In another study, the effect of TiO2 nanoparticles was evaluated on salt-affected 
Dracocephalum moldavica plants. The findings revealed that these nanoparticles 
improved some enzyme activities, which consequently promoted plant growth 
under salinity. Further, the levels of oil like z-citral, geraniol, geranyl acetate, and 
geranial were enhanced in response to the application of TiO2 nanoparticles under 
salt stress (Gohari et al. 2020a, b).

Recent pieces of literature evidenced the utilization of TiO2 nanoparticles in 
reducing the negative effects of plants under salinity stress conditions. Furthermore, 
it is needed to know the doses of application of TiO2 nanoparticles and to elucidate 
the mechanism of TiO2 nanoparticles-triggered metabolic processes in plants grown 
under salinity.

8 Impact of Nanoparticles and Nanoparticle-Coated Biomolecules to Ameliorate…



200

 9. Potassium (K) nanoparticles

Potassium, an essential macronutrient, plays a substantial role in the growth and 
metabolism of plants. It helps to alleviate unfavorable environmental stresses in 
plants. Exogenously-added potassium has been reported to elevate salinity tolerance 
in crops (Xu et al. 2020). For instance, in alfalfa plants, the application of potassium- 
based nanoparticles (K2SO4) improved plants’ responses to salt stress via reducing 
leakage of electrolytes, increasing proline content and antioxidative enzyme activi-
ties, thereby overcoming the unfavorable impacts of salinity stress (El-Sharkawy 
et al. 2017). Further, the role of potassium nanoparticles was evaluated in wheat 
plants. While supplementing potassium nanoparticles as the foliar spray in salt- 
treated wheat plants, it was observed that ROS level decreased significantly with a 
concomitant increase in morphological characteristics, leaf pigment concentration, 
total carbohydrates, total phenols, proline content, antioxidative enzyme activities 
than that of the potassium nanoparticles-untreated plants under salt stress (Jan 
et al. 2017).

There exists no further recent information on potassium-mediated nanomaterials 
in combating salinity stress in crop plants. Hence, researchers should show more 
attention to evaluate the effects of various concentrations of nanoforms of potas-
sium on several crops for unraveling the morpho-physiological, biochemical, and 
molecular traits regulated by them.

 10. Sulphur (S) nanoparticles

Sulphur is regarded as a major macroelement that participates in plant growth 
and developmental processes. It is required for chlorophyll functioning and synthe-
sis of chief proteins (Duncan et al. 2018). The efficiency of sulphur nanoparticles in 
mitigating salinity stress in crops has been reported. An experiment demonstrated 
that the lettuce plants supplemented with green synthesized sulphur nanoparticles 
exhibited increased compatible solutes, total phenols, total soluble sugars, total fla-
vonoids, anthocyanin, tannins, etc. under saline conditions while control plants 
showed a significant reduction in these traits (Najafi et  al. 2020). Studies on the 
interaction between sulphur nanoparticles and salinity stress are rare. Therefore, 
plant scientists should focus on the application of these nanoparticles to foster our 
knowledge on how these nanoparticles would benefit plants with respect to salt 
stress management. Also, the doses and type of application of these nanoparticles 
should be clearly understood for obtaining sound results in plants.

 11. Carbon (C) nanoparticles

There are heterogeneous forms of ‘C’ nanoparticles such as graphenes, nano-
tubes, and fullerenes (Zaytseva and Neumann 2016). The impact of carbon nanoma-
terials depends upon the dose, size, and solubility of the supplemented nanoparticles 
(Husen and Siddiqi 2014). It has been reported that carbon nanomaterials could help 
in limiting the disadvantageous effects of salinity stress and henceforth, enriching 
the quality as well as yield of crops under stressed conditions (Khan et al. 2017). For 
instance, the application of water-soluble carbon nanomaterials to lettuce seedlings 
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improved germination under salinity stress (Baz et al. 2020). In addition to that, the 
elongation of primary roots was inhibited whereas the lateral roots showed enhanced 
growth in plants with carbon nanomaterials treatment. Further, the authors observed 
an improvement in the chlorophyll content of salt-stressed lettuce plants in response 
to the treatment of carbon nanoparticles (Baz et al. 2020). Treatment with multi- 
walled carbon nanotubes resulted in an increased rate of water uptake through 
improved aquaporin transport and photosynthesis in broccoli plants under salt stress 
(Martínez-Ballesta et al. 2016). Additionally, carbon nanotubes promoted fluctua-
tions in the composition of lipids and the permeability of root plasmalemma under 
saline regimes and thus, mediating salinity tolerance. Similarly, in rapeseed seed-
lings, the supplementation of carbon nanotubes increased the activity of nitrate 
reductase, nitric oxide production; re-established ion and redox instability followed 
by the suppression in the production of thiobarbituric acid and reduction in Na+/K+ 
ratio under salinity stress conditions (Zhao et al. 2019). Moreover, carbon nano-
tubes affect plants at the molecular level via altering transcripts such as Na+/H+ 
exchanger 1 (NHX1) and K+ transporter 1 (KT1), salt overly sensitive 1 (SOS1) 
genes, and genes related to the antioxidant defense system (Zhao et al. 2019). In 
another study, low concentrations of carbon nanotubes ameliorated salinity effects 
in Ocimum basilicum plants by stimulating photosynthetic pigments and increasing 
antioxidative enzyme activities and phenolics content, in contrast to high levels of 
carbon nanotubes which showed phytotoxicity as proved through biochemical and 
epifluorescence microscopy observations (Gohari et al. 2020a, b). The application 
of polyhydroxy fullerene nanomaterials enhanced antioxidative enzyme activities, 
chlorophyll content, phosphorous and potassium concentrations, total soluble sug-
ars in wheat seedlings, thereby inducing salinity tolerance (Shafiq et al. 2019).

Although carbon-based nanoparticles have created their own position in the 
realm of abiotic stress management, exploration in light of the effects of carbon 
nanodots, nanobeads, nano-diamonds, and nano-fibers is limited. Therefore, future 
studies are critically required in this arena to develop a clear concept on the mode of 
action of these carbon nanomaterials concerning the remediation of salt stress 
effects in plants (Table 8.2).

8.8  Role of Nano-Encapsulation in Mitigating Salinity Stress

Currently, nano-encapsulation is one of the main approaches for enhancing salinity 
tolerance in plants. For instance, encapsulation of the NO (signaling molecule) 
donor i.e., S-nitroso-mercaptosuccinic acid into chitosan-based nanoparticles 
resulted in high photosystem II activity and chlorophyll content in salt-stressed 
maize plants and hence, eliminated the deleterious outcomes of salinity stress 
(Oliveira et al. 2016). Moreover, S-nitrosothiol content was increased in leaves of 
maize plants treated with S-nitroso-mercaptosuccinic acid encapsulated chitosan 
nanoparticles under salinity stress (Oliveira et al. 2016). Researchers evaluated the 
effects of polyvinylpyrrolidone (PVP) coated silver nanoparticles on Bitter Vetch 
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Table 8.2 Effects of nanoparticles on plants grown under salinity stress

Nanoparticle 
and its form

Concentration of 
application

Mode of 
application Plants Effects References

Zinc – ZnO 10 mg/l Foliar 
spray

Okra Increased 
photosynthetic 
pigments, decreased 
total soluble sugars, 
proline

Alabdallah 
and Alzahrani 
(2020)

Silver – Ag 0, 10, 20, and 
30 mM

Seed 
priming

Pearl 
millet

Enhanced relative 
water content, 
minimized 
oxidative damage, 
decreased Na+/K+ 
ratio

Khan et al. 
(2020)

Silicon – 
SiO2

50, 100 mg/l Foliar 
application

Strawberry Maintained 
epicuticular wax 
structure, leaf 
pigments, decreased 
proline

Avestan et al. 
(2019)

Copper – Cu 250 mg/l Foliar 
spray

Tomato Improved 
antioxidant defense 
machinery, vitamin 
C, glutathione level

Pérez- 
Labrada et al. 
(2019)

Iron – Fe2O3 3 mM Foliar 
spray

Ajowan Enhanced K+/Na+ 
ratio, K+ uptake

Abdoli et al. 
(2020)

Titanium – 
TiO2

50, 100, 
200 mg/l

Nutrition 
solution

Moldavian 
balm

Upregulated 
antioxidative 
enzyme activities

Gohari et al. 
(2020a)

Cerium – 
CeO2

500 mg
Kg−1 dry sand

Canola Pruned the barriers 
of root apoplast 
which enabled more 
transportation of 
Na+ to shoots and 
low Na+ 
accumulation in 
plant roots

Rossi et al. 
(2017)

Potassium- 
K2SO4

1/4, 1/8, and 
1/10 of the ‘K’ 
levels in full 
strength 
Hoagland’s 
solution 
(235 mg/l)

Alfalfa Reduced leakage of 
electrolytes 
increased proline 
content

El-Sharkawy 
et al. (2017)

Manganese 0.1, 0.5 and 
1 mg/l

Seed 
priming

Capsicum Increased root 
growth

Ye et al. 2020

Carbon 20 mg/l Seedling 
treatment

Rapeseeds Re-established 
redox balance and 
ion homeostasis

Zhao et al. 
(2019)
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plants exposed to salinity stress (Hojjat et al. 2019). It was stated that the application 
of lower concentrations of PVP-silver nanoparticles boosted seedling vigor index 
and rate of germination in the plants grown under high salinity conditions in relation 
to the control samples. Possibly, rapid germination was due to the silver nanoparti-
cles mediated formation of new pores on the seed coat while penetrating which in 
turn facilitated the movement of water into the seed. Another reason could be the 
entry of silver nanoparticles into the seed with the help of the cracks present over 
the seed surface and as a result, the enzymes activated in the early phase and hence 
enhancing the germination speed (Hojjat et al. 2019). It is reported that chitosan, a 
natural polymer is being used for nanoencapsulation due to its various properties 
such as bio-degradability, toxic-free, biocompatibility, antibacterial, etc. (Kashyap 
et al. 2015). Copper nanoparticles encapsulated with chitosan enhanced the quality 
of tomato fruits and induced salinity tolerance in those plants via upregulating the 
activities of antioxidative enzymes (catalase, peroxidase, superoxide dismutase, 
glutathione peroxidase, ascorbate peroxidase) and suppressing Na+ accumulation in 
the leaves (Hernández-Hernández et al. 2018a, b).

Research regarding the effects of nano-encapsulation on salinity stressed plants 
is very limited. Furthermore, whether the nano-encapsulation strategy has any 
impact on stress-related genes is quite unknown. Future investigations should be 
focused on exploring the molecular aspects of nano-encapsulation in order to com-
bat the ill effects of salt stress in crop plants. Furthermore, a large number of active 
compounds should be tested to evaluate their efficiency for encapsulation into 
nanoparticles in plants.

8.9  Mechanism of Action of Nanoparticles to Ameliorate 
Salt Stress

Salt stress is one of the abiotic stresses, which in particular, is concerned with ionic 
toxicity and interrupts ionic homeostasis in plants (Tanveer and Shabala 2018). In 
this stress, Na+ and Cl− ions accumulate significantly in plant cells resulting in ionic 
toxicity (Tanveer and Shah 2017). During salt stress, plants generally efflux K+ out 
of mesophyll cells and accumulate Na+ ions in the cytosol (Shabala and Cuin 2008). 
Salt stress decreases the chlorophyll content (Yasar et al. 2008) which may be due 
to the chlorophyll degrading enzyme, chlorophyllase (Nazarbeygi et  al. 2011) in 
fennel plants (Rahimi et  al. 2012), Faba Bean (Azooz et  al. 2013) and rice 
(Djanaguiraman and Ramadass 2004). Proline is also accumulated under salt stress 
which may be due to the degradation of proteins to form amino acids, including 
proline (Ashraf and Foolad 2007) or due to proline biosynthesis related enzymes or 
due to decreased proline oxidation (Ahmad and Jhon 2005). Salinity stress has a 
superior role in the formation of reactive oxygen species (ROS) which results in cell 
toxicity, membrane dysfunction, and cell death (Chookhampaeng 2011). Plants 
have evolved enzymatic and non-enzymatic mechanisms to scavenge ROS 
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(Hassanein et  al. 2012). Antioxidant enzymes like SOD, POD, and APX are 
increased in Zea mays (Hassanein et al. 2009), pea (Farag 2009), Faba Bean (Qados 
and Moftah 2015) in response to salinity stress. As soluble sugar is highly respon-
sible for the turgidity of cells and maintains membrane stabilization by behaving as 
ROS scavengers (Hossain et al. 2013), their production increases during salt stress 
conditions.

It has been noticed that the application of suitable nanoparticles would efficiently 
ameliorate the critical effects of salt stress by modulating germination rate, antioxi-
dant defense system, leaf turgor, photosynthetic rate, and carbon assimilation pro-
cess (Haghighi and Pessarakli 2013; Qados 2015). Si, Zn, Ag, and some other 
metallic nanoparticles are being used efficiently in different crops to repair the 
effects of salinity stress by reducing oxidative and ionic damage. Here, in this sec-
tion, attempts have been taken to uncover the mechanisms of how the nanoparticles 
are contributing towards salt tolerance in crop plants (Fig. 8.1).

ZnO-NPs treatment helps in the development of photosynthetic systems (Singh 
et  al. 2015a; Govorov and Carmeli 2007). Alabdallah  and Alzahrani (2020) in 
Lady’s finger and Venkatachalam et al. (2017) in cotton found that ZnO-NPs treated 
plants enhanced chlorophyll a, b, total chlorophyll and carotenoid content under the 
salt stress. Zn also plays a critical role in the synthesis of protochlorophyllide (an 
intermediate compound of the chlorophyll biosynthesis) and has a role in chloro-
plast development and the repair of photosystem II (Hänsch and Mendel 2009; 

Fig. 8.1 An overview of the responses of the plants treated with and without nanoparticles under 
salinity stress
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Salama et al. 2019). Under salt stress conditions proline content, total soluble sugar, 
antioxidant activity were higher than corresponding controls, but exposing ZnO- 
NPs treated plants to salt stress conditions directed a reduction in proline content, 
total soluble sugar content whereas, antioxidant activity increased as compared to 
their respective controls.

It has been found that Si nano-particles were also predominantly used for the 
growth improvement of several species i.e., maize (Suriyaprabha et al. 2012), rice 
(Debnath et  al. 2011) and V. faba (Qados 2015) plants. In Faba bean, Si nano- 
particles treatment showed an improvement in growth and germination parameters 
(Qados and Moftah 2015). When Faba Bean was treated with nano silicon and sub-
jected to salt stress, then the plants were suitable for overcoming oxidative damage 
and protecting themselves from numerous injurious effects of salinity by escalating 
the antioxidant enzyme content, which lessened the assimilation of Na+ ions during 
salt stress conditions. The salt tolerance in Faba bean was also clearly predicted 
from the increase in photosynthetic pigments and carbohydrates content in plants. 
Application of Si nano-particles to the salt-stressed plant leaves showed a decrease 
in electrolyte leakage (EL), lipid peroxidation (LP), and increased in membrane 
stability index (MSI) as compared to the leaves without Si nano-particles treatment 
and that of control indicating that Si nano-particles have a constructive impact on 
the cell membrane so as to enhance tolerance against salt stress. Si-nanoparticles 
activate the antioxidant enzyme system, as a result of which the membrane gets 
stabilized. Lower EL and higher MSI have also been noticed in salt-tolerant variet-
ies of rice (Tijen and Ismail 2005) and sugarcane (Gomathi and Rakkiyapan 2011) 
grown under salt stress conditions.

The decline in chlorophyll content of salt-treated Faba bean plants is linked with 
the decrease in enzyme activities and high proline content, which is dependable 
upon the indication that nitrogen might be redirected to the accumulation of proline 
rather than chlorophyll. Further, it was reported that silicon increased proline (con-
sidered as key osmoticum) content in stressed plant tissues (Crusciol et al. 2009). 
However, it is also reported that the total proline was enhanced appreciably in 
banana plants with the increases in the doses of nanoparticles (Helaly et al. 2014). 
In saline exposed plants, Si nanoparticles protected their chlorophyll content prob-
ably due to higher antioxidant enzyme with preservation of leaf chlorophyll from 
degradation and stabilized the integrity of chloroplast membrane (Siddiqui and 
Al-Whaibi 2014). Nano silicon applications triggered a noticeable increase in solu-
ble sugar content and promoted sugar formation by eliminating the inhibitory effect 
(Siddiqui and Al-Whaibi 2014). Furthermore, it was also reported that a strong cor-
relation has been existing between sugar accumulation and salt tolerance (Siddiqui 
and Al-Whaibi 2014). The role of silicon on soluble sugar biosynthesis in salt stress 
conditions is crucial as it acts as a main osmotic compound in several glycophytes 
(Hassanein et al. 2012). Increasing antioxidant enzyme activities (CAT and SOD) 
and establishing antioxidant metabolism are the efficient means to improve salinity 
tolerance in plants (Mao et  al. 2004). Nanosilicate significantly increases SOD, 
POD, APX, and CAT in plants and ameliorates the salinity effect. Liang et al. (2007) 
described the role of nano silicon in increasing SOD activity in salt-stressed barley 
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leaves and increasing SOD, GPX, CAT, and GR activity in salt-stressed barley 
roots. It is known that salinity-affected plants suffered from the high concentration 
of Na+ ions but the application of Si resulted in the decrease in Na+ ions concentra-
tion and increase in P and K/Na ratio in plants. A similar result was also found in the 
shoot of Faba Beans (Hellal et al. 2012). The expression profiles of the tomato plant 
treated with nano Si under salt stress showed that out of 14 genes four genes namely 
AREB, TAS14, NCED3, and CRK1, were upregulated, and six genes, RBOH1, 
APX2, MAPK2, ERF5, MAPK3, and DDF2, were down-regulated. This showed 
the feasible involvement of nano Si in the plant’s response to stress, by alternating 
gene expression for salinity tolerance in plants (Nabil and Motaweh 2015). In addi-
tion to this, X-ray analysis showed unique silica-filled cells in the leaf margin nearer 
to hydathodes and around trichome bases along the margins of the leaf (Frantz et al. 
2008). It has been considered that deposition of leaf silica leads to leaf strengthen-
ing, transpiration reduction, and increased resistance for biotic and abiotic stresses 
(Postek 1981).

The application of AgNPs is also one of the efficient strategies for mitigating 
oxidative damage due to salt stress in plants (Younes and Nassef 2015). The non- 
toxic nature and chemical stability of these compounds regarded as ‘biocompatible 
precursors’ are contributing towards the overall development in plants (Castro- 
González et  al. 2019). As compared to control, under salt stress proline oxidase 
(POX) activity was reduced and glutamyl kinase and proline contents were 
increased, but when Ag Nanoparticles were applied individually or combined with 
NaCl, the POX activity decreased, and the glutamyl kinase (GK) activity and pro-
line content in wheat plants were increased as compared to their respective control 
and NaCl treated plants. Like other nanoparticles, AgNPs also reversed the negative 
impacts of salt stress and promoted germination, plant growth, and development by 
enhancing enzymatic and non-enzymatic antioxidants by creating a buffer system in 
the plant cell (Hasanuzzaman et al. 2019). Ag nanoparticles treated plants have the 
ability to exclude toxic amounts of Na+ and translocate K+ into root and shoot 
(Almeida et al. 2017). AgNPs-mediated increased proline content coupled with up- 
regulation in the activity of GK, and repression in the activity of POX justifies the 
salt tolerance of the wheat plant. Foliar application of AgNPs promotes NiR, NR 
activities and also increases nitrogen uptake and assimilation under salt stress con-
ditions. In addition to this, nitrogen is an observable variable that is straightfor-
wardly associated with the chlorophyll content (Bojovoic and Markovic 2009). 
Moreover, it is also found that AgNPs increase chlorophyll content. The increase in 
chlorophyll content shows AgNPs-mediated enhanced photosynthetic activity 
(Kataria et al. 2019). However, ABA content declines in response to AgNPs under 
salinity stress.
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8.10  Conclusion and Future Perspectives

Salt stress in plants is inevitable under current climatic conditions. Nanotechnology 
is widely used in different sectors but the application of nanotechnology and 
nanoparticles is still in the juvenile phase in agriculture and crop improvement pro-
grams. Two forms of nanoparticles i.e. pure metals and metal oxides of Zn, Si, Ag, 
Ce, Ti, etc. are efficient to ameliorate the ionic and oxidative effects of the salinity 
stress in plants. The application of nanoparticles showed promising results in 
improving salt tolerance by alternating several physiological and biochemical pro-
cesses relevant to growth and development in plants. Therefore, it is much more 
essential to develop a fundamental understanding regarding the interactions of NPs 
with plants at cellular as well as molecular levels. Further, it has been seen that there 
is a toxic effect of nanoparticles on plants. The useful and harmful effects of 
nanoparticles depend upon several considerations such as their concentration, sur-
face charge, surface area, and exposure regime. Forthcoming research of nanopar-
ticles for salt stress amelioration must be targeted to explore the mechanisms of how 
nanoparticle modulate the cellular metabolisms or molecular pathways, again the 
researchers must focus on eliminating toxic effects and enhancing beneficial effects 
of nanoparticles which will promote salt stress tolerance in plants. Moreover, 
research on nano-encapsulation of biomolecules, bioactive compounds, and other 
active substances and their impacts on different salt-affected plants should be the 
priority. Furthermore, green nanotechnology should be encouraged in a variety of 
agricultural crops to make the plants resistant to salinity stress conditions.

References

Abbas Q, Liu G, Yousaf B, Ali MU et al (2020) Biochar-assisted transformation of engineered- 
cerium oxide nanoparticles: effect on wheat growth, photosynthetic traits and cerium accumu-
lation. Ecotoxicol Environ Saf 187:109845

Abdel Latef AAH, Srivastava AK, El-sadek MSA, Kordrostami M, Tran LSP (2018) Titanium 
dioxide nanoparticles improve growth and enhance tolerance of broad bean plants under saline 
soil conditions. Land Degrad Dev 29(4):1065–1073

Abdelaal KA, Mazrou YS, Hafez YM (2020) Silicon foliar application mitigates salt stress in 
sweet pepper plants by enhancing water status, photosynthesis, antioxidant enzyme activity 
and fruit yield. Plan Theory 9:733

Abdoli S, Ghassemi-Golezani K, Alizadeh-Salteh S (2020) Responses of ajowan (Trachyspermum 
ammi L.) to exogenous salicylic acid and iron oxide nanoparticles under salt stress. Environ 
Sci Pollut Res 27:36939–36953

Abou-Zeid H, Ismail G (2018) The role of priming with biosynthesized silver nanoparticles in the 
response of Triticum aestivum L to salt stress. Egypt J Bot 58:73–85

Ahmad P, Jhon RJ (2005) Effect of salt stress on growth and biochemical parameters of Pisum 
sativum L. (Einfluss von Salzstress auf Wachstum und biochemische Parameter von Pisum 
sativum L.). Arch Agron Soil Sci 51(6):665–672

8 Impact of Nanoparticles and Nanoparticle-Coated Biomolecules to Ameliorate…



208

Ahmed F, Dwivedi S, Shaalan NM, Kumar S, Arshi N, Alshoaibi A, Husain FM (2020) 
Development of selenium nanoparticle based agriculture sensor for heavy metal toxicity detec-
tion. Agriculture 10(12):610. https://doi.org/10.3390/agriculture10120610

Ahmed T, Noman M, Manzoor N, Shahid M, Abdullah M, Ali L, Wang G, Hashem A, Al-Arjani 
ABF, Alqarawi AA, Abd_Allah EF, Li B (2021) Nanoparticle-based amelioration of drought 
stress and cadmium toxicity in rice via triggering the stress responsive genetic mechanisms 
and nutrient acquisition. Ecotoxicol Environ Saf 209:111829. https://doi.org/10.1016/j.
ecoenv.2020.111829

Akpinar BA, Avsar B, Lucas SJ, Budak H (2012) Plant abiotic stress signaling. Plant Signal Behav 
7(11):1450–1455. https://doi.org/10.4161/psb.21894

Alabdallah NM, Alzahrani HS (2020) The potential mitigation effect of ZnO nanoparticles on 
(Abelmoschus esculentus L. Moench) metabolism under salt stress conditions. Saudi J Biol Sci 
27(11):3132–3137

Alghuthaymi MA et al (2015) Myconanoparticles: synthesis and their role in phytopathogens man-
agement. Biotechnol Biotechnol Equip 29:221–236

Almeida DM, Oliveira MM, Saibo NJ (2017) Regulation of Na+ and K+ homeostasis in plants: 
towards improved salt stress tolerance in crop plants. Gen Mol Biol 40:326–345

An J, Hu P, Li F, Wu H, Shen Y, White JC et al (2020) Emerging investigator series: molecular 
mechanisms of plant salinity stress tolerance improvement by seed priming with cerium oxide 
nanoparticles. Environ Sci Nano 7:2214–2228

Ashraf M, Foolad MRJE (2007) Roles of glycine betaine and proline in improving plant abiotic 
stress resistance. Environ Exp Bot 59(2):206–216

Avestan S, Ghasemnezhad M, Esfahani M, Byrt CS (2019) Application of nanosilicon dioxide 
improves salt stress tolerance in strawberry plants. Agronomy 9:246

Azooz MM, Alzahrani AM, Youssef MM (2013) The potential role of seed priming with ascorbic 
acid and nicotinamide and their interactions to enhance salt tolerance in broad bean (Vicia faba 
L.). Aust J Crop Sci 7:2091–2100

Baker S et al (2013) Plants: emerging as nanofactories towards facile route in synthesis of nanopar-
ticles. Bioimpacts 3:111–117

Bar H, Bhui DK, Sahoo GP, Sarkar P, De SP, Misra A (2009) Green synthesis of silver nanopar-
ticles using latex of Jatropha curcas. Colloids Surf A Physicochem Eng Asp 339:134–139

Baz H, Creech M, Chen J, Gong H, Bradford K, Huo H (2020) Water-soluble carbon nanopar-
ticles improve seed germination and post-germination growth of lettuce under salinity stress. 
Agronomy 10(8):1192

Bojovoic B, Markovic A (2009) Correlation between nitrogen and chlorophyll in wheat 
(Triticumaestivum L.). Kragujevac J Sci 31:69–74

Buettner KM, Valentine AM (2012) Bioinorganic chemistry of titanium. Chem Rev 112:1863–1881
Caldelas C, Weiss DJ (2017) Zinc homeostasis and isotopic fractionation in plants: a review. Plant 

Soil 41:17–46
Carbajal-VáZquez VH, GóMez-Merino FC, Herrera-Corredor JA, Contreras-Oliva A, Alcantar- 

Gonzalez G, Trejo-TéLlez LI (2020) Effect of titanium foliar applications on tomato fruits from 
plants grown under salt stress conditions. Not Bot Horti Agrobot Cluj-Napoca 48:924–937

Castro-González CG, Sánchez-Segura L, Gómez-Merino FC, Bello-Bello JJ (2019) Exposure of 
qwstevia (Stevia rebaudiana B.) to silver nanoparticles in vitro: transport and accumulation. 
Sci Rep 9:10372

Castro-Longoria E et al (2011) Biosynthesis of silver, gold and bimetallic nanoparticles using the 
filamentous fungus Neurospora crassa. Colloids Surf B Biointerfaces 83:42–48

Ceylan A, Jastrzembski K, Shah SI (2006) Enhanced solubility Ag-Cu nanoparticles and their 
thermal transport properties. Metall Mater Trans A 37(7):2033–2038

Chibber S, Ansari SA, Satar R (2013) New vision to CuO, ZnO, and TiO2 nanoparticles: their 
outcome and effects. Journal of Nanoparticle Research 15(4):1–13

Chookhampaeng S (2011) The effect of salt stress on growth, chlorophyll content proline con-
tent and antioxidative enzymes of pepper (Capsicum annuum L.) seedling. Eur J Sci Res 
49:103–109

A. Guru et al.

https://doi.org/10.3390/agriculture10120610
https://doi.org/10.1016/j.ecoenv.2020.111829
https://doi.org/10.1016/j.ecoenv.2020.111829
https://doi.org/10.4161/psb.21894


209

Crusciol CAC, Pulz AL, Lemos LB, Soratto RP, Lima GPP (2009) Effects of silicon and drought 
stress on tuber yield and leaf biochemical characteristics in potato. Crop Sci 49:949–954

de Souza TAJ, Souza LRR, Franchi LP (2019) Silver nanoparticles: an integrated view of green 
synthesis methods, transformation in the environment, and toxicity. Ecotoxicol Environ Saf 
171:691–700

Debnath N, Das S, Seth D, Chandra R, Bhattacharya SC, Goswami A (2011) Entomotoxic effect 
of silica nanoparticles against Sitophilus oryzae (L.). J Pest Sci 84:99–105

Dikilitas M, Simsek E, Roychoudhury A (2020) Role of proline and glycine betaine in overcom-
ing abiotic stresses. In: Protective chemical agents in the amelioration of plant abiotic stress. 
Hoboken, Wiley, pp 1–23. https://doi.org/10.1002/9781119552154.ch1

Djanaguiraman M, Ramadass R (2004) Effect of salinity on chlorophyll content of rice genotypes. 
Agric Sci Dig 24:178–181

Djanaguiraman M, Nair R, Giraldo JP, Prasad PVV (2018) Cerium oxide nanoparticles decrease 
drought-induced oxidative damage in sorghum leading to higher photosynthesis and grain 
yield. ACS omega 3(10):14406–14416

Duan H et al. (2015) Green chemistry for nanoparticle synthesis. Chem Soc Rev 44: 5778–5792
Duhan JS et al (2017) Nanotechnology: the new perspective in precision agriculture. Biotechnol 

Rep 15:11–23
Duncan E, O’Sullivan C, Roper M, Biggs J, Peoples M (2018) Influence of co-application of nitro-

gen with phosphorus, potassium and Sulphur on the apparent efficiency of nitrogen fertilizer 
use, grain yield and protein content of wheat: review. Field Crop Res 226:56–65

Eaton ET (2015) Manganese. In: Barker Allen V, Pilbeam DJ (eds) Handbook of plant nutrition. 
CRC Press, Boca Raton, pp 427–485

El-Kassas HY et al (2014) Cytotoxic activity of biosynthesized gold nanoparticles with an extract 
of the red seaweed Corallina officinalis on the MCF-7 human breast cancer cell line. Asian Pac 
J Cancer Prev 15:4311–4317

El-Sharkawy MS, El-Beshsbeshy TR, Mahmoud EK, Abdelkader NI, Al-Shal RM, Missaoui AM 
(2017) Response of alfalfa under salt stress to the application of potassium sulfate nanopar-
ticles. Am J Plant Sci 8:1751–1773

Etefagh R, Azhir E, Shahtahmasebi N (2013) Synthesis of CuO nanoparticles and fabrication of 
nanostructural layer biosensors for detecting Aspergillus niger fungi. Sci Iran 20(3):1055–1058

Fan TX, Chow SK, Zhang D (2009) Biomorphic mineralization: from biology to materials. Prog 
Mater Sci 54(5):542–659

Farag AA (2009) Increasing tolerance of Vigna sinensis L. to salt stress using an organic acid and 
a polyamine. M.Sc. thesis. Ain Shams University, Cairo

Farhangi-Abriz S, Torabian S (2018) Nano-silicon alters antioxidant activities of soybean seed-
lings under salt toxicity. Protoplasma 255:953–962

Farouk S, Al-Amri SM (2019) Exogenous zinc forms counteract NaCl-induced damage by regulat-
ing the antioxidant system, osmotic adjustment substances, and ions in canola (Brassica napus 
L. Cv. Pactol). Plants J Soil Sci Plant Nutr 19:887–899

Frantz JM, Locke JC, Datnoff L, Omer M, Widrig A, Sturtz D, Horst L, Krause CR (2008) 
Detection, distribution, and quantification of silicon in floricultural crops utilizing three distinct 
analytical methods. Commun Soil Sci Plant Anal 39:2734–2751

Ghidan AY, Al Antary TM (2019) Applications of nanotechnology in agriculture. Appl 
Nanobiotechnol. https://doi.org/10.5772/intechopen.88390

Gohari G, Mohammadi A, Akbari A, Panahirad S, Dadpour MR, Fotopoulos V, Kimura S (2020a) 
Titanium dioxide nanoparticles (TiO2 NPs) promote growth and ameliorate salinity stress 
effects on essential oil profile and biochemical attributes of Dracocephalum moldavica. Sci 
Rep 10:1–14. https://doi.org/10.1038/s41598-020-57794-1

Gohari G, Safai F, Panahirad S, Akbari A, Rasouli F, Dadpour MR, Fotopoulos V (2020b) Modified 
multiwall carbon nanotubes display either phytotoxic or growth promoting and stress protect-
ing activity in Ocimum basilicum L. in a concentration-dependent manner. Chemosphere 
249:126171

8 Impact of Nanoparticles and Nanoparticle-Coated Biomolecules to Ameliorate…

https://doi.org/10.1002/9781119552154.ch1
https://doi.org/10.5772/intechopen.88390
https://doi.org/10.1038/s41598-020-57794-1


210

Golinska P et al (2014) Biogenic synthesis of metal nanoparticles from actinomycetes: biomedical 
applications and cytotoxicity. Appl Microbiol Biotechnol 98:8083–8097

Gomathi R, Rakkiyapan P (2011) Comparative lipid peroxidation, leaf membrane thermostability, 
and antioxidant system in four sugarcane genotypes differing in salt tolerance. Inter J Plant 
Physiol Biochem 3:67–74

Govorov AO, Carmeli I (2007) Hybrid structures composed of photosynthetic system and metal 
nanoparticles: plasmon enhancement effect. Nano Lett 7(3):620–625

Haghighi M, Pessarakli M (2013) Influence of silicon and nano-silicon on salinity tolerance of 
cherry tomatoes (Solanum lycopersicum L.) at early growth stage. Sci Hortic 161:111–117

Hänsch R, Mendel RR (2009) Physiological functions of mineral micronutrients (Cu, Zn, Mn, Fe, 
Ni, Mo, B, Cl). Curr Opin Plant Biol 12(3):259–266

Hasanuzzaman M, Bhuyan MHM, Anee TI, Parvin K, Nahar K, Mahmud JA, Fujita M (2019) 
Regulation of ascorbate-glutathione pathway in mitigating oxidative damage in plants under 
abiotic stress. Antioxidants 8:384

Hassanein RA, Hassanein AA, Haider AS, Hashem HA (2009) Improving salt tolerance of Zea 
mays L. plant by presoaking their grains in glycine betaine. Aust J Basic Appl Sci 3:928–942

Hassanein RA, Hashem HA, Khalil RR (2012) Stigmasterol treatment increases salt stress toler-
ance of faba bean plants by enhancing antioxidant systems. Plant Osmics J 5:476–485

Helaly MN, El-Metwally MA, El-Hoseiny H, Omar SA, El-Sheery NI (2014) Effect of nanopar-
ticles on biological contamination of in vitro cultures and organogenic regeneration of banana. 
Aust J Crop Sci 8:612–624

Hellal FA, Abdelhameid M, Abo-Basha DM, Zewainy RM (2012) Alleviation of the adverse 
effects of soil salinity stress by foliar application of silicon on faba bean (Vica faba L.). J Appl 
Sci Res 8:4428–4433

Hernández-Hernández H, González-Morales S, Benavides-Mendoza A, Ortega-Ortiz H, Cadenas- 
Pliego G, Juárez-Maldonado A (2018a) Effects of chitosan–PVA and Cu nanoparticles on the 
growth and antioxidant capacity of tomato under saline stress. Molecules 23(1):178

Hernández-Hernández H, Júarez-Maldonado A, Benavides-Mendoza A, Ortega-Ortiz H, Cadenas- 
Pliego G, Sánchez-Aspeytia D, González-Morales S (2018b) Chitosan-PVA and copper 
nanoparticles improve growth and overexpress the SOD and JA genes in tomato plants under 
salt stress. Agronomy 8:175

Hezaveh TA, Pourakbar L, Rahmani F, Alipour H (2019) Interactive effects of salinity and ZnO 
nanoparticles on physiological and molecular parameters of rapeseed (Brassica napus L.) 
Commun. Soil Sci Plant Anal 50:698–715

Hojjat SS, Mozumder C, Bora T, Hornyak GL (2019) Polyvinylpyrrolidone-coated silver nanopar-
ticle mitigation of salinity on germination and seedling parameters of bitter vetch (Vicia ervilia 
L.) plants. Nanotechnol Russ 14(11):582–587

Hossain MA, Mostofa MG, Fujita MJ (2013) Cross protection by cold-shock to salinity and 
drought stress-induced oxidative stress in mustard (Brassica campestris L.) seedlings. Mol 
Plant Breed 4:50–70

Hurtado AC, Chiconato DA, de Mello PR et al (2020) Different methods of silicon application 
attenuate salt stress in sorghum and sunflower by modifying the antioxidative defense mecha-
nism. Ecotoxicol Environ Saf 203:110964

Husen A, Siddiqi KS (2014) Carbon and fullerene nanomaterials in plant system. J Nanobiotechnol 
12(1):1–10

Hussain I, Singh A, Singh NB, Singh P (2019) Plant-nanoceria interaction: toxicity, accumulation, 
translocation and biotransformation. South Afr J Bot 121:239–247

Iqbal MN, Rasheed R, Ashraf MY, Ashraf MA, Hussain I (2018) Exogenously applied zinc and 
copper mitigate salinity effect in maize (Zea mays L.) by improving key physiological and 
biochemical attributes. Environ Sci Pollut Res 25:23883–23896

Jan AU, Hadi F, Nawaz MA, Rahman K (2017) Potassium and zinc increase tolerance to salt stress 
in wheat (Triticum aestivum L.). Plant Physiol Biochem 116:139–149

A. Guru et al.



211

Jha AK, Prasad K (2010) Green synthesis of silver nanoparticles using Cycas leaf. Int J Green 
Nanotechnol Phys Chem 1:110–117

Jo JH et al. (2015) Pseudomonas deceptionensis DC5-mediated synthesis of extracellular silver 
nanoparticles. Artif Cells Nanomed Biotechnol. Published online July 31, 2015. https://doi.
org/10.3109/21691401.2015.1068792

Junggwon Y, Kyoungah C, Byoungjun P, Ho-Chul K, Byeong-Kwon J, Sangsig KJ (2008) Optical 
heating of ink-jet printable Ag and Ag–Cu nanoparticles. J Appl Phys 47:5070

Kalaiselvi A et  al (2015) Synthesis and characterization of palladium nanoparticles using 
Catharanthus roseus leaf extract and its application in the photo-catalytic degradation. 
Spectrochim Acta A Mol Biomol Spectrosc 135:116–119

Karthik L et al (2014) Streptomyces sp. LK3 mediated synthesis of silver nanoparticles and its 
biomedical application. Bioprocess Biosyst Eng 37:261–267

Kashyap PL, Xiang X, Heiden P (2015) Chitosan nanoparticle based delivery systems for sustain-
able agriculture. Int J Biol Macromol 77:36–51

Kashyap PL, Rai P, Sharma S, Chakdar H, Kumar S, Pandiyan K, Srivastava AK (2016) 
Nanotechnology for the detection and diagnosis of plant pathogens. Sustain Agric Rev:253–276. 
https://doi.org/10.1007/978- 3- 319- 39306- 3_8

Kataria S, Jain M, Rastogi A, Zivcak M, Brestic M, Liu S, Tripathi DK (2019) Role of nanopar-
ticles on photosynthesis: avenues and applications. In: Nanomaterials in plants, algae, and 
microorganisms. Academic Press, Cambridge, MA, pp 103–127

Khan MN, Mobin M, Abbas ZK, Al Mutairi KA, Siddiqui ZH (2017) Role of nanomaterials in 
plants under challenging environments. Plant Physiol Biochem 110:194–209

Khan I, Raza MA, Awan SA, Shah GA et al (2020) Amelioration of salt induced toxicity in pearl 
millet by seed priming with silver nanoparticles (AgNPs): the oxidative damage, antioxi-
dant enzymes and ions uptake are major determinants of salt tolerant capacity. Plant Physiol 
Biochem 156:221–232

Kim SA, Guerinot ML (2007) Mining iron: iron uptake and transport in plants. FEBS Lett 
581:2273–2280

Kumar S, Nehra M, Dilbaghi N, Marrazza G, Hassan AA, Kim KH (2019) Nano-based smart pes-
ticide formulations: emerging opportunities for agriculture. J Control Release 294:131–153. 
https://doi.org/10.1016/j.jconrel.2018.12.01

Li X et  al (2011) Biosynthesis of nanoparticles by microorganisms and their applications. J 
Nanomater 16:270974

Liang Y, Sun W, Zhu YG, Christie P (2007) Mechanisms of silicon mediated alleviation of abiotic 
stresses in higher plants: a review. Environ Poll 147:422–428

Liang W, Ma X, Wan P, Liu L (2018a) Plant salt-tolerance mechanism: a review. Biochem Biophys 
Res Commun 495(1):286–291

Liang W, Yu A, Wang G, Zheng F, Jia J, Xu H (2018b) Chitosan-based nanoparticles of avermectin 
to control pine wood nematodes. Int J Biol Macromol 112:258–263. https://doi.org/10.1016/j.
ijbiomac.2018.01.174

Lu L, Huang M, Huang Y, Corvini PFX, Ji R, Zhao L (2020) Mn3O4 nanozymes boost endogenous 
antioxidant metabolites in cucumber (Cucumis sativus) plant and enhance resistance to salinity 
stress. Environ Sci Nano 7(6):1692–1703

Lwalaba JLW, Louis LT, Zvobgo G, Richmond MEA et al (2020) Physiological and molecular 
mechanisms of cobalt and copper interaction in causing phytotoxicity to two barley genotypes 
differing in Co tolerance. Ecotoxicol Environ Saf 187:109866

Lyu S, Wei X, Chen J, Wang C, Wang X, Pan D (2017) Titanium as beneficial element for crop 
production. Front Plant Sci 8:597

Mahmoud AWM, Abdelaziz SM, El-mogy MM, Abdeldaym EA (2019) Effect of foliar zno and 
feo nanoparticles application on growth and nutritional quality of red radish and assessment of 
their accumulation on human health. Agriculture 65(1):16–29

8 Impact of Nanoparticles and Nanoparticle-Coated Biomolecules to Ameliorate…

https://doi.org/10.3109/21691401.2015.1068792
https://doi.org/10.3109/21691401.2015.1068792
https://doi.org/10.1007/978-3-319-39306-3_8
https://doi.org/10.1016/j.jconrel.2018.12.01
https://doi.org/10.1016/j.ijbiomac.2018.01.174
https://doi.org/10.1016/j.ijbiomac.2018.01.174


212

Mahmoud AWM, Abdeldaym EA, Abdelaziz SM, El-Sawy MB, Mottaleb SA (2020) Synergetic 
effects of zinc, boron, silicon, and zeolite nanoparticles on confer tolerance in potato plants 
subjected to salinity. Agronomy 10:19

Makarov VV et al (2014) “Green” nanotechnologies: synthesis of metal nanoparticles using plants. 
Acta Nat 6:35–44

Mao G, Xu X, Xu ZJ (2004) Advances in physiological and biochemical research of salt tolerance 
in plant. Chin J Eco-Agic 12(1):43–46

Martínez-Ballesta MC, Zapata L, Chalbi N et al (2016) Multi-walled carbon nanotubes enter broccoli 
cells enhancing growth and water uptake of plants exposed to salinity. J Nanobiotechnol 14:42

Mohamed AKS, Qayyum MF, Abdel-Hadi AM, Rehman RA, Ali S, Rizwan M (2017) Interactive 
effect of salinity and silver nanoparticles on photosynthetic and biochemical parameters of 
wheat. Arch Agron Soil Sci 63:1736–1747

Mohl M, Dobo D, Kukovecz A, Konya Z, Kordas K, Wei J, Vajtai R, Ajayan PM (2011) J Phys 
Chem C 115:9403

Molnar A, Papp M, Kovacs DZ, Belteky P et  al (2020) Nitro-oxidative signalling induced by 
chemically synthetized zinc oxide nanoparticles (ZnO NPs) in Brassica species. Chemosphere 
251:126419

Mourato A et al (2011) Biosynthesis of crystalline silver and gold nanoparticles by extremophilic 
yeasts. Bioinorg Chem Appl 2011:546074

Mozafari A, Ghadakchi Asl A, Ghaderi N (2017) Grape response to salinity stress and role of iron 
nanoparticle and potassium silicate to mitigate salt induced damage under in vitro conditions. 
Physiol Mol Biol Plants 24(1):25–35. https://doi.org/10.1007/s12298- 017- 0488- x

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59:651–681
Mushtaq A, Rizwan S, Jamil N, Ishtiaq T, Irfan S, Ismail T, Malghani MN, Shahwani MN (2019) 

Influence of silicon sources and controlled release fertilizer on the growth of wheat cultivars of 
Balochistan under salt stress. Pak J Bot 51:1561–1567

Nabil M, Motaweh HA (2015) Silica nanoparticles preparation using alkali etching process. In 
Applied Mechanics and Materials. Trans Tech Publications Ltd. 749:155–158)

Nair R, Mohamed MS, Gao W, Maekawa T, Yoshida Y, Ajayan PM, Kumar DS (2012) Effect of 
carbon nanomaterials on the germination and growth of rice plants. J Nanosci Nanotechnol 
12(3):2212–2220. https://doi.org/10.1166/jnn.2012.5775

Najafi S, Razavi SM, Khoshkam M, Asadi A (2020) Effects of green synthesis of sulfur nanoparti-
cles from Cinnamomum zeylanicum barks on physiological and biochemical factors of Lettuce 
(Lactuca sativa). Physiol Mol Biol Plants 26:1–12

Nam KT et al (2006) Virus-enabled synthesis and assembly of nanowires for lithium ion battery 
electrodes. Science 312:885–888

Naseem T et  al (2015) Antibacterial activity of green synthesis of iron nanoparticles using 
Lawsonia inermis and Gardenia jasminoides leaves extract. J Chem 2015:912342

Nasrollahzadeh M et  al (2015) Green synthesis of copper nano-particles using Ginkgo biloba 
L. leaf extract and their catalytic activity for the Huisgen [3+2] cycloaddition of azides and 
alkynes at room temperature. J Colloid Interface Sci 457:141–147

Nazarbeygi E, Yazdi HL, Naseri R, Soleimani R (2011) The effects of different levels of salinity on 
proline and A-, B- chlorophylls in canola. Am-Eurasian J Agric Environ Sci 10:70–74

Noruzi M (2015) Biosynthesis of gold nanoparticles using plant extracts. Bioprocess Biosyst 
Eng 38:1–14

Oliveira HC, Gomes BC, Pelegrino MT, Seabra AB (2016) Nitric oxide-releasing chitosan 
nanoparticles alleviate the effects of salt stress in maize plants. Nitric Oxide 61:10–19

Pérez-Labrada F, López-Vargas ER, Ortega-Ortiz H, Cadenas-Pliego G, Benavides-Mendoza A, 
Júarez-Maldonado A (2019) Responses of tomato plants under saline stress to foliar applica-
tion of copper nanoparticles. Plan Theory 8(6):151

Philip D et  al (2011) Murraya Koenigii leaf-assisted rapid green synthesis of silver and gold 
nanoparticles. Spectrochim Acta A Mol Biomol Spectrosc 78:899–904

A. Guru et al.

https://doi.org/10.1007/s12298-017-0488-x
https://doi.org/10.1166/jnn.2012.5775


213

Pinedo-Guerrero ZH, Cadenas-Pliego G, Ortega-Ortiz H, González-Morales S, Benavides- 
Mendoza A, Valdes-Reyna J, Juárez-Maldonado A (2020) Form of silica improves yield, fruit 
quality and antioxidant defense system of tomato plants under salt stress. Agriculture 10:367

Poopathi S et al (2015) Synthesis of silver nanoparticles from Azadirachta indica–a most effective 
method for mosquito control. Environ Sci Pollut Res Int 22:2956–2963

Postek MT (1981) The occurrence of silica in the leaves of Magnolia grandiflora L.  Bot Gaz 
142:124–134

Qados AMA (2015) Mechanism of nanosilicon-mediated alleviation of salinity stress in faba bean 
(Vicia faba L.) plants. Journal of Experimental Agriculture International, 78–95

Qados AMA, Moftah AE (2015) Influence of silicon and nano-silicon on germination, growth 
and yield of faba bean (Vicia faba L.) under salt stress conditions. Journal of Experimental 
Agriculture International, 509–524

Rahimi R, Mohammakhani A, Roohi V, Armand N (2012) Effects of salt stress and silicon nutri-
tion on cholorophyll content, yield and yield components in fennel (Foeniculum vulgar Mill.). 
Int J Agric Crop Sci 4:1591–1595

Rai M, Yadav A, Gade A (2009) Silver nanoparticles as a new generation of antimicrobials. 
Biotechnol Adv 27:76–83

Rossi L, Zhang W, Ma X (2017) Cerium oxide nanoparticles alter the salt stress tolerance of 
Brassica napus L. by modifying the formation of root apoplastic barriers. Environ Pollut 
229:132–138

Rossi L, Bagheri M, Zhang W, Chen Z, Burken JG, Ma X (2019) Using artificial neural network 
to investigate physiological changes and cerium oxide nanoparticles and cadmium uptake by 
Brassica napus plants. Environ Pollut 246:381–389

Salama DM, Osman SA, Abd El-Aziz ME, Abd Elwahed MSA, Shaaban EA (2019) Effect of zinc 
oxide nanoparticles on the growth, genomic DNA, production, and the quality of common dry 
bean (Phaseolus vulgaris). Biocatal Agric Biotechnol 18:101083

Salehi H, Chehregani A, Lucini L, Majd A, Gholami M (2018) Morphological, proteomic and 
metabolomic insight into the effect of cerium dioxide nanoparticles to Phaseolus vulgaris 
L. under soil or foliar application. Sci Total Environ 616:1540–1551

Salem NM, Albanna LS, Abdeen AO, Ibrahim QI, Awwad AM (2016) Sulfur nanoparticles 
improves root and shoot growth of tomato. J Agric Sci 8(4):179

Seshadri S et al (2011) Green synthesis of lead sulfide nanoparticles by the lead resistant marine 
yeast, Rhodosporidium diobovatum. Biotechnol Prog 27:1464–1469

Shabala S, Cuin TA (2008) Potassium transport and plant salt tolerance. Physiol Plant 
133(4):651–669

Shafiq F, Iqbal M, Ali M, Ashraf MA (2019) Seed pre-treatment with polyhydroxy fullerene 
nanoparticles confer salt tolerance in wheat through upregulation of H2O2 neutralizing enzymes 
and phosphorus uptake. J Soil Sci Plant Nutr 19:734–742

Shahi S, Srivastava M (2018) Influence of foliar application of manganese on growth, pigment 
content, and nitrate reductase activity of Vigna radiata (L.) R. Wilczek under salinity. J Plant 
Nutr 41:1397–1404

Shankar SS, Rai A, Ankamwar B, Singh A, Ahmad A, Sastry M (2004) Biological synthesis of 
triangular gold nanoprisms. Nat Mater 3:482–488

Shankramma K, Yallappa S, Shivanna MB, Manjanna J (2016) Fe2O3 magnetic nanoparticles to 
enhance S. lycopersicum (tomato) plant growth and their biomineralization. Appl Nanosci 
6(7):983–990

Sharma VK, Yngard RA, Lin Y (2009) Silver nanoparticles: green synthesis and their antimicro-
bial activities. Adv Colloid Interf Sci 145(1–2):83–96

Siddiqui MH, Al-Whaibi MH (2014) Role of nano-SiO2 in germination of tomato (Lycopersicum 
esculentum Mill.) seeds. Saudi J Biol Sci 21:13–17

Singh N, Bhatla SC (2016) Nitric oxide and iron modulate heme oxygenase activity as a long dis-
tance signaling response to salt stress in sunflower seedling cotyledons. Nitric Oxide 53:54–64

8 Impact of Nanoparticles and Nanoparticle-Coated Biomolecules to Ameliorate…



214

Singh A, Singh N, Hussain I, Singh H, Singh SJ (2015a) Plant-nanoparticle interaction: an approach 
to improve agricultural practices and plant productivity. Int J Pharm Sci Invent 4(8):25–40

Singh P et al (2015b) A strategic approach for rapid synthesis of gold and silver nanoparticles by 
Panax ginseng leaves. Artif Cells Nanomed Biotechnol 44(8):1–9

Singh P et al (2015c) Biosynthesis of anisotropic silver nanoparticles by Bhargavaea indica and 
their synergistic effect with antibiotics against pathogenic microorganisms. J Nanomater 1–10

Singh P et  al (2015d) Biosynthesis, characterization, and antimicrobial applications of silver 
nanoparticles. Int J Nanomedicine 10:2567–2577

Singh P et al. (2015e) Microbial synthesis of flower-shaped gold nanoparticles. Artif Cells Nanomed 
Biotechnol. Published online May 6, 2015. https://doi.org/10.3109/21691401.2015.1041640

Singh P et al. (2015f) Weissella oryzae DC6-facilitated green synthesis of silver nanoparticles and 
their antimicrobial potential. Artif Cells Nanomed Biotechnol. Published online July 27 https://
doi.org/10.3109/21691401.2015.1064937

Sofy MR, Elhindi KM, Farouk S, Alotaibi MA (2020) Zinc and paclobutrazol mediated regulation 
of growth, upregulating antioxidant aptitude and plant productivity of pea plants under salinity. 
Plan Theory 9:1197

Soliman M, Qari SH, Abu-Elsaoud A et al (2020) Rapid green synthesis of silver nanoparticles 
from blue gum augment growth and performance of maize, fenugreek, and onion by modulat-
ing plants cellular antioxidant machinery and genes expression. Acta Physiol Plant 42:148

Sun L, Song F, Guo J, Zhu X, Liu S, Liu F, Li X (2020) Nano-ZnO-induced drought tolerance is 
associated with melatonin synthesis and metabolism in maize. Int J Mol Sci 21(3):782. https://
doi.org/10.3390/ijms21030782

Suresh D et  al. (2015) Artocarpus gomezianus aided green synthesis of ZnO nanoparticles: 
luminescence, photocatalytic and antioxidant properties. Spectrochim Acta A Mol Biomol 
Spectrosc 141:128–134

Suriyaprabha R, Karunakaran G, Yuvakkumar R, Rajendran V, Kannan N (2012) Silica nanopar-
ticles for increased silica availability in maize (Zea mays L) seeds under hydroponic condi-
tions. Curr Nanosci 8:1–7

Tang X, Mu X, Shao H (2015) Global plant-responding mechanisms to salt stress: physiological 
and molecular levels and implications in biotechnology. Crit Rev Biotechnol 35:425–437

Tanveer M, Shabala S (2018) Targeting redox regulatory mechanisms for salinity stress tolerance 
in crops, salinity responses and tolerance in plants, vol 1. Springer, Cham, pp 213–234

Tanveer M, Shah AN (2017) An insight into salt stress tolerance mechanisms of Chenopodium 
album. Environ Sci Pollut Res 24:16531–16535

Tijen D, Ismail T (2005) Comparative lipid peroxidation, antioxidant defense systems and proline 
content in roots of two rice cultivars differing in salt tolerance. Environ Exp Bot 53:247–257

Tomar A, Garg G (2013) Short review on application of gold nanoparticles. Global Journal of 
Pharmacology 7(1):34–38

Torabian S, Farhangi-Abriz S, Zahedi M (2018) Efficacy of FeSO4 nano formulations on osmolytes 
and antioxidative enzymes of sunflower under salt stress. Indian J Plant Physiol 23:305–315

Tortella GR, Rubilar O, Duran N, Diez MC, Martínez M, Parada J, Seabra AB (2020) Silver 
nanoparticles: toxicity in model organisms as an overview of its hazard for human health and 
the environment. J Hazard Mater 390:121974

Tripathi S, Sonkar SK, Sarkar S (2011) Growth stimulation of gram (Cicer arietinum) plant by 
water soluble carbon nanotubes. Nanoscale 3(3):1176. https://doi.org/10.1039/c0nr00722f

Tripathi DK, Singh S, Gaur S, Singh S, Yadav V, Liu S, Dubey NK (2018) Acquisition and homeo-
stasis of iron in higher plants and their probable role in abiotic stress tolerance. Front Environ 
Sci 5:86

Tripathy BC, Oelmüller R (2012) Reactive oxygen species generation and signaling in plants. 
Plant Signal Behav 7(12):1621–1633. https://doi.org/10.4161/psb.22455

Vaculík M, Lukčová Z, Bokor B, Martinka M, Tripathi DK, Lux A (2020) Alleviation mecha-
nisms of metal (loid) stress in plants by silicon: a review. J Exp Bot. https://doi.org/10.1093/
jxb/eraa288

A. Guru et al.

https://doi.org/10.3109/21691401.2015.1041640
https://doi.org/10.3109/21691401.2015.1064937
https://doi.org/10.3109/21691401.2015.1064937
https://doi.org/10.3390/ijms21030782
https://doi.org/10.3390/ijms21030782
https://doi.org/10.1039/c0nr00722f
https://doi.org/10.4161/psb.22455
https://doi.org/10.1093/jxb/eraa288
https://doi.org/10.1093/jxb/eraa288


215

Venkatachalam P, Priyanka N, Manikandan K, Ganeshbabu I, Indiraarulselvi P, Geetha N, 
Muralikrishna K, Bhattacharya RC, Tiwari M, Sharma N, Sahi SV (2017) Enhanced plant 
growth promoting role of phycomolecules coated zinc oxide nanoparticles with P supplemen-
tation in cotton (Gossypium hirsutum L.). plant Physiol. Biochemist 110:118–127

Waghmare SR et al (2015) Ecofriendly production of silver nanoparticles using Candida utilis and 
its mechanistic action against pathogenic microorganisms. 3 Biotech 5:33–38

Wahid I, Kumari S, Ahmad R, Hussain SJ, Alamri S, Siddiqui MH, Khan MIR (2020) Silver 
nanoparticle regulates salt tolerance in wheat through changes in ABA concentration, ion 
homeostasis, and defense systems. Biomol Ther 10(11):1506. https://doi.org/10.3390/
biom10111506

Wang C et al (2015) Green synthesis of silver nanoparticles by Bacillus methylotrophicus, and 
their antimicrobial activity. Artif Cells Nanomed Biotechnol. Published online March 6. https://
doi.org/10.3109/21691401.2015.1011805

Xu X, Du X, Wang F, Sha J et al (2020) Effects of potassium levels on plant growth, accumulation 
and distribution of carbon, and nitrate metabolism in apple dwarf rootstock seedlings. Front 
Plant Sci 11:904

Yang J, Duan G, Li C, Liu L, Han G, Zhang Y, Wang C (2019) The crosstalks between jasmonic 
acid and other plant hormone signaling highlight the involvement of jasmonic acid as a Core 
component in plant response to biotic and abiotic stresses. Front Plant Sci 10. https://doi.
org/10.3389/fpls.2019.01349

Yao KS, Li SJ, Tzeng KC, Cheng TC, Chang CY, Chiu CY, Liao CY, Hsu JJ, Lin ZP (2009) 
Fluorescence silica nanoprobe as a biomarker for rapid detection of plant pathogens. Adv 
Mater Res 79–82:513–516. https://doi.org/10.4028/www.scientific.net/amr.79- 82.513

Yasar F, Ellialtioglu S, Yildiz K (2008) Effect of salt stress on antioxidant defense systems, lipid 
peroxidation, and chlorophyll content in green bean. Russ J Plant Physiol 55:782–786

Ye Y, Cota-Ruiz K, Hernandez-Viezcas JA, Valdes C, Medina-Velo IA, Turley RS, Peralta-Videa 
JR, Gardea-Torresdey JL (2020) Manganese nanoparticles control salinity-modulated molecu-
lar responses in Capsicum annuum L. through priming: a sustainable approach for agriculture. 
ACS Sustain Chem Eng 8:1427–1436

Younes N, Nassef D (2015) Effect of silver nanoparticles on salt tolerance of tomato transplants 
(solanum Lycopersicum, mill.). Assiut J Agric Sci 46(6):76–85

Zahir AA et al (2015) Green synthesis of silver and titanium dioxide nanoparticles using Euphorbia 
prostrata extract shows shift from apoptosis to G0/G1 arrest followed by necrotic cell death in 
Leishmania donovani. Antimicrob. Agents Chemother 59:4782–4799

Zaytseva O, Neumann G (2016) Carbon nanomaterials: production, impact on plant development, 
agricultural and environmental applications. Chem Biol Technol Agric 3(1):1–26

Zhang X et  al (2011) Synthesis of nanoparticles by microorganisms and their application in 
enhancing microbiological reaction rates. Chemosphere 82:489–494

Zhao G, Zhao Y, Lou W, Su J, Wei S, Yang X, Wang R, Guan R, Pu H, Shen W (2019) Nitrate 
reductase-dependent nitric oxide is crucial for multi-walled carbon nanotube-induced plant 
tolerance against salinity. Nanoscale 11:10511–10523

Zhao C, Zhang H, Song C, Zhu JK, Shabala S (2020) Mechanisms of plant responses and adapta-
tion to soil salinity. Innovations 1:100017

Zhou GJ et  al (2014) Biosynthesis of CdS nanoparticles in banana peel extract. J Nanosci 
Nanotechnol 14:4437–4442

8 Impact of Nanoparticles and Nanoparticle-Coated Biomolecules to Ameliorate…

https://doi.org/10.3390/biom10111506
https://doi.org/10.3390/biom10111506
https://doi.org/10.3109/21691401.2015.1011805
https://doi.org/10.3109/21691401.2015.1011805
https://doi.org/10.3389/fpls.2019.01349
https://doi.org/10.3389/fpls.2019.01349
https://doi.org/10.4028/www.scientific.net/amr.79-82.513


217© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2021
M. Faizan et al. (eds.), Sustainable Agriculture Reviews 53, Sustainable 
Agriculture Reviews 53, https://doi.org/10.1007/978-3-030-86876-5_9

Chapter 9
Effect of Carbon Nanotubes on Abiotic 
Stress Response in Plants: An Overview

Mohammad Faizan, Anjuman Hussain, Anayat Rasool Mir, Vishnu D. Rajput, 
Tatiana Minkina, and Shamsul Hayat

Abstract In the period of climate change, abiotic stresses are propitious menace to 
agriculture, restricting the production of crops by inflicting primary effects like 
osmotic and ionic stress, along with other impacts like oxidative stress, disturbance 
in hormonal balance, and nutrient imbalance. However, increasing evidences reveal 
that augmentation of nanoparticles to plants can notably reduce detrimental effects 
caused by several severe environmental conditions and therefore, modulate several 
mechanisms in plants. Several types of nanoparticles and nanofertilizers have 
unveiled propitious corroboration regarding abiotic stress management. Carbon 
nanotubes (CNTs) are eminent members of the nanomaterial family. Because of the 
exceptional physical, chemical, and mechanical properties, CNTs are demonstrated 
to be efficacious means in the plant science field. CNTs were commonly considered 
to lead to important biotechnological and agricultural applications which are still far 
from experimental realization. Various studies have shown capability of CNTs to 
cross diverse plant cell blockades. These investigations, also, evaluated the harmful 
effects of these nanomaterials. Whilst several types of nanoparticles have shown to 
enact physiological processes in plants, carbon nanotubes experienced specific 
interest. Recent investigations have revealed CNTs to be chemically captured into 
plant tracheary elements. This ought to start off studies in the fields of plant defense. 
This chapter emphasizes on the effect of carbon nanotubes on plants under various 
abiotic stresses and the possible use of these distinctive nanomaterials in crop 
management.
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9.1  Introduction

Abiotic stresses including drought, salinity, extremely low or high temperatures, 
heavy metal, soil alkalinity or acidity and nutrient deficiency etc. limit plant devel-
opment. Majority of the crop plants show sensitivity to abiotic stresses. First 
responses of plants exposed to stress conditions include restricted vegetative growth 
and reproductive development (Boscaiu et  al. 2008). Agricultural productivity is 
greatly affected by climatic changes as it regulates the development of plants by 
influencing variations in temperature and precipitation levels and carbon dioxide. 
However, a remarkable reduction in crop production occurs by elements other than 
global warming like salinity, water deficiency, floods, and nutrient deficiency. 
Hence, for the enhanced food production improved crop varieties by genetic engi-
neering and efficacious initiatives for nutrient management and irrigation practices 
will be needed for meeting the needs of expanding population. For agriculture under 
abiotic stresses, nanotechnology appears to be emerging solution (Hatami et  al. 
2016). In recent years, the importance of nanobiotechnology in the field of agricul-
ture has earned attraction of the researchers. The formation of materials to nano 
level regulates their biological, chemical properties as well as their catalytic attri-
butes (Manzer et al. 2015). The atomic agglomeration with dimension (at least one) 
between 1 and 100 nm are referred to as nanoparticles (Ball 2002). Nanoparticles 
are specified by characteristic physical and chemical features differing from their 
bulk forms. Nanoparticles can be employed for enhancing crop yield under abiotic 
stress (Tamer et al. 2018). Because of the unparallel physicochemical properties of 
nanoparticles or nanomaterials, nanotechnology has found great novel applications 
in the agriculture sector. In the agricultural sector, nanotechnology has found use in 
fertilization sector (Mani and Mondal 2016; Monreal et  al. 2016; Panpatte et  al. 
2016), plant protection (Saharan and Pal 2016), food sector (Oprea and Grumezescu 
2017) precision farming (Chhipa and Joshi 2016), remediation of terrestrial envi-
ronments (Patra et  al. 2016; Gil-Díaz et  al. 2017), etc. Of all the nanoparticles, 
carbon nanotubes (CNTs) are getting more consideration because of their attractive 
arrangement, shape, size and distinctive physical, chemical, and biological proper-
ties (Bianco et al. 2005; Serag et al. 2015). CNTs are cylindrical structures having a 
diameter of several nanometers and comprise rolled graphene sheets. Recently, 
attempts have been devoted to divulge utilization of carbon nanotubes due to their 
remarkable physicochemical properties (Gao et al. 2006; Kam et al. 2005, 2006). 
During previous years, there has been wide concern in employing nanoparticles to 
plants for agricultural and crop production (Torney et  al. 2007; Khodakovskaya 
et al. 2009, 2012; Serag et al. 2011, 2012; Husen and Siddiqi 2014). Indeed, utiliza-
tion of carbon nanomaterials in crop regulation turns out to be more pressing with 
regards to expanding population and exhausting resources. Researchers have 
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established that application of carbon nanotubes to plant seeds can enhance the 
germination percentage and thus can increase seedling growth. These observations 
could bring about critical improvements in the productivity of valuable crops such 
as maize and tomato, by enhanced biomass of the plants. But, clashing studies on 
the safety of carbon nanotubes have been laid out. These controversial findings 
require clarification to avoid confusion to the public (Liu et al. 2007, 2008; Singh 
et al. 2006; Lacerda et al. 2008). On the bases of their structure, CNTs are divided 
into two categories: single-walled nanotubes (SW) and multi-walled nanotubes 
(MW). Single-walled carbon nanotubes comprise of one rolled sheet of grapheme 
with diameter close to 1 nm, while multi-walled carbon nanotubes consist of several 
sheets of graphenes flapped into concentric cylinders in which diameter can reach 
several tenths of nanometers. Because of the distinctive properties of CNTs, they 
are capable of penetrating the cell wall and membrane of cells and also provide a 
suitable delivery system of chemicals to cells. The single-walled-CNTs (SWCNTs) 
function as nanotransporters for transfer of DNA and dye molecules into plants cells 
(Srinivasan and Saraswathi 2010). Moreover it has been reported that that multi- 
walled- CNTs (MWCNTs) possess ability to regulate the seed germination and plant 
growth, and also function as a delivery system of DNA and chemicals to plants 
cells. MWCTs stimulate water and nutrients uptake that increase the seed germina-
tion and plant growth and development (Villagarcia et al. 2012; Tiwari et al. 2014). 
The addition of MWCNTs sterile agar medium accelerated seed germination of 
three important crops (barley, soybean, corn) because of ability to penetrate the seed 
coats (Lahiani et al. 2013). It has also been reported that MWCNTs modulate the 
expression of several genes encoding various types of water channel proteins in 
soybean, corn and barley seeds coat. In tomato, hybrid Bt cotton, Brassica juncea, 
Phaseocclus mungo and rice maximum germination rate was observed upon the 
application of MWCNTs (Morla et al. 2011; Nalwade and Neharkar 2013).

9.2  Physiological Impacts of Carbon Nanotubes on Plants

CNTs play a role as modulators of seed germination and development and are capa-
ble of changing morphology and physiology of plant cells. It has been reported that 
CNTs can alter morphological and physiological attributes of plant cells 
(Pourkhaloee et al. 2011; Lahiani et al. 2013) and are believed to modulate seedling 
and plant growth (Khodakovskaya et al. 2012; Haghighi and da Silva 2014).

9.2.1  Effects of CNT on Seed Germination

Seed germination is considered as the initial stage of life cycle of plants which is 
prone to environmental stress, and successful organization of seedlings is needed to 
develop plants with desirable capacity for growth and productivity. An increment in 
the rate of seed germination was noticed with CNT.  Boulmaali and Zafour 
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Hadj- Ziane (Boulmaali and Hadj-Ziane 2017) observed that germination of 
Phaseolus vulgaris seeds was favored in the presence of CNT.  In rice the lower 
concentration of CNTs were found to promote seed germination (Jiang et al. 2012). 
Application of multiwalled carbon nanotubes (MWCNT) on tomato seeds exhibited 
an increase in the seed germination (Khodakovskaya et  al. 2009). Germinated 
tomato seeds also showed a considerable enhancement in the vegetative biomass. 
Water is the fundamental component for seed germination. Imbibition of water 
depends on the presence of water and on the permeability of the seed coat. It is 
ascertained that the seeds manifested with CNT absorbed a higher concentration of 
moisture in comparison to untreated seeds. This could be described by the penetra-
tion of CNT through the seed coat by making large number of pores, thereby per-
mitting a higher content of water uptake into the seeds (Khodakovskaya et al. 2009). 
Hence, seeds soaked in water having CNT enhanced uptake of water and seed ger-
mination. Similarly, Morla et al. (2011) revealed an increase in percentage of seed 
germination and seedling growth by MWCNT at 40  μg/ml concentration in 
Lycopersicum esculentum. Likewise, in Medicago sativa and Triticum aestivum, 
10  nm MWCNTs increased the growth of seedling and enlarged roots (Miralles 
et al. 2012). Additionally, Lahiani et al. (2013) demonstrated increased growth and 
germination rate in Hordeum vulgare, Zea mays, and Glycine max, from 25 to 
100 μg/mL levels of multiwalled carbon nanotubes. Incorporation of single walled 
carbon nanotubes (SWCNTs: 50–800 μg/mL) alleviated the water scarcity up to 
moderate levels, by stimulating germination and growth attributes of Hyoscya mus-
niger (Hatami et al. 2017).

9.2.2  Photosynthetic Rate Effects

Photosynthesis is the central process for plants on earth which converts light energy 
to chemical energy. Plants transform only 2–4% of the accessible radiation energy 
into new plant growth (Kirschbaum 2011). Currently, researchers are attempting to 
amend this low productivity of plants by controlling strategies and gene manipula-
tions. To stimulate photosynthesis and turbocharged crops, scientists are working 
with an indispensable enzyme for photosynthesis, Rubisco, to catalyze the integra-
tion of carbon dioxide into biological compounds. Recently, new tobacco plants 
were grown by substituting the Rubisco gene in tobacco plant, with two genes of 
cyanobacterium Synechococcus elongates; the new plants were photosynthetically 
more efficient that native plants (Lin et al. 2014). In nanobiotechnology domain, 
researchers want to produce bionic plants that can have higher photosynthesis effi-
ciency. CNTs have ability to associate with plant tissue to increase biological activi-
ties and also elevate light-related reactions in the chloroplast and promote light 
harvesting and affect the properties such as biochemical detection of various solutes 
(Iijima and Ichihashi 1993; Giraldo et al. 2014). CNT are capable of gathering more 
light energy via plant chloroplast while elevating electron transport rate, and even-
tually the rate of photosynthesis (Giraldo et al. 2014). It has also been revealed that 
CNTs absorb the comprehensive range of light wavelength (UV, visible and near 
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infrared), exceeding chloroplast pigments and SWCNT—chloroplast transforms 
this absorbed light into exciton and enhance photosynthetic rate by transporting 
large number of electrons (Giraldo et al. 2014; Wong et al. 2017). MWCNT also 
boost the water uptake capability, total biomass and yield of plants (Husen and 
Siddiqi 2014; Joshi et al. 2018). Joshi et al. described that in rice, concentration of 
chlorophyll was more in CNT-supplemented plant, which was directly correlated to 
the growth of the plant and leaves. Concurrently, the photosynthetic efficiency was 
also enhanced which promoted the growth and yield. It was revealed that electron 
transport rate increased with the supplementation of CNT to the chloroplast, as 
sample supplemented with the CNTs captured more light photons and transferred 
this light energy to enhance the rate of electron transport, which eventually increased 
the photosynthetic rate (Giraldo et al. 2014; Deng et al. 2017).

9.3  Impact of Carbon Nanotubes on ROS and Antioxidant 
System of the Plants

Nanomaterials of diverse chemical nature like fullerenes, CNT, and metal oxides 
have been demonstrated to stimulate oxidative damage by generating reactive oxy-
gen species (Vallyathan and Shi 1997). The chief characteristics implicated in 
NP-stimulated ROS comprise (i) prooxidant groups on the reactive surface of NP; 
(ii) functional redox cycling on the surface of NP due to transition metal-based NP; 
and (iii) particle-cell interactions (Risom et al. 2005; Knaapen et al. 2004). One of 
the commonly revealed harmful outcomes for CNT is the generation of ROS which 
can be either defensive or deleterious during biological interactions. CNT-induced 
ROS can directly cause oxidative stress in proximity or in the cell or could appear 
more indirectly due to the impacts of internalized CNT on mitochondrial respiration 
(Xia et  al. 2008) or in decreasing antioxidant species inside the cell (Park et  al. 
2008). Begum et al. (2014) observed that application of MWNCTs increased the 
presence of ROS in red spinach leaf. Hatami (2017) observed treatment of MWCNTs 
caused an increment in stress response in pumpkin plants. There was an increment 
in the oxidative stress indices peroxide and malondialdehyde (Hatami 2017). 
Moreover, antioxidant enzymes, such as superoxide dismutase, catalase, and per-
oxidase were observed to decline (Hatami 2017). Oxidative stress indices and anti-
oxidant enzymes act as substitute for plant stress. It is likely that a loss or reduced 
level of antioxidant enzymes can lead to enhanced levels of oxidative stress. In 
response to CNT exposure the level of ROS increased rice, but however no differen-
tiation in the generation of ROS noticed in the presence of CNTs in wheat or rape-
seed, indicating that stress responses to CNTs vary depending on plant species. 
Similar to CNT exposure, the level of ROS enhanced in onion after the treatment of 
fullerol (C60 (OH)), which could impact cell vitality and may impair the cell wall 
(Husen and Siddiqi 2014). Ghorbanpour and Hadian (2015) reported that the expo-
sure of Satureja khuzestanica to MWCNTs activate some enzymatic antioxidants. 
Smirnova et al. (2012) revealed that MWCNTs, increased peroxidase activity and 
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reduced the production of H2O2 in Onobrychis seedlings. It is likely that decreased 
level of H2O2 by MWCNTs occurred because of increased peroxidase activity in 
MWCNT-treated carrot leaf tissue. Since H2O2 accumulation can prompt senes-
cence in plants (Hung and Kao 2004), decreased levels of H2O2 by MWCNTs might 
be able to delay senescence in carrot plants.

9.3.1  Carbon Nanotubes and Drought Stress

Water deficiency is the most significant environmental challenge that restricts plant 
growth and brings about extreme yield losses in comparison to other abiotic stress 
factors leading to acute food shortage. Nanomaterials are regarded as essential tools 
which are employed to repress current and future challenges in agricultural crop 
production. Currently there is not a comprehensive review regarding the possible 
function of nanomaterials in reducing the drought-induced deleterious impacts in 
crop plants. NMs have been observed to generally decrease drought-incited osmotic 
stress by accretion of osmolytes that cause osmotic adjustment and upgrade plant 
water status. Earlier reports demonstrated promising role of SWCNTs with diame-
ter of 1–3 nm, and MWCNTs with diameter of 5–40 nm (Zaytseva and Neumann 
2016) in mitigating cell damages by drought stress. Supplementation of SWCNTs 
at lower level (50 and 100 g mL−1) to water stressed Hyoscyamus niger seedlings 
reduced the water scarcity (up to moderate levels only) by enhancing seed imbibi-
tions and amylase stimulation (a key germination enzyme in starch hydrolysis pro-
cess) and initiation of metabolic processes. However, elevated dose of SWCNTs 
(400 and 800 g mL−1) exhibited negative impacts on seed germination and seedling 
functioning, enhanced the H2O2, MDA and ELI, and changed antioxidant enzyme 
activities (multiple biomarkers) and specific metabolite contents under control and 
all drought levels applied (Hatami et  al. 2017). Similarly, foliar application of 
MWCNTs at 50  mg/L to Salvia mirzayanii plants enhanced membrane stability 
index, chlorophyll index, total phenolics, and antioxidant capacity in presence of 
moderate drought stress (Chegini et al. 2017). Seed nano-priming with MWCNTs 
at 30 mg/L resulted in the maximum seedling growth of Caucasian alder (Alnus 
subcordata) under drought stress (from −2 to −10 bars) (Rahimi et  al. 2016). 
Additionally this level of MWCNTs was only enough to enhance seedling growth 
of Dodonaea viscosa (L.) Jacq. (Hopbush) under stress free conditions, while 
50–100 mg/L were needed to increase growth under drought stress (Yousefi et al. 
2017). By elevating the uptake of water, the levels of MWCNTs (500–1000 mg/L) 
stimulate drought and salinity tolerance in barley (Karami and Sepehri 2017). 
Contrarily the different concentrations of MWCNTs (125–1000 μg/mL) had detri-
mental effects on seed germination and seedling growth of cucumber under both 
PEG-prompted stress and normal growing conditions. These ill impacts are result of 
oxidative damage due to inactivation of several cellular antioxidant enzymes 
(Hatami 2017). In maize seedling, nano-priming under drought stress was effectual 
on germination rate and percentage, contents of chlorophyll a, b, and total 
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chlorophyll and carotenoid. Supplementation of 25 mg/L CTNs at −1 Mpa drought 
stress proved efficacious in increasing germination percentage of maize seed. Also, 
50  mg/L CTNs application enhanced photosynthetic pigmentation at −1 Mpa 
drought stress. Typically, priming with CTNs enhanced seed germination traits and 
photosynthetic pigmentation of maize seedlings under drought stress conditions 
(Shahriari et al. 2019).

9.3.2  Carbon Nanotubes and Salinity Stress

In the changing climatic conditions, salt stress is a rising menance to agriculture, 
decreasing production of crops through its osmotic and ionic effect, generation of 
oxidative stress, hormonal homeostasis and nutrient imbalance. Contrarily, pro-
duction areas are flourishing in the regions where salinity stress occurs because of 
the exorbitant pressure for satisfying food security targets to meet needs of the 
expanding population. It has been revealed that application of nanoparticles to 
plants can remarkably diminish the negative impacts due to several intolerant con-
ditions like salt stress, and therefore, modulate the adaptive mechanisms in plants. 
Different kinds of NPs and nanofertilizers have shown a favorable proof so far 
regarding salt stress control (Zulfiqar and Ashraf 2021). The supplementation of 
carbon nanomaterials in agriculture exhibited distinctive ability towards enhanc-
ing crop production under non-stress and stressed conditions (Martínez-Ballesta 
et al. 2016; Baz et al. 2020), even though cytotoxic effects of these materials have 
also been revealed. Martínez-Ballesta et  al. (2016) supplementation of multi- 
walled carbon nanotubes (MWCNTs) to potential vegetable crop broccoli under 
saline conditions, improved the net photosynthetic rate and water uptake. These 
authors also reported that MWCNTs also enhanced aquaporin transduction, ensued 
increased water uptake, thus mediating salinity tolerance (Martínez-Ballesta et al. 
2016). In other study, treatment of MWCNTs to salt treated rapeseed (Brassica 
napus L.) seedlings stimulated escalation of nitrate reductase dependent NO bio-
synthesis, re-establishment of ion and redox imbalance indicated by the reduction 
in ROS over generation, decrease in thiobarbituric acid production and Na+/K+ 
ratio (Zhao et al. 2019). furthermore, molecular studies revealed that the aforesaid 
impacts were associated to MWCNTs stimulated regulation in Na+/H+ exchanger 
1 (NHX1) and K+ transporter 1 (KT1) transcripts, antioxidant defense system 
genes, and salt overly sensitive 1 (SOS1) genes (Zhao et  al. 2019). Recently, 
Gohari et al. (Gohari et al. 2020a, b) have noticed that low levels of MWCNTs 
resulted in salt amelioration in Ocimum basilicum plants through enhanced photo-
synthetic pigments and induced both enzymatic (i.e. APX, CAT and GP) and non-
enzymatic components (i.e. phenolic content) of the antioxidant defense system, 
however, high levels of MWCNTs exhibited phytotoxic impacts as established by 
biochemical and fluorescence microscopy studies. Pandey et al. (2018) observed 
that the supplementation of graphene and CNTs enhanced the rate of germination 
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of switch grass seeds and resulted in an early germination of sorghum seeds under 
salt stress. They suggested that carbon based nanomaterials remarkably decreased 
symptoms of salt stress inflicted by the application of NaCl into the growth 
medium. With the use of ion selective electrode, these authors demonstrated that 
the level of Na+ ions in NaCl solution can be remarkably reduced by adding CNTs 
to the salt solution. Data established the promising role of carbon based nanoma-
terials as plant growth regulators for non-food crops and manifested the role of 
carbon based nanomaterials in the defence of plants against salt stress (Pandey 
et al. 2018). Under salinity stress, carbon nanotubes increased number and length 
of roots and the number and dry weight of shoots in Satureja rechingeri. By 
increasing carbon nanotubes, the contents of caffeic acid and rosmarinic acid were 
enhanced, while caffeic acid and rosmarinic acid levels were remarkably reduced 
in presence of different NaCl concentrations. This finding showed carbon nano-
tubes diminish the stress condition.

9.3.3  Carbon Nanotubes and Other Abiotic Stresses

Besides the abiotic stresses mentioned above carbon nanotubes are also employed 
to overcome various other abiotic stresses. Under paraquat (MV) toxicity, the expo-
sure of Arabidopsis to MWCNT induced the relative electron transport rate and the 
effective photochemical quantum yield of PSII value in comparison to control by 
around 12% and lateral root formation up to nearly fourfold in comparison to the 
control. The defensive role of MWCNT on MV toxicity on the root surface area 
could be elucidated by the magnitude of MV adsorption on MWCNT and was asso-
ciated to activation of photosynthesis, antioxidant protection and number and area 
of lateral roots which in turn helped nutrient assimilation (Fan et  al. 2018). In 
Boehmeria nivea (L.) Gaudich (ramie) seedlings the application of 500 mg kg−1 
MWCNTs elevated the accretion and translocation of Cd in seedlings and mitigated 
the toxicity induced by Cd by triggering plant growth, diminishing oxidative stress, 
enhancing specific antioxidant level and stimulating antioxidant enzyme activities 
(Gong et al. 2019). Sun et al. (2020) in Scenedesmus obliquus showed that CNTs, at 
a level of 5 mg/L, stimulated its growth and upgraded photosynthetic regulation by 
enhancing exciton trap efficiency and quantum yield for electron transport. 
Supplementation of CNTs seemed to reduce the ill effects of Cu, Cd or Zn on these 
microalgae which were demonstrated by enhanced growth, increased total chloro-
phyll content and photosynthetic indices. Amplification of photosynthesis and inter-
cession of metal uptake by CNTs, have a significant role in the impacts of CNTs on 
metal toxicity (Sun et  al. 2020). In Cd stressed maize, the MWCNTs treatment 
augmented root and shoot fresh mass and antioxidant enzyme activities, comprising 
peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) activities, and 
decreased the malondialdehyde (MDA) content in presence of Cd. However, the 
toxic impacts were also exhibited by higher concentration of MWCNTs suggesting 
a possible risk caused by MWCNTs. Application of MWCNTs diminished the Cd 
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toxicity in growing maize plants; however, the effect of MWCNTs were concentra-
tion dependent (Chen et al. 2021). MWCNTs at 500 mg kg−1 resulted in a notable 
enhancement in the accretion of heavy metal (loid)s in Solanum nigrum (18.29% for 
Cd and 32.47% for As) and reduced co-contamination stimulated toxicity, by trig-
gering the growth of plants, activating antioxidant enzymatic activities, and enhanc-
ing micronutrient content. As bio-concentration factor was reduced by 15.31–28.08% 
by the supplementation of MWCNTs, thereby mitigating phytotoxicity. Besides, 
availability of Cd and As were decreased in rhizosphere soils, and the remarkable 
decrease (16.29% for Cd and 8.19% for As) were shown in 500 mg kg−1 MWCNTs 
application. These findings signified that appropriate concentration of MWCNTs 
can increase remediation efficiency (Chen et al. 2021). Similarly, foliar-application 
of MWCNT up to 250  mg  L−1 to pot marigold plants not only reduced Pb and 
Cd-induced toxicity by decreasing oxidative damage and improving both enzymatic 
and non-enzymatic antioxidant defense system but also boosted the phytoremedia-
tion property of plants by increasing the accumulation of both Pb and Cd from the 
soil (Sharifi et al. 2021).

9.4  Conclusion and Future Perspectives

In this chapter we outlined the possible role of CNTs under normal conditions and 
in presence of abiotic stress. CNTs increase the quality and quantity of crops signifi-
cantly, because at specific.

Concentrations they alter the morphology, the physiology, and even the genetic 
constitutions of the plant, eventually, enhancing biomass. So, it can be useful in 
increasing the biomass of agricultural fields at global scale in the presence of chang-
ing environment.
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Abstract Crop plants are continuously exposed to abiotic and biotic constraints 
like salt, drought, heat, heavy metal, ultraviolet, fungi, bacteria, pathogens etc. 
Plants respond to them by altering their physiology and metabolism. The response 
is initiated at molecular, cellular and at whole plant level. Plants undergo alterations 
in growth, photosynthesis, yield and quality attributes when exposed to stresses. 
Nevertheless, these complex processes are modulated by the application of different 
kinds of nanoparticles (NPs). In the current times, nanotechnology, as a broad inter-
disciplinary area of research, finds potential in agriculture regarding plant disease 
management, pathogen detection and imparting stress tolerance. Nanoparticles at 
particular concentrations control growth, morpho-physiology and yield attributes 
under stress conditions. In the present chapter, we attempt to discuss various 
response alterations initiated by crop plants towards abiotic and biotic stresses, vis- 
à- vis controlling nature of various NPs doses in protecting these processes under 
these stress conditions.
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10.1  Introduction

In current times due to the unsettling increase in the growth of population together 
with changing climate, a bunch of enhancement in crop productivity of agriculture 
is the need of the hour. As plants are sessile creatures and are continuously exposed 
to a variety of environmental pressures like biotic and abiotic that act as simultane-
ous confronting factors to decrease the crop productivity (Rejeb et  al. 2014; 
Alhaithloul et al. 2020; Zaid et al. 2020, 2021). In the current decade, biotic and 
abiotic stresses are currently being realized as one of the most potential threats not 
only to plants but also to human existence that jointly results in the broad conse-
quences to human health as well as to crop agricultural system (Roberts and Mattoo 
2018; Alhaithloul et al. 2020). A conspicuous decrease in crop yield and as well as 
fertility of soil together with the over-accumulation of the toxic trace elements in the 
rhizospheric and their transfer to the subsequent food chains are threatening human 
health, thus leading to severe health as well as ecological issues (Verstraeten et al. 
2008). It has been estimated that 70% increase in the agricultural productivity has 
to be achieved in order to feed 2.3 billion human populations by 2050 (Tilman et al. 
2011). Therefore, in order to meet these challenges, biotic and abiotic stress toler-
ance in crop plants is of paramount importance. Nevertheless, the underlying stress 
tolerance mechanisms are more complex as compared to animals and are governed 
by multigenes in diverse crop plants (Qin et al. 2011). It is thus this complex nature 
of polygenic trait of crop plants, scientists have begun to look for alternative mecha-
nistic tools in this regard. Thus, sophisticated and potent techniques are needed to 
meet these desired aims. Now-a-days, much attention is laid on the synthesis of 
diverse nano-products having size 1–100 nm that have potential advantage but risk 
associated in different industries, like food, medicine, and agriculture sector. An 
estimate suggests that during 2014–2019, the worldwide application of nanoparti-
cles (NPs) would increase from 225,060 metric tons to approximately 585,000 met-
ric tons (Rajput et al. 2018). The nano-products have remarkable properties, like 
small size ranging 1–100  nm diameters, specific surface properties, wettability, 
melting point, electrical and thermal conductivity, light absorption, high reactivity, 
large surface areas, and show strong binding interactions with other biomolecules 
and structures (Asgari-Targhi et al. 2018; Jeevanandam et al. 2018). Nevertheless, 
NPs show interaction with the plant at different hierarchical levels. NPs affect 
uptake, translocation, accumulation and transformation that occur within the plant 
and these interactions can have positive, negative or neutral impacts depending 
upon the species involved.

Among the various approaches, engineering of crop plants by NPs supply have 
proven a very good and effective way and has yielded prominent results so far. NPs 
have gained great interests because of their physicochemical properties and biologi-
cal activities as compared to their bulk parent materials. Thus in the present chapter, 
we attempt to describe the responses of various crop plants under NPs supply, mod-
ulation of gene expression and the alleviating role induced by different NPs under 
biotic and abiotic stresses. A tabulated view of responses of various plants under 
various NP supply are presented in Table 10.1.
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Table 10.1 Representing biotic and abiotic stress condition, nanoparticle application and the 
corresponding response of plants

Nanoparticle
Abiotic or 
Biotic stress Effects References

ZnO-NPs 
(50 mg/L)

Cadmium (0.4, 
0.6 or 0.8 mM)

Cd-increased oxidative burst in tomato, the 
antioxidant defense activities and proline 
content, reduced carbonic anhydrase (CA) 
and nitrate reductase (NR) activities but the 
follow-up treatment with ZnO-NPs 
significantly incremented the plant growth 
traits, chlorophyll content, leaf gas exchange 
attributes, protein content, activities of NR 
and CA, stomatal aperture and reduced the 
malondialdehyde and ROS levels

Faizan et al. 
(2020)

TiO2 
(50 mg/L)

2 to 20 mg/L of 
CdCl2

The TiO2 NPs application induced a higher 
translocation of Cd to the aerial portion in 
Azolla filiculoides. The high dose of Cd in 
leaves did not cause damage to the 
photosynthetic machinery. The NPs boosted 
antioxidant apparatus and decrease H2O2 
content, but did not suppress the TBARS 
level

Spanò et al. 
(2019)

MgO (0, 25, 
50 or 
100 ppm)

Meloidogyne 
incognita

The MgO-NPs application reduced nematode 
fecundity, decreased number and size of gall 
cells; enhanced plant growth parameters, 
chlorophyll, carotenoid, seed protein, and 
root and shoot N contents

Tauseef et al. 
(2021)

Fe2O3-NPs 
(100, 200 and 
400 mg/L)

As (0.5, 1 and 
2 μM)

The As application induced oxidative stress, 
enhanced total antioxidant capacity, SOD and 
CAT activity, but declined GPOX activity and 
lowered root oxidisability. The Fe2O3-NPs 
application reduced As toxicity by reducing 
As availability in Vigna radiata

Shabnam et al. 
(2019)

TiO2 (50, 100, 
150, and 
200 ppm)

Salt (1.5 and 
0.5 M and 0.5 
and 0.17 M)

The TiO2 decreased the specific growth rate, 
chlorophyll, and photosynthesis in Dunaliella 
salina and Dunaliella tertiolecta
The toxic effect of NPs decreased at higher 
doses of salt stress

Ghazaei and 
Shariati (2020)

Se/SiO2 (50 
and 100 mg/ 
L)

Drought stress 
(30%, 60%, 
and 100% field 
capacity)

The praying of NPs was found to improve the 
growth and yield parameters of strawberry 
plants grown under drought stress. The plants 
grown under Se/SiO2 (100 mg/L) had more 
photosynthetic pigments, carbohydrate and 
proline, relative water content, membrane 
stability index (MSI) and water use efficiency 
(WUE), increased activity of CAT, APX, 
GPX and SOD and decreased levels of stress 
biomarkers of strawberry plants

Zahedi et al. 
(2020)

(continued)
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10.2  Modulation of Gene Expression by Nanoparticle Supply

Various kinds of NPs are known to modulate expression of various genes in diverse 
crop plants. When a plant faces stress, perception of stress stimulus elevates the 
level of cytosolic Ca2+ concentration ([Ca2+] cyt). The Ca2+ binding protein (CaBP) 
present sense the elevated [Ca2+] cyt. It is known that the binding of Ca2+ activates 
the CaBP that directly binds to the promoter regions of specific genes and either 
induces or represses their expression (Tuteja and Mahajan 2007). The 

Table 10.1 (continued)

Nanoparticle
Abiotic or 
Biotic stress Effects References

TiO2 (0, 50, 
100 and 
200 mg/L)

Salinity (0, 50 
and 100 mM)

The imposition of salt stress decreased the 
agronomic traits in Dracocephalum 
moldavica L. The application of TiO2-NPs 
improved all agronomic traits, antioxidant 
enzyme activity, significantly lowered ROS 
concentration and caused highest essential oil 
content. It was found that the highest amounts 
of secondary metabolites were obtained by 
100 mg/L TiO2-NP-application under control 
conditions

Gohari et al. 
(2020)

SiO2 (100 μM 
or 500 μM)

Pb (50, 250, 
500, 1000, or 
1500 μM)

At first the antioxidant enzyme activity 
increased at low levels of Pb and then 
decreased in Pleioblastus pygmaeus. The 
application of SiO2-NPs increased SOD, CAT, 
GR and phenylalanine ammonia-lyase (PAL) 
activities under Pb stress. The NPs 
application lowered the Pb-induced oxidative 
stress which resulted in increased plant 
photosynthesis and growth under Pb toxicity. 
The 500 μM SiO2 NPs treatment showed 
more pronounced effects than 100 μM in 
countering Pb toxicity

Emamverdian 
et al. (2020)

FeO (25, 50 
and 100 mg/
kg)

Salt and Cd 
stress

The application of 100 mg/kg the FeO-NPs 
stimulated and reprogrammed the morpho- 
physiological state of wheat plants caused a 
significant increment in the N, P and K+ but 
reduced the toxic salt ions in the wheat grain. 
Under Cd stress, application of the FeO-NPs 
reduced Cd uptake in the wheat plants

Manzoor et al. 
(2021)

ZnO 
(100 mg/L)

Cd and water 
limited stress

Both drought and Cd stress decreased plant 
dry weight, chlorophyll contents but 
increased oxidative stress in Triticum 
aestivum L. The application of NPs improved 
the plants biomass, chlorophyll contents by 
minimizing the oxidative stress and boosting 
antioxidants enzymatic activities in stressed 
plants and restricting the uptake of Cd

Bashir et al. 
(2021)
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over- expression of CaBPs by the NPs supply has been reported earlier (Marmiroli 
et al. 2015). In addition, NPs also bind to CaBPs (Miao et al. 2014); the transcrip-
tion activator then trigger downstream signalling and finally the expression of genes 
related to stress that and activates the defense system of plants (Delk et al. 2005; 
Boudsocq and Sheen 2013). The supply of various forms of NPs also modulates the 
expression of genes of plants’ vital components. Khattab et al. (2021) evaluated the 
roles of Si and Si-NPs in improving thermo-tolerance of wheat photosynthesis by 
studying the up-regulation of PsbH, PsbB and PsbD genes encoding the core pro-
teins of photosystem II (PSII) under heat stress (45 °C, 5 h). The results revealed 
that at the molecular level, RT-PCR analysis showed that K2SiO3 (1.5  mM) and 
SiO2NPs (1.66  mM) mitigated the negative impacts and stimulated the over- 
expression of PsbH, PsbB, and PsbD genes to a considerable extent. Under salt 
stress, it was molecularly revealed that multi-walled carbon nanotube (MWCNT) 
induced the alteration in Na+/H+ exchanger 1 (NHX1) and K+ transporter 1 (KT1) 
transcripts, antioxidant defense system genes, and salt overly sensitive 1 (SOS1) 
genes which confer tolerance to salt stress (Zhao et  al. 2019). Chandrakar et  al. 
(2020) studied the influence of Carbon dots (C-dots) in enhancing tolerance to As 
stress by analysing the defense-related gene expression in Cicer arietinum L. The 
As treatment in tested plants resulted in the up-regulation of expressions of NADPH 
oxidase and defense-related genes in Cicer arietinum L. It was however, revealed 
that exogenous application of C-dots, enhanced the expressions of defense-related 
genes. In Catharanthus roseus (L.), the vital role of chitosan NPs (C-NPs) in 
enhancing drought (100% and 50% of field capacity [FC], respectively) stress toler-
ance through modulation of gene expression was studied (Ali et al. 2021). It was 
found that drought stress increased the plant alkaloid content, of which application 
of C-NPs has an additive effect. It was further revealed that under drought stress 
conditions, the maximum alkaloid content was engaged with induced gene expres-
sion of strictosidine synthase (STR), deacetylvindoline-4-O-acetyltransferase 
(DAT), peroxidase 1 (PRX1) and geissoschizine synthase (GS). The application of 
C-NPs caused their additive gene expression of alkaloid biosynthesis. Hedayati 
et al. (2020) applied SiO2-NPs (0, 25, 50, 100 and 200 mg/L) in improving tropane 
alkaloid production and studied the changes in gene expression levels in two species 
of Hyoscyamus. The SiO2-NPs (100 and 200 mg/L), at 24 h of treatment maximally 
elicited the total phenol and flavonoid accumulation, the 100 mg/L dose induced the 
highest amount of hyoscyamine, and scopolamine accumulation as compared to 
non-treated roots as revealed by High-performance liquid chromatography (HPLC) 
technique. Furthermore the semi-quantitative RT-PCR analysis showed the highest 
level of pmt (putrescine N9 methyltransferase) and h6h (hyoscyamine 6 < beta > _
hydroxylase) gene expression. In order to study the effect of engineered magnetic 
NPs (M-NP) (from 125 to 1000 mg/L) in enhancing chlorophyll content and growth 
of barley plants, the induction of photosystem genes was studied (Tombuloglu et al. 
2020). Two magnetic elements (Co and Nd) were doped into technologically impor-
tant Fe2O3 NPs by utilizing a sonochemical synthetic approach. It was found that 
M-NPs enhanced the germination rate, tissue growth, biomass, chlorophyll (a, b), 
and carotenoids contents. The highest growth enhancement at 125 or 250  mg/L 
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treatments was noticed but the higher doses diminished the growth traits. The gene 
expressions of photosystem marker genes (BCA, psbA, and psaA) were found to be 
over-expressed in M-NPs treated plants as compared to non-treated control in a 
proportional basis as increasing M-NPs doses, indicated a positive correlation with 
the photosynthetic machinery. Mosa et al. (2018) in Cucumis sativus plants, studied 
the impacts of Cu-NPs in inducing the changes in gene expression of superoxide 
dismutase. It was found that Cu-Zn (SOD) gene expression was induced by Cu-NP 
treatment.

10.3  Effect of Nanoparticles Under Biotic Stress Conditions

The use of NPs in biotic stress conditions has become more common as technol-
ogy advances. The various NPs have been well documented for their profound 
counteracting role against diverse categories of biotic stresses and are now-a-days 
being utilized in controlling of various plant pathogens. In addition, NPs mediated 
controlling various plant pathogens are approaches that are more environment-
friendly as compared to other chemically synthesized fungicides (Jo et al. 2009). 
Thus, the use of various NPs in controlling the pathogenic agricultural-microbes 
is cost- effective as well as eco-friendly approach (Kumar and Yadav 2009; Swamy 
and Prasad 2012). The effect of Bacillus sp. and Ag-NPs on Zea mays was evalu-
ated (Kumar et al. 2020). The leaf and flower extracts of Tagetes erecta was used 
for the synthesis of Ag-NPs, whereas Bacillus sp. was isolated from rhizosphere 
of spinach plant. By using ultra centrifugation, UV–Vis spectroscopy and high 
resolution transmission electron microscopy (HRTEM), the average particles size 
of Ag-NPs was recorded approximately 60 nm. The results revealed that almost 
all the potential isolates of PGPR were able to produce indole acetic acid, ammo-
nia and hydrogen cyanide, solubilised tricalcium phosphate and potentially 
restricted the growth of Macrophomina phaseolina in vitro but the isolate LPR2 
was adjudged as best performing. By conducting 16S rRNA gene sequence, this 
isolate; LPR2 was characterized as Bacillus cereus LPR2. It was found that the 
combination of Bacillus cereus LPR2 and Ag-NPs enhanced the plant growth and 
LPR2 strongly inhibited the growth of deleterious fungal pathogen. Ina recent 
study, Lopez-Lima et al. (2021) studied the role of Cu-NPs in tomato for the effec-
tive management of Fusarium wilt and in promoting tomato plant growth. The 
antifungal activity of Cu-NPs at different concentrations (0.1, 0.25, 0.5, 0.75, and 
1.0 mg/mL) against Fusarium oxysporum f. sp. lycopersici (FOL) was studied. 
The results showed that a strong inhibitory effect on mycelial FOL growth was 
observed with 0.5 mg/mL Cu-NPs treatment. It was further found that a signifi-
cant reduction in the symptoms of Fusarium wilt was observed with NPs supply. 
In addition, Cu-NPs treatments were found to increase the growth and chlorophyll 
content (from 19.3% to 28.6%) of tomato plants. Khan and Siddiqui (2021) evalu-
ated the role of ZnO-NPs (100 and 200  mg/ L) in the management of disease 
complex of Beta vulgaris L. caused by Pectobacterium betavasculorum (Pb), 
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Meloidogyne incognita (Mi) and Rhizoctonia solani (Rs). In one experiment, the 
results showed that treatment with ZnO-NPs inhibited the hatching and induced 
mortality of Mi and also inhibited the growth of Pb and Rs pathogens. 
Simultaneously, in pot experiments, it was found that ZnO- NPs treatments as 
foliar spray and seed priming to tested plants infected pathogens and more effi-
ciently improved plant dry mass and physiological and biochemical parameters. 
The foliar spray of ZnO-NPs at 200 mg/L to plants was best as compared to seed 
priming and infected pathogens more and resulted in the greatest increase in plant 
dry mass, and physiological and biochemical parameters of beetroot. Both the 
treatment methods viz-seed priming and foliar spray of ZnO-NPs caused a reduc-
tion in disease indices, nematode population, and root galling. By conducting 
inductively coupled plasma mass spectrometry (ICP-MS) analysis, their results 
showed that ZnO-NPs were accumulated in shoots and roots of both infected and 
uninfected plants. Tauseef et al. (2021) studied the role of MgO-NPs in suppress-
ing the effects of Mi, infecting Vigna unguiculata L. for the improvement in 
growth and physiology of plants. The MgO-NPs were synthesized by sol-gel 
method and characterized by transmission and scanning electron microscopy 
(TEM, SEM), UV-Vis spectroscopy, X-ray diffraction (XRD) and Fourier trans-
form infrared spectroscopy (FTIR) techniques. The MgO-NPs were used in differ-
ent concentrations (0, 25, 50 or 100 ppm) and by various modes of applications 
(root dip, soil drench or foliar spray) on cowpea plants infected with (Mi). The 
SEM images of Mi showed that treatment with MgO-NPs (50 and 100  ppm) 
exhibited indentations, roughness and distortions in the cuticular surface as com-
pared to control juveniles of Mi. Further 100 ppm dose of MgO-NPs as root dip 
application; reduced the fecundity of nematodes, decreased number and reduce 
size of galls; enhanced plant growth, chlorophyll, carotenoids, seed protein, and 
root and shoot nitrogen contents. In yet another study under greenhouse condi-
tions, Khan and Siddiqui (2020) employed the use of silicon dioxide nanoparticles 
(SiO2-NPs) as seed priming and foliar spray in two concentrations (100 and 
200 mg/L) for the management of Meloidogyne incognita, Pectobacterium beta-
vasculorum and Rhizoctonia solani disease complex of beetroot. The results 
showed that plants grown with SiO2-NPs primed seeds and inoculated with patho-
gens were found to be more beneficial than the foliar spray in enhancing dry 
weights of shoot and root, chlorophyll content, chlorophyll fluorescence traits and 
the activities of antioxidant enzymes. It was found that priming seeds with SiO2-
NPs at 200 mg/L resulted in the highest improvements in dry weight of shoot and 
root, chlorophyll content, chlorophyll fluorescence characters and boosted the 
activities of defense enzymes followed by seed priming with 100  mg/L, foliar 
spray of 200 mg/L and foliar spray of 100 mg/L. Both methods of seed priming as 
well as foliar spray resulted in a reduction in root galling, nematode multiplica-
tion and disease indices. Treatment with 200 mg/L SiO2-NPs resulted in the high-
est reduction in root galling, nematode multiplication and disease indices. In a 
recent study, Danish et al. (2021) studied the ameliorative role of green synthe-
sized Ag-NPs (25, 50, and 100 ppm) to mitigate stress induced by Meloidogyne 
incognita in Trachyspermum ammi (L.) plants. Various techniques viz., 
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UV − visible spectrophotometer, scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), and energy-dispersive X-ray analyzer (EDX) 
were used for characterization of Ag-NPs from Senna siamea. The results depicted 
that 50 ppm Ag-NPs treatment before inoculation of M. incognita showed maxi-
mum and significant (p ≤  0.05) increment in plant growth traits, biochemical 
characteristics, and activities of peroxidise (POX), catalase (CAT), superoxide 
dismutase (SOD), and ascorbate peroxidase (APX) with respect to control plants. 
However, it was noticed that the maximum reduction in the number of galls, egg 
masses, and root-knot indices was observed in plants in the order 100 > 50 ppm 
Ag-NPs treatment before nematode inoculation as compared to the inoculated 
plants. Nevertheless, transverse section in T. ammi roots showed a considerable 
lignification when treated with 50 ppm Ag-NPs. Khan and Siddiqui (2018) applied 
two concentrations (100 and 200  ppm) of ZnO-NPs for the management of 
Ralstonia solanacearum, Phomopsis vexans and M. incognita induced disease 
complex of eggplant. It was observed that the highest increase in plant growth 
traits, chlorophyll and carotenoid contents was in the order of spray>seed>soil 
inoculation of NP treatments. It was however, found that plants sprayed with 
200 ppm NPs resulted in higher increase in plant growth characters, and higher 
reduction in galling and nematode multiplication. The SEM analysis showed that 
ZnO-NPs induced an adverse effect on cell wall/body wall of tested pathogens in 
addition, the disease index was also found to be reduced to one in plants treated 
with 200 ppm ZnO-NPs. In a study conducted on tomato plants, the applicability 
of ZnO-NPs in protecting the bacterial speck pathogen, caused by Pseudomonas 
syringae pv. tomato DC3000 (Pst) was evaluated (Elsharkawy et al. 2020). The 
results depicted that ZnO-NPs showed significant direct antibacterial activity 
against Pseudomonas syringae pv. tomato, caused significant reductions in dis-
ease severity index and proliferation of bacteria as compared to non-treated 
tomato plants. The ZnO-NPs treated plants showed higher defense related enzyme 
activity and the regulatory and defense genes like LePR-1a and lipoxygenase 
(LOX), that were involved in the salicylic acid and jasmonic acid signalling path-
ways were also maximally expressed. He et  al. (2011) studied the antifungal 
activity of ZnO- NPs (0, 3, 6 and 12 mmol/l) against two pathogenic fungi viz- 
Botrytis cinerea and Penicillium expansum by using traditional microbiological 
plating, SEM, and Raman spectroscopy techniques. The results revealed that the 
application of ZnO- NPs more than 3 mmol/l caused a significant inhibition in the 
growth of B. cinerea and P. expansum. The ZnO-NPs inhibited cellular functions 
of B. cinerea, which resulted in the deformation of hyphae of fungi and prevented 
the development of conidiophores and conidia of P. expansum, as a result of which 
the death of fungal hyphae was observed. Siddiqui et al. (2019a) tested the effi-
cacy of TiO2 and ZnO- NPs at 0.25 and 0.50 mL/L for controlling bacterial dis-
eases, and growth and physiological changes of beetroot plants. It was found that 
inoculating plants with P. betavasculorum, X. campestris pv. beticola, and 
P. syringae pv. aptata caused a reduction in plant growth traits, chlorophyll and 
carotenoid contents, but increased the activities of SOD, CAT, APX, PAL, and 
contents of GSH, proline, H2O2, and MDA. The application of ZnO-NPs excelled 
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over TiO2-NPs supply. The disease indices were reduced considerably by 
0.50 mL/L ZnO-NPs application as compared to TiO2-NP. In yet another study in 
carrot plants, Siddiqui et al. (2019b) evaluated the effects of graphene oxide (GO) 
and ZnO-NPs application at two concentrations, i.e., 0.05 mg ml−1 and 0.10 mg 
ml−1 on growth traits, chlorophyll, carotenoids, proline contents and disease com-
plex. The plants grown with GO or ZnO-NPs with or without pathogens resulted 
in a significant increase in plant growth, chlorophyll, carotenoid and proline con-
tents. It was observed that ZnO-NPs application showed more prominent effects 
than GO-NPs in increasing plant growth, chlorophyll, carotenoid and proline con-
tents. The NPs application inhibited the galling and multiplication of M. javanica 
with ZnO-NPs (0.10 mg ml−1) causing maximum reduction as compared to GO 
NPs. The disease indices were also found to be reduced when plants were treated 
with either GO or ZnO-NPs treatments. Thus it is clear from the above discussion 
that various forms of NPs confer biotic tolerance in different crop plants.

10.4  Alleviative Effect of Different Nanoparticles Under 
Abiotic Stress Conditions

The use of various forms of NPs has recently emerged as potential signalling agents 
in diverse crop plants to ameliorate abiotic stresses by modulating cascades of plant 
processes in one or the other way. On the other hand, various abiotic stress like 
drought, salt, heavy metal toxicity, ultraviolet radiations (UV) decrease the crop 
productivity (Ahmad et al. 2019; Zaid et al. 2020, 2021). Thus in order to increase 
resilience, various forms and doses of NPs are being applied to increase the crop 
productivity. In a recent study, in order to decrease to toxicity of Cu (100 mg/kg), 
Faizan et  al. (2021) applied the combined applications of ZnO-NPs (foliar) and 
24-epibrassinolide (EBL; root dipping) in Solanum lycopersicum plants. The plant-
lets of tomato were submerged in 10−8 M of EBL for 2 h, and the Cu was applied at 
30 days after sowing. The results revealed that Cu-stress decreased photosynthesis 
by 17.30%, stomatal conductance by 18.10%, and plant height by 19.70%, and 
nitrate reductase (NR) activity by 19.20%, but causes significant increments in 
MDA by 29.40%, superoxide radical content by 22.30% and H2O2 by 26.20%. It 
was however; observed that ZnO-NPs and EBL application improved the photosyn-
thetic activity, stomatal aperture, growth traits, cell viability and antioxidant defense 
system to ameliorate the Cu induced toxicity. In salinity (250 mM NaCl) stressed 
safflower plants, the combined application of ZnO-NPs (17 mg/L) and a biofertil-
izer (BF) induces salt stress resistance by regulating the homeostasis of ions and the 
activity of antioxidant defence enzymes (Yasmin et al. 2021). Noman et al. (2021) 
applied biogenic Cu-NPs produced from Klebsiella pneumoniae strain NST2 to 
ameliorate salt stress toxicity in maize plants. The bacterial strain NST2, was geneti-
cally identified as Klebsiella pneumoniae. The biogenic synthesis of Cu-NPs was 
confirmed by UV spectroscopy and the material characterization by Fourier trans-
form infrared spectroscopy, X-ray diffractometer, SEM and TEM techniques. It was 
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found that 100 mg/kg Cu-NPs increased the maize root and shoot length by 43.52% 
and 44.06%, fresh weight by 46.05% and 51.82%, and dry weight 47.69% and 
30.63%. Ahmad et al. (2020) applied ZnO-NPs to alleviate As toxicity in soybean 
plants. The As stress was initiated by applying AsIII, salt sodium arsenite (NaAsO2,) 
to 60-day-old soybean plants. After 2 weeks of As treatment, three different (0, 50 
and 100 mg/L) ZnO-NPs concentrations were sprayed onto the plant foliage. The 
results showed that As content in plant root and shoot declined with the application 
of ZnO–NPs supply. In contrast, the shoot and root length, net photosynthetic rate, 
transpiration, stomatal conductance, photochemical yield which were decremented 
by As were found to show a considerable increase by ZnO-NPs application. A con-
spicuous increment in the enzymes of the ascorbate–glutathione cycle including 
SOD, CAT, APX and GR were observed with the application of ZnO–NPs to the 
As-stressed plants. Hussain et al. (2021) studied the effects of ZnO-NPs (5, 10, 15, 
and 20 mg/L) on antioxidants, chlorophyll contents, and proline content in Persicaria 
hydropiper L. grown in Pb-polluted media. It was shown that Pb significantly 
decreased that seedling growth but caused a significant increase in Pb accumulation 
in roots, stem and leaves of tested plants. The application of ZnO-NPs alleviated 
Pb-induced oxidative stress by promoting plant growth, improved chlorophyll and 
carotenoid contents and enhanced production of free proline, phenolics, flavonoids, 
and modulation of antioxidative defense enzymes. In contrast the higher concentra-
tion of ZnO-NPs (20 mg/L) caused suppression in plant growth, Pb accumulation, 
secondary metabolites, and antioxidative enzyme activities. In cotton seedlings, 
ZnO-NPs mediated the Cd and Pb toxicity tolerance (Priyanka et al. 2021). It was 
revealed that ZnO-NPs under Cd and Pb treatments significantly promoted the 
shoot, root growth, biomass which were decreased by Cd and Pb exposed treat-
ments alone. The application of ZnO-NPs increased the level of chlorophyll a, b and 
carotenoid contents but decreased the MDA contents. The Cd and Pb significantly 
increased the antioxidant defense enzymes viz., SOD, CAT, POX and APX which 
were further up-regulated under ZnO-NPs treatments in tested seedlings. It was 
further observed by the Random amplified polymorphic DNA (RAPD) fingerprint-
ing analysis that no genomic changes/alterations were noticed in when seedlings 
were applied by co-exposure of ZnO-NPs and Pb and Cd. Rai-Kalal, and Jajoo 
(2021) studied the priming effect of ZnO-NPs (10 mg/L) in improving wheat germi-
nation and photosynthetic performance. The primed wheat seeds with ZnO-NPs 
showed an increase in seed germination and vigour index, seed water uptake and 
α-amylase activity, chlorophyll a, chlorophyll b, total chlorophyll content and chlo-
rophyll a fluorescence traits. Moreover, the application of ZnO-NPs increased the 
water splitting complex at donor side of PSII (Fv/Fo), the numbers of active reaction 
centres (RC) per molecule of chlorophyll, efficiency of excitation energy trapping 
(TR) and electron transport (ET) from active RC and the activities of POD, CAT, 
and SOD but decreased the ROS content. Under drought stressed conditions, 
Ibrahim, and Neamah (2021) studied the effect of SA (20 mg/L) and Zno-NPs (0, 
1.0, 2.0, and 3.0  mg/L) on physiological traits, antioxidant enzyme activity and 
phenolic compounds in Cucurbita Pepo L.  The results depicted that fresh, dry 
weight were increased significantly. The phenolic compounds were also increased 
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after SA and ZnO-NPs treatment under drought stress. Cui et al. (2017) prepared 
three different sizes (19, 48 and 202 nm) of Si-NPs to alleviate Cd stress in rice by 
unravelling the molecular mechanisms. The results revealed that that application of 
three doses of Si-NPs caused a substantial enhancement of live cells by 95.4%, 
78.6% and 66.2%, respectively. In the presence of high concentration of Cd, Si-NPs 
prevented the dramatic damage and severe structural changes as remained nearly 
intact under exposure to the Si-NPs.With Si-NPs treatment; the noninvasive 
microtest technology revealed that the doses of Si-NPs (19 nm, 48 nm and 202 nm) 
decreased the rate of Cd2+ influx by 15.7-, 11.1- and 4.6-fold. In addition the gene 
expression studies showed that Si-NPs inhibited Cd uptake and transport (OsLCT1 
and OsNramp5), but enhanced Cd transport into vacuole (OsHMA3) and Si uptake 
(OsLsi1) suggesting the ameliorative role of Si-NPs under Cd stress. In a pot experi-
ment run at botanical garden of Government College University, Faisalabad, 
Hussain et al. (2019) applied different levels of Si-NPs (0, 300, 600, 900, 1200 mg/L) 
for 24  h as seed priming in reducing Cd concentration in wheat plants. It was 
depicted that Si-NPs increased the wheat growth traits, chlorophyll contents but 
diminished the oxidative stress and Cd concentrations by 10–52% in shoot, 11–60% 
in roots, and by 12–75% in wheat grains. In yet another study, Ali et  al. (2019) 
applied different Si-NPs doses (0, 300, 600, 900 and 1200 mg/kg) as soil and foliar 
treatments in Triticum aestivum L. in increasing the growth attributes and reducing 
the Cd content in wheat. The results showed that soil and foliar Si-NPs application 
improved the dry biomass of shoots, roots, spikes and grains, leaf gas exchange 
traits, chlorophyll a and b contents, but significantly decreased electrolyte leakage 
and Cd content in shoots, roots, and grains. Nevertheless an increment in antioxi-
dant enzyme activities was also observed. In order to counteract the Cd and Pb 
toxicity in rice, Hussain et al. (2020) applied Se and Si-NPs as foliage application. 
The results showed that Se and Si-NPs (5, 10 and 20 mg/L) caused a significant 
reduction in Cd and Pb contents and the combined application of Se and Si-NPs was 
more effective than individual. The effect of foliar applications of Si and TiO2-NPs 
(0, 5, 10, 15, and 20 mg/L) on growth, oxidative stress, and Cd accumulation in 
Oryza sativa plants was evaluated (Rizwan et al. 2019). The results demonstrated 
that the foliar NPs application diminished the Cd accumulation in a dose dependent 
manner. The plant photosynthesis and gas exchange traits were increased by NPs 
application. The NPs application also decreased the oxidative stress parameters 
(MDA and EL); but boosted the activity of antioxidant enzymes. The ration of Cd 
shoot-to-root also registered a decreasing trend with increasing doses NPs applica-
tion. In order to study the potentiality of single-walled carbon nanohorns (SWCNHs) 
and ZnO-NPs by comparative physiological and metabolomics analysis in Sophora 
alopecuroides under salt stress tolerance, Wan et al. (2020) found that SWCNHs 
incremented root length, root fresh weight and leaf soluble sugar content, while 
ZnO-NPs treatment increased the root fresh weight, leaf dry weight and soluble 
sugar content. The application of SWCNHs result an increase the PSII activity, total 
protein content in leaves and roots, leaf soluble sugar content and Cu content in the 
leaves under salt stress. Simultaneously, under salt stress, ZnO-NPs supply increased 
plantlet height, root fresh weight, leaf total protein content, soluble sugar contents 
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of leaves and roots, leaf Zn and root Cu content. Furthermore as revealed by the 
metabolome analysis both SWCNHs and ZnO-NPs under salt stress modulated the 
metabolism of the carbon/nitrogen by promoting glycolysis and the Kreb cycle to 
generate energy and incrementing unsaturated fatty acids levels for maintaining the 
integrity of membranes. It was shown that ZnO-NPs triggered the accumulation of 
metabolites in leaves and roots by 4.83-fold and 3.7-fold more than those in 
SWCNH-treated plants under salt stress. Under drought stress conditions, the soy-
bean plants grown with Fe, Cu, Co, and ZnO-NPs were analyzed (Linh et al. 2020). 
The results demonstrated that Fe, Cu, Co, and ZnO-NPs led to an improvement in 
shoot and root morphology and drought stress tolerance by enhancing the signifi-
cant expressions of drought stress tolerance related marker genes under water deficit 
conditions. Kardavan Ghabel and Karamian (2020) evaluated the effects of TiO2- 
NPs (0, 2 and 5 ppm) and spermine (at 0 and 1 mM) under cold stress (4 °C) in a 
factorial and completely randomized design experiment with three replications. The 
results depicted that all the growth parameters photosynthetic pigments were found 
to be decreased under cold stress. The application of TiO2-NPs and spermine 
decreased the MDA and H2O2 contents but increased phenolics, total protein and 
osmolytes. El-Saadony et al. (2021) applied Se-NPs synthesized by Lactobacillus 
acidophilus ML14 in controlling the diseases of crown root and rot in Triticum aes-
tivum L. induced by Fusarium culmorum and Fusarium graminearum in improving 
the yield under concurrent drought and heat stress conditions. The obtained results 
showed that Se-NPs (100 μg/mL) significantly scavenged radicals and caused an 
inhibition in the growth of fungi, enhanced plant growth, grain quantity and quality, 
photosynthetic pigment contents and gas exchange parameters. The potentiality of 
plant growth-promoting rhizobacteria (PGPR) and Si-NPs in curtailing the adversely 
impacts of water deficit and salt stress on Zea mays L. growth and productivity was 
studied (Hafez et al. 2021). It was found that the application of PGPR under salt 
stress improved the activity of dehydrogenase and alkaline phosphatase and soil 
physicochemical characteristics which improves yield-related traits and maize pro-
ductivity. The foliar spraying of Si-NP under salt-affected soil was found to decline 
the oxidative stress traits (reduced MDA and EL) by boosting the activities of CAT, 
SOD, and POD, increased K+/Na+ ratio, net photosynthetic rate, relative water con-
tent, photosynthetic pigment contents, and stomatal conductance, along with less 
Na+ content. The combined treatment of Si-NPs with PGPR induced greater 
improvement in maize productivity and the contents of N, P, and K.

10.5  Conclusion

It is clear from the above discussion that various doses and forms of NPs alleviate 
the biotic and abiotic stress in various crop plants. The application of NPs modu-
lates various plant processes including photosynthesis, respiration and antioxidant 
defense systems of plants. It is also known that NPs modulate the expression of vari-
ous genes involved in conferring stress tolerance in plants by controlling principal 
plant processes.
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Chapter 11
Nanotechnological Approaches for Efficient 
Delivery of Plant Ingredients

Maysoun M. Saleh, Amira S. Mahmoud, Heba S. Abbas, Farrag F. B. Abu- 
Ellail, Muddukrishnaiah Kotakonda, and Khaled F. M. Salem

Abstract Nanotechnology is a multidisciplinary study field. Through numerous 
nanotechnology research, tremendous efforts have recently been undertaken to 
boost the yield of agricultural output. Excessive use of pesticides and chemical fer-
tilizers was a result of the Green revolution, which resulted in the loss of agricultural 
soil biodiversity and the development of resistance to pathogens, whether diseases 
or pests. Only nanoparticles or nanochips can give ingredients to plants via nanopar-
ticles or improved biosensors for precision cultivation. Fertilizers and pesticides, 
whether traditional nano-encapsulated weeds or insecticides, aid the slow and long- 
term release of nutrients and agricultural pesticides, giving plants a precise amount. 
Nanotechnology-based plant viral disease detection tools are also gaining in popu-
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larity, which is useful for the rapid and early detection of viral infections. This 
chapter presents an overview of the importance of nanotechnology in agriculture, 
uptake and translocation system, nano-based for ingredients delivery, silica-based 
nanosystem for gene delivery, nano-based for fertilizers and pesticides delivery.

Keywords Agriculture · Crop improvement · Ingredients delivery · Fertilizers 
delivery · Nanotechnology · Nanoparticle uptake · Pesticides delivery · Gene 
delivery

11.1  Introduction

11.1.1  Importance of Nanotechnology in Agriculture

Nanotechnology is a cutting-edge field of study that enables the manufacture of a 
diverse range of materials, including particulate materials with at least one dimen-
sion of fewer than 100 nanometers (nm). Nanomaterials (NMs) are chemical sub-
stances or materials produced and used on a very small scale, usually 1–100 nm in 
at least one dimension (Gleiter 2000). We are living in the ‘Nano Age,' a period in 
which nanomaterials pervade every aspect of human life, nanomaterials are already 
in, on, and around us. whether it is in the cosmetics we use, the textiles we wear, the 
machines we use, the food we consume (Kim et  al. 2017). Nanotechnology has 
impacted every aspect of life and every scientific field, including biology, chemistry, 
physics, engineering, and medicine. Nanoparticles, nanocoating, nanosheets and 
nanoclusters are examples of nanomaterials (Pokropivny and Skorokhod 2007).

There are several methods to produce Nanomaterials as Condensation, attrition, 
chemical precipitation, ion implantation, pyrolysis, and hydrothermal synthesis 
(Pokropivny and Skorokhod 2007). Because of tunable chemical, physical, and 
mechanical properties of nanomaterials (NMs) becoming increasingly important in 
technological applications like water treatment plants, oil refineries, petrochemical 
industries, manufacturing processes, catalytic processes, buildings and construction 
materials, diagnostics and drug delivery (Saleh 2020). Also, nanomaterials are used 
in a wide variety of commercial products in agriculture as fertilizers, herbicides, 
pesticides, fungicides, and nano sensors. This will aid in meeting potential agricul-
tural demands by improving crop quality and yield, reducing contamination caused 
by biochemicals and protecting crops from environmental stresses.

Agricultural nanomaterials have an important role in reducing chemical distribu-
tion, reducing fertilizer nitrogen loss, and increasing productivity through pest and 
nutrient management. Nanotechnology aims to enhance the agricultural and food 
sectors by developing new nanotools for disease diagnosis and improving the ability 
of plants to absorb nutrients, among other things (Prasad et al. 2017). Agriculture's 
potential will be enhanced by nanobiotechnology. Feedstocks for industrial pro-
cesses are harvested. In the meantime, tropical Rubber, cocoa, coffee, and other 
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agricultural products Cotton, as well as the small-scale farmers who cultivate it, will 
prosper. in a modern nano economy, they are quaint and insignificant “Flexible mat-
ter” is a term used to describe material with industrial properties. Nanoparticles can 
be tweaked to create different effects (Manjunatha et al. 2016).

The positive applications (hormesis) of plant–NP interaction outcomes are 
depicted in Fig. 11.1 (Rai et al. 2018). The broad applications of plant–NP interac-
tions in environmental remediation and bioenergy or biofuel production were listed 
in this diagram (Babadi et al. 2016; Dash et al. 2014; Makarov et al. 2014; Sharma 
et al. 2007). Because of their non-toxic nature due to the stabilizing and capping 
effects of plant metabolites (Daisy and Saipriya 2012). Photosynthesized NPs have 
a lot of applications in nanomedicine and biomedicine. The graphic also depicts the 
use of nanoparticles in agriculture, including nano fertilizers, nano pesticides, nano 
priming and water or other resource management via smart delivery systems 
(Jayaseelan et  al. 2011; Kah and Hofmann 2014; Naderi and Danesh-Shahraki 
2013; Parisi et al. 2015; Salah et al. 2015). Crops in the agro-ecosystem are sus-
tained by photosynthesized NPs, which help the agriculture industry achieve envi-
ronmental sustainability (El-Ramady et al. 2016; Shanmugam et al. 2016; Zheng 
et al. 2005). Biogenic NPs, such as Ag NPs are also employed in food packaging 
due to their antibacterial properties, which prevent food spoiling (Ahmed et  al. 
2016; Fayaz et al. 2009). In addition, biosensors that take advantage of plant–NP 
interactions have applications in a variety of fields (Fig. 11.1) (Li et al. 2013; Zhang 

Fig. 11.1 Plant and NP interactions and the resulting applications in diverse energy, environmen-
tal, and agricultural sectors. (Source: Rai et al. 2018)
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et al. 2012). Nonetheless, the widespread use of NPs/NMs has raised worries about 
the environment and human health.

11.1.2  Uptake and Translocation System

Plants provide a potential route for nanoparticles to enter the environment and serve 
as a major source of bioaccumulation in the food chain. Two decades ago, research 
into the uptake of engineered nanoparticles (ENMs) by plants was motivated pri-
marily by an interest in their potential as gene transfer vectors (Fisk and Dandekar 
1993; Torney et al. 2007). Ali et al. 2021 studied the effects of different types of 
nanoparticles (NPs) on plants to see whether they could improve seed germination, 
biomass, or grain yield. The plant resistance to biotic and abiotic stresses was also 
improved by the NPs. The biological functions of the plant are determined by events 
at the molecular level. However, despite the effect of the nanoparticles, little prog-
ress has been made at the molecular stage. The biological functions of the plant are 
determined by events at the molecular level. However, little progress has been made 
at the molecular level, which is a crucial step in determining possible mechanisms 
and plant effects. As a result, it's critical to comprehend plants' underlying mecha-
nisms and responses to nanoparticles, as well as gene expression changes. By 2050, 
the planet will need to produce 50% more food to meet the needs of 9 billion people.

11.1.2.1  Plants’ Nanoparticle Uptake Mechanisms

The bioavailability and toxicity of NPs are determined by a series of bio/transfor-
mations that occur in the soil. After communicating with plant roots, the NPs trans-
locate to aerial portions and accumulate in cellular or subcellular organelles. The 
first step in bioaccumulation is the adsorption of NPs from the soil by plant roots 
(Nair et al. 2010).

Du et al. (2011) and Lin et al. (2008) illustrated that small NPs (diameters rang-
ing from 3 to 5 nm) have been found to permeate plant roots via several ways as 
osmotic pressure, capillary pressures or direct passage via root epidermal cells. The 
root cell wall epidermal cells are semipermeable, with tiny pores that prevent large 
NPs from passing through. Some NPs caused new pores in the epidermal cell wall, 
making it easier for them to enter. NPs are apoplastically carried through extracel-
lular gaps after crossing cell walls, allowing the xylem to flow linear motion upward. 
To enter the core vascular cylinder, NPs must symplastically cross the Casparian 
strip barrier (Fig. 11.2).

Also, Mei et  al. (2021) described Per- and polyfluoroalkyl substances PFASs 
(per and polyfluoroalkyl l compounds) which common in the environment, but can 
still harm ecosystems and human health. In the bioaccumulation of PFASs, the soil- 
plant system plays a critical role. Figure 11.3 depicts the uptake and accumulation 
of PFASs chemicals that can flow from the soil solution to the vascular tissues of 

M. M. Saleh et al.



251

plant roots via apoplastic (cell to cell) pathways, symplastic (plasmodesmata to 
plasmodesmata) pathways, or transmembrane (cell to the cell membrane) pathways 
(Miller et al. 2016).

When nanoparticles come into contact with plants, they enter the plant cell wall 
and the cell membrane of the root epidermis, triggering a complex series of events 
that allow them to invade the plant vascular bundle (xylem) and more simply, 

Fig. 11.2 A diagram depicting nanoparticle uptake through various routes and their translocation 
pathways in various plant sections. (Source: Ali et al. 2021)

Fig. 11.3 Possible uptake and accumulation processes of Per- and polyfluoroalkyl substances 
(PFASs) by a plant grown in the soil environment (Modified from Blaine et al. 2014; Wang et al. 
2020a, b)
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transfer to the stele, from which they can be transferred to leaves. Furthermore, NPs 
pass via apertures or holes in the cell membrane to traverse the unbroken cell mem-
brane, indicating that nanomaterial absorption is size-specific (Banerjee et al. 2019; 
Ma et al. 2010; Rico et al. 2011; Tripathi et al. 2017). Before adhering to the stele, 
nanoparticles must be mixed inactively over the endodermis' apoplast (Judy et al. 
2012). Aslani et al. (2014) identified the xylem as the most important carrier in the 
dissemination and transfer of nanoparticles.

Furthermore, Hu et al. (2021) investigated the effects of the chemical structure 
of organophosphate esters (OPEs), plant cultivar and copper (Cu) on OPE uptake 
and translocation by plants. OPE bioaccumulation differed between plant variet-
ies. They were primarily enhanced in carrots, with maize having the lowest quanti-
ties. OPEs with electron-ring substituents (EROPEs) have a larger root uptake 
potential than OPEs with open-chain substituents (OC-OPEs), possibly due to 
ER-OPE stronger sorption onto root charged surfaces. The increased noncovalent 
interactions with the electron-rich structure of ER-OPEs explained this. The inclu-
sion of Cu minimized the significant difference in root ability to absorb OC-OPEs 
and ER-OPEs. The interaction of Cu ions with the electron-rich structure of 
ER-OPEs reduced the sorption of ER-OPEs on the root surface, which was 
explained. OPEs + Cu, implying that hydrophobicity plays a substantial role in 
OPEs acropetal transfer. The findings will help us better understand OPE uptake 
and translocation by plant cultivars, as well as how the chemical structure of OPEs 
and Cu affects the process, resulting in better ecological risk assessments of OPEs 
in the food chain.

11.1.3  Barriers of Plant Delivery System

The plant cell wall establishes a barrier that prevents any foreign agent, including 
nanoparticles, from easily entering the plant system. The pore diameter of the cell 
wall, which ranges from 5 to 20nm, determines the sieving capabilities within the 
plant system. As a result, only nanoparticles or their aggregates with a diameter 
smaller than the pore diameter can pass through and contact the plant’s plasma 
membrane (Navarro et al. 2008). The nanoparticles may cling to various cytoplas-
mic organelles, obstructing metabolic processes at that location (Jia et al. 2005). 
Nanoparticles on leaf surfaces penetrate through stomatal apertures and then trans-
locate to numerous plant organs and tissues (Uzu et al. 2010). However, increasing 
the concentration of nanoparticles on the photosynthetic surface produces foliar 
heating, which leads to changes in gas exchange due to stomatal obstruction, result-
ing in changes in many plant physiological processes and cellular functions 
(Banerjee et al. 2019; Da Silva et al. 2006).

While nanomaterials can enter living plant tissues, their accumulation in the 
environment and efficiency as smart delivery systems in living plants have 
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consequences. It is crucial to figure out if plants can eat intact NPs and transport 
them to other parts of the plant. NPs may penetrate plant tissue through root or 
above-ground tissues, as well as through the root junction (Chaudhary et al. 2018; 
Duhan et al. 2017; Verma et al. 2018).

Agriculture was made possible by technological advances, as is well recognized. 
Agriculture, on the other hand, allows for more population growth. People come 
into contact with one another, and they share various experiences in the production 
of agricultural products, life experiences, and other things, resulting in a greater 
variety of foodstuffs to choose from scale-up to delivery at field scale. At the field 
level, data are scarce on delivery techniques. Soil and foliar applications currently 
in use Conventional agrochemicals approach yields less than half of the results. 
agrochemicals achieving their objectives that is the root, leaf or target pest.

Increasing absorption efficiency and allowing targeting to certain plant cell com-
partments and organelles, such as chloroplasts, mitochondria and the nucleus may 
be possible by adjusting charge and size or coating nanomaterials with guiding bio-
molecules. This will improve plant protection and nutrition delivery while also con-
serving embodied resources (such as raw materials and processing energy and 
water) that are currently lost in the agrochemicals. Additionally, it may be able to 
reduce ammonia, nitrogen dioxide, and the greenhouse gas N2O emissions while 
increasing nitrogen delivery efficiency to the crops. Highly efficient foliar distribu-
tion and retention could be achieved with formulations that improve leaf adherence 
and precise spraying. In the lab, nanomaterials developed for soil applications have 
been explored, but more research is needed to determine the amounts required for a 
favourable response. Most nanomaterials for crop growth have too high an eco-
nomic and embodied resource cost to be viable in the field at current soil application 
rates, as employed for conventional agrochemicals. Technology readiness and over-
coming challenges to implementing nanotechnology-enabled plant agriculture on a 
long-term basis (Hofmann et al. 2020).

A greater mechanistic understanding of how applied nanoparticles are taken up 
from a leaf-applied suspension might hasten the development of nano-enabled her-
bicides and fertilizers and their commercial penetration. High material production 
costs may still stymie foliar application deployment. Kocide 3000 is a common 
copper-based nanomaterial fungicide applied as an aqueous suspension onto plant 
leaves. There are just a handful of other field-scale trials where experimental nano-
materials are sprayed onto plants at the moment (Anusuya et al. 2015; Prasad et al. 
2012). Additionally, Hydrophilic particles can pass through the apertures of stomata 
in leaves, according to Eichert and Goldbach (2008), if their diameters are more 
than or equal to 40 nm. Furthermore, when designed nanoparticles are given leaves, 
they collect in the stomata rather than the vascular bundle and are then distributed 
to other areas via phloem.
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11.2  Nano-Based for Ingredients Delivery

Smart delivery system depending on nanomaterials seems to be a promise solution 
to avoid the huge lose of nutrients and micronutrients or immune ingredients from 
fertilizers or pesticides in plants (Arias-Estévez et al. 2008) (Fig. 11.4), since it has 
the capability to assure the effective deliverance of specific ingredients to the tar-
geted cells in plants mainly because of the proper size of nano-materials (Nair et al. 
2010). Fraceto et al. (2016) mentioned that nanomaterials can save time in deliver-
ing several ingredients in plants.

11.2.1  Nutrients

Depending on the science of nanotechnology, several manufactured applications for 
the precise delivery of ingredients such as nutrients were used in plants (Alam et al. 
2016; Sertova 2015; Dhewa 2015; NRC 2008) (Fig.  11.5). Gogos et  al. (2012) 
declared that the active delivery of nutrients can be achieved by using nanomateri-
als. According to Boverhof et  al. (2015), one dimension of the nanomaterials at 
least, is measured by the nano-meter scale, which is appropriate to make NMs play 
the role of agro-chemicals carriers such as pesticides or fertilizers to deliver nutri-
ents in plants resulting in enhancing yield and immune system in plants. One exam-
ple of nutrients delivery system, is the nanoparticles and nano-scale fertilizers (De 
Rosa et al. 2010), as the outside nanomaterials surface layer of nano-scale fertilizers 

Fig. 11.4 Illustration of the nano-based -formation used in the ingredients delivery system 
(Constructed by M.M. Saleh)
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assure the powerful holding of the effective materials which assist in the deliverance 
of nutrients and micronutrients in plants.

Tarafdar et al. (2012) mentioned that scientists were working extensively con-
cerning the smart delivery system to create supplementation of almost all needed 
vital nutrients in proper quantities as nano-complex compounds. Boehm et  al. 
(2003) declared about applying the smart delivery systems in order to control the 
various effects of nutrients deliverance in plants. In addition, many scientists con-
firmed the role of smart delivery system depending on NMs in enhancing the acces-
sibility of nutrients to plants (Rai and Ingle 2012) and manages their release within 
time (Kah et  al. 2013). The applying of nano-based biosensors guarantee is one 
method of the smart delivery system that improves the exactly deliverance of nutri-
ents (Solanki et al. 2015), within the perfect time according to plant demand (Liu 
and Lal 2015).

11.2.2  Micronutrients

Each of iron, zinc, boron, molybdenum, copper, manganese and chlorine which are 
all micronutrients, had an important role in promoting crops growth, but unfortu-
nately, some micronutrients were depleted from the arable lands since the green 
revolution, in addition to the reduction of micronutrients accessibility after applying 
some agricultural procedures (Alloway, 2008).

Fig. 11.5 Applications of nano-biotechnology in plant protection and nutrition (Ghormade 
et al. 2011)
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Nanomaterials, plays an important role in the deliverance of micronutrients in 
plants and activate the immune promoters (Servin et al. 2015). The important task 
of nanomaterials in delivering micronutrients and immune factors to inhibit the 
infection of several diseases, was examined recently by many researchers (Guo 
et al. 2018).

11.2.3  Immune promoters

One of the promising approaches in agriculture, is to improve the natural immunity 
system towards various diseases in crops and to enhance crops adaptation to the ris-
ing pathogens due to the climate change (Servin et al. 2015) and to achieve this 
goal, more studies must be conducted concerning nanomaterials role in the delivery 
system of immune stimulators. Furthermore, nanomaterials emphasize the nutrients 
deliverance in plants and strengthen the immune system towards unfavorable biotic 
and abiotic stresses (Kah and Hofmann 2014), and enhance the quantitative and 
quality parameters of crops yield (Chhipa and Joshi 2016; Mukhopadhyay 2014). 
Saharan and Pal (2016) included that the treatment of salicylic acid and chitosan 
combination promoted the activities of defense and antioxidant enzymes which 
improved the final plant yield because this combination assured the slow deliver-
ance of the salicylic acid, their results confirmed the role of nanomaterials in raising 
the effectiveness of immune promoter delivery system. Kumaraswamy et al. (2018) 
reported the usage of the biopolymer chitosan as a nano-capsulation agent for the 
agro-chemicals deliverance, mainly due to its biodegradable and harmless charac-
teristics which enhance the immune promoters in plants. In maize, to overcome 
Fusarium verticillioides that causes stalk rot, Kumaraswamy et al. (2019) improved 
a combination between salicylic acid and chitosan nanoparticles which inhibited the 
growth of mycelia up to 100% and for that it considered as an effective antifungal 
compound. Thakur and Sohal (2013) declared that some of the immune promoters 
in plant like salicylic acid and harpin had caught a wide attention in the field of 
crops disease management since they were eco-friendly (Kumar 2014), but their 
low bioactivity affected negatively their efficiency.

11.2.4  Hormones

Many researchers like De La Torre-Roche et al. (2013) confirmed the efficient role 
of nanomaterials in the management of nutrients and hormones delivery for the 
maintenance of growth and protection of crops (Pérez-de-Luque and Rubiales 
2009). For instance, Chitosan NPs according to Thakur et al. (2018) and Abdel-Aziz 
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et al. (2016) positively affected the delivery of the 1-naphthylacetic acid which is a 
growth hormone (Saharan et al. 2013; Silva et al., 2011).

11.3  Silica-Based Nanosystem for Gene Delivery

In addition to traditional medication administration, mesoporous silica nanoparti-
cles can also be used as a carrier in gene transfection. Carriers are widely recog-
nized to serve an essential role in gene transfer, as bare nucleic acids demonstrate 
minimal cell membrane penetration (Kim et al. 2011). Two principal mechanisms 
are in place for the delivery of genes: viral and non-viral. The more effective viral 
methods are subject to important safety issues, including immunogenicity, recombi-
nation with the gene and non-specific issues (Marshall 2001; Thomas et al. 2003). 
Non-viral systems have been extensively investigated in recent years including cat-
ionic chemicals, recombinant proteins and polymeric and inorganic nanoparticles 
(Arıs and Villaverde 2004; De Smedt et al. 2000; Panyam and Labhasetwar 2012; 
Zhang et al. 2016). Cationic compounds, however, are generally linked to severe 
toxicity and recombinant proteins exhibit a low price-performance ratio (Lv 
et al. 2006).

Mesoporous silica nanoparticles are very desirable because of their unique char-
acteristics of diverse materials. They are therefore regarded as a successful vehicle 
for the transfer of genes to improve cellular uptake and transfection efficiency (Zhou 
et al. 2018).

11.3.1  Surface Modification of Mesoporous Silica Nano 
particulates for Gene Delivery

11.3.1.1  Amination alteration

Untreated mesoporous silica nanoparticles generally have a negative charge 
because of the ionized surface silanol groups, which decreases binding to nucleic 
acids that are loaded negatively, for example, DNA. Silica nanoparticles are there-
fore frequently changed by processes such as amination-alteration, livered cations 
coding and cationic polymer functionalizing to express overall positive charges. 
Using these amended mesoporous Silica nanoparticles, improved electrostatic 
interactions with nuclear acids and gene loading. Modifying aminotriethoxysilane 
(TAP) or amino propyl trimethoxysilane (APTMS) is a simple and popular attempt 
to boost the genetic load capacity of the mesoporous silica nanoparticles (Ganguly 
and Ganguli 2013; Zheng et  al. 2013). The positive link between plasmid-DNA 
adsorption (pDNA) and the degree of amination was also examined by Yang 
et al. (2012).
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11.3.1.2  Metal Cations

In addition to facilitating mesoporous silica nanoparticles mediated gene transfer, 
metal cations have been employed to increase interaction between DNA and silica 
surface. The effects of metal counter ions on gene adsorption were studied by 
Solberg and Landry (2006) and discovered that Mg+2 had a greater attraction with 
DNA vs. Na+ or Ca+2. In comparison with the presence of the amino group, however, 
DNA appears to attach less firmly to mesoporous silica nanoparticles via metal 
cations.

11.3.1.3  Cationic Polymers

Cationic polymers can bind and provide high transfection efficiency genes of meso-
porous silica nanoparticles. Polyamidoamine dendrimer-grafted mesoporous silica 
nanoparticles were successfully used by Radu et al. (2004) in delivering DNA plas-
mid. Chen et al (2009) described the first method of using polyamidoamine deco-
rated Silica NPs to deliver Dox and BCL-2 siRNA concurrently into 
multidrug-resistant cancer cells. The BCL-2 siRNA was shown to dramatically 
silence the mRNA of BCL-2 and successfully lower the resistance to non-pump, 
improving Dox anti-cancer activity.

The proton sponge effect is another efficient means of encouraging gene trans-
fection of mesoporous silica NPs. This method is intended to assist the escape of 
polyethyleneimine decorated mesoporous silica NPs formulations from the endo-
somes or lyposomes. Xia et al. (2009) discovered that these formulations had excel-
lent DNA and siRNA binding affinity as well as surprise high cell transfection 
efficiency up to 70%. In addition, polyethyleneimine may be combined with other 
compounds to regulate gene release before an attachment to mesoporous silica NPs 
(Shen et al. 2014).

Poly-L-lysine polymers are often employed for gene transfer, as they can trans-
port big DNA and infiltrate low-immunogenic cell membranes. In order to create 
regulated release behavior, Poly-L-lysine may be destroyed by enzymes (Wang 
et al. 2009). Also, Zhu et al. (2011) combined poly-L-lysine polymer and mesopo-
rous silica NPs to create an enzyme-controlled system that could concurrently regu-
late the release of drugs and genes. Natural poly-L-arginine may be biocompatible 
and less harmful than the manufactured polycationic polymers such as polyamido-
amine and polyethyleneimine. In Kar et al. (2013) literature, the simple silica NPs 
synthesis of poly-L-arginine was proposed and the efficacy of transfection with 
plasmid DNA was shown to be up to 60%.

Finally, the positive charges of these materials might lead to significant electro-
static interactions with the cell membrane that is negatively charged, which might 
contribute to an increase in cellular absorption and cell toxicity. Therefore, to bal-
ance transfection effectiveness and toxicity of gene delivery of the modified silica- 
based nanosystem, it is necessary to manage the quantity of cationic polymer 
utilized (Zhou et al. 2018).
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11.3.1.4  Magnetic Silica Nanosphere for Gene Delivery

Magnetic nanoparticles have also been employed frequently to distribute vehicles 
efficiently for targeted organs or tissue and even to enable magnetic reaction 
imagery. Gao et  al. (2009) developed poly-L-lysine functional magnetic silica 
nanospheres with massive mesopores (13–24 nm). This platform has shown 
robust DNA adsorption and an effective cellular supply capacity correspondingly 
for miRNA. In contrast to commercial reagent PolymagTM, Yiú et al. (2010) devel-
oped Polyethyleneimine-Fe3O4-MCM-48 nanocomposite with a 4 times better 
transfection efficiency. Zhang et al. (2012) constructed a functional, multipurpose 
fluorescent-magnetic polyethylene platform with mesoporous silicone that con-
currently fulfilled the fluorescence tracking and magnetically controlled siRNA 
delivery.

11.3.2  Carbon Nanotubes for Gene Delivery

It should be mentioned that to make carbon nanotubes compatible with the biologi-
cal environment, carbon nanotubes do not have adequate functional groups for 
covalent binding. The carbon nanotubes' surface area, therefore, has to be changed 
to provide adequate functional groups by using several synthetic chemical tech-
niques that allow the covalent attachment of appropriate solubilizing, bioactive or 
biocompatible moieties. In terms of their reactivity, i.e. sidewalls and tips, research-
ers classically have classified carbon nanotubes into two areas. Tips have been dem-
onstrated to be more likely than sidewalls to be modified. It is obvious that by 
modifying the carbon nanotubes surface, its capacity to bind genetic materials may 
be designed and the cell membrane may be traversed to transfer the genetic material 
to the cell (Dovbeshko et al. 2003).

Biomolecules are intracellularly disseminated based on their ability to pass cell 
membrane and entree subcellular media. Furthermore, a non-viral cargo fits the 
requirements for gene therapy as a powerful vector such as high payload sums, 
intracellular incorporation, targeted administration and minimal toxicity. For exam-
ple, DNA, RNA, oligonucleotides, gene therapy aptamers and a large-scale tool box 
containing functionalized carbon nanotubes have been used by scientists for the 
active transfer of biomolecules in plants and mammalian cells (Kaboudin et  al. 
2018; Panwar et al. 2019; Verma et al. 2018). Also, Pantarotto et al. (2004) demon-
strate the widest usage of ammonium functional carbon nanotubes to create a 
plasmid- DNA complex by ionic bonding that effectively transmits plasmid-DNA 
intracellularly.

Carboxylated single-walled carbon nanotubes (SWCNTs) were used by Nia 
et al. (2017) for the conjugation of polymers of different diameters of DNA and 
polyethyleneimine (PEI). The SWCNT-COOH-PEI has demonstrated enhanced cell 
survival and efficiency in transfection than the polyethyleneimine polymer alone. 
Similarly, the carboxylated multi-walled carbon nanotubes (MWCNTs) employed 
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by Versiani and coll (2017) and Calegari et al. (2016) as a protein transporter to 
stimulate an immunological reaction in mice as well as to incorporate the dengue 
VERO virus cells with cytoplasm and cells nuclei transfection.

11.3.3  Carbon Nanotubes and Plant Biotechnology

The standard agricultural methods of plant biotechnology have been revised to 
tackle the rising need for food and energy. Recent progress in plant genetic engi-
neering has led to improved agricultural yields and environmental stress tolerance. 
Due to the complicated cell absorption of a hard cell wall, transportation of biomol-
ecule into plant cells is crucial. Traditional gene transfer methods are subject to 
constraints such as harm to tissues, inefficiency in targeting specific cell organelles 
and low cellular penetration (Cunningham et al. 2018)

Transfer of nanomaterials to genetic material into mammalian cells has already 
been researched and significant tractions were also achieved among plant cell biolo-
gists (Wang et al. 2019; Zhang et al. 2019). The high aspect ratio of single-wall 
carbon nanotubes has functionalized with PEI to retain DNA and discharge it elec-
trostatically inside a weakly basic medium. Electron microscopy demonstrated the 
transportation of DNA-PEI-carbon nanotubes into the mature leaf cells; NIR fluo-
rescence imaging demonstrated that this freight carrier was seven hundred times 
more effective than plasmid DNA adsorbed on the single-walled carbon nanotubes 
(Demirer et  al. 2019). In other research work, GFP-encoding plasmid DNA was 
successfully transferred into intact tobacco root cells by arginine-functionalized 
single-walled carbon nanotubes (Golestanipour et  al. 2018). Also, Burlaka et  al. 
(2015) demonstrated the internalization of pGreen 0029, a form of plasmid DNA, 
into the plant cell walls of N. tabacum using non-covalent functionalized carbon 
nanotubes. At the stated concentrations, the modified callus and leaf explants of 
N. tabacum produced considerable sprout regeneration with minimal toxicity. Even 
though the mechanism of carbon nanotubes absorption is unknown, the surface 
functionalization and size of the nanotube may play a crucial role in determining the 
mechanistic pathway (Zhang et al. 2018) Perepelytsina et al. (2018) demonstrated 
that doxorubicin multiwalled carbon nanotubes internalization may be affected by 
the variations in zeta potential caused by nanotube surface functionalization. 
Compared to free doxorubicin, it was shown to be less cytotoxic.

11.3.4  Micro RNA Delivery in Crop Protection

In the field of biology, a large number of well-organized macromolecular structures 
and nanomachines were constructed for specific biological tasks. Due to its unique 
qualities of DNA, RNA and proteins at nano-size, its interesting maquillage has 
fostered several biometric designs that can serve as a platform to design nano 
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constructions and instruments. The concept was born longtime ago by constructing 
nanostructures utilizing DNA that led to information bang in the well-known field 
of DNA nanotechnology (Seeman 2010).

Because of the RNA incredible diversity in form and function, they have recently 
piqued the curiosity of scientists. Several therapeutic aids, including aptamers, ribo-
zymes, small interfering RNA (siRNA), and miRNA, can be attached to the packag-
ing RNA (pRNA) molecule. These findings have paved the road for RNA 
nanotechnology to create revolutionary therapeutic ways for the treatment and diag-
nostics of numerous types of tumors, viral infections, and genetic illnesses in peo-
ple, animals, and plants (Shu et al. 2013).

The miRNA is an endogenous non-coding RNA that has recently been discov-
ered to have a significant part in regulatory processes responsible for gene expres-
sion in all entities. The miRNA is normally 18–23 nucleotides long and plays a 
crucial function in post-transcriptional regulation. Although their synthesis and 
transcription occur in the nucleus, these are energetic and dynamic in the cytoplasm. 
In a sick condition, the miRNA profile variations, making miRNAs an excellent 
target for pharmacological treatment using RNA nanotechnology. The restore of the 
down-regulated miRNA or the restriction of the over-expressed miRNA to return 
miRNA to the normal condition is the basis of miRNA-based illness monitoring. 
The miRNA therapeutic potential was initially established by the finding that 
miR-15 and miR-16 are down-regulated by the progress of B-cell leukemia (Calin 
et al. 2002). These little non-coding RNAs have since gained interest not only in 
biomedical research and medicine progress but also in the protection of crops since 
modification of cellular miRNAs can regulate the degree of expression of essen-
tial genes.

The miRNA delivery approach based on RNA nano particulates in plants may 
be used to aim biotic and abiotic stresses that are not effectively tackled. RNA 
nanotechnology can change agricultural enhancement programs that represent a 
step towards global food security. The artificial microRNA (amiRNA) technology 
can target natural miRNA pioneers to produce tiny RNAs that guide gene silencing 
in floras (Alvarez et  al. 2006; Parizotto et  al. 2004; Schwab et  al. 2006). 
Oligonucleotide alterations that resemble the intact secondary structure of natural 
miRNA precursors have been shown to result in targeted gene silence (Qu et al. 
2012). The amiRNA approach was initially applied in human cell lines, then in 
Arabidopsis by Parizotto et al. (2004). For the usage in agriculture, the practice of 
amiRNA short sequences is preferable to long hairpin mediated silencing because 
of declined of- target influences on host genes and a lower hazard of binding to 
non-target pathogens. Plant resistance to numerous infections has lately been 
accomplished by the expression of amiRNA in transgenic Arabidopsis plants, 
enabling resistance to turnip yellow mosaic virus and turnip mosaic virus. Niu 
et al. (2006) created it utilizing amiRP69159 and amiR-Hc-Pro159. AmiRNA is also 
employed for the development of transgenic Arabidopsis plants that provide resis-
tance against cucumber mosaic virus-based on Arabidopsis pre miRNA159a (Ai 
et al. 2011). Also, the resistance against wheat streak mosaic virus was advanced 
in wheat by rice miR359 to create amiRNA pioneers. The transgenic lines 
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exhibited three resistant forms, i.e. whole resistance, originally immune but resis-
tance was discontinuous and the early resistance followed by the recovery of the 
plant (Fahim et al. 2012). Table 11.1 lists endogenous genes silenced in several 
plant species utilizing the amiRNA method.

11.4  Nano Based for Fertilizers Delivery

Nanoscience is a new technology that has made innovative advances in electronics, 
electricity, remediation, transportation, space technology, and biological sciences. 
Nanotechnology has infinite importance in plant biology and medicine, including 
drug and gene delivery, biosensing, diagnostics, and tissue engineering (Oberdörster 
et al. 2005; Solanki et al. 2015). The term nano originates from a Greek word that 
means dwarf. The term nano refers to a billionth of a meter. Nanoparticles are the 
dimension of fewer than 100 nanometers. Nanoparticles are highly applicable due 

Table 11.1 Artificial micro RNA applied to resist disease in plants (Source: Chaudhary et al. 2018)

Plant 
species Disease miRNA/Pre-miR backbone References

Arabidopsis Turnip yellow mosaic virus 
and Turnip mosaic virus

amiR-P69159 and 
amiR-Hc-Pro159

Niu et al. (2006)

Tobacco Cucumber mosaic virus amiR-2b Qu et al. (2007)
Tobacco Cassava brown streak viru amiR-159a Wagaba et al. 

(2016)
Tobacco Potato virus Y amiR-HC-Pro Simón-Mateo 

et al. (2006)
Grapes grapevine fan leaf virus amiRCP-2 Jelly et al. (2012)
Tomato Viral infection amiR-2a/b Zhang et al. 

(2011)
Tobacco Potato virus Y and potato 

virus X
amiR-Hc-Pro159a amiR-Hc- 
Pro167b amiR-Hc-Pro171a

Ai et al. (2011)

Arabidopsis Cucumber mosaic virus amiR-159a Duan et al. (2008)
Cotton Cotton leaf curl virus Pre-miR-169a Ali et al. (2013)
Wheat Wheat streak mosaic virus Pre-miR395 Fahim et al. 

(2012)
Arabidopsis Water melon silver mottle 

virus
Pre-miR-159a Kung et al. (2012)

Tomato Tomato leaf curl virus amiR-AV1-3 Van et al. (2013)
Arabidopsis Turnip mosaic virus amiR159-P69 Lin et al. (2009)
Rice Rice stripe virus and Rice 

black-streaked swarf virus
Osa-pre-miR528 Kis et al. (2016)

Barely Wheat dwarf virus huv-pre-miR171 Kis et al. (2016)
Tobacco Tomato spotted wilt virus Pre-miR-159a Mitter et al. 

(2016)
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to their high surface area to volume ratio, nanometer regime, and specific properties. 
By combining science and engineering, nanotechnology offers a new interdisciplin-
ary venture into agriculture and food sciences. It can significantly contribute to agri-
cultural science, opening up new avenues for solving various agrarian problems. 
Nanocomposites could be used in farming to detect contaminants, plant diseases, 
pests and pathogens; deliver pesticides, fertilizers, minerals and gene products in a 
regulated manner; and serve as nano architects in the forming and binding soil 
structure (Ghormade et al. 2011; Thakkar et al. 2010).

There are numerous compositions for nanoparticles; metal oxide, ceramic, sili-
cate, magnetic, quantum dot, lipid, polymer and dendrimer. The formulation of 
nanomaterials has a significant impact on the biological application. Polymer con-
jugated nanocomposites are used in agrochemicals due to their prolonged and con-
trol release properties. Metal conjugated nanoparticles had various natural properties 
like fluorescence and photocatalytic degradation (Huynh et al. 2020). A huge rising 
population over the past decade has contributed to improved agricultural productiv-
ity to meet the increased food requirements of billions of people in developing 
countries. There is a widespread deficiency of nutrients in the soil, which means 
significant losses for farmers and reductions in nutritional quality and grain quantity 
available for humans and livestock. To nano, famulated fertilizer application may be 
beneficial to increase agriculture production. However, plant nutrients present in the 
bulk chemical forms are not as accessible to plants as they could be. Nano fertilizer 
use typically accounts for less than half of the chemical fertilizer applied to 
crop plants.

In the current agricultural industry, the extensive use of fertilizers is necessary to 
maintain agricultural practices (Kah et al. 2019). There is a solid expectation that 
this percentage of fertilizers will increase in the coming years to a quantity that 
could provide the world with 9.6 billion people's daily caloric needs by 2050 (Diatta 
et al. 2020).

Synthetic chemical fertilizers are used for optimal performance and the develop-
ment of crops (Guo et al. 2018). Still, current agricultural practices are not particu-
larly successful in increasing plant nutrient uptake, nutrient use efficiency and crop 
productivity. For the most part, synthetic fertilizers used in extensive agriculture 
have low-efficiency values for nutrient use. The intensive use of synthetic fertilizers 
is caused by a low nutrient use efficiency, resulting in more crops requiring artificial 
fertilizers. On the other hand, intensive application of synthetic fertilizers over the 
long term can result in severe environmental problems such as air pollution, soil 
degradation, water eutrophication and water contamination. Additionally, too much 
synthetic fertilizer use increases the costs of producing it, decreases farmers' profit 
margins, and further contributes to mass food shortages in third-world countries 
(Seleiman et al. 2020).

As a result, increasing food demand while also protecting natural and environ-
mental resources is possible utilizing modern approaches that could enhance the 
supply of food while also managing natural resources (Shang et al. 2019). In a few 
studies, it has been hypothesized that the potential of nanotechnology to augment 

11 Nanotechnological Approaches for Efficient Delivery of Plant Ingredients



264

the current synthetic framework utilized in modern agriculture systems may be able 
to enhance the effectiveness of novel agrochemicals and provide new solutions for 
environmental and agricultural issues (Prasad et al. 2017). Due to this, recent years 
have seen a rise in interest in studying the use of nanoparticles among agricultural 
researchers. There is a scientific curiosity for producing novel sources of fertilizer 
to increase fertilizer usage efficiency in this context. From an organic farming per-
spective, nanoscience can develop new and innovative fertilizers, including nano 
fertilizers, to enhance global food production to feed the rising global population 
(Ruffo Roberto et al. 2019).

11.4.1  Nano fertilizer

Plants need various nutrients for growth and development, some in higher concen-
trations (known as macronutrients) and others in lower concentrations (known as 
micronutrients). Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), mag-
nesium (Mg), and sulphur (S) are the macronutrients (S). Carbon (C), hydrogen 
(H), and oxygen (O) are also macronutrients, but they are found in significant 
amounts in the atmosphere and are assimilated directly by plants. Boron (B), chlo-
rine (Cl), cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum 
(Mo), nickel (Ni), and zinc make up the group of micronutrients (Zn) (Finck 
et al. 1992).

Fertilizer is defined as any organic or inorganic material of biological origin 
added to soil to supply essential nutrients for average plant growth and develop-
ment. Fertilizers are now needed to achieve high levels of crop yields. Nitrogen 
stands out among the macronutrients that are commonly used in crop soil manage-
ment. It is required for the composition of various fertilizers and is applied in large 
quantities. Ammonium salts or nitrates, and urea are examples of nitrogen com-
pounds. Urea is the most popular nitrogen source, accounting for nearly half of all 
nitrogen-based fertilizer demand worldwide. It's commonly used because of its high 
nitrogen content and ease of use, whether as dry granules or aqueous solutions 
(Chien et al. 2009).

The availability of essential elements has a significant impact on crop nutrition 
and yield. Several long-term field studies have shown that nutrient production from 
commercial fertilizers accounts for 30 to 50% of crop yield (Chhipa et al. 2017). 
Given the benefits of nanomaterials, these nutrients could be delivered in nanosized 
forms to increase release and efficiency of usage, resulting in greater plant crop 
improvement with fewer environmental impacts. Nano fertilizers are nanomaterials 
that provide one or more essential nutrients to plants directly (Fig.  11.6) (Liu 
et al. 2015).
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11.4.2  Nano Fertiliser Formulations

11.4.2.1  Chemical-Based Nano Fertilizers Formulations

Nanomaterials for nano fertilizers can be made in various ways, including top- 
down, bottom-up and biological methods. The top-down approach is focused on 
reducing the size of bulk materials to nanoscale well-organized assemblies. Top- 
down is a material-milling-based physical process. The lack of control over nanopar-
ticle size and a higher quantity of impurities are two drawbacks of this method. The 
bottom-up approach starts with chemical reactions at the atomic or molecular level 
to create nanoparticles. This method better controls particle size and eliminates 
impurities since it is a chemically regulated synthetic process (Fig. 11.7) (Pradhan 
et al. 2017; Sekhon et al. 2014).

11.4.2.2  Biological Based Nano Biofertilizers Formulations

Nanotechnology has emerged as an advanced technology for agriculture and envi-
ronment service providers, with a wide range of applications in ecological sustain-
ability. Biosynthesized nanoparticles are biocompatible, highly reproducible, and 
are simple to scale up (Singh et al. 2016). The biological synthesis of nanoparticles 
can be divided into two categories: intracellular and extracellular synthesis. 

Fig. 11.6 Agriculture-relevant nano fertilizers based on nanotechnology improve agricultural sus-
tainability, performance, and reduce environmental stress. (Source: López-Moreno et al. 2018).
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Intracellular synthesis takes place within the biomass, fungi, bacteria and other 
organisms (Hulkoti et al. 2014). In contrast, extracellular synthesis takes place out-
side the organism and is assisted by various biomolecules and extracellular metabo-
lites (Li et al. 2018). Because of the higher surface tension of the nanocoating, the 
nanoparticles encapsulate nutrients in a nanoemulsion, which ensures a stronghold 
of nutrients on the plant surface and has excellent potential for improving crop per-
formance (Iavicoli et al. 2017). Soil enhancement goods such as nano zeolites and 
nano clays help efficiently release and preserve water and nutrients (Jahangirian 
et al. 2020; Sanzari et al. 2019).

Spraying conventional fertilizers on crops is the most popular method of applica-
tion. However, the final concentration of fertilizers reaching the plant is one of the 
significant factors determining the mode of application (Tsuji et al. 2001). Owing to 
chemical leaching, drift, runoff, evaporation, hydrolysis by soil moisture, and pho-
tolytic and microbial degradation, very little concentration reaches the intended site 
in practice (Boehm et al. 2003). The nitrogen, phosphorus and potassium content of 
applied fertilizers has been confirmed to be lost in the atmosphere and unable to 
enter the plant, resulting in long-term and economic losses. These issues also 
resulted in the overuse of fertilizer, which harms the soil's natural nutrient balance. 
The widespread use of chemicals as fertilizers and pesticides has resulted in con-
tamination that has harmed normal flora and fauna. Excessive use of fertilizers 
causes insect tolerance, decreases soil microflora, reduces nitrogen fixation, leads to 
pesticide bioaccumulation and destroys bird habitat. As a result, optimizing chemi-
cal fertilization to meet crop nutrient requirements while minimizing the risk of 
environmental contamination is critical (Fig. 11.8) (Miransari et al. 2011).

Fig. 11.7 Different 
approaches for the 
synthesis of nano fertilizers 
(Constructed by: 
M. Kotakonda)
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Nanoscience has made it possible to investigate nanostructured materials as fer-
tilizer carriers for the development of innovative fertilizers as new facilities to 
improve nutrient use and lower environmental emission costs. A nano-fertilizer is a 
commodity that provides nutrients to plants in the nanometre range. Nanomaterial 
surface coatings on fertilizer particles keep the substance in place more tightly than 
traditional surfaces due to higher surface tension, allowing for more regulated 
release (DeRosa et  al. 2010). The application of nanotechnology in agriculture 
includes delivering agrochemical materials such as fertilizer that provide macro-and 
micronutrients to plants. Nano-fertilizers demonstrate regulated agrochemical 
release, site-specific distribution, reduced toxicity, and improved nutrient utilization 
of delivered fertilizers. Because of their small scale, high mobility, and low toxicity, 
nanoparticles have a high surface area to volume ratio, high solubility, and precise 
targeting (Table 11.2) (Brady et al. 1996).

Fig. 11.8 Application of nano-biofertilizers (Constructed by: M. Kotakonda)

Table 11.2 Applications of nano fertilizers vs traditional fertilizers (Source: Solanki et al. 2015)

Characteristics Modern methods Nano-fertilizers

Controlled fertilizer 
released

Difficult to control and excess release 
can damage the ecological balance

Fertilizer release and rate of 
action handled easily

The time of nutrient 
release

Nutrient release the time of spelling Nano formulations can 
control nutrient release

The efficiency of 
nutrient uptake

Larger particle difficult to absorption Nano fertilizers increase the 
efficacy

Mineral micronutrient
Solubility and 
dispersion

Poor bioavailability due to particle size 
and shape

Effective bioavailability

Mode of action Slow mode of effect Fast effect and efficacy
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11.4.3  Nano Fertilizer Uptake, Translocation and Fate 
in Plants

The absorption, translocation, and accumulation of nanoparticles depend on the 
plant species, age, growth environment, physicochemical property. Rico et  al. 
(2011) suggested a graphical representation of different nanoparticle absorption, 
translocation and biotransformation pathways, as well as potential cellular uptake 
modes in a plant system (Rico et al. 2011).

The cell wall pore size determines nanoparticle penetration through the cell 
membrane. As a result, nanostructures with a diameter smaller than the plant cell 
wall's pore size may easily pass through the cell wall and meet the plasma mem-
brane (Fleischer et al. 1999). Functionalized nanoparticles enable the enlargement 
of pore size or new cell wall pore induction. Several studies have looked at how 
nanoparticles are taken into plant cells by binding to carrier proteins through aqua-
porin and ion channels. Nanoparticles can also be transported into plants through 
membrane transporters when they form complexes with them (Fernández et  al. 
2009). Nanomaterials can transfer apo plastically upon entering cells. They can be 
relocated from one cell to another through plasmodesmata. Nanomaterials in the 
cytoplasm interact with various cytoplasmic organelles and disrupt the cell's meta-
bolic reactions (Nair et al. 2010).

11.4.4  Nano-Fertilizers for Abiotic and Biotic Stress Tolerance

Biological and ecological stresses are significant constraints to crop production, 
affecting plant growth, development and substantial threat to global food security. 
Drought, flooding, heat, hail, salinity, heavy metals and mineral deficiencies are 
some of the most common abiotic stresses that affect crop growth, yield and quality. 
Different forms of insect pests and diseases, on the other hand, are biotic stresses 
that reduce crop yields (Ashkavand et al. 2016). It is critical to identify and use new 
approaches to address current yield-limiting factors and improve resource use per-
formance (Srivastava et al. 2004). Numerous studies have shown that using nano 
formulations to increase the levels of plant antioxidant compounds may effectively 
reduce the adverse effects of different environmental stresses (Farhangi-Abriz et al. 
2018; Wu et al. 2015; Zulfiqar et al. 2019).

11.4.5  Nanofertilizers Limitations

In the field of sustainable farming, recent advancements have certainly seen the 
effective use of nano fertilizers to improve crop yields. Even so, the intentional use 
of this technology in farming methods may have several unforeseen and irreversible 
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consequences (Kah 2015). Nanomaterials are extremely responsive due to their 
small size and high surface area. These materials' reactivity and variability are also 
a source of concern. Given the expected benefits, it is necessary to investigate the 
feasibility and suitability of these new smart fertilizers (Singh et al. 2021). Indeed, 
concerns about their transport, toxicity and bioavailability, as well as unintended 
environmental consequences from exposure to biological systems, restrict their use 
in sustainable agriculture and horticulture. Indeed, the use of nano fertilizers made 
from nanomaterials has sparked serious concerns about food safety, public health 
and food security (Table 11.3) (López-Moreno et al. 2018).

11.5  Nano-Based for Pesticides Delivery

Nanotechnology is still in its early stages of development when it comes to pesticide 
delivery. This method attempts to limit the use of traditional pesticides in an indis-
criminate manner while also ensuring their safety. This critical evaluation looked 
into the potential of nanotechnology, particularly the nanoencapsulation method for 
pesticide administration (Gajbhiye et  al. 2009). A complete analysis of various 
nanoencapsulation materials and processes, as well as the effectiveness of applica-
tion and existing new research trends, was also conducted. To develop a nano encap-
sulated pesticide formulation with increased solubility, permeability and stability, 
as well as slow-release qualities. These attributes are primarily achieved by prevent-
ing the encapsulated active ingredients from premature degradation or extending the 
active ingredients' pest control effectiveness. (Torney 2009). The wrapping of sev-
eral chemicals within another material at varying sizes in the nano-range is known 
as nanoencapsulation. The internal phase, core substance, or fill refers to the 
enclosed substance, such as insecticides. The external phase, shell, coating, or 
membrane of encapsulating material, such as nanocapsules, is referred to as the 
external phase, shell, coating, or membrane. In order to improve their physical qual-
ities and restrict pesticide use, commercial pesticides and biocides have been encap-
sulated using nanoparticles. The development of pesticide-loaded or entrapped 
particles with a diameter in the nanometer range is known as nanoencapsulation 
(Nair et al. 2010).

Table 11.3 Advantages and limitations of nano fertilizers (Source: Sekhon 2014)

Nano fertilizers
Advantages Limitations

Reduce the rate of nutrient loss Environmental effect
Regulation of nutrient delivery High reactivity
Nutrient bioavailability increases Farmers are concerned about their safety
The formulation as per applications Consumers are concerned about their safety
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11.5.1  Polymer-Based Encapsulation

In a wide range of applications, polymers and polymeric materials are used. Polymer 
nano-composites, which are made up of a polymer matrix with nanoparticles or 
nano-fillers scattered throughout, are commonly used to encapsulate active ingredi-
ents. Amphiphilic block copolymers have recently piqued researcher interest due to 
their ability to form various types of nanoparticles as well as their low cost. Based 
on the number of blocks, copolymers are known as bi-block or tri-block copoly-
mers. Polyethylene glycol, poly-caprolactone, chitosan, sodium alginate, and other 
synthetic and natural polymers, as well as block copolymers, have all been utilized 
to encapsulate a wide range of insecticides. Nanocapsules contain active chemicals 
and are made of natural polymers such as ketosan, gelatin, or polymers (Fig. 11.9) 
(Ghormade et al. 2011).

11.5.1.1  Nanocapsules

Nanocapsules are vesicular structures made up of a polymeric membrane encasing 
the active substances as an inner liquid center at the nanoscale level. The nanocap-
sule structure consists of a core-shell configuration, with the shell being a polymeric 
membrane or coating. The active ingredients are dissolved in the inner liquid center 
in most cases. Pesticide formulations or a polymeric matrix can be added to the 
inner core, and the polymeric shell can absorb active chemicals. In this way, the 
active compounds are encased by nanocapsules that form spontaneously during 
nanocapsule formation (Yang et al. 2009). Insecticides and biocides are effectively 
encapsulated in nanocapsules made from a variety of polymers. A polymer such as 
polyethylene glycol was used as the shell material in the production of nanocap-
sules. Using a melt-dispersion technique, developed round-shaped polyethylene 
glycol nanocapsules filled with garlic essential oil. Similarly, monomers including 
methyl methacrylate and styrene are suitable for the emulsion polymerization phase 
in nanocapsule production. Grillo et al. (2012) discovered that the emulsion polym-
erization process is ideal for producing nanocapsules.

Fig. 11.9 Polymeric nanoencapsulated insecticides in various morphological shapes (adapted 
from Perlatti et al. 2013)
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11.5.1.2  Nanospheres

Nanospheres are uniformly distributed and embedded in the polymeric matrix to 
form the active nano-carrier structure. Although nanocapsules synthesis methods 
can be used to create this nanoparticle, polymerization techniques such as emulsion 
or interfacial polymerization are crucial in the fabrication of this nanomaterial. A 
schematic diagram of nanosphere synthesis. Pesticide encapsulation has been dem-
onstrated using polymers such as PCL, which can encapsulate pesticides in nanopar-
ticles. Forim et al. (2012), for example, used this polymer to encapsulate azadirachtin, 
resulting in nanocapsules and nanospheres with average diameters of 150 and 200 
nm, respectively. Boehm et al. (2000) used this polymer to encapsulate active sub-
stances with an average diameter of 200–250 nm and generate nanospheres using 
nanoprecipitation in a previous study. The addition of different surfactants did not 
affect the loading efficiency, but they were shown to be efficient in stabilizing the 
nanospheres holding suspensions over two months (Trivedi et al. 2010).

11.5.1.3  Micelles

Micelles are excellent bioactive nano-carriers for encapsulating insecticides, par-
ticularly water-insoluble insecticides. Micelles are made up of substances such as 
amphiphilic block copolymers, polymers and surfactants. In an aqueous solution, 
the material amphiphilic properties cause them to self-assemble into spherical 
micelles, with the hydrophilic ends serving as the outer shell and the hydrophobic 
ends serving as the nucleus (Zhang et al. 2013). When it comes to water-soluble 
copolymers, there are two methods for making micelles. The first method is direct 
dissolution, which entails simply adding copolymers to an aqueous solution at their 
essential micelle concentration (CMC). Hydrophobic insecticides can become stuck 
in the center of micelles during the manufacturing process. The second method is 
the film casting method, which involves creating copolymer films containing pesti-
cides and then solubilizing them using different methods (Letchford et al. 2007).

11.5.1.4  Nanogels

Nanogels are aqueous dispersions of hydrogel particles made up of physically or 
chemically cross-linked polymer networks that are nanoscale in size. Nanogels have 
demonstrated their utility as carriers of active compounds in a drug delivery system. 
This is considered remarkable for conventional medicinal nano-carriers due to their 
high loading power, high stability and reactivity to environmental conditions such 
as ionic strength, pH and temperature (Kabanov and Vinogradov 2009). Nanogels 
are formed by the regulated aggregation of interacting polymers in aqueous condi-
tions due to their self-assembly properties. Water-soluble or hydrophilic polymers 
may have hydrophobic properties applied to them, allowing them to interact electro-
statically and/or form hydrogen bonds with one another. The nano gel stays swollen 
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because there is enough water in them, making it easier to load active molecule 
spontaneously through electrostatic, and/or hydrophobic interactions between 
active chemicals and the polymer matrix. The active chemicals are encapsulated in 
the polymer matrix, resulting in stable nano gel particles a group of people who 
work together to solve problems (Daoud-Mahammed et al. 2007).

11.5.2  Lipid NMS-based encapsulation

Lipid-based nanomaterials have been identified as possible bioactive substance 
delivery systems with improved encapsulation efficiency and low toxicity. Lipid- 
based nanomaterials have a lot of potential for encapsulating active ingredients that 
are hydrophilic, hydrophobic, or lipophilic. The efficacy of lipid-based nanoparti-
cles, nanoliposomes and solid lipid nanoparticles in encapsulating pesticide active 
ingredients has already been demonstrated (Tamjidi et al. 2013).

11.5.2.1  Nanoliposomes

Nanoliposomes are a nanometric version of liposomes with similar chemical, struc-
tural and thermodynamic properties. Nanoliposomes, among other things, are 
thought to be very good at encapsulating and transporting bioactive substances to 
biological, biochemical, pharmacological, and agricultural goals (Mozafari 2010). 
Nanoliposomes have more surface area, greater solubility and better bioavailability 
of active compounds than liposomes. They also aid in the development of the con-
trolled release system, allowing for more accurate encapsulation material targeting 
(Ziaee et al. 2014). Nanoliposomes are nanoscale vesicles with a watery interior 
made up of a bilayer lipid. Colloidal structures are formed when lipids, most com-
monly phospholipids, are arranged in an aqueous solution. The amphiphilic nature 
of phospholipids is critical for the growth of vesicle structures. When phospholipids 
are placed in aqueous media, they clump together to shield the hydrophobic tails 
(acyl chain) from water molecules, while the hydrophilic heads stay in close contact 
with the aqueous process. These aggregated phospholipids rearrange and form 
nanocapsules that resemble bilayer vesicles or nanoliposomes when given enough 
energy. Other molecules, such as sterols, may cause significant changes in the prop-
erties of nanoliposome bilayers. Cholesterol is the most common sterol used in the 
production of lipid vesicles. Although it has no part in the creation of the bilayer 
structure, it can be impregnated into the phospholipid membrane at extremely high 
concentrations. Nanoliposomes are versatile in terms of encapsulation, allowing 
them to encapsulate both hydrophilic (water-soluble) and hydrophobic (lipid- 
soluble) molecules. Hydrophilic molecules are trapped in the inner center of vesi-
cles with aqueous media during vesicle formation, while lipophilic molecules are 
incorporated into liposomal bilayers.
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11.5.2.2  Solid Lipid Nanoparticles (SLNs)

In 1991, solid lipid nanoparticles (SLNs) were introduced as a promising colloidal 
carrier material in a controlled delivery method. In colloidal systems, SLN has 
been stated to be a superior carrier material to other nano-carrier materials such as 
polymeric nanoparticles, liposomes, nanoemulsion and nanosuspension, according 
to the literature (Saupe and Rades 2006). SLNs are said to have all of the advan-
tages of other colloidal carriers while having none of the disadvantages in terms of 
physical and chemical storage stability, toxicity, loading capability, production 
size, target- oriented release qualities, and viability. Surfactants stabilized semi- 
crystalline or crystalline solid lipid spherical nanostructure compounds. 
Triglycerides, partial glycerides, fatty acids, steroids and waxes are all part of the 
lipid. The type of lipid used to make SLN determines the emulsifiers or surfactants 
are needed to stabilize the aqueous lipid dispersion. Various emulsifiers with vary-
ing charges and molecular weights may be used, but phospholipids, such as soy-
bean or egg lecithin, can be one of the better options (Potta et  al. 2011). The 
crystallization process of lipids plays an effective role in stabilizing SLN suspen-
sions and the crystallization process of lipids in nanoparticles is different compared 
to bulk lipid material. There were just a few experiments where pesticide active 
compounds were successfully loaded onto SLNs, for example, used the high-pres-
sure homogenization approach to prepare SLN-based pesticide formulations. The 
ecological pesticide Artemisia arborescent L essential oils were loaded into lipid as 
Compritol 888 ATO and stabilized by surfactants such as Poloxamer 188 or Miranol 
Ultra C32.110.

11.5.3  Clay NMS-based Encapsulation

Clays are well-known for their applications in agriculture, environment and they 
contribute to the health of humans and other living things. Nanoclays are widely 
regarded as cost-effective materials with enormous potential for the development of 
multifunctional nano-carrier materials and their applications in the life and material 
sciences (Choy et al. 2007). Clay materials and layered double hydroxides (LDHs) 
have similar effects in agricultural applications. Strong electrostatic interactions are 
created between brucite-type sheets and anions due to higher layer charge densities, 
preventing LDHs from swelling and resulting in a more stable particle size than clay 
minerals. Furthermore, numerous studies on clay nanoparticles have revealed that 
functionalizing clay nanoparticles with various polymers and surfactants is required 
to alter the electrostatic interactions between chemical loading and the clay parti-
cles. Because of their positive charge, anionic compounds can be intercalated into 
the layers of LDHs (Lee et al. 2003).
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11.5.3.1  Clay Nanomaterials

Nanoclays are fine-grained minerals with sheet-like structures that belong to a 
larger group of minerals known as naturally occurring aluminum silicates or hydrous 
silicates. Phyllosilicates are sheet-structured hydrous silicates that are essential 
because they help to construct the structure of individual clay minerals. The phyl-
losilicates formed a layered structure made up of two different types of sheets: tet-
rahedral silicate and octahedral aluminum. The arrangement of these sheets in the 
layer determines the diversity of clay minerals (Majeed et al. 2013). Clays can be 
classified as 1:1 type of clay (kaolinite), 2:1 type of clay (montmorillonite) or 2:1:1 
type of clay (kaolinite) (chlorite). A 1:1 clay layer is made up of one tetrahedral 
sheet and one octahedral sheet, whereas a 2:1 clay layer is made up of two tetrahe-
dral sheets and one octahedral sheet, forming a sandwich-like structure. When one 
octahedral sheet is added to the 2:1 type of clay, the 2:1:1 kind of clay is created. 
Clay and clay minerals can be considered nanomaterials of geological and pedo-
logical origins since the layers of primary clay particles are in the nanometer range, 
even though their length ranges in the millimeter range (Yuan et al. 2007). Clay 
materials can interact with organic compounds in a variety of ways, including cation 
exchange, ligand exchange, hydrophobic interaction, hydrogen bonding, proton-
ation, cation bridging and water sorption. Several factors influence active compound 
intercalation, including exchangeable cations, interlayer distance and the presence 
of water molecules between the layers. Furthermore, clay minerals can be altered in 
a variety of ways (Annabi-Bergaya 2008).

11.5.3.2  Layered Double Hydroxides (LDHs)

Layered double hydroxides (LDHs) are anionic lamellar compounds made up of 
positively charged brucite-type layers of mixed metal hydroxides found in nature 
and synthetically. Their positively charged layer structure has a variety of stacking 
defects, resulting in a variety of polytypes with a wide range of chemical composi-
tions. The hydroxide ions create endless two-dimensional nanosheets with a thick-
ness of roughly one nanometer and a lateral size varying from a sub-micrometer to 
several tens of micrometers by connecting. The metal cations occupy the central 
position in the shared octahedral, while the hydroxide ions stay at the vertices 
(Fig. 11.10). LDHs are multifunctional nanomaterials with a variety of appealing 
characteristics, including tunable attributes in layer charge density, particle size 
and shape. They're also biocompatible and have low toxicity (Bi et al. 2014). The 
use of LDHs in the production of controlled/slow-release pesticide formulations is 
a relatively new phenomenon. Their excellent buffering capacity, water retention 
ability, acid-neutralizing potentials and affinity for common carbonate ions may 
make it easier to formulate complete and controlled release intercalated pesticide 
formulations. LDHs are good candidates for pesticide administration because of 
their soil compatibility and they act as a matrix for encapsulating or entrapping the 
pesticide. They used three alternative approaches to intercalate anionic herbicides 
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2,4-D, MCPA, and picloram into MgAl-LDH: direct synthesis (SD) by co-precip-
itation, regeneration technique (RE) and ion-exchange approach (IE) (Cardoso 
et al. 2006).

11.5.4  Others Encapsulation (Starch—etc)

Other nanomaterials, such as poly (citric acid) grafted carbon nanotube, have the 
potential to be effective pesticide carriers in addition to the nanoencapsulation 
materials described above. On this subject, nanoencapsulation materials used for 
medicine delivery and bioactive food additives have shown that they can also be 
utilized as pesticide carriers. Polymersomes, nanostructured lipid carriers, den-
drimers, inorganic porous materials such as porous nano-CaCO3, nano zeolite and 
others are examples of potential nanoencapsulation materials (Lee and Feijen 2012; 
Soussan et al. 2009).

11.6  Conclusion and Prospects

Nanotechnology keeps a close eye on one of the essential agricultural control pro-
cesses, owing to its small size. In agriculture, nanoparticles aim to reduce the num-
ber of chemicals spread, reduce nutrient losses in fertilization, and boost output 
through insect and nutrient management. Nanotechnology can benefit the agricul-
ture and food industries by developing revolutionary nanotools for disease manage-
ment, nutrient absorption capacity and other applications.

Soft materials, such as nano-gel formulations and conjugated nano polymers, 
must be extra investigated as promising options for developing new ways for 

Fig. 11.10 A schematic representation of the structure of layered double hydroxides is shown (Bi 
et al., 2014)
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sustainable release of macromolecules and editing the genome of plants, based on 
cumulative evidence published in the cell. The polymeric nature of hydrogel-based 
nanoparticles has evident compensations in medication administration because of 
their safety profile, storage efficiency for loading and excellent product prevention 
from deterioration. In cell, nanomaterials have been used to accomplish active mol-
ecule delivery that is regulated by external inputs. Before polymeric nanoparticles 
are widely used in agriculture, a thorough investigation of manufacturing scalability 
and cost-effectiveness is required.

Nano formulations provide potential as part of intelligent crop production sys-
tems in organic farming since they have small particle sizes, a delayed and constant 
release of nutrients. They are ideal for use in modern agriculture because of their 
promising properties. Agriculture production and resilience to biotic and abiotic 
stresses can both benefit from the usage of nanoformulations. As a result, the appli-
cation of nanoformulation in agriculture cannot be overlooked. Nano formulation 
may reduce fertilizer losses due to evaporation, leakage and spent energy through 
creation by allowing active ingredients to be delivered more efficiently, increasing 
nutrient uptake values.

Additionally, seed coverings with nanoformulations and nanosensors may reduce 
agricultural production costs and environmental concerns. On the other hand, nano-
formulations release nutrients slower than nano fertilizers and they can dramatically 
boost crop produces and excellence attributes, according to a study. Because of the 
significant improvements in crop development, physiological and biochemical fea-
tures, work and quality. The great application of nanoformulations is healthier and 
more favored than soil treatment, especially in intelligent agriculture. Before mar-
keting nanoformulations on a commercial scale, nano-formulation's scientific-based 
and practical use must be thoroughly investigated.

Despite significant advances in plant genetics, delivering DNA molecules and 
enzymes for genome editing remains a considerable barrier. New plant genetics 
strategies based on nanoparticles clustered regularly intermittent polynomial repeti-
tions CRISPR technology, similar to those used in other natural processes, could 
lead to game-changing innovation.

The use of nanomaterials in plants is minimal. Recent findings and current appli-
cations suggest that more research is needed to improve the formulation and bio-
logical use of nanomaterials for agriculture importance and better understand the 
method of herbal uptake and enhance the management of agriculture. Surprisingly, 
advantages must be expanded to include previously unknown components of plant 
physiology. Nanobiosensors for real-time detection of secondary metabolites could 
improve plant growth and relationship with the environment, especially in con-
strained environment growth situations.

Finally, supporting the initiation of different methods for developing beneficial 
nanoparticles could help overcome the delay in plant nanotechnology. Joint collab-
orative endeavors combining complementary professional capabilities such as plant 
ecologists, genetic engineers, chemical scientists and biochemist's engineers may 
reveal new possibilities in agri-nanotechnology to achieve this goal. Future research 
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should concentrate on the safety, bioavailability and toxicity of various nanoformu-
lations utilized in agriculture. To enhance agricultural production using bio- 
synthesized, nano-biofertilizers and nano compositions should also be 
investigated. morning
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Chapter 12
Enhancement of Stress Tolerance of Crop 
Plants by ZnO Nanoparticles

Martin Šebesta, Sindy Kurtinová, Marek Kolenčík, and Ramakanth Illa

Abstract Zinc oxide (ZnO) nanoparticles are among the most promising nanopar-
ticles used in precision agriculture. Since they are made of an essential element Zn, 
their potential applications are most vital in agricultural regions where the natural 
concentrations of bioavailable Zn are low, and crop plants suffer from the deficiency 
of this essential micronutrient. Also, a large number of genes requires Zn to protect 
cells from the detrimental effects of environmental stress to regulate and maintain 
their expression. ZnO nanoparticles are more tuneable in their properties, such as 
size, shape, dissolution rate, and surface properties, compared to conventional ionic 
formulas. Thus, they pose an effective way to supplement plants with Zn. Their 
nanoparticulate characteristics, such as photocatalysis, may provide additional ben-
eficial effects for crop plants. Precise application of nanoparticles may reduce 
chemical inputs to agricultural fields, helping with long-term agricultural sustain-
ability, environmental protection, and higher nutritional value of crops. In this chap-
ter, we describe the influence of ZnO nanoparticles on the stress tolerance of crop 
plants. Since their effect is dependent on their properties, we elaborated on the 
importance of size, shape, crystal structure, and nanoparticle surface coating. 
Different modes of application show varying effects on crops, and foliar application 
may have direct positive effects connected to the photocatalytic properties of ZnO 
nanoparticles. We provide a summary of the positive impacts of ZnO NP on crop 
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plants associated with the alleviation of biotic stresses (herbivores, pathogens) and 
abiotic stresses (heavy metals, heat, cold, drought, and salt). In mainly laboratory or 
pot studies, several beneficial effects of ZnO nanoparticles were identified. Future 
field experiments are needed to further our knowledge and adapt agricultural tech-
niques to changing local and global climatic conditions.

Keywords Zinc oxide · Agriculture · Nanoparticle · Stress alleviation · 
Nanofertilizer

12.1  Introduction

Engineered nanoparticles are increasingly used in many diverse human activities. 
The ability to adjust their properties through a change in their size, shape, crystal-
linity, and surface properties is highly beneficial for new technological applications. 
The small size of nanoparticles means that large fractions of atoms that build up the 
nanoparticles are on the surface. Nanoparticle’s surface to volume ratio dramati-
cally changes with their size, which affects their properties and smaller nanoparti-
cles exhibit forces typical for the atomic and molecular world, e.g. various quantum 
effects (Nel et al. 2006; González-Melendi et al. 2008; Nair et al. 2010; Gogos et al. 
2012; Strambeanu et  al. 2015; Mallakpour and Madani 2015; Rasmussen et  al. 
2018; Faraz et al. 2020). Nanomaterials are usually defined as materials with at least 
one dimension between 1 and 100 nm. They are subdivided into three types (1) 
nanosheets with one dimension below 100 nm, (2) nanofibres and nanotubes with 
two dimensions lower than 100 nm, and (3) nanoparticles with three dimensions 
between 1 and 100 nm (Wang et al. 2015). Due to their highly tunable properties, 
engineered nanoparticles are of high interest in various technological applications, 
including precision agriculture, where they may improve the health and yields of 
crops, even under suboptimal conditions of environmental stress.

Biotic and abiotic stress has a considerable influence on the growth of plants and 
agricultural production. Through millions of years of evolution, plants have devel-
oped various physiological responses that improve their ability to tolerate biotic and 
abiotic stresses (Almutairi 2019). It is, thus, essential to understand plants’ stress 
tolerance mechanisms. The response mechanisms start with fast recognition of the 
nature of the stress. Afterwards, a complex cascade of signals triggers the plant’s 
defences. Accumulation of reactive oxygen species (ROS), activation of gene net-
works, specific ion channels, and kinase cascades are involved in early stress 
response (Rejeb et al. 2014; Czarnocka and Karpiński 2018; Almutairi 2019). Also, 
the response leads to an elevated release of hormones such as abscisic acid (ABA), 
ethylene (Et), jasmonic acid (JA), and salicylic acid (SA) (Bari and Jones 2009; 
Davies 2010).

During the normal metabolism of oxygen, ROS are produced as a by-product of 
aerobic metabolism and are kept at low levels by cells’ antioxidant chemicals. 
Furthermore, ROS are used as signalling molecules. Although ROS are necessary 
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for basic biological processes such as cellular proliferation and differentiation, their 
elevated levels may have undesired effects. When under stress, ROS levels increase 
and impose oxidative stress in the cells. To cope with the increased levels of ROS, 
plants elevate the production of antioxidants through various defence systems 
(Allen 1995; Apel and Hirt 2004; Mittler 2017).

Plants activate multiple complex signalling pathways during different types of 
abiotic and biotic stresses. Signalling cascades induced by the sensing of stress trig-
ger and change expressions of specific genes used in stress defence. Proteins and 
enzymes participating in these pathways function as agents for ROS detoxification; 
they induce signalling cascades such as nitrogen-activated kinase and salt overly 
sensitive kinase; they play a role in transcriptional control, and alter water and ion 
uptake and transport (Blumwald 2000; Scandalios 2005; Saibo et  al. 2008; 
Choudhury et  al. 2013; Flowers and Colmer 2015; Jain et  al. 2018; Kosová 
et al. 2018).

In recent days, enhancing plant production through nanotechnology has shown 
promise as a new emerging strategy. Nanotechnology can be supplemental in alle-
viation of nutrition deficiencies, improvement of resistance to diseases and toler-
ance to hostile environments. Nanoparticle interaction with plants has been studied 
on various levels, including genetics, physiology, plant development, and changes 
in the morphology of plant organs, etc. Literature reports effects ranging from nega-
tive through neutral to positive, with some higher concentrations toxic to plants and 
lower concentrations having positives effects. Recently, nanoparticles have also 
been applied to mitigate the adverse effects of both biotic and abiotic stresses. 
Unlike conventional agricultural chemicals, the effectiveness of nanoparticles 
depends not only on their chemistry, dosage, repetition and time of application but 
also on nanoparticle size, shape, crystallinity, and surface properties (Misra et al. 
2016; Wang et al. 2016a; Faraz et al. 2020; Landa 2021). There is a trend in agricul-
ture to reduce bulk fertilizers in particle size to nanometer sizes to increase their 
efficiency. Liu and Lal (2015) proposed to categorise these nanofertilizers accord-
ing to plant nutrition into (1) macronutrient-nanofertilizers that incorporate ele-
ments such as P, K, N, Mg, and Ca; (2) micronutrient fertilizers incorporating Zn, 
Mn, Fe, Cu, Mo, etc.; (3) nanomaterials-enhanced fertilizers, such as nutrient- 
loaded zeolites with silica, carbon-coated Fe, polymers etc.; and (4) plant-growth 
enhancers with unclear mechanisms of action, e.g. TiO2 or carbon nanotubes.

Zinc is an element, a micronutrient, essential for most organisms living on the 
planet, including plants, fungi, animals, and humans. There is a wide range of stud-
ies concerned with the effects of zinc on the growth and proliferation of plants since 
it is an essential part of more than 300 enzymes in organisms. It is the only metal 
that is included in all six groups of enzymes, and as such, it is present in oxidore-
ductases, transferases, hydrolases, lyases, isomerases, and ligases (Alloway 2008, 
2009). Most of the processes in plants, such as photosynthesis and production of 
DNA and RNA, depend on zinc being present in some form. Therefore, amendment 
with zinc is essential, and it is used to support cereal, vegetable, and forage produc-
tion (Alloway 2008; Faraz et  al. 2020). In plants, zinc is required to metabolise 
carbohydrates, synthesise enzymes, maintain the integrity of cell membranes, 
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regulate auxin synthesis, and create pollen (Alloway 2008). It also regulates the 
expression of genes important in tolerance toward environmental stresses, such as 
high intensity of light or high temperature. Zinc deficiency in plants is expressed by 
abnormal growth of plant structures. During acute deficiency, visible signs include 
slowed growth, chlorosis of leaves, reduction of leaf area, and sterility. Quality of 
crops is threatened, including protein content, appearance, and size of the fruit or 
seeds. Tolerance towards heightened intensity of light, and some fungal infections 
is diminished. Under slight deficiency of zinc in soils, quality and quantity of pro-
duced crops is diminished without visible hinderance in growth of the plants 
(Alloway 2008, 2009). For humans and higher organisms, zinc is referred to as a 
“type 2” nutrient, meaning that its concentration in the blood does not decrease in 
proportion to its deficiency in the organism. Zinc deficiency results in slowed physi-
cal growth, and its secretion is lowered since the organism strives to retain it. Many 
children with this deficiency have stunted growth. The recommended daily intake of 
Zn is between 3 and 16 mg∙day−1, and this value depends on age, sex, diet and sev-
eral other factors. Roughly, one-third of the human population suffers from zinc 
deficiency in their diet. The relative size of the population afflicted is highly specific 
for each country and ranges from 4% to 73% (Alloway 2009).

Zinc oxide (ZnO) is an amphoteric oxide with low solubility in pure water. 
However, it is easily soluble in many acids. It crystallizes almost exclusively in the 
hexagonal wurtzite type structure known in the mineral classification system as 
zincite (Fig. 12.1). On rare occasions, it crystalises in cubic structure (Borysiewicz 
2019). In lattice, Zn2+ cation is coordinated four O2− anions in tetrahedron arrange-
ment (Fig.  12.1), and reciprocally, each anion of O2− can be thought of as a 

Fig. 12.1 Geometrical 
arrangement of atoms with 
tetrahedron coordination in 
unit cell of ZnO (Zn in 
grey, O in red) constructed 
and visualized using 
VESTA program in 
space-filling regime 
(Momma and Izumi 2011)
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tetrahedron coordinated with four cations of Zn2+. Zincite has sp3 hybridized bonds 
with almost equivalent covalent and ionic nature (Borysiewicz 2019). As such, ZnO 
is a wide gap semiconductor (Eg = 3.37 eV) (Klingshirn et al. 2010). ZnO NPs have 
many useful properties, such as high binding energy, high refractive index, high 
thermal conductivity, piezoelectric properties, high absorbance of UV light, and 
antibacterial properties and it is applied in a wide variety of uses and products 
(Moezzi et al. 2012). As a nanomaterial, ZnO exhibits a broad range of shapes, from 
flowerlike structures to nanorods and nanoparticles. And since it is easy to manipu-
late its shape and to dope it, ZnO nanomaterials have been used in, for example, 
rubber production, concrete composites, electronics, solar panels, cosmetics, medi-
cine, biosensors, food packaging and food products, and agriculture (Moezzi et al. 
2012; Sabir et al. 2014). ZnO nanomaterials have been produced in a volume of 
approximately 30 kilotons in 2014, with a predicted rise in production (Future 
Markets Inc 2016). ZnO nanoparticle (ZnO NP) input in the environment was pre-
dicted to be in the range of 0.01–0.03 μg∙kg−1∙y−1 for soils (unintentional release), 
and levels of ZnO NPs of 0.05–0.29 μg∙l−1 were predicted for fresh waters (Sun 
et al. 2014). Properties of ZnO NPs related to their UV protection, easily adjustable 
size, shape, and surface properties, and their antimicrobial and antifungal properties 
were shown to positively impact the growth and health of plants (Tarafdar et  al. 
2012; Raliya and Tarafdar 2013; Sabir et al. 2014; Raliya et al. 2015, 2016, 2018), 
and to help plants with coping with environmental stresses (Saxena et  al. 2016; 
Hussain et al. 2018; Rizwan et al. 2019a, c). Under appropriate concentrations, ZnO 
NPs were found to increase seed germination (García-López et al. 2018), growth 
(Singh et  al. 2019), photosynthesis (Faizan et  al. 2018), activity of antioxidant 
enzymes (Venkatachalam et al. 2017), production of chlorophyll (Reddy Pullagurala 
et  al. 2018a), proteins (Venkatachalam et  al. 2017; Salama et  al. 2019), oil, and 
seeds (Kolenčík et  al. 2019, 2020), and they increased uptake of micronutrients 
(Peralta-Videa et al. 2014). They were also found to alleviate abiotic stresses, e.g. 
drought (Kolenčík et al. 2019; Dimkpa et al. 2020a), heavy metals (Rizwan et al. 
2019c), salt (Torabian et al. 2016; Wan et al. 2020), and temperature (Fig. 12.2) 
(Hassan et al. 2018).

ZnO NPs play an important role in plant development, photosynthesis, and other 
critical physiological systems of plants. Also, ZnO NPs were applied under stress 
conditions and found to increase the tolerance to both biotic (herbivores and patho-
gens) and abiotic (heavy metals, heat, cold, drought, flooding, and salts). Up-to-date 
knowledge on the positive effects of ZnO NPs on (crop) plants is shortly summa-
rized. We discuss current knowledge gaps connected to the research on environmen-
tal stress alleviation and propose research areas that may further our understanding 
and help with best practices in applying ZnO NPs.
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12.2  Effect of ZnO Nanoparticles’ Properties on Biological 
Interaction in Soils and Colloids

One of the most important properties of ZnO NPs is their ability to be transported 
in soils and their interaction with soil constituents. In an acidic environment, ZnO 
NPs can create large aggregates and dissolve easily (partially or fully), and the 
behaviour of released Zn ions is the most important in plant bioavailability (Bian 
et al. 2011; Mohd Omar et al. 2014; Sirelkhatim et al. 2015; Šebesta et al. 2020a). 
In more alkaline environments, the dissolution decreases dramatically, and under 
some circumstances, ZnO NPs can be more easily transported compared to ionic Zn 
(Šebesta et al. 2020a), even though the binding to various soil constituents may be 
similar to both forms (Šebesta et al. 2020b). The most important soil constituents 
that interact with ZnO NPs are living and dead organic matter, oxyhydroxides of Al, 
Fe and Mn, CaCO3 and clay fraction (Fig. 12.3) (Bian et al. 2011; Zhao et al. 2012; 

Fig. 12.2 Effects of ZnO NPs reducing abiotic and biotic stress in plants
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Mohd Omar et al. 2014; Han et al. 2016; Polák et al. 2019; Šebesta et al. 2019, 
2020a). The soils pore water characteristics, such as ionic strength, concentration of 
Ca2+, SO4

2−, and different phosphates also play an important role, mainly in ZnO 
NPs’ transformation and aggregation (Sivry et al. 2014; Xu et al. 2016; Peng et al. 
2017). The behaviour of ZnO NPs was also dependent on the properties such as 
concentration (Yung et al. 2015; Šebesta et al. 2020a), particle size and surface area 
(Bian et al. 2011), and surface coating (Gelabert et al. 2013).

The size of ZnO NPs is important to several processes that happen in soils and 
during interaction with plants. The dissolution behaviour of ZnO NPs depends on 
their size, and smaller nanoparticles dissolve more readily (Meulenkamp 1998; 
Bian et  al. 2011; Chang et  al. 2012; Mudunkotuwa et  al. 2012). The size of the 
nanoparticles and their aggregates is also important when absorption by plants is 
considered, and smaller nanoparticles can be more readily absorbed since they do 
not need to dissolve (Dietz and Herth 2011; Molnárová et al. 2015). Transfer of 
nanoparticles is hindered by the pores of plant cell walls, and they most probably 
only allow a passage of particles smaller than 20 nm (Wang et al. 2016a) or 5 nm 
(Gogarten 1988) to the apoplast. Because of the changes in dissolution and ability 

Fig. 12.3 ZnO NPs and their interaction in the soil environment
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to penetrate deeper into plant tissues, nanoparticle size is also important in toxicity, 
including toxicity towards plants (Nair et al. 2009; Chang et al. 2012; Nemček et al. 
2020). Size of ZnO NPs was important in the test with fava bean (Vica fabia) where 
it was found that the toxicity is linked to a greater dissolution of NPs where 25 nm 
ZnO NPs released ca 30% more Zn2+ than the 70 nm ZnO NPs. The ROS generation 
was very similar between the two NPs under the conditions used in the experiment 
(Pedruzzi et al. 2020).

The ZnO nanomaterials have highly tunable shape and form one-dimensional, 
two-dimensional, and three-dimensional structures (Thorny Chanu and Upadhyaya 
2019). One dimensional ZnO structures are the most diverse and include belts, 
combs, helixes, nanorods, needles, ribbons, rings, springs, tubes, and wires (Pan 
et al. 2001; Kong et al. 2004; Liu et al. 2005; Huang et al. 2006; Chen et al. 2007; 
Wahab et  al. 2007; Frade et  al. 2012; Xu et  al. 2012; Nikoobakht et  al. 2013). 
Nanoplates/nanosheets and nanopellets belong to ZnO two-dimensional structures 
(José-Yacamán et al. 2005; Chiu et al. 2010). The three-dimensional structures are 
variously shaped with several different shapes such as coniferous urchin-like forms, 
dandelions, flowers, snowflakes, etc. (Liu et al. 2006; Bitenc and Crnjak Orel 2009; 
Polshettiwar et al. 2009). In a study comparing the effect of shape, Zhou and Keller 
(2010) found that spherical ZnO NPs had higher critical coagulation concentration 
than the mixture of ZnO NPs in the shape of rods and platelets. ZnO nanorods also 
dissolved more readily than the spherical ZnO NPs of similar volume, which is 
related to their uncompensated surface energies (Joo and Zhao 2017). Hexagonal 
ZnO NPs were shown to have a slightly higher positive effect on the growth of 
tomato plants compared to spherical particles (Pérez Velasco et al. 2020). In theory, 
the interaction of NPs with plant surfaces is related to (1) the chemistry and crystal-
linity of the nanoparticles; (2) nanoparticle surface in contact with the surrounding 
environment, and its shape, roughness, charge, and surface energy; and (3) the phys-
icochemical properties of the environment the nanoparticles interact with, such as 
chemistry, input energy, e.g. sunlight or other types radiation, and changes in tem-
perature (Konvičková et al. 2018; Holišová et al. 2019, 2021; Kolenčík et al. 2021).

Therefore, ZnO NPs are often surface modified to adjust their properties like 
aggregation and interaction with other constituents in the system. Nanoparticles 
with negative surface charge often behave more similarly to conservative tracers 
(such as Br−) in model porous media, whereas positively charged nanoparticles are 
retained to a much higher degree (Yecheskel et  al. 2016). Also, surface capping 
changed the toxicity of ZnO NPs toward E. coli bacteria and the cancer cell line, 
where starch-capped ZnO NPs had the lowest toxicity (Nair et al. 2009). The sur-
face coating was found to be an important factor affecting the toxicity of ZnO NPs, 
and different coatings either increased or decrease cell damage or stress (Le et al. 
2016). Beans (Phaseolus vulgaris) were exposed to bare and Z-COTE HP1® coated 
ZnO NPs. Coated NPs promoted more root growth and increased the concentration 
of nutritional elements (B, Mg, Mo, and S) compared to bare ZnO NPs (Medina- 
Velo et al. 2017; López-Moreno et al. 2018). Surface defects also increase the toxic-
ity of ZnO NPs (Persaud et al. 2020).
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In an experiment measuring oxidative stress response, ZnO NPs doped with Mn 
and Co showed increased response compared to pristine uncoated ZnO NPs. The Fe 
doped ZnO NPs showed a similar response when compared with pristine uncoated 
ZnO NPs (Le et  al. 2016). Se doped ZnO NPs exhibited decreased toxicity to 
Esheria coli even though they showed higher production of reactive oxygen species 
due to Se leaching from NPs in culture media (Dutta et al. 2014).

To create more benign ZnO NPs for agricultural application, a biologically 
induced synthesis with plant, fungi or microbial extracts was used in studies. There 
is some evidence that there may be a synergy of nanoparticle-sized effect together 
with residual effects of organic extracts that are bound to nanoparticles surfaces 
(Gebre and Sendeku 2019). For example, Chaudhuri and Malodia (2017) biosynthe-
sised ZnO NPs with leaf extract of Calotropis gigantea. They applied the created 
ZnO NPs on three plant species (Azadirachta indica, Alstonia pinnata, a Pongamia 
scholaris). All three species showed improvement in height after 6 months when 
compared to control. Biosynthesis is a new trend in the application of ZnO NPs in 
agriculture that may lead to better crop production with lower side effects.

12.3  Multiple Effects of Exposure Pathways

Several pathways of exposure are typical for the agricultural application of ZnO 
NPs. ZnO NPs were applied (1) on seeds to evaluate germination and early growth 
of seedling (Umavathi et al. 2020; Khan et al. 2021; Rai-Kalal and Jajoo 2021), (2) 
into the soil (or growth medium) to evaluate the root uptake and its toxicological 
and beneficial effects (Nemček et al. 2020), and lastly, (3) foliar application, that 
applies ZnO NPs directly on plants, mainly leaves, and may be good in reducing the 
number of nanoparticles needed to induce beneficial effects in plants (Kolenčík 
et al. 2020; Adrees et al. 2021).

12.3.1  Seed Application

Application of ZnO NPs on seeds was tested on various plants, and low concentra-
tions had a generally positive effect on germination, seed vigour index, and the 
photosynthesis of seedlings (Dileep Kumar et  al. 2020; Itroutwar et  al. 2020b; 
Maslobrod et al. 2020; Rafique et al. 2020; Rani et al. 2020; Rawashdeh et al. 2020; 
Younes et al. 2020; Awan et al. 2021; Khan et al. 2021). Submerging seeds in ZnO 
NPs suspensions for 1, 2, 3, or 18 hours had a positive effect at a range of concentra-
tions from 0.05 mg∙l−1 to 2000 mg∙l−1, and the concentrations that improved the 
germination the most were very plant species-specific (Itroutwar et  al. 2020b; 
Kasivelu et al. 2020; Awan et al. 2021; Rai-Kalal and Jajoo 2021). In Tymoszuk and 
Wojnarowicz (2020), Allium cepa seeds were grown on the modified Murashige and 
Skoog (MS) medium spiked with ZnO NP at concentrations of 50, 100, 200, 400, 
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800, 1600, and 3200 mg∙l−1 and the highest germination was recorded at 800 mg∙l−1. 
ZnO NP concentration of 3200  mg∙l−1 decreased the germination. Youssef and 
Elamawi (2020) found that concentrations of 50 mg∙l−1 of ZnO NPs were positively 
affecting germination of Vicia faba, while higher concentrations, higher than 
100 mg∙l−1, had a negative effect. Corn (Zea mays) was primed with 2, 4, 8, and 
16 mg∙l−1 of 16 to 20 nm ZnO NPs biosynthesized with Bacillus sp. for 24 h. Root 
length, shoot length, and protein concentration was increased after growth in pots, 
and the maximum increase was observed at 8 mg∙l−1 (Sabir et al. 2020). Generally, 
priming with higher concentrations of ZnO NPs has an inhibitory effect on germina-
tion and the early growth of plants, and lower concentrations have a positive impact. 
The positive effect of ZnO NPs was found to be higher than in their ionic counter-
parts, at least for lentil (Lens esculentum) and chick pea (Cicer arietinum) 
(Choudhary and Khandelwal 2020) and higher than bulk ZnO when applied on corn 
plants (Zea mays) (Esper Neto et al. 2020).

12.3.2  Soil Application

ZnO NPs can be applied to soils to ameliorate the Zn deficiency that is one of the 
most widespread deficiencies in plants, and it affects up to one-third of agricultural 
soils, mainly in tropical and subtropical regions (Alloway 2008, 2009). The germi-
nation of black mustard (Brassica nigra) in soils contaminated with high concentra-
tions of ZnO NPs (200, 400, and 600 mg∙kg−1) caused inhibition in seed germination 
and had a negative effect on the root length and height of plants. Also, phenolics and 
flavonoids, which play a vital role in the detoxification of ROS, were increased 
compared to control without applied ZnO NPs. However, an increase in leaf area 
was observed for 200 and 600  mg∙kg−1 (ur Rehman et  al. 2020). Similarly, an 
increase of leaf area and also the stem height, number of leaves, number of branches, 
and number of nodes per black mustard plant was observed in a study by Zafar et al. 
(2020) when 200, 400, and 600  mg∙kg−1 ZnO NPs were applied to soil, but a 
decrease in seed diameter and number of pods per plant was also observed. 
Application of ZnO NPs also resulted in a higher accumulation of Ca, Co, and Zn 
in seeds along with protein, glucosinolates and erucic acid (Zafar et al. 2020). When 
black mustard (Brassica nigra) was grown for 30 days in ZnO NPs enriched soil, 
concentrations below 400 mg∙kg−1 ZnO NPs had a positive effect on root length, 
and higher concentrations caused increased oxidative stress (Zafar et al. 2019). In 
an early growth experiment with barley (Hordeum vulgare), only high concentra-
tions of ZnO NPs (2000 mg Zn∙kg−1 as ZnO NP) had a negative effect on average 
fresh and dry weight and root and sprout length (Nemček et al. 2020). In a 35-day 
growth experiment with cilantro plants (Coriandrum sativum), 100, 200, and 
400 mg∙kg−1 of ZnO NPs were used, and concentration of 100 and 200 mg∙kg−1 
increased the concentration of chlorophyll by at least 50% and changed the 
carbinolic- based compounds. The concentration of 400 mg∙kg−1 of ZnO NPs had a 
negative effect and decreased lipid peroxidation by 70%. Application of ZnO NPs 
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to soils alone or in combination with organic matter did not influence soil chemical 
properties, however, they may influence microbial properties and may support bac-
terial growth over fungal growth (Aziz et al. 2019). Nanoparticles may enhance the 
nutrient mobilization in soils via influence on the soil microbial population and 
extracellular enzymes secretion such as urease or phosphatase activity in soils 
which play an important role in the regulation of plant available nitrogen and phos-
phorus (Olander and Vitousek 2000; Raliya and Tarafdar 2013; Raliya et al. 2016, 
2018). Nonetheless, there are indications that ZnO NPs may enhance microbial 
activity and increase their biomass that could lead to N immobilization in soils, and 
thus, decreasing its plant uptake (Aziz et al. 2019). Higher levels of chlorophyll, 
nitrogen and micronutrients such as zinc, magnesium, and potassium were observed 
when lettuce (Lactuca sativa) and carrot (Daucus carota subsp. sativus) plants were 
grown in commercial soil substrate spiked with 1, 5, 20, 100, and 1000 mg∙kg−1 
ZnO NPs, where the highest concentration had negative effects and the other con-
centrations showed mostly positive or neutral effects on both plants (Song and Kim 
2020). After 120 days of growing in soil, soybean (Glycine max cv. Kowsar) seed 
yield was evaluated in experiments with different concentrations of ZnO NPs with 
different sizes and morphologies and Zn2+ to compare ionic vs nanoparticle influ-
ence. All Zn compounds (ZnO NPs, and Zn2+) increased seed yield when applied at 
a concentration up to 160 mg Zn∙kg−1. At higher concentrations, ZnO NPs were 
toxic, with the highest toxicity elucidated by spherical 38 nm NPs and evidence 
suggested some nano-specific toxicological effect when compared with Zn2+ 
(Yusefi-Tanha et al. 2020). In experiments with either foliar or soil application of 
ZnO NPs, tomato plants (Solanum lycopersicum) were positively influenced by 
both application, i.e. their height, stem diameter and leaves, stem and root dry 
weight was increased, with little actual difference between the two applications 
(Pérez Velasco et al. 2020). Similarly, soil and foliar application led to similar Zn 
distribution of zinc in wheat grain (Doolette et al. 2020). Umar et al. (2020) found 
that foliar application of ZnO NPs on corn had the highest positive effect on the 
concentration of Zn in grains when compared to both soil application of ZnO NPs 
and more conventional Zn fertilizers and also ZnO NPs application promoted plant 
growth and seed yield.

12.3.3  Foliar Application

In general, uptake of nutrients via leaves, including uptake from nanoparticles and 
nutrient distribution in leaves, is still less well-known in comparison to nutrient 
translocation in root systems in the soil environment (Li et al. 2019). It depends on 
several factors such as concentration, particle size, the chemical composition of 
NPs, the timing and number of applications, plant species, etc. (Nair et al. 2010; 
Servin and White 2016; Wang et al. 2016a).

Currently, foliar application of ZnO NPs to plants has two distinct benefits: (1) 
decrease in amounts of agrochemicals used, and (2) gradual release of Zn from the 
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NPs (Prasad et al. 2014; Wang et al. 2016a; Li et al. 2019). In contrast, correspond-
ing conventional ionic Zn fertilizers are absorbed faster through leaves and are more 
readily metabolized in plants. Additionally, our research indicates (Kolenčík et al. 
2019, 2020) that in the case of ZnO NPs, similarly to TiO2 NPs, their nano-domain 
effect may contribute to elevated photosynthetic activity in plants via the protection 
of chloroplasts or their photocatalytic properties (Siddiqui et al. 2019; Rizwan et al. 
2019b). Sunlight exposition may also support photo-corrosion and dissolution of 
ZnO NPs (Ma et al. 2014), and the released ionic zinc is easily absorbed and utilized 
by the plant. However, there are still knowledge gaps when it comes to their applica-
tion in field conditions. In this context, their foliar application may be an effective 
measure in precision agriculture that aids in adaptation to climate change (Kolenčík 
et al. 2019, 2020).

There are three potential pathways for foliar absorption of ZnO NPs or Zn ions 
released from them: cuticular, stomatal, or through trichomes (Li et al. 2019). After 
the application of ZnO NPs on the sunflower, there was a qualitative change in 
leaves in the flower bud stage of the life cycle of the plants. Trichomes diversity, 
ratio, width, and length were change, and a new type of trichomes was observed – 
capitate glandular trichomes (Kolenčík et al. 2019). Leaf part with different struc-
tures and the semi-quantitative analysis of leaf surface chemistry is shown in 
Fig. 12.4.

Zinc released from ZnO NPs or conventionally applied zinc, such as ZnSO4, is 
transformed after the absorption to leaves via complexation with carboxylic groups 
(oxalate, pectine, citrate), phytate and cysteine, or it stays in Zn2+ form, with forms 
and their relative concentrations varying in different plants and plant stages (Li et al. 
2019; Kolenčík et al. 2019).

Foliar application of 10 mg∙l−1 ZnO NPs, 15–52 nm in size, applied twice, before 
and after flowering, improved grain weight, seed length, seed thickness, and seed in 

Fig. 12.4 (a) Sunflower leaf surface visualized by scanning electron microscopy with two types 
of trichomes – non-glandular trichomes (NGTs) and linear glandular trichomes (LGTs); (b) details 
of NGTs; semiquantitative analysis of element by energy-dispersive X-ray spectroscopy on surface 
of control (a) and ZnO NPs foliated leaves (b)
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rice (Oryza sativa) (Itroutwar et  al. 2020a). Foliar application of ZnO NPs also 
leads to transfer of Zn to grains, as was observed in the work of Doolette et  al. 
(2020), where 40–50 nm ZnO NPs were applied on wheat (Triticum aestivum). ZnO 
NP application at 750 mg∙l−1 led to a higher grain yield than in ZnCl2 application. 
However, the authors did not have an explanation for this phenomenon, and all other 
measured parameters did not show a better efficacy compared to the conventional 
application of Zn (ZnCl2 and Zn EDTA). Read et al. (2019) found that ZnEDTA had 
higher foliar uptake than ZnO NP in wheat (Triticum estivum), and already taken up 
ZnO NP and ZnEDTA were transported in a similar way to newly formed leaves. 
When applied on corn, ZnO NPs showed a higher promotion of growth and seed 
yield compared to more conventional fertilizers (Bala et al. 2019). Two application 
of low concentration of ZnO NPs at crucial points of foxtail millet (Setaria italica) 
growth positively affected several parameters necessary for crop production 
(Kolenčík et al. 2019). Foxtail millet plant grains had significantly higher oil and 
total nitrogen contents and a significantly lower crop water stress index (Kolenčík 
et  al. 2019). Two applications of ZnO NPs at low concentrations had a positive 
effect on head diameter, dry-seed head weight, yield and thousand seed weight of 
sunflower, and also on sunflower physiological responses (Helianthus annuus) 
(Kolenčík et al. 2020). When applied on sunflowers at 60 mg∙l−1 on day 25 and 45 
after sawing, ZnO NP decreased the uptake of Cr and Pb and increased the uptake 
of Fe and had an even better effect when applied at 30 mg∙l−1 in combination with 
rice straw biochar and cow manure biochar and additionally reduced Cu, Ni, and Cd 
concentrations in plants (Seleiman et al. 2020). Generally, the foliar application is 
preferred as less of the ZnO NP is needed overall, and the ZnO NP do not contami-
nate the soil to such a degree that it could be detrimental to the growth of other, 
more susceptible plant species grown later at the same field.

12.3.4  Effect of Applied Nanoparticle Concentration 
and Soil Properties

Despite multiple studies showing that ZnO NPs can have an influential role in the 
growth and development of plants, they also may have a detrimental effect on plants 
and the environment when applied at too high concentrations and by an inappropri-
ate method. Release of high concentrations of Zn ions and production of ROS due 
to ZnO NPs higher reactivity can inflict damage to organisms in contaminated envi-
ronment (Manke et al. 2013; Rajput et al. 2018). The toxic effects of ZnO NPs were 
studied on a large variety of organisms, including bacteria, fungi, plants, inverte-
brates and vertebrates, and their effect on soil health was also studied (Rajput et al. 
2018). Under natural sunlight, ZnO NPs became much more toxic than during labo-
ratory light and dark conditions to free-living nematode Caenorhabditis elegans and 
the increased toxicity was related to ROS generation (Ma et al. 2011). Seed soaking 
and exposure of roots to higher concentrations of ZnO NPs may lead to diminished 
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root growth (Yang et al. 2015), reduction of plant growth, and photosynthesis (Wang 
et al. 2016b), reduction in catalase and ascorbate peroxidase in roots (Mukherjee 
et al. 2014). Tripathi et al. (2017a) found a decrease in ascorbate peroxidase, gluta-
thione reductase, dehydroascorbate reductase, and monodehydroascorbate reduc-
tase, whereas ascorbic acid þ dehydroascorbic acid, and ascorbic acid increased 
when ZnO NPs were applied on wheat seedlings. The toxicity may come from the 
dissolution of Zn inside and/or outside roots and from damage caused by direct 
contact of roots with ZnO NPs (Lin and Xing 2008).

When applied at lower, appropriate concentrations, ZnO NPs may have a posi-
tive effect on plant growth. At higher dosages (>500 mg∙kg−1), ZnO NPs may often 
have a toxic effect on plants via the release of Zn ions and ROS production. While 
at lower concentrations (50 mg∙kg−1) or when applied on leaves or through seed 
coating or priming applications, they often have beneficial effects and are promising 
plant growth promoters, nanofertilizers, or nanopesticides. When studying impacts 
on plant growth, it is also advisable to ascertain that the ZnO NPs do not have an 
inhibitory effect on beneficial soil bacteria (Reddy Pullagurala et al. 2018b). The 
positive effects of ZnO NPs include an increase in shoot length, root length, fresh 
and dry biomass, protein content, an increase in other phytochemicals of agricul-
tural use and an increase in photosynthetic activity. Upon application of ZnO NPs, 
expression of genes is altered, and various effects on biochemistry, physiology, and 
plant morphology have been observed (Tripathi et  al. 2017b; Thorny Chanu and 
Upadhyaya 2019; Kolenčík et al. 2019, 2020; Faraz et al. 2020).

A different number of applications of ZnO NPs, two and four, were applied on 
pinto bean (Phaseolus vulgaris) cultivars, and the four applications (0.05%, 0.1%, 
or 0.15% w/v) showed an increase in plant height and internode length compared to 
two applications of ZnO NPs and also compared to two and four applications of 
ZnSO4 and chelated Zn at similar concentrations. Four applications of 0.05% ZnO 
NPs were more effective than two applications of 0.1% or 0.15% for several mea-
sured parameters (Mahdieh et al. 2018), hinting to possibility that a higher number 
of applications may be more beneficial for plants, even if the total concentration of 
the applied ZnO NPs is similar.

Soil factors influence the response of plants to metallic nanoparticles. Both 
chemical factors, such as pH, organic matter, and ionic strength, and biological fac-
tors such as plant root exudates, microbes, and microbial activities, heavily influ-
ence what effects nanoparticles have on the growth and health of plants (Dimkpa 
2018). One of the most important factors, soil pH, has a considerable influence on 
the effect of ZnO NPs on plants. More acidic pH leads to their dissolution, and their 
association with soil chemicals lead to similar behaviour compared to the applica-
tion of ionic Zn (Wang et al. 2013). Wheat was grown in both alkaline and acidic 
soil, and the soil-applied ZnO NPs had a positive effect in alkaline soil but a nega-
tive effect in acidic soil (Watson et al. 2015; Anderson et al. 2017). Similar effect 
was observed by García-Gómez et  al. (2018b) in nine plant crop species. This 
behaviour can be reverted by creating ZnO NP- alginate complexes that release Zn 
more slowly in acidic soils and thus can lower their toxicity and increase their use-
fulness (Martins et al. 2020). Similarly, soil enzymes produced by soil microbes 
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were adversely affected by ZnO NPs in acidic soil more than in calcareous soil 
(García-Gómez et al. 2018a), which can also negatively affect the growth and health 
of plants.

When ZnO NPs were applied on sewage sludge-amended soil, they enhanced 
root growth at a concentration of 50, 250, and 500 mg∙kg−1 compared to the soil 
with just sludge-amendment. The root growth enhancement at even a relatively high 
concentration may be due to a high organic matter content (Oleszczuk et al. 2019). 
Similar results were observed in collected manure-amended soil where higher con-
centrations of ZnO NPs (1000  mg∙kg−1) affected shoot weight negatively in 
unamended soil and positively in manure-amended soil (Moghaddasi et al. 2017).

12.4  Amelioration of Stress by ZnO NP

Plant stress is described as any unfavourable condition that affects the metabolism, 
growth or/and development of a plant. Plant stress can be caused by multiple fac-
tors, which are generally divided into two categories, biotic and abiotic stresses 
(Kranner et al. 2010). Biotic stresses are induced by living organisms like microor-
ganisms, insects, viruses or other plant species, and abiotic stresses are initiated by 
environmental factors, for example, drought, salinity, and temperature (Hakim et al. 
2018; Thakur et al. 2019). As a response to various types of stresses, plants have 
evolved immune systems and defence responses that increase their tolerance to 
environmental stress. Therefore, a broader study and understanding of plant toler-
ance mechanisms can benefit agriculture (Almutairi 2019).

The alleviation of environmental stress on crops by applying NPs has been a 
significant trend in the agricultural research of the last decade, as nanotechnology 
has been shown to be a promising tool for enhancing plant production by improving 
disease resistance and plant tolerance to a harsh environment. Various sources of 
stress, which are discussed in the following subchapters, can be mitigated by NPs 
(Almutairi 2019). This mitigation role of NPs depends on NPs’ size, shape and dos-
age, as some concentrations have been toxic for plants while lower concentrations 
have positive effects (Jha and Pudake 2016; Siddiqi and Husen 2017).

12.4.1  Biotic Stress

Biotic stresses, like herbivore grazing and pathogen infection, are essential factors 
affecting crop production. The attacker has to defeat many defence strategies that 
plants deploy against the intruder (Thordal-Christnsen 2003; Zhao et al. 2020). In 
the case of pathogen infection, it requires the interactions of a susceptible host, viru-
lent pathogen and conducive environment. Even though conventional pesticides can 
significantly increase agricultural production, they can also cause health and envi-
ronmental risks. Therefore, the application of various engineered metal NPs, 
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including ZnO NPs, was considered a more gentle way to protect plants from patho-
gen invasion or pest and insect attacks (Poschenrieder et al. 2006; Zhao et al. 2020).

12.4.1.1  Herbivores

Higher metal ion activity in the soil or on the plant surface may deter, kill or inhibit 
the development of herbivores. Especially for chewing herbivores, consuming pol-
luted leaves can lead to suffering from the detrimental effects of metals. Also, her-
bivores eating plant tissues with high metal concentrations can be affected by the 
toxicity or the evocation of an aversion response. Therefore insects can learn to 
avoid feeding on plants with higher concentrations of metals through a post- 
ingestive feedback mechanism (Eeva et al. 1998; Behmer et al. 2005; Poschenrieder 
et al. 2006). There are many studies (Noret et al. 2005; Stolpe et al. 2017) dealing 
with zinc applications against stress caused by herbivores. For example, the perfor-
mance of caterpillars, either chewing or sucking species, on Arabidopsis halleri 
(Brassicaceae) was reduced on plants grown on zinc-amended soil compared to 
plants grown on unamended soil (Stolpe et al. 2017). Therefore, we find it essential 
that ZnO-NPs, a form of particulate Zn, should also be studied. Its more gradual 
release in soils may be advantageous, and also foliar application may be more effec-
tive because, unlike ionic Zn that is readily absorbed by leaves, they may stay for a 
longer period of time on leaf surfaces and thus have a longer-lasting protective 
effect on the plants.

12.4.1.2  Pathogens

At least 25% of crop losses worldwide is due to plant parasites. Conventional syn-
thetic fungicides are considered to be the most effective for plant diseases (Pandey 
et al. 2018; Malandrakis et al. 2019). However, pathogens can become resistant to 
fungicides because of long-term exposure, and residues of fungicides are also dan-
gerous for human health and the environment (Zhang et al. 2015). NPs are promis-
ing in resolving this challenge in the future by providing a novel eco-friendly 
alternative to synthetic fungicides. ZnO NPs have been shown to be very effective 
antibacterial and antifungal agents against numerous species due to their unique 
physicochemical properties (Pandey et  al. 2018; Sun et  al. 2018; Malandrakis 
et al. 2019).

According to Malandrakis et al. (2019), ZnO NPs were able to inhibit in vitro 
mycelial growth of fungal strains in a dose-response manner. ZnO NPs were also 
more toxic at the spore germination level than at mycelial growth and more effective 
than the commercial fungicide containing Cu(OH)2. Hafez et al. (2020) tested the 
application of bio-agent Bacillus subtilis with ZnO NPs to control powdery mildew 
in cucumber plants caused by Podosphaera xanthii. The application reduced elec-
trolyte leakage, and the disease severity was correlated with the production of 
defence-related enzymes and early elevation of ROS levels. Total chlorophyll 
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content and yield production were increased, along with most morphological and 
physiological characteristics and improved fruit yield. Savi et  al. (2015) studied 
ZnO NPs treatment onto spikelets at the anthesis stage on wheat, inoculated with 
Fusarium graminearum. Results showed a reduction in the number of colonies of 
Fusarium graminearum in samples treated with ZnO NPs when compared to con-
trol. Deoxynivalenol (mycotoxin) formation in the grains was also reduced. The 
concentration of Zn remained within the internationally recommended levels for 
consumption, and the ZnO NPs treatment did not cause any damage to wheat grains. 
Biologically synthesized ZnO NPs using Parthenium hysterophorus reported maxi-
mum inhibition for Aspergillus niger and A. flavus. It was confirmed that smaller 
ZnO NPs have greater antifungal activity against fungal pathogens (Rajiv et  al. 
2013; Ingle et al. 2020). Still, more studies are needed to find the best ways of ZnO 
NPs application under field conditions and also to investigate their effects on a 
diverse range of pathogens.

12.4.2  Abiotic Stress

Abiotic stresses are estimated to be the primary factor of crop-production drops 
worldwide (Bajguz and Hayat 2009; Zhu 2016). ZnO NPs may enhance the defence 
mechanisms of plants against abiotic stresses by stimulating the activities of anti-
oxidant enzymes and bettering the accumulation of osmolytes, free amino acids, 
and nutrients (Torabian et al. 2016; Hassan et al. 2018; Rizwan et al. 2019a). In 
Table 12.1., we show some of the known effects ZnO NPs have on the amelioration 
of abiotic stresses.

12.4.2.1  Heavy Metals

Heavy metal stress has become a global phenomenon causing various toxic effects 
at high concentrations and, thus, growth inhibition of crop plants. Although some 
heavy metals act as nutrients at lower concentrations, their excess in plants can lead 
to oxidative stress. High concentrations of some heavy metals in soil/growth 
medium can also increase ROS generation, denaturation of cell structures, cell 
membranes, and biomolecules (Sharma et  al. 2012; Chibuike and Obiora 2014; 
Khan et al. 2017). For example, Cd can enter through roots and cause damage to the 
photosynthetic system, impairing plants growth and nutrient uptake and accumula-
tion. Further, Cd affects the redox homeostasis of the plant cells and enhances ROS 
production. Even though plants have developed a defence system, it fails at elevated 
Cd stress (Bashir et al. 2018; Rizwan et al. 2019c, a). To combat the heavy metal 
stress, NPs have been applied to soils, and they were found to be effective in allevi-
ating heavy metals stress in plants. They can easily penetrate into a contaminated 
zone due to their small size and large surface area and have a strong affinity to met-
als, where the metals make bonds with NPs, they are either adsorbed on their 
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Table 12.1 Impact of ZnO NPs on plants exposed to different abiotic stresses

Concentration 
of ZnO NPs 
(mg∙l−1) Plant species

Abiotic 
stress Impact References

25–100 Triticum 
aestivum

Heavy 
metals – 
Cd

Decreased concentrations of 
Cd in roots, shoots and gains; 
increased plant high, spike 
lenght and dry weight of 
shoots, roots, spikes and 
grains

Rizwan et al. 
(2019a)

75 Gossypium 
hirsutum

Heavy 
metals – 
Cd, Pb

Increased shoot, root growth 
and biomass under Cd, Pb 
stress; up-regulated 
chlorophyll a,b and 
carotenoids contents in leaves

Priyanka et al. 
(2021)

10–200 Oryza sativa Heavy 
metals – 
As

Decreased As concentrations 
in roots and shoots; increased 
germination rate, shoot and 
root weight, chlorophyll 
content and promoted 
biomass

Wu et al. (2020)

60 Helianthus 
annuus

Heavy 
metals – 
Cd, Pb, 
Cu, Cr

Reduced availability of Cd, 
Pb, Cu and Cr in soil and its 
content in plant biomass

Seleiman et al. 
(2020)

10 Triticum 
aestivum

Heat Enhanced heat tolerance by 
maintaining ROS production; 
reduced the permeability of 
the leaf cells’ plasma wall, 
which decreased lipid 
peroxidation and protect the 
cellular wall

Hassan et al. 
(2018)

50 Saccharum 
oddicinarum

Cold Lower reduction of 
chlorophyll a,b contents; 
increased carotenoids

Elsheery et al. 
(2020)

20–100 Triticum 
aestivum

Drought Boosted up leaf chlorophyll 
contents, decreased oxidative 
stress and enhanced the leaf 
superoxide dismutase and 
peroxidase activities

Adrees et al. 
(2021)

50 Glycine 
max;Sorghum 
bicolor

Drought Enhanced drought tolerance 
stress; improvement of shoot 
and root morphology

Linh et al. 
(2020), Dimkpa 
et al. (2019)

10–100 Solanum 
lycopersicum

Salts Increased shoot lenght, root 
lenght, biomass, leaf area, 
chlorophyll content and 
photosynthetic attributes; 
ameliorate the negative effect 
of salt stress

Faizan et al. 
(2021)

(continued)
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surfaces or chemically bound in NPs and are, thus, immobilized and are less bio-
available to plants. ZnO NPs also release Zn ions that compete with Cd, Cu or other 
ions in soil solutions and limit their uptake (Khan et al. 2017; Tripathi et al. 2015; 
Worms et al. 2012).

Hussain et al. (2018), Khan et al. (2019) and Rizwan et al. (2019a, c) tested the 
effect of ZnO NPs on wheat under Cd stress. Both results showed increased dry 
weights of shoot, roots, spikes, and grains. The concentration of Cd in roots, shoots 
and grains were significantly reduced with ZnO NPs treatment. Rizwan et  al. 
(2019a) further showed that ZnO NPs positively affected the photosynthesis of 
wheat and reduced the electrolyte leakage and superoxide dismutase and peroxidase 
activities in leaves of Cd-stressed wheat. Shah et al. (2021) showed that the com-
bined application of ZnO NPs and Bacillus fortis IAGS 223 modulated the activity 
of antioxidant enzymes besides upregulation of the biochemicals and growth param-
eters of Cd stressed plants. They also found a decreased amount of stress markers 
(H2O2 and MDA) and a reduction of Cd content in shoots. In rice, foliar application 
of ZnO NPs decreased Cd uptake, and lower Cd content was found in rice roots and 
shoots (Ali et al. 2019). However, contrary to the studies mentioned above, Zhang 
et al. (2019, 2020) discovered that Cd bioavailability increased in high ZnO NPs 
(500 mg∙kg−1) treatments.

Priyanka et al. (2021) tested the application of ZnO NPs (0–200 mg∙l−1) on the 
development of Cd and Pb tolerance mechanism in cotton seedlings. ZnO NPs 
applications significantly promoted shoot and root growth as well as biomass under 
Cd and Pb stress. It also up-regulated chlorophyll a,b and carotenoids contents in 
leaves under Cd and Pb stress, along with the accumulation of antioxidant defence 
enzymes (CAT, POX, APX, SOD) and MDA contents. This indicates that the addi-
tion of ZnO NPs protects cotton seedlings by alleviating Cd and Pb stress. Sharifan 
et al. (2020) showed similar results after the application of ZnO NPs (100 mg∙l−1) 
on different leafy greens (spinach, parsley and cilantro) under Cd and Pb stress. 
Results by Seleiman et al. (2020) showed positive effects after foliar applications of 
ZnO NPs (60 mg∙l−1), rice straw biochar and cow-manure biochar on sunflowers 
under Pb, Cr, Cu and Cd stress. The application of the combination treatment 
reduced the availability of Pb, Cr, Cu and Cd in the soil by 78.6, 115.3, 153.3, and 
178.5% in comparison to untreated plots, and it also reduced the Pb, Cr, Cu and Cd 
in plant biomass by 1.13, 5.19, 3.88, and 0.26 mg∙kg−1, respectively.

Table 12.1 (continued)

Concentration 
of ZnO NPs 
(mg∙l−1) Plant species

Abiotic 
stress Impact References

50; 5–10 Linum 
usitatissimum; 
Triticum 
aestivum

Salts Improved the growth, carbon 
and nutrient assimilation; 
increased the antioxidant 
enzymatic system and other 
physiochemical reactions

Singh et al. 
(2021), 
El-Bassiouny 
et al. (2020)
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Wu et al. (2020) described the role of ZnO NPs (10–200 mg∙l−1) in alleviating As 
stress in rice germination and early seedling growth. ZnO NPs increased the germi-
nation rate (2.3–8.9%), shoot weight (18.2–42.4%), root weight (5.2–23.9%), and 
chlorophyll content (3.5–40.1%), while elevated the SOD (2.2–22.8%) and CAT 
(7.2–60.7%) activities and reduced the MDA content (17.5–30.8%). The concentra-
tion of As was decreased by 8.4–72.3% in rice roots and 10.2–56.6% in rice shoots. 
ZnO NPs amendment increased As adsorption and promoted biomass of rice. 
Similarly, in the study by Wang et al. (2018), ZnO NPs reduced the accumulation of 
As(III) in rice roots and shoots when the As was applied as As(III) and As(V), and 
As(V) in rice roots. However, the concentration of As(V) in rice shoots was 
unaffected.

Interaction of heavy metals with ZnO NPs in plants still has gaps in knowledge, 
and, therefore, ZnO NPs application was studied in plants affected by Pb. Raghib 
et al. (2020) applied ZnO NPs, and ZnO NPs in combination with arbuscular mycor-
rhizal fungi. Both applications increased the growth and biochemical attributes of 
wheat and decreased the Pb uptake from contaminated soil. The combined formula 
of ZnO NPs and fungi has shown the best results, increasing growth parameters like 
plant height, fresh weight, dry weight, and total chlorophyll content. Also, the appli-
cation of ZnO NPs with fungi had a positive effect on plant metabolism and 
increased proline content, H2O2 content, the SOD and CAT enzymes’ activity, and 
increased lipid peroxidation content. The Pb concentration was reduced in both 
roots and shoots of wheat after applying ZnO NPs with fungi.

ZnO NPs have the potential to alleviate heavy metal stress in plants. However, 
more field studies are needed where the best mode of application is found. ZnO NPs 
also show promise in combined formulas with other treatments where they posi-
tively enhance the treatment effects.

12.4.2.2  Heat

Heat stress is defined as “the rise in temperature of both soil and air above the level 
of the threshold for a limited time such that permanent harm occurs to plants” 
(Lipiec et al. 2013). Generally, an impermanent phase when the temperature exceeds 
temperature tolerance by 10–15 °C is referred to as heat stress/shock, which reduces 
plant growth and crop productivity (Wahid 2007). Higher temperature also increases 
ROS production, and it causes oxidative stress and limits plant growth and yields. 
The chlorophyll content is also affected by heat stress, and low chlorophyll content 
is mainly present in leaves (Møller et al. 2007; Mathur et al. 2014; Faizan et al. 
2020b). This could be caused by inhibited chlorophyll biosynthesis or enhanced 
degradation of chlorophyll pigments. The damaged chlorophyll biosynthesis under 
heat stress is a consequence of the presence of many heat-sensitive enzymes in the 
chlorophyll biosynthesis pathway (Mathur et al. 2014). An increase in leaf tempera-
ture can also lead to a deactivation of the heat-sensitive enzyme Rubisco (the 
enzyme responsible for CO2 fixation during photosynthesis), initiating the 
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photorespiratory pathway and generating H2O2 (a by-product of the pathway) 
(Sharkey 2005; Allakhverdiev et al. 2008).

According to Hassan et al. (2018), the application of ZnO NPs enhanced heat 
tolerance in wheat by maintaining ROS production and the stability of biomem-
branes and proteins. The treatment of ZnO NPs on wheat also reduced the permea-
bility of the leaf cells’ plasma wall, resulting in a decrease in lipid peroxidation and 
protecting the cellular wall against heat stress. The mechanism of heat stress ame-
lioration by ZnO NPs is still poorly understood since we were able to find only one 
study that examined it. The heat tolerance may come from sufficient nutrition with 
Zn that increased levels of antioxidants, as was shown in chickpeas and winter 
wheat supplemented with ionic Zn (Peck and McDonald 2010; Ullah et al. 2019). 
However, Ag NPs also helped to increase heat tolerance in wheat (Iqbal et al. 2019) 
with a not well-understood process that may be linked to their nano-size. Therefore, 
ZnO NPs may be superior in protecting plants from heat stress compared to more 
conventional ionic zinc formulations.

12.4.2.3  Cold

Cold stress is abiotic stress, which can cause difficulties in plant growth and produc-
tion. It is caused by temperatures cool enough (0–15 °C) to damage plants without 
forming ice crystals in plant tissues, whereas freezing stress (<0 °C) results in the 
formation of ice crystal in plant tissues (Hasanuzzaman et al. 2013). Plants exposed 
to cold stress suffer from loss of fluidity of membranes, leakage of solutes, poor 
growth and germination, and reduced crop yield. It also causes inhibition in chloro-
phyll levels, CO2 assimilation, transpiration rate and degradation of Rubisco (Welti 
et al. 2002; Suzuki et al. 2008; Liu et al. 2012). Enhancement of carboxylation of 
Rubisco, the light absorption capacity of chloroplasts, electron transport rate, and 
inhibition of ROS generation have been described as alleviating effects of NPs on 
cold stress in plants (Gao et al. 2006; Giraldo et al. 2014; Khan et al. 2017; Ze et al. 
2011). Foliar application of ZnO NPs may mitigate ROS generation by increasing 
enzymatic activities of superoxide dismutase, catalase, and peroxidase, and, more 
generally, they may prevent photoinhibition (Elsheery et al. 2020).

Elsheery et al. (2020) tested a foliar application of ZnO NPs (50 mg∙l−1) on sug-
arcane in an open field experiment. Results showed that during a cold front, chloro-
phyll a and b contents were significantly reduced, but the rate of reduction was 
lower in seedlings treated with ZnO NPs than that of the control group. In contrast, 
carotenoids were increased during the cold front. These effects demonstrate that 
ZnO NPs can mitigate the negative impact of cold stress in sugarcane. Maslobrod 
et al. (2020) treated winter wheat seeds with water dispersions of ZnO NPs and a 
mixture of bismuth, copper, zinc oxide NPs. Both treatments increased seed thermal 
stability, seed germination energy and length of coleoptiles while being exposed to 
low temperature (+4 °C).
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12.4.2.4  Drought

Drought events are becoming more common as a result of anthropogenic influence 
on climate change that severely limits crop production. During these events, plants 
experience insufficient water uptake and, consequently, nutrient uptake that is 
related to a changed condition in a soil environment with limited amounts of capil-
lary water present. During drought, plant growth and development are affected 
(Faizan et al. 2020a, 2021). Drought seriously disturbs plant growth, reducing the 
rate of cell division, leaf expansion, stem elongation, and water use efficiency. 
Drought stress also impairs enzyme activities, results in loss of turgor, root prolif-
eration, plant water and nutrients. Likewise, diminished agricultural productivity 
and prolonged maturation of plants are caused by droughts (Poormohammad Kiani 
et al. 2007; Farooq et al. 2009; Faizan et al. 2020b). Plant macronutrients (N, P, K) 
have low uptake efficiencies (<50%) under normal soil moisture. These efficiencies 
are even lower during drought event, which further reduces fertilizer efficacy. 
Therefore, a reduction in grain yield and nutritional quality caused by drought stress 
can lead to food and nutrition insecurity (Baligar et al. 2001; Fischer et al. 2019). 
Among numerous techniques used to alleviate drought stress in crops, the applica-
tion of ZnO NPs is considered to be an effective treatment. ZnO NPs help protect 
chlorophyll and other pigments, reduce ROS generation, and provide plants with 
Zn, which is important for many enzymes related to drought stress response 
mechanisms.

Dimkpa et al. (2020a, b) studied wheat performance after application of ZnO 
NPs under drought condition. Results showed that drought significantly reduced 
chlorophyll levels (6%), but ZnO NPs alleviated some stress by increasing chloro-
phyll levels (16%) compared to control. Drought delayed (3 days) panicle emer-
gence, and ZnO NPs accelerated (5  days) panicle emergence under drought 
condition. Grain yield was unaffected by ZnO NPs under drought stress but 
increased (88%) under non-drought condition. Adrees et al. (2021) studied the foliar 
application of ZnO NPs (20, 50, and 100 mg∙l−1) on wheat under drought stress 
(35% of water holding capacity). The foliar exposure of ZnO NPs elevated leaf 
chlorophyll contents and also decreased oxidative stress, and enhanced the leaf 
superoxide dismutase and peroxidase activities. They further showed that ZnO NPs 
decreased Cd concentrations in grains under water deficit conditions by 35, 66, and 
81%, respectively. Furthermore, Linh et  al. (2020) demonstrated that ZnO NPs 
treatment effectively helped soybean plants at an early vegetative stage to adapt to 
drought stress, and (Dimkpa et  al. 2019) showed similar findings with sor-
ghum plants.

12.4.2.5  Flooding

Similarly to drought, flooding is also a source of major abiotic stress and can have 
adverse effects on plant growth and development, albeit they are very different. It 
affects soils by altering soils structure, depleting O2, accumulating CO2, and 

M. Šebesta et al.



309

inducing anaerobic decomposition of organic matter. Lack of O2 around plant roots 
can cause severe damage and affect physiological processes in plants (Kozlowski 
1997). Anaerobic respiration via ethanolic fermentation is considered to be an 
essential mechanism for plants to deal with the lack of O2. Switching from aerobic 
respiration to anaerobic fermentation under flooding stress seems to be an important 
mechanism that helps plants survive O2 deficiency (Drew 1997). Foliar application 
of Zn, especially after flooding, was shown to increase the growth of plants since Zn 
becomes more immobile during flood-related soil conditions (Hafeez et al. 2013). 
Therefore, ZnO NPs may pose an efficient way of supplying Zn to affected plants.

For example, in soybean, flooding damages plant growth mainly by damaging 
root length due to the loss of root tips in waterlogged soil and also reducing hypo-
cotyl pigmentation, which leads to low intracellular O2 levels and the synthesis of 
proteins related to anaerobic metabolic pathways (Russell et al. 1990; Huang et al. 
2005; Hashiguchi et al. 2009). To alleviate some aspects of flood stress, Mustafa 
et  al. (2015) exposed soybeans to various NPs, including ZnO NPs (5, 50, and 
500 mg∙l−1). After ZnO NP (50 mg∙l−1) treatment, soybean showed a lower fresh 
weight of plants under flood stress compared to control. Soybeans treated with 5 
and 500  mg∙l−1 ZnO NPs experienced a further decrease in the fresh weight of 
plants. Also, under treatment with 50 mg∙l−1 ZnO NPs, the length of root, including 
hypocotyl, was increased after 2 days of stress but then decreased during the remain-
ing days of the treatment period. Soybean treated with 5 and 500 mg∙l−1 of ZnO NPs 
showed a decreased length of root and hypocotyl compared to the flooding-stressed 
plants during the treatment period. The results of the experiments have shown that 
treating soybean with ZnO NPs before flooding did not alleviate the stress caused 
by flooding. However, this was a laboratory experiment, where 2 days-old soybeans 
were submerged in reverse osmosis water. For rice, there are known times of appli-
cation in field, when Zn treatment can have the highest positive effect even before 
flooding of the plants, with preplant incorporated, and delayed preemergence stages 
having the highest positive effect (Slaton et al. 2005). Therefore, we believe that 
studying the application of ZnO NPs may positively affect the growth of rice and 
other plants that may face flooding stress (Elshayb et al. 2021).

12.4.2.6  Salts

Crop production worldwide faces an increase in land area with heightened salinity 
as a result of the industrialization of agriculture, incorrect agricultural practices, and 
changing climate. Salt affected lands increased by >100 Mha between 1986 and 
2016 (Ivushkin et al. 2019). Stress from salinity affects plant growth and causes 
severe problems, mainly in arid and semi-arid lands (Hussain et  al. 2019). The 
increased amount of soil salts hinders germination, morpho-physiological traits and 
crop yield. It can lead to extensive accumulation of ions (Na+, Cl−) and inhibit K+ 
and Ca2+ uptake and result in ionic imbalance. Furthermore, salt causes the accumu-
lation of ROS in plant cells, creating oxidative and osmotic stress (Astaneh et al. 
2018; Isayenkov and Maathuis 2019). Osmotic stress causes the lower availability 
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to take up water, which leads to dwarfed growth, while oxidative stress inhibits 
plant transpiration and damages cells in the transpiring leaves (Munns 2005; 
Amirjani 2011).

The application of ZnO NPs could be beneficial for reducing the adverse effects 
of salt stress. ZnO NPs positively affected the growth ratings in salt-stressed plants 
because ZnO NPs treatment synthesizes the indole acetic acid (IAA) and thus acti-
vates cell division and enlargement (Ali and Mahmound 2013; Latef et al. 2016; 
Faizan et al. 2020b). It can also be beneficial for maintaining the structural integrity 
of biomembranes, improving protein synthesis, increasing shoot length, chloro-
phyll, nutrient content, antioxidant enzyme activity, photosynthetic rate, etc. (He 
et al. 2015; Landa et al. 2015; Torabian et al. 2016; Hussein and Abou-Baker 2018). 
Moreover, Soliman et al. (2015) showed that ZnO NPs reduce Na+ and Cl− contents 
and increase N, P, K+, Ca2+, Mg2+, Fe and Zn in Moringa peregrina.

Faizan et  al. (2021) studied the foliar application of ZnO NPs (10, 50, and 
100 mg∙l−1) in the presence/absence of NaCl (150 mM) on tomato plants. Results 
showed that foliar spray of ZnONPs significantly increased shoot length, root 
length, biomass, leaf area, chlorophyll content and photosynthetic attributes of 
tomato plants in the presence/absence of salt stress. The application of ZnONPs also 
ameliorate the negative effects of salt stress and enhanced protein content and anti-
oxidative enzyme activity under salt stress. Alabdallah and Alzahrani (2020) showed 
that ZnO NPs (10 mg∙l−1) treatment increased the salinity tolerance in okra plants. 
The folial application of ZnO NPs increased the contents of photosynthetic pig-
ments and the activity of antioxidant enzymes. ZnO NPs seed priming (5 and 
10 mg∙l−1) of wheat increased growth parameters such as photosynthetic pigments, 
indole-3-acetic acid, phenol contents, and organic antioxidant enzyme activities. 
The treatments also significantly decreased lipid peroxidation (El-Bassiouny et al. 
2020). Other studies (Gaafar et al. 2020; Singh et al. 2021) showed positive effects 
of ZnO NPs (50 mg∙l−1) under salt stress at soybean and Linum usitassimum, respec-
tively. Overall, these studies suggest that the application of ZnO NPs at the appro-
priate dosage can be beneficial for enhancing the plant’s toleration and antioxidant 
activity to decrease the damage caused by salt stress.

12.5  Conclusion and Future Outlook

Exposure to engineered NPs, including ZnO NPs, may have both negative or posi-
tive effects on plants and the environment. From an agricultural perspective, nano-
technology may mainly help with nutrient management that leads to more 
environmentally friendly agriculture, where applied nanomaterials have more tar-
geted effects, reduce the number of chemicals used thanks to a more controlled 
release of nutrients and potential benefits related to the nanostructure of applied 
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chemicals. It may help create more effective formulas with better plant responses 
against biotic and abiotic stresses during their life cycles. Such a limited, precise 
application of nanomaterials can have positive environmental impacts together with 
potential cost-saving measures for agriculture. However, there is also inherent risk 
connected to their unknown long-term application spanning several generations, 
detailed effects on the food chain, unclear impact on soil edaphon, and the quality 
of agricultural products as viewed by biogeochemical transport and transformations 
of NPs and their residues. Equally important is the absence of a more precise inter-
national legislative framework that determines levels of concentrations of NPs that 
are toxic and that determines which individual properties of NPs play the major role 
in their toxicity with standardised tests for not only toxicity in agricultural and 
model plants, but also for soil microorganisms and animals, including the impact on 
human health.

ZnO NPs have been shown to improve the growth of crops functioning as micro-
nutrient nano fertilizer, nano growth promoters or nano pesticides that also protect 
plants from abiotic and biotic stress. A wide variety of effects, including alteration 
of several biochemical, metabolic, and physiological processes, e.g. production of 
reactive oxygen species, photosynthesis, water status, root hydraulic conductance, 
stress signalling and hormonal pathways, and transport and distribution of solutes in 
plants were found for ZnO NPs. The direct knowledge of the processes governing 
ZnO NPs interaction with various species of crops is growing but is not exhaustive, 
although much can be inferred from the action of ionic Zn in plants. ZnO NPs have 
the potential to alleviate different types of abiotic and biotic stresses in plants. 
However, more research is needed to fully understand the interaction between dif-
ferent species of plants and ZnO NPs with corresponding macro-sized or ionic 
forms, where the molecular and transcriptional alterations at the level of the plant 
are still not to be fully understood. Also, metabolic and proteomic changes in differ-
ent plant organs need to be fully described. Mechanisms underlying the ability of 
ZnO NPs to alleviate abiotic stress in plants need to be characterised at the molecu-
lar and genetic levels and their actions compared to ionic forms of Zn to elucidate 
nano specific actions of ZnO NPs. Finally, more attention should be put on the 
development of strategic tools for ZnO NPs application in fields conditions in the 
context of climate change to further the knowledge gained from greenhouse and 
laboratory studies.
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Chapter 13
Effects of Nanoparticles on Alleviating 
Phytotoxicity of Soil Heavy Metals: 
Potential for Enhancing Phytoremediation

Aurang Zeb, Weitao Liu , and Yinlong Zhang

Abstract Soil pollution by heavy metals is a severe global environmental problem, 
posing severe threats to environmental safety and the well-being of humans, since 
they are highly toxic and nonbiodegradable. Phytoremediation is a process using 
plants to remove pollutants from contaminated substrates, which has been recog-
nized as an environmentally friendly and inexpensive technology for cleaning up 
soil pollution. However, phytoremediation is hindered by low remediation effi-
ciency and long remediation cycle. Recently, the development of nanotechnology 
offers an efficient substitute method for improving the phytoremediation process. 
This chapter provides an overview of recent developments in the use of nanoparti-
cles (NPs) to enhance phytoremediation of heavy metals (HMs) contaminated soils. 
NPs can act in a phytoremediation system either  by directly removing contami-
nants and improving the physiological functions of the plant, or by intensifying the 
phytoavailability of contaminants. Nano-Zerovalent Iron (nZVI) is a majorly stud-
ied NP for enhancing phytoremediation as it has been used successfully for the 
remediation of polluted soil and groundwater. Similarly, fullerene NPs can increase 
the phyto availability of the contaminant. Generally, using NPs for enhancing the 
phytoremediation of HM contaminated soils can be a valuable approach, even 
though it is still in the experimental phase. Therefore, experience in multiple appli-
cations and further exploration is required on the long-term performance of NPs in 
phytoremediation systems.
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13.1  Introduction

Heavy metal (HM) contamination of the soil is a major problem as the soil absorbs 
a hefty amount of HM emissions through human activities (Wu et al. 2021). Heavy 
metal is a persistent toxic pollutant with poor transferability and long retention time. 
They severely damage plants, animals and humans through the food chain (Hu et al. 
2020; Qin et al. 2021). The key causes of HMs are traffic emissions, and discharge 
of industrial and municipal wastes (Zeb et al. 2020). HMs, such as copper (Cu), zinc 
(Zn), and manganese (Mn) and iron (Fe) are vital for life processes, while other 
metals, such as cadmium (Cd), nickel (Ni), and mercury (Hg), do not have a physi-
ological function but often leads to harmful effects at higher concentrations (Xiang 
et al. 2021). Augmented intake of HMs such as Hg, Cr, Pb, and Cd can cause lung 
and renal dysfunction, liver damage, and bone degeneration in human and animal 
health (Liu et al. 2021a; Yin et al. 2021). Even though soil has physical (due to its 
sieving effect), chemical (through the adsorption, precipitation and transformation 
of chemical substances) and biological filter (through the decomposition of organic 
matter), it does not have great capacity to perform these functions (Singh et  al. 
2008). Unlike air pollution which directly influence human life, soil pollution indi-
rectly ravages human and animal health.

Nanotechnology is one of the fast-growing technologies exhibiting an ability for 
sustainable growth in agriculture. Materials having a size range within 1–100 nm 
are considered as NPs. NPs exhibit several distinct physicochemical properties, as 
compared to bulk parent material comprising higher mechanical strength, and lower 
surface area and melting point (Liu et al. 2020). Due to these inimitable properties; 
NPs have grasped substantial attention from researchers working in different scien-
tific fields. Different applications of nanomaterials are presented in Fig. 13.1. NPs 
are mainly classified into (i) metal-based nanoparticles (nano zero-valent iron 
(nZVI), aluminum, gold, and silver), metal-oxide NPs (ZnO, Al2O3, TiO2, Fe3O4, 
NiO, CuO, CeO2 etc., and metal-salt nanoparticles (nano-ceramics, nano-silicates 
etc); (ii) carbon-based nanoparticles, (e.g., single and multi-walled carbon nano-
tubes); (iii) quantum-dots (CdTe, CdSe); (iv) composites (compounds of different 
nanomaterials) and dendrimers (nano-sized polymers) (Zeb et al. 2021).

Physicochemical remediation technologies influence soil fertility, biodiver-
sity, and other soil properties. Likewise, various washing solutions (sulfuric acid, 
polyglutamic acid, hydrochloric acid, phosphoric acid, phosphoric acid, etc.) are 
used to dissolve and mobilize HMs, eventually affecting the nature and biodiver-
sity of soil (Zeb et al. 2020). As an alternative, the phytoremediation technique 
for soil remediation is cost-effective, environment friendly, and a sustainable 
way to refurbish the contaminated soil (Liang et  al. 2017b). Plants have the 

A. Zeb et al.



329

ability to remove pollutants or convert pollutants into harmless products by 
breaking down, bioaccumulating, fixing or extracting pollutants (Shah and 
Daverey 2020). Even though phytoremediation is a promising remediating tech-
nology, its effectiveness can be influenced by various factors, including soil qual-
ity, pollutant levels and bioavailability (Abdelkrim et  al. 2020). Thus, new 
strategies are needed to be applied for enhancing the practice of phytoremedia-
tion for decontaminating polluted soils.

Nanoparticles enhanced phytoremediation (nano-enhanced phytoremediation) is 
an innovative technology that may reduce the retention time of phytoremediation 
and the expense of nanotechnology (Song et al. 2019). Nano-enhanced phytoreme-
diation is more effective in reducing and removing 2,4,6-trinitrotoluene (TNT) from 
polluted soil than phytoremediation or nano-remediation alone (Sozer and Kokini 
2009). Most of the plant species used for phytoextraction are hyperaccumulators, 
but such plant species are not fit for biomass production and their growth rate is 
slower than most species. Because of their sluggish growth, an alternative method 
is needed to improve the phytoextraction capacity of non-accumulating plants. 
Therefore, modern chemical methods need to be used to modify this method. The 
use of phytoextraction, chemically enhanced with NPs has been proposed as an 
alternative method for purifying heavy metal-contaminated soils (Gong et al. 2018). 
NPs have the ability to adsorb/absorb or reduce pollutants from the environment, 
while research aiming at the use of NPs to improve phytoremediation efficiency is 
still in its initial stage. Thus, this chapter focuses on (1) the recent advances in using 
NPs to alleviate the HM toxicity, (2) the use of NPs for abetting the phytoremedia-
tion of HM-polluted soils, and (3) the possible mechanisms involved in the nano- 
enhanced PR.  Finally, the challenges of using NPs in phytoremediation are 
considered to identify future research needs.

Fig. 13.1 Applications of nanomaterials in different fields
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13.2  Effect of NPs on Alleviating the Toxicity of HMs

It has been proved that plant physiology, biochemistry, and morphology are affected 
by the stress from HMs. Several strategies could be employed for reducing the HM 
stress in plants (Fig. 13.2). Such as, (1) decreasing the bioavailability of HMs in the 
soil, (2) adjusting the HMs transporting genes, (3) Increase the effectiveness of 
antioxidant system and improve the physiological function of plants and (4) pro-
mote the production of protective agents (e.g., organic acids, phytochelatin, and root 
exudates) (Zhou et al. 2021). Table 13.1 summarize the effect of different NPs on 
plant species under heavy metal stress.

13.2.1  Decreasing the Metal Bioavailability

HMs can be transformed by nanomaterials in the soil, thereby reducing their move-
ment and bioavailability. For instance, green synthesized Fe NPs reduced the Na 
and Cd stress in rice plants by increasing the chlorophyll, carotenoids, and plant 
biomass (Sebastian et al. 2019). Similarly, Si NPs converted Cd into a more stable 
component (after 3 years) under field conditions (Wang et al. 2020). Besides, some 
NPs can improve soil properties, such as increasing soil pH, thus reducing the bio-
availability of HMs in the soil.

Fig. 13.2 Mechanisms involved in the alleviation of heavy metal stress by nanoparticles
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Table 13.1 Influence of nanoparticles on the physicochemical properties of plants in heavy metal 
contaminated soil

NPs HMs Plant species Effects References

Ag Cd, 
Pb, 
Zn, 
Ni

Yellow-lupin 
(Lupinus luteus 
L.)

A significant increase in the 
expression level of metallothionein 
was detected in plants grown under 
HM-stress, but no significant 
increase in the expression level of 
metallothionein was observed in 
plants grown on 25 mg kg−1 Ag 
NPs. In addition, the activity of 
guaiacol peroxidase (GPX) showed 
significant changes between 
different conditions and doses.

Jaskulak et al. 
(2019)

Biochar Cd2+ Rice (Oryza 
sativa)

High temperature nano-BC 
significantly reduced Cd+ 
phytotoxicity, MDA content, and 
increased root vitality, biomass, 
chlorophyll content

Yue et al. (2019)

Ce Cd Soy bean 
(Glycine max)

Improved Fv/Fm ratio and Cd 
concentrations in leaves; the 
accumulation of Ce in the roots and 
old leaves was markedly increased.

Rossi et al. (2017b)

Ce Cu, 
Mn, 
Zn, 
Fe

Sugar pea 
(Pisum sativum 
L.)

Considerably decreased Mn, Cu, 
Fe, and Zn concentrations in roots 
and above ground parts of the pea 
plants

Skiba and Wolf 
(2019)

Si Cu 
and 
Mn

Bamboo 
(Arundinaria 
pygmaea)

NPs increased plant growth and 
attenuated Mn and Cu toxicity, 
resulting in a significant increase in 
protective enzymes, chlorophyll 
content and fluorescence, as well as 
plant biomass.

Emamverdian et al. 
(2020)

Biosyn-Si Pb, 
Ni, 
Cd

Common bean 
(Phaseolus 
vulgaris L., cv. 
Bronco)

Bio-Si-NPs and potassium silicate 
significantly improved plant 
growth, chlorophylls, net rate of 
photosynthesis, and activity of 
antioxidant enzymes.

El-Saadony et al. 
(2021)

Carbon 
black 

Cd, 
Ni

Suaeda salsa MNCB dramatically reduced HM 
availability in soil and Cd and Ni 
uptake by Suaeda salsa by 18% and 
10%, respectively, and improved 
plant growth by reducing growth 
inhibition caused by HMs.

Cheng et al. (2019)

Si Cr Chickpea (Cicer 
arietinum)

Improved plant growth, protein, 
nitrogen and chlorophyll content, 
reduced ROS production and Cr 
accumulation in plants

Tripathi et al. (2015)

Fe Cd Wheat (Triticum 
aestivum)

Enhanced the plant growth 
indicators, photosynthesis and the 
antioxidant activities; decreased 
MDA content, EL, and the Cd 
accumulation in grains

Hussain et al. (2019)

(continued)
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13.2.2  Influencing the Formation of Apoplastic Barriers

The apoplastic barrier of the plant roots acts physically to protect the plant and con-
trol the flow of water, oxygen, and ions (Liu et al. 2021b). NPs can affect the devel-
opment of apoplastic barriers, which may reduce the HM concentration in the roots 
(Rossi et  al. 2017a). Since the plasma membrane of plant root cells contains a 

Table 13.1 (continued)

NPs HMs Plant species Effects References

FeO Cd Wheat (Triticum 
aestivum)

NPs in Cd-contaminated soils 
ultimately reduced Cd uptake by 
wheat plants by 72.5%, possibly 
due to adsorption of Cd to the large 
area of NPs.

Manzoor et al. 
(2021)

Fe Cd 
and 
Pb

Castor (Ricinus 
communis L.)

NPs influenced the synthesis of 
starch granules in response to 
HM-stress

Zhang and Zhang 
(2020)

Si Cd Wheat (Triticum 
aestivum)

Improved indicators of plant 
growth, photosynthesis and POD 
and SOD activities; diminished the 
content of Cd, H2O2, MDA, and EL

Khan et al. (2020)

Si Cd Rice (Oryza 
sativa)

Augmented mineral elements 
content (Fe, Zn, and Mg), GSH 
content and POD, SOD activity in 
shoots; abridged Cd contents and 
CAT activity in shoots

Wang et al. (2015)

TiO2 Cd Maize (Zea 
mays)

Foliar application decreased Cd 
concentration in shoots

Lian et al. (2020)

TiO2 Cd Rice (Oryza 
sativa)

Considerably increased POD, and 
SOD activities, chlorophyll, and the 
net photosynthetic rate, and 
diminished MDA and Cd 
accumulation in leaves and roots.

Ji et al. (2017)

ZnO Cd, 
Pb

Jumbay 
(Leucaena 
leucocephala)

Enhanced the plant growth Venkatachalam et al. 
(2017)

ZnO Cd, 
Pb

Jumbay 
(Leucaena 
leucocephala)

NPs enhanced seedling growth the 
level of antioxidative defense 
enzymes and related metabolites

Venkatachalam et al. 
(2017)

ZnO Cd, 
Pb

Lettuce 
(Lactuca sativa 
L)

Markedly reduced the Pb and Cd 
accumulation in roots by 81%, and 
49%, respectively.

Sharifan et al. 
(2019)

nZVI + 
Biochar

Cd White Clover 
(Trifolium 
repens)

The joint use of nZVI and biochar 
favored the germination of plants 
and biomass in contaminated soils

Zand et al. (2020)

nZVI As Barley 
(Hordeum 
vulgare L.)

Reduced the availability of arsenic 
and uptake in barley, increased 
plant growth and biomass

Gil-Díaz et al. 
(2016)

NPs Nanoparticles, HMs Heavy metals, EL Electrolyte leakage
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variety of protein and ion transporters simultaneously transporting HMs, therefore, 
the apoplast barrier single-handedly may not be an efficient approach for reducing 
the HMs. In addition, metal transport genes in plants can be controlled by some NPs 
that may help seize the HM by enhancing the extracellular barrier of plants (Fox 
et al. 2020).

13.2.3  Production of Protective Agents

Most NPs accrue in the cell wall, bind to HMs, and form complexes, thus rendering 
them unavailable. These complexes adsorb onto the cell surface thus preventing the 
HMs’ relocation in plants and plummeting its biological activity (Cui et al. 2017).

Additionally, HMs can be chelated with organic acids that accrue in the cell 
walls of plant roots and shoot to diminish the damage caused by HMs stress in the 
plant. It has been shown that the production of protective agents is promoted by 
NPs. For example, the use of Si NP promoted the production of organic acids and 
reduced the damage caused by Cd to the plant (Hussain et al. 2021).

13.2.4  Activation of the Antioxidant Defense System

Activation of the oxidation defense system is another strategy for decreasing HM 
stress. Generally, plants generate ROS through certain biochemical reactions. ROS 
functions as cell signal molecules controlling the defense, and growth of plants. 
However, extreme ROS accumulation (due to stress) is detrimental to cellular com-
ponents such as cell membranes, and proteins, etc. (Wu et al. 2017). Antioxidant 
enzymes (such as peroxidase (POD), catalase (CAT), glutathione reductase (GR), 
ascorbate peroxidase (APX), glutathione peroxidase (GPX), and superoxide dis-
mutase (SOD) mainly scavenge the plant ROS. A study reported that the addition of 
ZnO NPs with Pb and Cd exposure alleviated the HM induced phytotoxicity by 
promoting the antioxidative defense mechanisms in cotton seedlings (Priyanka 
et al. 2021). The use of NPs can improve the plants’ ability to diminish ROS, even-
tually reducing the effects on plant growth (Guo et al. 2019).

13.3  Concept of Nano-enhanced Phytoremediation

Nano-assisted phytoremediation involves both phyto- and nanotechnology to clean 
up contaminated soils. Currently, NPs are widely used in numerous fields including 
paint, textiles, cosmetics, and medicines etc. Field applications of NP for ground-
water and soil remediation have been successfully accomplished in the US and EU 
(Mueller and Nowack 2010). In recent times, several studies have described the use 
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of NPs for the phytoremediation of contaminated soil. For example, Ghormade 
et al. (2011) examined the use of NPs in the nutrition and protection of plants and 
stated that NPs may help distribute fertilizers and pesticides, detect pollutants and 
diseases of plants, as well as protect the soil structure. The incorporation of NPs into 
traditional plant-based processing systems is promising.

13.3.1  Nanoparticles-Enhanced Phytoremediation 
of Heavy Metals

Soil pollution by heavy metals is a critical global problem, posing a major threat  
to human health and food safety. Phytoremediation is extensively used in the  
field treatment of soil contaminated by HMs. It is evident that the use of NPs can 
improve the phytoremediation efficiency of soil contaminated with different HMs 
(Table 13.2) (Liang et al. 2017c; Vítková et al. 2018). Cd and Pb are two of the most 
studied HMs because they are more commonly found in polluted sites (Liu et al. 
2015). Due to its excessive tolerance, speedy growth, and low cost, ryegrass (Lolium 
perenne) is widely used for the phytoextraction of Pb in polluted soils. Reports sug-
gest that, the use of NPs can effectively improve the ryegrass phytoextraction effi-
ciency. For example, Liang et  al. (2017a) explored the effect of using 
nano-hydroxyapatite for the phytoextraction of Pb by using ryegrass after 1.5, 3, 
and 12  months. The results after 1.5  months disclosed that adding 0.2% nano- 
hydroxyapatite markedly increased the Pb accumulation in shoots. As compared to 
control treatment, the addition of nano-hydroxyapatite with ryegrass removed 30%, 
44.3%, and 46.5% of Pb in 1.5, 3, and 12 months, correspondingly. Likewise, Huang 
et al. (2018), added many doses (0, 100, 1000 and 2000 mg kg−1) of nZVI particles 
to promote lead extraction by using ryegrass. After 45 days of treatment, the authors 
discovered that the accumulation of Pb in ryegrass is augmented in low concentra-
tions of nZVI. While the higher concentration of nZVI increased oxidative stress in 
plants and thereby decreased the accumulation of lead.

Cadmium (Cd) is a harmful metal that is normally released to soil from various 
industrial products and processes (e.g., sulfur, minerals, phosphate fertilizers, elec-
troplating, and batteries) (Liu et  al. 2010, 2011). The use of hyperaccumulating 
plants for extracting Cd from polluted soil is the main strategy of phytoremediation, 
but the types and quantities of Cd hyperaccumulators available are limited (Liu 
et  al. 2009). Some NPs have been shown to increase the efficiency of plants to 
extract Cd from soils. For example, the application of TiO2 NPs to soybean plants 
has been reported to increase the bioaccumulation of Cd (Singh and Lee 2016). 
TiO2-NP in concentrations of 100 and 300 mg kg−1 was added to the soil and the 
accumulation and distribution of Cd (after 60 days) in plants was analyzed. With the 
application of TiO2 NPs, the Cd concentration augmented by about 1.9, and 2.6 
folds, in shoots whereas 2.5, and 3.3 times in roots, respectively. In another study, 
nZVI were reported to improve the phytoextraction of Cd by ramie (Boehmeria 
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Table 13.2 Studies related to the use of nanoparticles for enhancing the phytoremediation of 
heavy metal contaminated soil

NPs HMs Plant species Results Role of NPs References

Salicylic acid As Isatis 
cappadocica

The concentrations 
of arsenic 
accumulation in the 
shoot and in root 
reached 705 and 
1188 mg/kg, 
respectively.

Increased rate of 
absorption and 
utilization of 
nutrients for 
plant growth

Souri et al. 
(2017)

nZVI Cd Ramie 
(Boehmeria 
nivea)

Cd concentrations 
in root and shoots 
increased by 
29–52%, 31–73%, 
respectively.

Promoted plant 
growth at low 
nZVI 
concentration

Gong et al. 
(2017)

TiO2 Cd Soybean 
(Glycine max)

The absorption of 
Cd increased from 
128.5 to 507.6 g 
per plant with an 
increasing 
concentration of 
TiO2 NPs from 100 
to 300 mg/kg.

Improved rate of 
germination, 
development 
and 
photosynthesis 
of plants

Singh and Lee 
(2016)

Ag Cd, 
Pb, 
Ni

Maize (Zea 
mays L.)

The accumulation 
concentrations of 
Pb, Cd and Ni in 
the shoot increased 
from 129.1 to 
232.7 mg/kg 0.65 
to 0.73 mg/kg, and 
from 0 to 12.4 mg/
kg, respectively

Enhanced root 
area and root 
length

Khan and Bano 
(2016)

ZnO Cd, 
Pb

White popinac 
(Leucaena 
leucocephala)

Pb and Cd 
accumulation the 
plant increased 
from 1026.8 to 
1343.4 mg/kg, 
1253.1 to 
1863.5 mg/kg, 
respectively.

Promoted plant 
growth via 
alleviating 
phytotoxicity

Venkatachalam 
et al. (2017)

nZVI Pb Ryegrass 
(Lolium 
perenne L.)

With 100 mg/kg 
nZVI, the Pb 
accumulation in 
roots and shoots 
reached 1175.4 lg 
per pot

The plant 
growth was 
promoted at 
lower nZVI dose

Huang et al. 
(2018)

(continued)
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nivea) (Gong et al. 2017). In this study, starch-stabilized nZVI particles of different 
concentrations (100,.500,.and 1000.mg/kg) were added to HM polluted sediment 
prior to cultivating ramie seeds. The results disclosed that the addition of nZVI par-
ticles augmented the accumulation of Cd in leaves, and roots by 52%, and 33%, 
respectively.

Arsenic (As) is a noxious HM found commonly in the environment. Owing to its 
elevated toxicity, concerns have been raising regarding the soil As-contamination, 
due to its widespread use in industrial activities, pesticides, and phosphate fertiliz-
ers (Singh et  al. 2015). Phytoextraction preferentially has been reported to be a 
successful remediation technique for removing As from soil (Lei et  al. 2018). 
Souriet al. (2017) described that salicylic acid nanoparticles could be used to 
improve the removal efficiency of As by Isatis cappadocica plants. The authors 
integrated salicylic acid NPs in the arsenic phytoextraction system based on the idea 
that salicylic acid plays an indispensable role in plant growth and tolerance to As. 
The seedlings were pretreated with 250.mM NP of salicylic acid for 10 days for the 
phyto-extraction of Arsenic. Application of salicylic acid NP not only enhanced the 
growth of Isatis cappadocica plant, but also significantly increased the efficiency of 
remediation. Arsenic accumulation in the root and shoot reached 1188 and 
705 mg kg−1, respectively. Likewise, Vítková et al. (2018) presented that the appli-
cation of nZVI particles has a positive effect on the arsenic stabilization in the rhi-
zosphere of sunflower.

13.3.2  Mechanisms Involved 
in the Nano-enhanced Phytoremediation

The system of nano-enhanced phytoremediation comprises three key parts: plants, 
NPs, and pollutants. On one hand, NPs can increase the efficiency of phytoremedia-
tion by acting directly on plants and pollutants. On the other hand, the NPs used 
participate in the interaction between plants and pollutants and can indirectly influ-
ence the efficiency of final treatment. The next section clarifies how the application 

Table 13.2 (continued)

NPs HMs Plant species Results Role of NPs References

Hydroxyapatite 
and carbon 
black

Pb Ryegrass 
(Lolium 
perenne L.)

After 12 months, 
the Pb removal 
rates from the soil 
increased from 
31.76% to 45.53%, 
and 46.55% with 
nano-carbon black 
and nano- 
hydroxyapatite, 
respectively

Direct 
stabilization of 
Pb by NPs, thus 
attenuating 
toxicity and 
promoting plant 
growth

Liang et al. 
(2017c)

NPs Nanoparticles, HMs Heavy metals
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of NPs in phytoremediation works. Figure 13.3. presents a graphical illustration of 
the mechanisms involved in the nano-enhanced phytoremediation.

13.3.2.1  Improvement of the Plant Physiological Functions

Plant growth and biomass are two vital considerations when selecting species of 
plant for phytoremediation. Owing to their low biomass, limited resistance to pol-
lutants, and slow growth rates, several plants are generally not suitable for phytore-
mediation. For that reason, several strategies are employed to accelerate plant 
growth, including inoculation of rhizobacteria (PGPR), the utilization of transgenic 
plants, and application of growth regulators (Aderholt et al. 2017; Yadu et al. 2018). 
Research related to the interaction between plants and NPs has revealed that the 
application of NPs could boost plant growth, such as ZnO, nZVI, Ag NPs, carbon 
nanotubes and graphene quantum dots (Table 13.1). The mechanisms involved in 
promoting plant growth through these nanomaterials vary. For instance, graphene 
quantum dots may act as nano-pesticides and nano-fertilizers to increase the growth 
rate of Allium sativum and Coriandrum sativum (Chakravarty et al. 2015), and car-
bon nanotubes activate the reproductive system of plants and promote the growth of 
tomatoes (Khodakovskaya et al. 2013). Furthermore, NPs may increase the toler-
ance of plants to HMs thus increasing the plant growth (as discussed in Sect. 13.2). 
Apart from alleviating the toxicity of HMs, NPs may increase plant growth by 
increasing photosynthetic rates, promoting water and nutrient absorption, and regu-
lating soil microbial communities. For example, the addition of nano- hydroxyapatite 
increased plant growth and improved the removal of Pb by ryegrass. The author 
justified that the increase in plant growth might be due to the higher concentration 
of phosphorus in the soil as a result of hydroxyapatite NPs (Ding et  al. 2017). 

Fig. 13.3 Mechanisms involved in the nano-enhanced phytoremediation
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Similarly, TiO2 NPs are stated to be increasing the plant growth in a Cd phytoextrac-
tion study using soybean plants, by boosting the photosynthetic rate. The authors 
explained that the possible mechanism might be the entry of TiO2 NPs into the 
chloroplasts and hastening the electron transfer and light adaptation (Singh and Lee 
2016). The experiences of these cases are valuable for the use of NPs to accelerate 
plant growth in the phytoextraction technique.

13.3.2.2  Direct Removal of HMs by NPs

Several nanomaterials can remove HMs directly from the soil in the phytoremedia-
tion system, reducing the HM removal burden on plants. According to a study 
related to the influence of carbon nanotubes on the accumulation of Cd in cordgrass, 
it is stated that at a higher concentration of Cd, carbon nanotubes shielded the plants 
from growth inhibition. By further examining the ion content of calcium (Ca2+), 
sodium (Na+), and potassium (K+), the instigators found that CNTs increase Ca2+ 
and K+ for osmoregulation thereby reducing the phytotoxicity of Cd (Chai et  al. 
2013). In a study hydroxyapatite and carbon black nanomaterials promoted the 
plant extraction of Pb by ryegrass, and reduced the Pb toxicity in plants by adsorb-
ing and stabilizing HMs (Liang et al. 2017c). The concentration of Pb accumulated 
in the roots of the plant decreased during the first month, but the effectiveness of 
phytoremediation increased after 12  months due to the reduced toxicity to the 
plants. Additionally, the effectiveness of phytoremediation is limited in a single 
growing season, and it can take years (or decades) for plants to completely eliminate 
large amounts of HM on their own. The utilization of nanomaterials for direct 
removal of some pollutants may diminish the load of contaminant removal by plants 
and curtail the remediation time.

13.3.2.3  Intensification in the Phytoavailability of HMs

The phytoavailability of HMs is an important factor affecting the efficiency of phy-
toremediation. Plants absorb only available forms of HMs. HMs phytoavailability is 
highly dependent on its distribution in soil and chemical speciation. For instance, a 
study concerning the phyto-availability of Cd in various binding forms, Cd adsorbed 
by gibbsite relative to other oxidized minerals in soil (manganese, aluminum oxide, 
magnetite and goethite) was widely available for reeds (Wang et al. 2009). In gen-
eral, the phytoavailability of HMs is higher in the modifiable form (dissolved in soil 
solution), as compared to the combined form (with organic matter, oxides, and min-
erals) and is the lowest in the crystalline form (Sheoran et al. 2016). Moreover, the 
physicochemical properties of soil and the physiological characters of a plant also 
influence the HMs phytoavailability (Ren et  al. 2018). Lower phytoavailability 
restrains the process of phytoremediation. For example, Pb in soil usually occurs in 
an insoluble form due to adsorption, precipitation, and complexion, making its phy-
toextraction difficult (Zaier et al. 2014). Therefore, several approaches have been 
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proposed to increase the phytoavailability of HMs, such as agricultural manage-
ment, utilizing genetic engineering, inoculation of microorganisms, application of 
chemical additives, etc. (Song et al. 2019).

13.3.3  Ideal Characteristics of Plant 
for Nano-enhanced Phytoremediation

A suitable plant to remove pollutants from the soil should have the following 
characteristics:

• Rapid growth and high productivity
• Well-developed root system, and higher root surface area
• Hyperaccumulators and can tolerate the contaminant stress
• Easy to harvest
• Non-consumable by human beings and animals
• Liable for genetic engineering.

13.3.4  Suitable NPs for Enhancing Phytoremediation

NPs suitable for enhancing the phytoremediation process should have the character-
istics mentioned below:

• NPs must be harmless to the plant.
• NPs should enhance the germination, plant growth, biomass, root and shoot 

elongation.
• NPs should have the ability to bind contaminants and increase the phytoavail-

ability of contaminant.

13.4  Challenges and Recommendations

The use of NPs for enhancing the process of phytoremediation is an emerging con-
cept that came into view with the progress in nano and bioremediation technology. 
The practical application of nano-enhanced phytoremediation is facing several chal-
lenges. The environmental risk posed by NPs to the global ecosystem is a major 
concern. Some NPs are highly noxious to plants, animals, and human beings (Lian 
et al. 2020). The phytotoxicity of NPs is of particular concern in the phytoremedia-
tion system. Therefore, more studies need to be carried out on the environmental 
risk of NPs for understanding its toxicity completely. In addition, the use of NP in 
the phytoremediation process should be regulated in order to maximize its use but 
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reduce the risk. Presently, the use of NPs to enhance phytoremediation is in the 
early stages of testing, but numerous constructive results have been obtained. 
Experience from many studies is required and the long-term efficacy of NPs requires 
further investigation. On the basis of known cases regarding nano-enhanced phy-
toremediation, nano-ZVI is being examined in detail. In comparison with other 
NPs, the use of nano-ZVI for enhancing phytoremediation has several advantages 
but it has been reported that the application of nZVI particles may suffer from inter-
ference of soil components, oxidation corrosion, and particle aggregation (Crane 
and Scott 2012). Therefore, it is crucial to design the structure of NPs and recognize 
the causes and conditions that inhibit the use of NPs in the phytoremediation sys-
tem. Furthermore, reactions of NPs to different species of plant, pollutants, climatic 
conditions and soil types in the phytoremediation processes have to be explored in 
order to achieve broad applicability. Other methods, including agricultural manage-
ment, genetic engineering, inoculating rhizosphere microorganisms, etc. may be 
involved in the nano-enhanced phytoremediation system to control the NP perfor-
mance and improve the remediation efficiency further.

13.5  Summery

Phytoremediation is an environmentally friendly technology that offers many 
advantages in the treatment of polluted soils, but drawbacks such as time- consuming, 
change with climatic conditions, and not applicable to severely polluted soils, 
restricts its use. Extensive efforts have been made to increase the effectiveness of 
phytoremediation. In recent years, the use of NPs in phytoremediation has shown 
great potential for increasing its performance. This chapter provides an overview of 
the current research and information on the use of NPs to aid phytoremediation in 
HM polluted soils. NPs are able to endorse plant growth, remove HMs and increase 
the HM phtytoavailability, making it easier to boost the phytoremediation of HM 
contaminated soils. At present, the use of NPs in phytoremediation is in the experi-
mental phase, but it provides a substitute means to improve the phytoremediation 
performance. However, much exploration still needs to be done for advancing the 
knowledge and in making sure that these findings are accurate.
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Chapter 14
Bio-Fabricated Silver Nanoparticles: 
A Sustainable Approach for Augmentation 
of Plant Growth and Pathogen Control
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Abstract Sustainability in agricultural development has emerged as one of the 
most important concerns of present era because significant reductions in crop yield 
by various phytopathogens have raised the global food security issues. Among other 
alternatives of disease control methods, bio-control of phytopathogens by biologi-
cally produced silver nanoparticles offers a good choice for the development of 
eco-friendly, cost effective, and sustainable approaches. Considering the above- 
mentioned scenario, present study is a proposed solution to address the problem. 
Moreover, the mode of action of nanoparticles on plant growth and development is 
also a least explored aspect. Silver nanoparticles (AgNPs) are currently the widely 
produced nanomaterials and have been implicated in agriculture for improving crop 
growth and yield. Several reports indicated that appropriate concentrations of 
AgNPs play an important role in enhanced seed germination, improved plant 
growth, augmented photosynthetic quantum efficiency and chlorophyll content, 
increased water and fertilizer utilization efficiency. They also revealed the exclusive 
biological and physicochemical properties and the potential to boost up plant 
metabolism and antioxidant enzyme activities to control various pathogens. 
Therefore, this chapter will figure out the role of bio fabricated AgNPs in disease 
control, growth enhancement, some biochemical attributes like antioxidant enzyme 
activities, proline content, and yield of plant.
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14.1  Introduction

An American physicist Richard Feynman has given a famous visionary lecture in 
1959, “There’s plenty of room at the bottom,” is thought to have given a conceptual 
birth to the field of nanotechnology. In 1974, the word ‘nanotechnology’ was coined 
for the first time by Norio Taniguichi, a professor at Tokyo University of Science 
(Khan et al. Khan and Rizvi 2014). Presently nanotechnology is inevitable in every 
field of sciences, including, agriculture, engineering, environment and medicine. 
Both organic, inorganic and hybrid materials are used in nanotechnology.

Keeping in consideration, nanotechnology is an emerging field in the scientific 
discoveries and inventions. However, it has been witnessed in last 30  years that 
nanotechnology made new inventions. In early 2000s, commercial applications of 
nanoparticles is increased in different fields. Materials having distinctive character-
istics and ranging from 1 to 100 nm in size are called as nanoparticles (EU 2011; 
Adlakha-Hutcheon et  al. 2009). Furthermore, a new branch of nanotechnology 
exists, that is bio-nanotechnology which generates nano-sized particles having spe-
cific functions by integrating principles of biology with different physical and 
chemical procedures (Kathiresan et  al. 2009; Qi and Wang 2004; Roduner 
2006). These nanoparticles can potentially be used for commercial, industrial, agri-
cultural and medicinal purposes.

Furthermore, as agricultural field have several trials, including low crop yield, 
nutrient deficiency and environmental pollution caused by various biotic or abiotic 
factors; nanotechnology has emerged as a promising application for precision agri-
culture (Fig. 14.1). In short nanotechnology provides the best solutions for various 
ecological encounters i.e. the discovery of Nano sensors extensively enhances the 
observations of different environmental stresses and it improves the potential of 
plant in contradiction of diseases (Afsharinejad et al. 2016; Kwak et al. 2017). As a 
result of continuous improvements in the field of nanotechnology, sustainable agri-
cultural provides significant communal and reasonable benefits.

Silver nanoparticles have size of 1–100 nm and are used in medical field mostly 
as tissue scaffolding, wound dressings, and protective coating applications. 
Furthermore, surface of silver nanoparticles coordinates various ligands providing 
remarkable applications regarding the surface functionalization of silver 
nanoparticles.

Silver is normally utilized as silver nitrate (NO3
−) in different anti-microbial 

activities. As compared to free silver, silver nanoparticles are more beneficial and 
enhance microbial acquaintance  due to greater surface area. Researchers also 
greatly emphasized on silver nanoparticles due to exclusive properties against many 
microbes and because of higher resistance to many antibiotics (Hutchison et  al. 
2008). So far, in this field of food processing, agro-based industries and agriculture, 
numerous studies have been reported (Chen et al. 2016).
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14.2  Classification of NPs

Generally, NPs are categorized into three types.

• Organic nanoparticles
• Inorganic nanoparticles
• Carbon based

14.2.1  Organic Nanoparticles

Organic nanoparticles or polymers includes dendrimers, liposomes, micelles, ferri-
tin, etc. Organic NPs are less-toxic, biodegradable and possess a hollow core and 
they are thermal and radiation sensitive (Tiwari et al. 2008). They are commonly 
used in the field of biomedicine.

Fig. 14.1 Implementation of nanotechnology in agricultural field
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14.2.2  Inorganic Nanoparticles

They are not composed of carbon. Inorganic nanoparticles include metal oxide 
based and metal NPs.

14.2.2.1  Metal Based

Metal based NPs are made from metals and have nano metric sizes. NPs can be 
synthesized from almost all the metals (Salavati-niasari et al. 2008). Cadmium (Cd), 
copper (Cu), gold (Au), lead (Pb), cobalt (Co), silver (Ag) iron (Fe), zinc (Zn) and 
aluminum (Al) are used for the synthesis of nanoparticles. These particles having 
size of 10–100 nm and characteristics of high surface area, surface charge and den-
sity, pore sizes, crystalline and amorphous structures.

14.2.2.2  Metal oxides Based

Metal oxide-based nanoparticles are synthesized to modify the characteristics of 
metal NPs. For example, at room temperature, iron (Fe) nanoparticles instantly oxi-
dizes to iron oxide in the presence of oxygen (Fe2O3) that increases its reaction 
rate. Due to increased reactivity and efficiency, metal-based NPs are synthesized 
(Tai et al. 2007). The common example of these nanoparticles includes Titanium 
oxide, Silicon dioxide, Zinc oxide, Cerium oxide, Iron oxide, Magnetite and 
Aluminum oxide.

14.2.3  Carbon Based

They are composed of purely carbon (Bhaviripudi et al. 2007). Carbon-based NPs 
are characterized into graphene, carbon black, carbon nanotubes (CNT), carbon 
nanofibers, and fullerenes.

Crop productiveness is additionally generally influenced via biotic factors such 
as pests and diseases (Oerke et al. 2006). Farmers have been more dependent on 
pesticides to decrease the crop losses which effects the human health and climate 
sustainability. However, by the use of nanomaterial, pests and diseases are decreased 
efficiently, crop yield and environmental sustainability is increased (Table 14.1). 
AgNPs synthesized from cotton have a sturdy antibacterial activity aganist 
Xanthomonas campestris PV. and Xanthomonas axonopodis PV. malvacearum 
campestris, main pathogens of Brassicaceae and Malvaceae family crops, respec-
tively (Vanti et al. 2019).

Metal oxide NPs, like MgO, ZnO, and CuO are effectively reduce many soil 
borne and palnt disease triggered via, Alternaria alternate, Botrytis cinerea, Radicis 
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Lycopersici, Ralstonia solanacearum, Fusarium oxysporum fsp, Verticillium 
Dahliae, Colletotrichum gloeosporioides, Monilinia fructicola, Phytophthora infes-
tans, Fusarium solani, and in other plants (Malandrakis et al. 2019; Shenashen et al. 
2017; Imada et al. 2016). So, without disturbing the environment, the appropriate 
use of nanomaterials can extend crop productiveness. In current years, different 
studies proved that nanocomposites are eco-friendly and highly effective against 
plant diseases and plant protection. (Gomathi et al. 2019). For example, antifungal 
activity is increased against antracol fungicide by the usage of Ag-incorporated chi-
tosan nanocomposites (Ag@CS) (Le et al. 2019). The efficiency and shelf life of 
pesticides is increased by applying NPs of Bacillus thuringiensis (Bt) containing 
lively Bt of and decreased the required dosage earlier. However, mechanisms of 
Bt-based nanocomposites are unknown (Devi et al. 2019).

The mechanisms through which nanoparticles increases plant growth and reduces 
the stresses are still unknown. Nanoparticles enhanced plant yield and growth by 
increasing the enzymatic activities (Shojaei et  al. 2019). For example, NPs like 
nano-ZnO and nano-SiO2 or application increases water uptake, nutrients acquisi-
tion and the accumulation of free proline and amino acids, and activity of antioxi-
dant enzymes which boost plant resistance to several native weather fluctuations 
(Shalaby et al. 2016; Wang et al. 2015).

Nanomaterials can additionally alter expression of stress genes e.g. a microarray 
evaluation exhibited a range of gene that is regulated by AgNPs in Arabidopsis 
(Banerjee et al. 2016). Plants are protected immediately from stresses by applying 
these nanoparticles (Onaga et al. 2016). However, plant responses are varied with 
species of plants, their developmental stages and applied NPs (Abdel-Aziz 
et al. 2016).

14.3  Characterization Techniques of Nanoparticles

For synthesized nanoparticles, characterization is an important to define the surface 
area, morphology, surface chemistry and nature inconsistency AgNPs. 
Characterization of silver nanoparticles can be done by various techniques 
(Fig. 14.2).

14.3.1  Transmission Electron Microscopy (TEM)

For characterization of nanoparticles TEM is very useful technique that provides 
information about morphology and the size of NPs (Rajeshkumar et al. 2017; Ghosh 
et al. 2012). Compared to SEM, TEM has a 1000-fold higher resolution (Eppler 
et al. 2000) and the images formed by TEM give precise statistics related to shapes, 
crystallographics and sizes (Vijayaraghavan et al. 2017).

14 Bio-Fabricated Silver Nanoparticles: A Sustainable Approach for Augmentation…



352

14.3.2  Scanning Electron Microscopy (SEM)

SEM is useful to observe topography and morphology of nanoparticles that can 
also be used to measure the nanoparticles size 10−6 to 10−9 (Noruzi et al. 2011; 
Sundrarajan et al. 2011). A high energy beam of electrons is directed at surface of 
nanoparticles and it results characteristic features of samples (Hudlikar et  al. 
2012a, b). Electron microscopy analysis examines the morphological changes of 
the cell before and after the treatment of nanoparticle. It has been reported several 
times that the visible variations in cell profile and gaps in the cell wall, nanoparti-
cles have been used as indicators in antimicrobial activity (Rahimi-Nasrabadi et al. 
1969a, b; Zhang et al. 2014). SEM showed smooth and undamaged structures of 
the control bacterial cells, while AgNPs treated cells exhibit clear morphological 
variations in cell membrane and loss of membrane integrity and damaged cells 
(Roy et al. 2019).

Fig. 14.2 Characterization Techniques for silver nanoparticles
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14.3.3  Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is used to analyze different capping agents, surface chemistry of NPs and 
involved biomolecules in the synthesis of nanoparticles (Rajeshkumar et al. 2017). 
In FTIR a spectrum is made when some infrared rays are absorbed, and some are 
passed from sample. These spectra indicate characteristic of the sample material 
through transmission and absorption (Rohman et al. 2010). FTIR is a less-costly, 
economical, suitable, and modest technique to examine the function of biomole-
cules to reduce silver nitrate to silver nanoparticles (Zhang et al. 2016).

14.3.4  X-Ray Diffraction Analysis (XRD)

To observe the crystalline structure of metallic nanoparticles, XRD is used. 
(Rajeshkumar et al. 2017; Vijayaraghavan et al. 2017). The formation of nanopar-
ticles with crystalline structure confirms the resulting diffraction pattern (Alexander 
et al. 1950). The Debye–Scherrer equation is applied to calculate size of particle by 
determine the width through Bragg reflection law (Prathna et  al. 2011). Hence, 
structural features of different materials, such as biomolecules, polymers, glasses 
and superconductors, can be observed by XRD silver (Zhang et  al. 2016). 
Furthermore, XRD is an important method for studying nanomaterial’s (Sharma 
et al. 2012).

14.3.5  UV-Vis Spectrophotometry

The stability and synthesis of metallic nanoparticles are monitored by UV-Vis spec-
trophotometry (Sastry et al. 1998). In the visible region, particular salts of metallic 
nanoparticles give specific peaks with absorptions (Li et al. 2012).

In general, it has been revealed by various studies that for the characterization of 
particles, absorption bands ranging 200  nm to 800  nm are best in size ranging 
2–100 nm (Luyen et al. 2011). In silver nanoparticles the valence and conduction 
bands are quite closer with each other’s. Freely moving electrons made a band of 
surface plasmon resonance absorption. Absorption of NPs depend upon size of par-
ticles, chemical surrounding and dielectric medium. Biological synthesized AgNPs 
were observed in order to check their stability for about 12 months and at the same 
wavelength a surface plasmon resonance peak was found using UV-Vis spectropho-
tometry (Zhang et al. 2016).
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14.4  Synthesis of AgNPs

Silver nanoparticles are manufactured through different techniques. They can be 
synthesized by chemically, physically and biologically ways. These techniques have 
their advantages and disadvantages as well. The organisms play role of capping 
agents in biological synthesis and reduced Ag + to produce Ag0 (Zewde et al. 2016). 
Biologically synthesized nanoparticles have improved reputation in recent years 
because of economical, less toxicity and greater yielding capacities (Shanmuganathan 
et al. 2019). Chemically and physically manufacturing is costly and hazardous to 
environment (Hulkoti et al. 2017).

14.4.1  Physical Approaches

Laser ablation and Evaporation-condensation techniques are included in AgNPs 
synthesis. A lot of energy is required, and long time period of completion are two 
main drawbacks in these approaches. Monodispersed AgNPs were synthesized by 
thermal decomposition of Ag+ oleate complexes (Lee et  al. 2004). Through 
evaporation- condensation technique, steel NPs were combined by using ceramic 
heater. AgNPs were sphere-shaped (Jung et al. 2006).

14.4.2  Chemical Approaches

AgNPs are manufactured by many chemical methods. These approaches are easy to 
handle ass compared to biological approaches. Previously reported that reducing 
agents donate electrons to Ag+ ions and transformed into metallic AgNPs. Ag+ salts 
are used in chemical manufacturing of AgNPs and silver nitrate is mostly used 
(Table 14.2) (Ge et al. 2014; Calderón et al. 2017).

Monodispersed AgNPs were synthesized via reducing NO3
− (Sun et al. 2002). 

Sodium borohydride and trisodium citrate were stabilizing agents in synthesis of 
AgNPs. An effective reducing agent for the synthesis of silver nanoparticles is triso-
dium citrate ranging 60 nm to 100 nm (Agnihotri et al. 2013).

14.4.3  Biological Approaches

Physical and chemical approaches are costly, time-taking and eco-unfriendly for 
synthesis of AgNPs. So, an eco-friendly, economically, less hazardous and less 
toxic approach is required (Iravani et al. 2014) which is more advantageous as com-
pared to physical and chemical approaches. Biological manufacturing approaches 
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includes the usage of bacteria, fungi, yeast, algae and plant sources. These sources 
are very much important in medicinal uses of NPs.

Synthesis of NPs from microbes and plants is cost-effective, economic, safe and 
less harmful to ecosystem and environment (Makarov et al. 2014; Gowramma et al. 
2015). Furthermore, microbes and plants can accumulate different metallic ions 
from ecosystem (Shah et al. 2015). Biological approaches for the amalgamation of 
AgNPs includes microbes and plants (Fig. 14.3) (Ahmad et al. 2019). (Table 14.3)

14.5  Factors Influencing Silver nanoparticle Synthesis

The structure, size, and form of silver nanoparticles are decided by a combination 
of different physical and chemical factors. The following are the basic parameters 
that influence the synthesis of silver nanoparticles in general:

14.5.1  Production Approaches of Silver Nanoparticles

Nanoparticles can be made using a variety of techniques, including physical and 
chemical techniques as well as biological protocols. In these processes, numerous 
inorganic or organic chemicals, and organisms as well, are used to synthesize 
nanoparticles (Patra and Baek. 2014). Green synthesis has already been debated as 
being superior approache compare to the rest, since it is both environmentally sus-
tainable and economical. Green synthesis often avoids the practice of high tempera-
tures, electricity, and toxic chemicals (Dhuper et al. 2012).

Table 14.2 Physical and chemical syntheses of silver nanoparticles

Type
Reducing 
agent

Biological 
activity Characterization References

PVP-coated silver nanoparticles Sodium 
borohydride

– UV-Vis, TEM, 
EDS, DLS, FIFFF

Tejamaya 
et al. 
(2012)

Silver nanoparticles Hydrazine, 
d-glucose

Antimicrobial UV-Vis, TEM Shrivastava 
et al. 
(2011)

Chitosan-loaded silver 
nanoparticles

Polysaccharide 
chitosan

Antimicrobial TEM, FTIR, 
XRD, DSC, TGA

Ali et al. 
(2011)

Silver nanoparticles Ascorbic acid Antimicrobial UV-Vis, EFTEM Pal et al. 
(2011)

Polydiallyldimethylammonium 
chloride and polymethacrylic 
acid capped silver nanoparticles

Methacrylic 
acid polymers

Antimicrobial UV-Vis, 
reflectance 
spectrophotometry

Dubas 
et al. 
(2006)
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14.5.2  Temperature

The temperature has been discovered to be a significant factor in nanoparticle pro-
duction. In the presence of elevated temperature, spherical nanoparticles are synthe-
sized. Nanotriangle formation, on the other hand, occurs mostly at lower temperatures 
(Rahimi-Nasrabadi et al. 1969a,b). Increases in temperature between 30 and 90 °C 
have been shown to increase the frequency of synthesis (Hudlikar et al. 2012a, b; 
Dankovich et al. 2011) and, in some cases, promote the formation of silver nanopar-
ticles of smaller sizes (Mohammed et al. 2009). Multiple studies have suggested 
that the ideal temperature range for the biogenic production of metal nanoparticles 
is 25–37 °C (room temperature).

14.5.3  pH

According to several studies, stability of nanoparticle is better in normal media than 
in acidic media (Roopan et  al. 2013; Sadeghi and Gholamhoseinpoor 2015). 
Though, a very high pH i.e., pH > 11) has some disadvantages, including the devel-
opment of agglomerated and brittle silver nanoparticles (Tagad et al. 2013). As a 
result, it can be inferred that the pH governs the form and size of nanoparticles.

Fig. 14.3 Biological 
approaches for the 
amalgamation of AgNPs
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14.5.4  Time

The decrease in the reaction time influence reduction of ions to augmented metal 
with various shapes. Greater concentrations of nanoparticle in the medium are sug-
gested by absorbance of high peaks during the optimal time. The optical properties, 
shape, and size, of anisotropic nanoparticles can be modified by varying tempera-
tures, according to Rai and colleagues. It was determined by changing growth con-
ditions and the creation of various nanoparticle sizes, including rectangular, 
hexagonal, triangular, and spherical nanoparticles (Rai et al. 2006).

Table 14.3 Some important examples of organisms used for synthesizing silver nanoparticles

Biological synthesis of Silver nanoparticles
Bacteria Fungi Plants Algae Yeast

Enterobacter cloacae Fusarium solani Pinus eldarica Spirogyra 
varians

S. 
cerevisiae.

Escherichia coli Humicola sp. Pelargonium 
graveolens

Padina pavonia

Lactobacillus casei Pleurotus 
cornucopiae

Emblica 
officinalis

Spirulina 
platensis

Lactobacillus strains Arthroderma fulvum Cinnamomum 
camphora

Oscillitoria 
wellie

Klebsiella 
pneumonia

Aspergillus 
fumigatus

Azadiracta indica Gelidiella 
acerosa

Aeromonas sp. SH10 Aspergillus flavus Aleo vera Chaetoceros 
calcitrans

Bacillus megaterium Fusarium oxysporum Tamarix gallica Chlorella salina

Bacillus strain CS 11 Verticillium sp. Bauhinia 
purpurea

Isochrysis 
galbana

Bacillus 
licheniformis

Aspergillus 
fumigatus

Origanum vulgare 
L.

Tetraselmis 
gracilis

P. stutzeri AG259 Fusarium 
semitactum

Moringa oleifera

Corynebacterium sp. 
SH09

Fusarium 
acuminatum Ell

Ficus 
benghalensis

Penicillium 
fellutanum

Cleome viscosa

Penicillium sp. J3 Plasmodium 
falciparum

Coriolus versicolor Vitex negundo

Phanerochaete 
chrysosporium

Catharanthus 
roseus
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14.5.5  Size and Shape

Nanoparticle properties are largely determined by their shape and size. It has been 
determined that the size and shape of the nanoparticle determine optimal activities 
and that most nanoparticle properties are dependent on size (Akbari et al. 2011).

14.6  Use of Silver Nanoparticles in Agriculture

The synthesis of nanoparticles (NPs) have grabbed particular attention for having 
peculiar properties, which can be used in cryogenic superconducting materials, bio-
sensor materials, composite fibers, electronic components, and cosmetics (Zhang 
et al. 2020). The production of AgNPs and AuNPs from plant extracts, and even 
more so from agricultural wastes, is a major topic for encouraging sustainable 
growth in agro-industrial labors, in an account of natural resources depletion and 
climate variation. Plants-based synthesized NPs are applications in the soil to the 
food cycle and can be used in processes in agroindustry due to their low level of 
toxcicity(Awad et al. 2019). In June 2009, the Food and Agricultural Organization 
(FAO) and the World Health Organization (WHO) jointly declared nanotechnologi-
cal food and agricultural applications, which covered a broad range of topics includ-
ing nanofiltration, nanocoating, nanosized biofortification, food processing, and 
nanostructured foods (Takeuchi et al. 2014). NPs are known as “magic bullets” for 
imparting beneficial substances like nutrients, advantageous genes, and other 
organic compounds to specifically targeted plant parts to boost productivity. As a 
result, agricultural administration, with a focus on crop nutrition is insisted through 
a nano-delivery system represented by NPs (Marchiol et al. 2014). Many studies on 
the direct application of AgNPs in agriculture have concentrated on responses of 
plants to metal NPs, such as cytotoxicity, seed germination, and root elongation 
(Cox et al. 2017; Ribeiro et al. 2019). Metal NPs can also be used in the manufac-
ture of nano-pesticides and nano-fertilizers (Vijayaraghavan and Ashokkumar 
2017). The antimicrobial activity of nanoparticle has the most popular applications 
in food packaging (Marchiol et al. 2014). The above applications have been covered 
extensively in the agro-industries in a broad range of products containing NPs of 
these metals with particle sizes of range 100–250 nm, increasing their activity and 
making them water soluble (Prasad et al. 2017).

14.6.1  Nano-Fertilizers

A small quantity of nano-fertilizer is used to aid plants with nutrients or to improve 
the effectiveness of fertilizer (Rameshaiah et al. 2015). Encapsulating fertilizers in 
nano form can increase nutrient uptake, which discourages loss of nutrients, reduces 
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the risk of environmental degradation, and improves crop yield and quality. These 
nano-fertilizers has also been shown to reduce plant stress upon foliar application 
(Tarafdar et al. 2012). To sync up the nutrient release with plant uptake, AgNPs- 
based nano fertilizers have been developed. This method helps to preserve soil fer-
tility by reducing loss of nutrients, soil, groundwater pollution and chemical 
reactions between soil, water and microorganisms that turn them into unusable or 
hazardous nature for plants (Panpatte et al. 2016). Kang et al. 2016 added a 5 mg/L 
AgNPs fertilizer suspension three times per day at 14-day intervals to red ginseng 
shoots. After harvesting, they noticed that the nano fertilizer had increased the con-
tent of ginsenoside.

14.6.2  Nano-Pesticides

Every year, agriculture production declines due to the advent of new plant diseases 
and emerging resistant pathogens to pesticide composites, and each year, millions 
of dollars are spent on pest control. Pesticides, both natural and synthetic, used in 
agriculture are either ineffective or cause environmental hazards and long-term 
problems. Greenly produced AgNPs is a viable alternative to chemical pesticides, 
and AgNPs have been used against microbes in the past (Chowdappa and Gowda 
2013). Sphaerotheca pannasa, Rhizoctonia solani, Phythium ultimum, Fusarium 
culmorum, Colletotrichum gloeosporioides etc. are among the phytopathogens that 
are suppressed by silver nanoparticles. (Gopal et al. 2011). Furthermore, Si–Ag NP 
(a silica nanoparticle with Ag) is absolutely effective in cucurbits for cure of pow-
dery mildew (Park et al. 2006). Validamycin was also delivered using a porous silica 
nanomaterial, which showed specific targeting of the pesticide (Liu et al. 2006).

14.6.3  Disease Control and Pest-Management

Nematodes, fungi, bacteria, and viruses are also known as phytopathogens are 
important limiting factors in the processing of food. Pathogens are controlled using 
a variety of techniques, but there is no flawless formula for disease prevention. As a 
result, manipulating nanotechnology for the treatment of plant pathogens has a 
bright future. Because of its extensive efficacy, little toxicity, high surface-to- 
volume ratios, crystallographic composition, ease of use, charge capacity, and 
adaptability to a variety of substrates, silver is considered the most capable nanoma-
terial with bactericidal, viricidal, and fungicidal abilities (Nangmenyi and Economy 
2009). Silver nanoparticles (AgNPs) have a powerful inhibitory effect on a variety 
of microorganisms, making them an effective antimicrobial agent (Clement and 
Jarrett 1994). It has a high degree of toxicity in microorganisms but a lower level of 
toxicity in mammals. The killing effects of AgNPs on microbes were found to be 
dependent on size (Raza et al. 2016). Various molds and yeasts such as Candida 
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krusei, Candida albicans,and Aspergillus brasiliensis were treated with AgNPs/
PVP to display fungicidal activity. The hybrid materials had potent antifungal prop-
erties against the microbes that were tested. (Bryaskova et  al. 2011). Antifungal 
behaviors of AgNPs were studied using Raman spectroscopy, scanning electron 
microscopy, traditional microbiological plating, as well as alterations in cellular 
structures and morphology of the hypha. Aziz et al. (2016) studied the antimicrobial 
properties of biogenic silver nanoparticles on disease causing fungi such as, 
Aspergillus flavus, Fusarium oxysporum, and Candida albicans and found that they 
are similar to well-known fungicides like ketoconazole, fluconazole, and ampho-
tericin B. Significantly, when mixed with fungicides and antibiotics, these nanopar-
ticles exhibit important synergistic properties, providing significantly increased 
resistance to microbial development. Nanocomposite DNA-mediated AgNPs devel-
oped on graphene oxide were created by Ocsoy et  al. (2013). In culture and on 
plants, these complexes efficiently reduce cell viability of Xanthomonas perforans. 
Composites exhibit exceptional antibacterial potential at very low concentrations of 
value16 ppm, with major benefits in antibacterial activity and increased stability. As 
AgNPs concentration rose, inhibition improved as well in frequent cases. The rea-
son might be attributed to the solution’s ability to homogenize and cohere to hyphae 
of fungus and inhabit disease causing fungi at such a high density. (Kim et al. 2012). 
Nano Silver is a well-known potent bacteriostat with antimicrobial activity over a 
wide spectrum. A nanosilver colloid in well-dispersed state is more adhesive to 
fungi and bacteria, resulting improvement in activity against bacteria (Kim et al. 
2008). Numerous forestry plants and food crops are threatened by a variety of 
pathogens in nature, destroying agricultural products and the loss of tree species. By 
disrupting hyphae of fungus, interfering with nutrient uptake, and enhancing the 
inhibition of fungal development (germination and growth), AgNPs have emerged 
as a new hope for disease control. The effect of nanoparticles carrying silver ions on 
spore development and disease emergence in disease causing fungi may be the 
mechanism at work. As a result, AgNPs demonstrate a high potential for use as nano 
pesticides in the regulation of phytopathogens (Alghuthaymi et al. 2015). In agri-
cultural soil, silver nanoparticles affect a variety of bacterial communities, which 
may be beneficial or detrimental to environment including plants (Panyala et  al. 
2008). Silver nanoparticles encounter strong inhibitory effects on different bacteria 
species due to which it is considered a strong antibacterial agent (Joshi et al. 2018). 
Kamran et al. (2011) described that nano-TiO2 and nanosilver with maximum effi-
cacy may be used to free tobacco plants from toxic bacteria. AgNP inhibits protein 
synthesis, replication, and toxicity in bacteria upon exposure (Chaloupka et  al. 
2010). In studies, various inorganic and organic (Lamsal et al. 2011; Jo et al. 2009) 
compounds, along with effective carriers (Ouda 2014), have been revealed signifi-
cant effects on antibacterial function and lessen nanoparticles biological toxicity. 
While silver nanoparticles are hybridized with other oxides or metal nanoparticles 
serving like a shield or center to form bimetallic nanoparticles, a synergistic antimi-
crobial effect is achieved. (Chou and Chen 2007).
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14.7  Antibacterial Mechanism of AgNP’s

The deposition of silver nanoparticles in the cell membrane increased the permea-
bility of the membrane, resulting in bacterial cell death. They even tried to figure out 
how their actions worked. There are five key reasons for antibacterial behavior that 
have been suggested so far (Lemire et al. 2013):

 1. Nutrient absorption is disrupted (Pal et al. 2007a, b).
 2. Their toxic ions may damage DNA (genotoxic), resulting in cell death.
 3. Protein mechanism, Electron transport chain, and membrane are all disrupted.
 4. Toxic ions are released and attaches to proteins containing sulfur-group, prevent-

ing proteins in the membrane from working properly and interfering with perme-
ability of cell (Sondi and Salopek-Sondi 2004).

 5. Different forms of DNA, protein, and membrane damage may be caused by the 
reactive oxygen species and various oxidation reactions catalyzed by metals 
(Aziz et al. 2015).

This mechanism cannot function independently, implying that several mecha-
nisms are active at the same time. These nano particles having multiple action tar-
gets could enable NPs to effectively combat a variety of plant pathogens.

14.8  Abiotic Stress Reduction

Nanoparticles (NPs) help plants grow while still protecting them from abiotic stress. 
Because of its wide surface area and small size, poisonous metal attaches to the 
nanoparticle surface, limiting its supply. Drought, salinity, alkalinity, temperature 
variations, and mineral and metal toxicity are all examples of abiotic stress. Nano 
particles can follow the action of antioxidant enzymes for scavenging reactive oxy-
gen species from oxidative stress in the form of nano-enzyme (Sharifi et al. 2020). 
Photosynthesis is a crucial biochemical mechanism in plants and one of the most 
vulnerable; therefore, its normal functioning can be sustained by reducing oxidative 
and osmotic stress, plants are provided with enzymatic apparatuses that helps them 
cope with oxidative stress. Plants, on the other hand, suffer the repercussions of 
such a scenario when the defensive mechanism fails. By causing improvements in 
antioxidant enzyme activities that are dependent on the dosage, crop type, and 
application time, AgNPs significantly reduced the negative effects of salt stress in 
wheat (Mohamed et  al. 2017). Furthermore, NPs effectively contribute to the 
enhancement of crop plant growth, quality, and productivity in salinity induced by 
excessive chemical fertilizer usage (Taran et al. 2017).
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14.9  Mode of Action of AgNPs for Plant Growth 
and Disease Control

Pathogen growth is monitored by silver nanoparticles (AgNPs) through several 
mechanisms. AgNPs’ detailed mechanism of antimicrobial action is unclear, 
although it is one of the most highly discussed subjects. According to studies 
revealed through electron spin resonance spectroscopy, AgNPs are thought to work 
in a variety of ways of causing antimicrobial effects. When AgNPs come into con-
tact with bacteria, they produce free radicals, which cause membranes to become 
porous, resulting in cell expiry (Kim et  al. 2007). It has also been reported that 
nanoparticles generate silver ions which inactivate several important enzymes by 
interacting with the -SH (thiol) groups of enzymes (Zhang et al. 2016). The silver 
ions inhibit many functions and damage the bacterial cells which results in the gen-
eration of reactive oxygen species. The ROS may possibly be produced through the 
inhibition of a respiratory enzyme by silver ions. These nanoparticles in the cell 
cause the reaction to take place and ultimately lead to cell death. The DNA contains 
phosphorus and sulphur as their chief components, is another important fact. 
Nanoparticles act on phosphorus and sulphur and damage the DNA which ulti-
mately leads to cell death (Hatchett and Henry 1996). AgNPs interact with sulphur 
and phosphorus in DNA, thus disrupt DNA replication, halting the bacterial growth. 
Silver nanoparticles have been discovered to control signal transduction in bacteria 
by phosphorylation of protein substrates. The nanoparticles are involed in dephos-
phorylation of peptide substrates on tyrosine residues, subsequent in inhibition of 
signal transduction due to which growth arrest. Though, it’s important to keep in 
mind that further investigation on the subject is needed to completely support the 
opinions (Shrivastava et al. 2007a, b).

Silver nanoparticles are considered as most stimulating metal nanoparticles that 
also possess strong biological activity. They are reported to enhance seed germina-
tion, boosted plant growth and vigor, improved biomass, better proliferation and 
shoot induction, or boosted photosynthetic activity. Elongated seedling and 
increased biomass were noted in Oryza sativa and Trigonella foenumgraceum when 
treated with bio fabricated AgNPs. Optimum application of AgNPs in Arabidopsis 
plants directly correlates with the production and accretion of cell cycle related 
proteins, expression of genes involved in cell proliferation, photosynthesis and sig-
naling pathways of hormones i.e. auxins, abscisic acid and ethylene production 
(Salachna et al. 2019) (Fig. 14.4).

14.10  AgNPs Uptake and Translocation in Plants

Previous investigations reveled noticeable positive and negative impacts of AgNPs 
on plants that depends upon various factors that regulates its uptake and transloca-
tion in plants to act accordingly. Uptake of AgNPs by plants depends upon the 
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various size and shape of AgNPs and also the cell permeability of the plant (Tripathi 
et al. 2017). Semi permeability of plant’s cell permits the entrance of small parti-
cles. After the entrance of silver nanoparticles in plant cell wall and plasma mem-
brane, they get translocated to stem and leaves via intercellular spaces and vascular 
tissues as observed in Arabidopsis thalianas. However, interesting point is that 
AgNPs can induce the formation of new and large sized pores in cell wall and mem-
branes that documents the entrance of larger AgNPs. Two pathways were noted for 
the entrance of nanoparticles in plants i. root pathway; progressive uptake of AgNPs 
by boarder cells then successive translocation to root cap, epidermis, columella, 
root meristem and eventually the vascular tissues to whole plants. As observed in 
Arabidopsis plants after 14 days of exposure. ii Leaves pathway; AgNPs can be 
taken up by guard cells, penetrate through stomata and/or trapped by leaf cuticle 
when directly immersed in AgNPs containing medium or via foliar application. 
Accumulation of AgNP’s in stomatal guard cells of Arabidopsis plant and cuticle of 
lettuce leaves was observed, furthermore, 17–200 times more Ag bioaccumulation 
in leaves of soybean and rice on foliar exposure was noted as compared to root 
application. (40, 48, 49). Vascular tissues are noted to be the marked transporter of 
Ag+ nanoparticles to fruits, seeds, and other edible parts of plants.

Fig. 14.4 Positive effects of Ag+ nanoparticles on plant growth and vigor
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14.11  Phytotoxicity of Ag + Nanoparticles

At morphological level, substantial changes were observed when exposed to Ag+ 
nanoparticles more than their optimum level. Inhibition of seed germination, stunted 
root growth, reduced biomass and leaf area are phytotoxicity symptoms of Ag+ 
nanoparticles in Spirodela polyrrhiza. Reduced biomass in Arabidopsis plant, 
stunted root shoot length, in wheat, reduced fresh weight in rice, and also the inhib-
ited seed germination was noted in Cucurbita pepo. Along with the morphological 
changes, various physiological responses were also noted. Declined photosynthesis 
and transpiration rate, disrupted chlorophyll and thylakoid membranes, altered 
protein content and negative effects on fluidity and permeability are one of the com-
monly studied symptoms when plants face toxic level of silver nanoparticles.

14.12  Conclusion

Biofabrication of silver nanoparticles by the use of fungi, bacteria, and yeasts as 
well as plant sources pose more benefits than other traditional methods. They are 
safe and economic as compared to physical and chemical methods. Bioaugmentation 
of silver nanoparticles up to optimum level boost its metabolic pathways to enhance 
plant growth and biomass. It was noted that foliar pathway of plant uptake is more 
effective than root pathway. Manipulation of nanotechnology to treat phytopatho-
gens has a bright future. Because of its extensive efficacy, little toxicity, high 
surface- to-volume ratios, crystallographic composition, ease of use, charge capac-
ity, and adaptability to a variety of substrates, AgNP’s are considered the most capa-
ble nanomateriasl with bactericidal, viricidal, and fungicidal abilities. Thus, the 
application of AgNP’s in agriculture is consider as a sustainable approach for the 
augmentation of plant growth and pathogen control.
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Chapter 15
Nano-Proteomics of Stress Tolerance 
in Crop Plants

Ghazala Mustafa, Atikah Farooq, Zarqa Riaz, Murtaza Hasan, and Amna

Abstract Nano-proteomics is one of the emerging fields of science being widely 
explored for crop betterment and rapidly making progress in almost all aspects of 
life. Several chemical and biological approaches for synthesis of nanoparticles 
(NPs) have been introduced which differentially contribute towards unique proper-
ties of NPs. There is a continuous introduction of nanomaterials in environment 
because of their excessive use in commercial products, fertilizers, and daily life 
products. Understanding the nature and physiochemistry of NPs is thus a crucial 
step towards assessing their possible interactions with biological system while eval-
uating their ecotoxicity. Although wide range of studies have been performed to 
know the exact mechanisms of NPs internalization and distribution within the ani-
mals, humans and microorganisms, still knowledge about plant and NPs interac-
tions at molecular level is in infancy. Use of nanomaterials in agriculture and food 
industry is gaining momentum day by day. Mitigation of environmental stresses by 
application of potential NPs has been a significant topic of research in agriculture 
since last decade. Modern proteomic technologies including gel-based and or gel 
free approaches combined with high throughput analysis are being widely employed 
for unraveling molecular mechanism of stress responses in plants. Examining NPs 
responsive changes in proteome profiles and gene expression in crop plants, particu-
larly under stress conditions, constitute a robust approach towards producing stress 
tolerant crops. Keeping in view the potential role of NPs in stress mitigation and 
importance of proteomics as a significant methodology towards understanding 
underlying molecular mechanisms, the current chapter extensively reviews the cur-
rent knowledge on NPs and plant interactions at protein level. Furthermore, the 
future expectations about role of nano-proteomics in agriculture are also discussed.
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15.1  Introduction

NPs (NPs) constitute the building blocks of field of nanotechnology that deals with 
synthesis and applications of nanomaterials. Recent advancements in nanotechnol-
ogy have revolutionized multiple fields of science including electronics, biomedical 
industry, theragnostic, life sciences and many others. Increasing innovations in 
nanotechnology has led to the identification of new methods for synthesis of differ-
ent kinds of NPs that could be divided into four major categories as metal based or 
metal oxides metal oxides, carbon-based NPs (like fullerene and carbon nanotubes), 
dendrimers and bio-inorganic complexes (Jha and Pudake 2016). Besides chemical 
synthesis, biological (green synthesis) approaches of NPs preparations are also 
being concerned. Anthropogenic activities as well as natural processes can produce 
nanomaterials however, production of manufactured nanomaterials also known as 
engineered NPs or ENPs are also being introduced in the environment at larger scale.

Due to its increasing applications in diverse fields of life, almost all living forms 
are in continuous exposure which often poses biological risks to them. Therefore, 
the thirst to understand their toxicity towards different environmental components 
has attracted recent attention. To deal with this environmental problem, green syn-
thesis of nanomaterials has been the focus of research for NP synthesis, besides 
conventional methods, using some biological material such as microorganisms or 
plant extracts which produce substances or itself act as stabilizing agents during 
synthesis procedure ultimately producing eco-friendly and sustainable NPs (Saxena 
et al. 2016).

NPs are materials with exclusive nano size range between 1 and 100 nm and are 
known since many years for their role in sustainable agriculture (Khan and Upadhyay 
2019) and have successfully paved pathways towards plant biotechnology and 
genetic engineering permitting extensive developments in crop sciences (Wang 
et al. 2019; Kwak et al. 2019). NPs are being used since decades not only to sup-
press plant diseases but also to introduce abiotic stress resistance (Khan and 
Upadhyaya 2019). Their higher reactive properties and range of biochemical activi-
ties specifically depends upon their high surface to volume ratio, making them very 
suitable entities of modulating multiple biological activities (Dubchak et al. 2010). 
Large number of NPs have now been produced and successfully applied on plants 
for growth improvement and stress tolerance (Saxena et al. 2016). Different plant 
species exposed to specific kinds of NPs show improved growth and better metabo-
lism even under stressed conditions (Giraldo et al. 2014). Either chemically synthe-
sized or biologically prepared, NPs usage in different products leads to their direct 
release into the environment that might cause risks of different nature (Singh et al. 
2015; Nair et al. 2010). Despite of these concerns, vast array of research has revealed 
their particular interaction patterns and transport among living systems. Number of 
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metallic and metallic oxide NPs have been known so far including silver (Ag) 
(Mustafa et al. 2016), Al2O3 (Hossain et al. 2016), CeO (Salehi et al. 2018), TiO 
(Pošćić et al. 2016; Hu et al. 2020), ZnO (Taran et al. 2017; Faizan et al. 2020), FeO 
(Adrees et al. 2020; Manzoor et al. 2021) and many others. All these metal-based 
NPs potentially enhanced plant growth and metabolism and protected them against 
different abiotic stresses with further future expectations.

15.1.1  Environmental Exposure of NPs and Interactions 
with Plants

NPs present in the environment closely interact with the other living organisms and 
this interaction specifically depends upon unique properties of NPs and their metal-
lic or nonmetallic nature. In NPs contaminated environment, these interactions are 
more unintentional as they are unable to control ultimately posing adverse impacts 
on biota. Constant applications of nanomaterials in commercial products, fertilizers, 
and nanomedicine have significantly increased the animal, plant and human expo-
sure to them (Klaine et al. 2008). Unique features of NPs are the main reason behind 
morphophysiological changes induced in plants upon NP exposure. As population 
is increasing day by day, the constantly increasing application of conventional fertil-
izers on crops has been observed for expanding worldwide grain production so that 
food demands of growing population could be fulfilled. But due to several physio-
logical processes taking place in the environment, most of the fertilizer remains 
unreachable to plants, therefore, as an innovative technology, application of nano- 
fertilizers is increasing in their demands (Singh et al. 2018). In this way NPs are 
introduced into the environmental matrices in one way or another.

NPs, once become part of food chain, further get accumulated in the food webs 
and eventually bioaccumulated into higher organisms (Zhang et  al. 2012). Thus, 
study of NPs and plant interaction and their ultimate fate, is one of the crucial fac-
tors towards understanding NPs impacts on environment. As plants are in direct 
contact with the environment, their interactions with NPs, including uptake, trans-
formation and accumulation ultimately effects plant growth as well as yield of many 
economically important crops (Miralles et  al. 2012). Studies have indicated that 
these interactions could be of both positive and negative nature. Large number of 
publications have reported the potential phytotoxicity of NPs in plants (Ma et al. 
2010). In plants nanoparticle phytotoxicity is mainly attributed to its surface modi-
fications that causes pore clogging and induce mechanical damage (Dietz and Herth 
2011; Jha and Pudake, 2016). Further studies by Miralles et al. (2012) described 
ROS mediated oxidative damage as the most common mechanisms of NPs phyto-
toxicity. Although investigations for NPs and plant interactions have been exclu-
sively conducted at morphophysiological level but still the knowledge of underlying 
molecular mechanisms is in infancy. Studies have also investigated the mechanism 
of buildup and translocation mode of metal-based NPs in plants. It has been made 
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clear that physiochemistry of NPs is the key property of NPs that controls its inter-
action with living system (Spielman-Sun et al. 2017). NPs promptly adhere to plant 
body and once attached they are either translocated, transformed or accumulated 
inside the plant body through foliar or root pathway (Zhang et  al. 2012). Their 
adherence particularly depends upon surface charge (Schwabe et  al. 2014). It is 
known that NPs have different effects on various growth stages of plants hance dif-
ferently interact with plants. Some NPs are efficiently up taken and absorbed when 
exposed to seeds where they modulate germination process of plants. One such 
report by Vishwakarma et al. (2017) indicated that Ag NPs of different concentra-
tions significantly enhance germination rate of plants which might be attributed to 
changes in cell division and defensive mechanism. while others are easily up taken 
and produce effects at seedling stage of plant growth.

Seed priming with Ag NPs at 20 mM induced changes in metabolite contents 
such as proline and also improved plant growth parameters by enhancing defensive 
mechanisms in pearl millet (Khan et al. 2020). Ag NPs induced seed priming in high 
specialty value crops such as watermelon enhances germination rate without having 
any negative effects on fruit quality (Acharya et  al. 2020). Another study deter-
mined the impact of silicon NPs on seed priming in wheat and showed that 24 h 
exposure of Si-NPs to seeds at varying levels may enhance growth and yield of 
plants along with betterment in biochemical processes (Hussain et al. 2019). Seed 
exposure with ZnO-NPs mediated salt stress resistance in wheat plants indicating 
that NPs modulate germination rates and also induce growth related changes in 
seedlings (Latef et al. 2017). It is reported that NPs modify seed germination by 
interacting with cell elongation or division processes and bringing changes in cell 
membrane structure (Vishwakarma et  al. 2017). Besides direct seed exposure to 
NPs in priming experiments, foliar contact of NPs has been found as more practical 
method for NP application as leaves can more readily absorb NPs and other essen-
tial elements compared to roots (Dhoke et al. 2013). Some studies indicated that 
dose dependent increase in metal within the plant organs, especially roots, restrict-
ing the translocation of metal towards shoots. Hernandez-Viezcas et al. (2013) grew 
soybean in soil emended with 1000 mg/L cerium oxide NPs and analyzed the plant 
tissues through XANES (X-ray absorption near edge spectroscopy). Results indi-
cated that most of the metallic cerium remained untransformed inside the plant with 
very little amount found to be accumulated within the pod. An equivalent trend has 
been reported by Zhu et al. (2012) in which the uptake mechanisms of gold NPs 
having specific charges on their surfaces were compared in different plant species 
including crops confirming that negatively charged NPs can efficiently translocated 
inside the roots while those with positive charge only getting adhered with the roots 
that might be due to negatively charged root surface producing electrostatic 
interactions.

The spatial distribution, transformation and translocation of NPs also sometimes 
depends upon surface area rather than increasing concentration dose (Van Hoecke 
et al. 2008; Ma et al. 2010). Besides the phytotoxic effects of NPs in plants, some 
positive interactions have also been reported in terms of sustainable agriculture. 
Some metallic NPs are actively transported inside the plants and are less detrimental 

G. Mustafa et al.



377

towards plant growth and metabolism such as CeO (Wang et al. 2012; Majumdar 
et  al. 2016) ZnO (Jayarambabu et  al. 2015), copper (Yasmeen et  al. 2017), Ag 
(Mustafa et al. 2016), iron (Manzoor et al. 2021), titanium oxide (Hu et al. 2020), 
silicon oxide and many others (Jalil et al. 2019). NPs have been observed to enhance 
plant growth parameters thus ameliorating abiotic stress effects on crops (Jalil et al. 
2019). These potential plant and NPs interactions mostly depend upon dose depen-
dent applications of NPs on plants but still our knowledge of NPs interaction and 
potential impacts in entire food chains is in infancy. Furthermore, majority of the 
studies to evaluate nanotoxicology of NPs in crop plants have been performed in 
controlled conditions such as hydroponic media rather than at mature growth stages 
of plants in field conditions which might be needed to explore the remining knowl-
edge gap (Hernandez-Viezcas et al. 2013). A few reports have also documented the 
growth improving potential of NPs at mature growth stages such as the one reported 
by Yasmeen et  al. (2017). Thus, it becomes evident that NPs interact with other 
environmental component with potential impacts.

15.2  Proteomic Technology Adapted by Plant Sciences

Biological research is gaining advances day by day. Innovative approaches have led 
to identifications of potential biomolecules and their dynamic roles are being docu-
mented since many years. Among various biomolecules, with life supporting activi-
ties, proteins are the direct effectors of a biological response. Every living organism 
possess unique proteome profile which may get altered in response to external and 
internal cellular fluctuations and comprise of overall protein content of cell charac-
terized in terms of their unique structure, post translational modifications (PTMs), 
interactions with other biomolecules and subcellular locations (Aslam et al. 2017). 
Wilkins (1996) first time used the term of “proteomics” which represent the protein 
complement of genome. Since then, scientists have made significant discoveries in 
the field of proteomics which has now become modern promising approach to 
assess molecular basis of biological responses to environment. On the other hand, 
abiotic stresses faced by plants are one of the majors constrains in sustainable and 
profitable agriculture. Among various such external factors, temperature fluctua-
tions, water scarcity, salinity, heavy metals, nutrient deprivation, water flooding and 
UV exposure are the major reasons of declined crop productivity (Khan and 
Upadhyaya 2019; Tripathi et al. 2017; Yasmeen et al. 2018, Hashimoto et al. 2020; 
Adrees et al. 2020). All of these abiotic stresses drastically reduce crop growth all 
over the world threatening food security at global level (Khan et al. 2021). In past 
few decades studies have been dealing with harmful effects of NPs on plants but 
more recently application of NPs is emerging as mitigative approach for stress ame-
lioration in agriculture sector. Unique features of NPs such as their shape, size and 
dose concentration represent the mitigative role of NPs (Almutairi 2019). However, 
evidence about toxic effects of higher concentrations of NPs on plants systems also 
exist (Jalil et al. 2019).
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Use of NPs for stress amelioration in crops not only protects plants against stress 
but also boost growth and metabolism. Furthermore, under stress conditions NPs 
regulate plant molecular mechanisms by enhancing ROS scavenging protein pro-
duction. Recent studies implies that metallic NPs help mitigate abiotic stresses in 
plants at higher efficiency when applied at varying concentrations in the form of 
nano-fertilizers, nano-herbicides or nano-pesticides (Jalil et al. 2019). In this system 
nanomaterials can easily be internalized by the plant cell where they induce changes 
at molecular level. In this regard, field of biotechnology is gaining momentum 
where nanocarriers made from potential NPs are being employed for targeted deliv-
ery of essential nutrients and molecules such as DNA discovering important appli-
cations for plant genetic engineering of plants (Singh et al. 2015). Vast range of 
studies have been performed to understand the molecular mechanisms plant show in 
response to NPs application which might help in identification of tolerance mecha-
nisms of plants against biotic and abiotic stresses. In this scenario, proteomics is one 
of the promising and modern approaches for gaining insights into subcellular 
responses of plants against stress in combination with NP application (Tanaka et al. 
2004). Identification of novel stress responsive proteins in plants can be a powerful 
approach towards understanding underlying molecular responses of plants to abi-
otic stresses (Barkla et al. 2013). Exploring alterations in whole proteome profiles 
help in understanding protein-protein interactions and functions since proteins act 
as direct effector molecules in abiotic stress responses. Recent proteomic approaches 
have led us to deep insights into subcellular proteomes, post translational modifica-
tions, and protein interactions. Understanding of such molecular processes could be 
an important step towards food security by producing stress tolerant crops. Following 
is a detailed explanation of recent proteomic approaches (gel based and gel free) 
employed for proteome assessment in plants in response to abiotic stresses.

Western blotting and ELISA (enzyme linked immunosorbent essay) has been 
used for selective proteins identification and analysis rather than entire proteome 
profiles. ELISA technology has been successfully employed for assessment of 
Cry1Ie protein in transgenic plants (Zhang et al. 2016). Li et al. (2011) performed 
western blotting and identified rice proteins. Results of this study indicated that 
EF1-α was most expressed along with other HSPs (heat shock proteins). Western 
blotting has found to be powerful tool for identification of proteins by enzyme con-
jugation enabling the targeted determination of specific proteins (Aslam et al. 2017). 
Other scientists earlier used western blotting for identification of proteins in peanut 
allergic patients where unique IgE was determined against Ara h1, 2 and 3 against 
(Koppelman et al. 2004).

Other proteomic approaches employed for quantitatively assessing whole plant 
proteomes is isotope coded affinity tag labeling and SILAC (stable isotope labeling 
with amino acids in cell culture) that was used by for quantitatively assess proteome 
of A. thaliana which indicated expression of glutathione S-transferase under abiotic 
stress (Aslam et al. 2017). Wiese et al. (2007) reported iTRAQ (isobaric tag for rela-
tive and absolute quantitation) as more recent proteomic technique being used for 
protein profiling. Ge et al. (2013) used iTRAQ for assessment of hydrogen peroxide 
stresses wheat proteins. Results identified 44 novel proteins having potential role in 
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H2O2 detoxification and stress signal transduction. According to reports by Neilson 
et al. (2010) and Hashimoto et al. (2020) proteomic studies have facilitated in iden-
tification of proteins involved in stress responses such as those involved in various 
biosynthetic pathways, energy metabolism and defense. Furthermore, field of nano 
proteomic studies is gaining advances day by day. Modern proteomic approaches 
are being continuously introduced which have been successfully applied for crop 
improvement. Among these approaches gel-based and gel free techniques are most 
classic strategies that are now commonly being employed for identification of dif-
ferentially expressed/regulated proteins under stress conditions (Timabud et  al. 
2016; Han et al. 2014). Proteomics of plants in response to NP exposure is gaining 
momentum but still remains elusive. There is very scarce knowledge about nano-
technology based proteomic studies on plants and mostly deal with NPs phytotoxic-
ity. However, this approach has been widely employed for humans, fungi, bacteria 
and mice (Abdelhamid and Wu 2015).

Most of the proteomic analysis rely on gel-based studies for resolving proteins 
from crude mixture (Matros et al. 2011) followed by mass spectrometry (MS) for 
identification of specific stress responsive proteins (Bantscheff et  al. 2007) thus 
representing the core proteomic technology for differential analysis of protein pro-
files. Another robust tool for understanding of protein biomolecule interactions is 
microarray or protein chip. These proteomic approaches could be helpful in under-
standing the pathways involved and identification of key proteins that are expressed 
in response to nanoparticle exposure. This approach could further pave pathways 
for applications of NPs as potential biomarkers under stress conditions (Jha and 
Pudake 2016). 2D SDS-PAGE in combination with isoelectric focusing (IEF) and 
LC/MS works as a powerful system for protein separation, purification and charac-
terization (according to mass and charge) further exploring whole proteome maps 
using databases (Aslam et al. 2017; Lee et al. 2020). 2D-DIGE is a variant of simple 
2DE approach that enables easy visualization of proteins labelled with dye. In 2008, 
Komatsu identified plasma membrane proteins from model plant A. thaliana and 
rice in response to salinity stress. Analysis revealed that identified proteins were 
those involved in protein degradation, REDOX processes, and CHO metabolism. 
Although gel based proteomic approaches (simple 2DE and 2D-DIGE) have their 
own advantages, still there are limitation that debilitate its potential compared to 
other latest proteomic techniques. Therefore, focus has been placed more towards 
identifying more reliable approaches that comprise of gel free analysis.

Not long ago, LC/MS based gel free approaches have made their place in the 
field of modern proteomics due to their higher and precise resolution power and 
higher scanning rates with precise alignment of chromatograms (Aslam et al. 2017). 
Recently, proteomic techniques have successfully aided in understanding the cel-
lular responses of plants to systematically define protein and NPs interactions under 
stress and non-stress conditions. For example, gel free nano-LC/MS analysis was 
performed to understand proteomic responses of soybean in response to Ag NPs 
application that improved plant growth by producing defensive enzymes against 
flooding stress (Mustafa et al. 2016). Yasmeen et al. (2016a, b) performed gel free 
proteomics on wheat and soybean exposed to iron and aluminum NPs respectively 
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under salt stress. Hossain et al. (2016) and Salehi et al. (2018) conducted gel free 
proteomics for identification of AlNPs ans CeNPs responsive proteins in crop 
plants. Besides this, gel based proteomic studies are also conducted for NPs exposed 
plants under abiotic stresses such as those employed for recognition of differentially 
changed proteins in soybean in response to Ag NPs (Galazzi et  al. 2019). Some 
other studies have been reported by Marmiroli et al. (2015) for CdS quantum dots 
and Mustafa et al. (2015b) for aluminum oxide NPs. Zhao et al. (2012) performed 
proteomic studies on Zea maize seeds exposed to cerium dioxide (CeO2) NPs using 
gel free approach (SDS-PAGE) and western blotting performed for assessment of 
heat shock protein 70. In another 2-DE gel based nanoLC–ESI–MS/MS analysis by 
Vannini et al. (2013) reported the comparison of proteomic profiles of Eruca sativa 
upon 5-days exposure to Ag NPs (AgNPs) and Ag nitrate (AgNO3). Their results 
identified changed in proteins involved in sulphur metabolism and redox processes. 
V-ATPase subunits were downregulated which is attributed towards potential phy-
totoxicity of Ag NPs. Thus, it becomes clear that nanotechnology definitely holds 
the promise of crop betterment by improving tolerance mechanisms in plants against 
challenging environment.

Other proteomic studies performed for crop plants for nanoparticle mediated 
abiotic stress mitigation have been summarized in Table 15.1. All these proteomic 
studies clearly reflect the effects of different kinds of NPs on economically impor-
tant crops and pave pathways for additional studies involving NP and protein inter-
actions along with environmental concerns of nanomaterial deposition.

15.3  Plant Proteomics Under Nanoparticle Stress

15.3.1  Ag NPs

Over the years silver is being used in jewelry making as it is one of the precious and 
priceless elements with multiple industrial applications. Owing to it distinctive 
properties, silver also acts as potential antimicrobial agent as it triggers ROS gen-
eration bacterial cells and deactivate microbial enzymes (Matsumura et al. 2003). 
Oxidized silver produces toxic Ag ions (McShan et al. 2014) that are recognized as 
bioactive molecules (Santoro et al. 2007). Silver ion toxicity stimulates ROS gen-
eration leading to oxidative damage to DNA further activating antioxidant enzymes 
and deplete antioxidant molecules (McShan et al. 2014). In earth’ crust silver could 
be found as rare element. Increasing production of nanoparticle-based products in 
different fields leads to toxicological effects which has been the topic of concern 
since many years. Silver nanoparticles has been employed in many ways in the field 
of agriculture. Rezvani et al. (2012) has reported that Ag NPs could promote Crocus 
sativus roots, exposed to flooding stress, by blocking ethylene signaling. Syu et al. 
(2014) conducted a study on Arabidopsis and found that silver nanoparticles are 
responsible for root growth promotion and ROS accumulation in plants also func-
tion as ethylene perception inhibitors. Molecular studies indicated that Ag NPs also 
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act as gene regulators in plants. Gene expression profiling in silver nanoparticles 
exposed Arabidopsis has showed that Ag NPs upregulated the thalianol biosynthetic 
pathway and metal and oxidative stress related genes whereas downregulated ethyl-
ene signaling pathway associated genes (Kaveh et al. 2013). It has been reported by 
Salama (2012) that increasing silver nanoparticles exposure also enhances corre-
sponding carbohydrate, chlorophyll and protein levels in maize and P. vulgaris. 
Proteomic study of rice exposed to silver nanoparticles toxicity revealed that Ag 
NPs induce accumulation of those protein precursor in plants which are indicative 
of proton motive force dispersal. Further studies by Mirzajani et al. (2014) have 
reported that Ag NPs application in rice not only alters levels of proteins associated 
with oxidative stress tolerance but also differentially changes calcium regulation/
signaling, cell division, transcription/degradation, apoptosis related proteins. Ag 
NPs exposure to E. sativa induced changes in proteins related to sulfur metabolism 
and redox regulation. Both of these processes have been known to play crucial roles 
in maintenance of cellular homeostasis. Furthermore, experimental work by Vannini 
et al. (2013) indicated that silver nanoparticles regulate the proteins of endoplasmic 
reticulum and cell vacuole, suggesting these two organelles as potential target for 
NPs. Although, number of experimental works have been performed till now to 
assess the effects of Ag NPs on plants exposed to different stresses but still the role 
of silver nanoparticles on flooding exposed soybean proteomic profiles has not been 
elaborated extensively. Tremendously increasing applications of Ag NPs in agricul-
tural sector demands the extensive investigations on biological impacts of these 
particles particularly on plants which are flooding susceptible such as soybean. Very 
few studies have explored Ag NPs effects on biological materials including bacteria 
(Choi and Hu 2008), algae (Miao et al. 2009) and animals (van der Zande et al. 
2012). According to report by Rezvani et al. (2012), Ag NPs treatment on C. sativus 
stress, positively protect plants by preventing ethylene action under flooding stress. 
However, there is very limited information available about the underlying molecular 
mechanisms altered by silver nanoparticles.

15.3.2  Aluminum

Although aluminum is not essential for crop development and growth still it occurs 
as most abundant metal in earth surface. Due to its toxic properties, it has been 
regarded as one of the major limiting factors for crop growth. Specifically, Al limits 
plant growth in soils that are acidic and have pH lower than five (von Uexküll and 
Mutert 1995). Kochian et al. (2004) has observed Al ions, formed from aluminosili-
cates, as the cause of its toxicity. Physiological studies have indicated that plants can 
acquire Al tolerance by two ways. One potential mechanism in plants against Al 
toxicity is the blockage of Al ion uptake. Secondly to detoxify cellular Al, plant 
cells form harmless complexes with organic ligands followed by their sequestration 
towards specific organelles (Ma 2000; Ma and Furukawa 2003). Valle et al. (2009) 
has reported that in Al sensitive plants, toxic amounts of aluminum restrict plant 
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growth leading to crop yield reductions. Aluminum binds with sulfate, phosphate 
and carbonyl groups functional groups thereby damaging cellular components 
(Poschenrieder et al. 2008). Despite of having many toxicity effects, several reports 
have also indicated some positive effects of aluminum on plants.

Al2O3 NPs application on radish, rape, ryegrass and lettuce enhanced root elon-
gation (Lin and Xing 2007) while it was negatively affected in corn, cucumber, let-
tuce and rye-grass (Yang and Watts 2005). It has been reported that miRNA 
expression levels, known to play crucial role in facilitating stress response, was 
significantly altered by Al2O3 NPs application in tobacco (Burklew et al. 2012). To 
cope up with deleterious effects of aluminum oxide nanoparticles, the antioxidant 
enzymes activities, responsible for removing free radicles, play important role in 
wheat roots (Riahi-Madvar et al. 2012). Poborilova et al. (2013) indicated that alu-
minum oxide nanoparticles exposure to BY-2 plant cell suspension drastically 
diminished mitochondrial activity and enhanced caspase like activity indicative of 
executing programmed cell death. However, further knowledge about underlying 
mechanisms altered by aluminum oxide nanoparticles is still unclear.

15.3.3  Iron NPs

Iron is one of the important micronutrients for plants and its deficiency leads to 
severe growth retardation and chlorosis. It is being widely used for nanoparticle 
preparation. Iron NPs are among many of the metallic NPs that are widely used for 
commercial and biomedical purposes (Yasmeen et al. 2016a, b). As far as its agri-
cultural applications are concerned, iron NPs have been proved to be beneficial for 
crop betterment as it is being used for crop fortification. Furthermore, several stud-
ies have revealed their potential role in stress mitigation via interactions with plant 
protein biosynthesis (Yasmeen et al. 2017). Iron oxide NPs have been reported to 
enhance opening of stomata by activating proton ATPase protein in model plant 
Arabidopsis thaliana (Kim et al. 2015). FeNPs are also used as environmental bio-
remediation (Yan et al. 2013). It is evident from studies that Fe NPs has inhibitory 
effects at higher concentration while at lower amounts it enhanced growth and ger-
mination (Mushtaq 2011). Several proteomic techniques have been introduced to 
evaluate the role of Fe NPs in abiotic stress mitigation. Yasmeen et al. (2016a) per-
formed gel free proteomic studies and identified stress responsive mechanisms 
related protein in T. aestivum (wheat). Nano LC/MS used in this research work 
provided comprehensive findings for evaluation of molecular mechanisms of iron 
NPs application at proteomic level. Furthermore, LC/MS data assessed through 
databases provided deep insights into protein functional assessment that help to 
identify the exact signal transduction pathways involved in stress responses of 
wheat. Another proteomic study by Yasmeen et  al. (2017) revealed that Fe NPs 
enhanced antioxidant status in wheat by upregulating redox related enzymes. Major 
proteins successfully identified through this gel free/label free proteomic approach 
included those of starch degradation and TCA cycle. Jalil et al. (2019) reported the 
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mitigative effects of Fe NPs on plants against drought stress. Other studies, such as 
those conducted by Manzoor et al. (2021) indicated that FeO NPs have potential 
ability to co-ameliorate heavy metal stress. Although Fe NPs have been assessed for 
their stress mitigative roles in plants, proteomic studies are still prerequisite.

15.3.4  Zinc and ZnO NPs

Zinc is a vital micronutrients found in plants having pivotal role in regulation of 
various cellular process. Zinc sulfate is one of the most ordinary source of Zn, 
exclusively due to its greater solubility related to carbonates and oxides, and reduced 
cost differing to synthetic chelates and complexes. Interpretation of mechanisms of 
Zn uptake and transfer is an essential step towards understanding plant and ZnNP 
interactions. Nano ZnO are extensively used in industry for numerous decades. A 
smaller number of studies have been performed on its advantageous effect on plant 
growth. However, its phytotoxicity has been described in several reports (Mahajan 
et al. 2011) which suggest that mechanism on zinc phytotoxicity in plants in highly 
specific. Studies have reported that approximately 0.05 mg/L of Zn in soil solution 
is required by optimum plant growth and higher dosage concentrations induces phy-
totoxicity. ZnO NPs phytotoxicity at cellular level is interrelated with oxidative 
stress and lipid peroxidation which might be due to particle dissolution and adhe-
sion followed by internalization through plant roots (Singh et al. 2018). In another 
study by López-Moreno et al. (2010) has shown that ZnO NPs induce cytotoxicity 
at 4000 mg/L in soybean seedlings. Large number of studies have identified the 
potential of Zn NPs in the agriculture sector and are trying to explore it further at 
molecular level through research. As far as nano proteomics of Zn NPs cytotoxicity 
is concerned, limited set of data has been reported yet. Just one available study dis-
cusses the molecular mechanisms associated with Zn NPs-related mitigation of 
nanoparticle stress in Glycine max exposed to three different metal-based NPs 
(Hossain et  al. 2016). Differentially abundant proteins identified through this 
approach were involved in redox reactions, lipid metabolism, cell organization, 
stress associated signaling and growth-related hormonal pathways thought to be the 
crucial for optimum plant growth. These results revealed that nano-Zn can promote 
plant defense against stress conditions opening new pathways for deep understand-
ing of plant NP interactions and proteomic responses.

15.3.5  Other NPs

Current studies have shown that nanotechnology is gaining momentum day by day. 
Scientists are trying to reveal potential of nano-system in agriculture sector. Variety 
of NPs have been prepared and successfully used for crop betterment by enhancing 
growth parameters of several economically important crops (Table 15.2). Despite 
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these studies, knowledge is still missing for safe application of NP based nano- 
fertilizers in crop production. Proteomic and metabolomic studies have been per-
formed on many plant species exposed to metallic NPs. Salehi et al. (2018) reported 
the potential impacts of CeO NPs on Phaseolus vulgaris. Cerium oxide NPs are a 
typical member of the industrially essential class of metal oxide and is one of the 
highly produced synthetic NPs, which has applications in different industrial prod-
ucts (Keller et  al. 2013; Majumdar et  al. 2016; Abbas et  al. 2020). Studies have 
revealed both positive and negative impacts of nano-CeO on plants. Cerium oxide 
NPs applications on Phaseolus vulgaris revealed that it induces differential expres-
sion of proteins involved in protein biosynthesis. Gel free proteomic approach based 
on Q-TOF MS/MS revealed that foliar spray nano Cerium modulate folding or turn-
over related protein expression in plants (Salehi et al. 2018). Titanium dioxide NPs 
have been known since many years for their potential roles in many biochemical 
processes in plants such as photosynthesis (Landa 2021). TiO2 NPs exposure to 
spinach leaves reduces oxidative stress in chloroplast in response to UV light and 
also increased enzymatic activities of catalase, SOD, guaiacol peroxidase and APX 
(ascorbate peroxidase). All these enzymes potentially reduce SOD radicals and 
H2O2 (Lei et al. 2008). Jha and Pudake et al. (2016) has reported that photosynthe-
sis and plant growth might be enhanced by titanium dioxide exposure. Titanium 
dioxide NPs might exert damaging effects on plant growth in a dose dependent 
manner and inducing genotoxic effects (Castiglione et al. 2011).

15.4  NPs Uptake and Mode of Action Under 
Stressed Conditions

Plants are sensitive to environmental stresses, either biotic or abiotic, which trig-
gered a decline in photosynthesis, nitrogen fixation, and nutrient uptake. In spite of 
the widespread information accessible to recognize the effects of abiotic stresses on 
plants, the difference in response mechanisms at proteomic level is yet to be identi-
fied. The most widely accepted concept of plant response mechanisms towards a 
stress is enhanced redox reaction cascades which include vast array of biological 
pathways controlled by enzymes and proteins leading to difference in protein 
changes. The disparity in number and pattern of protein alterations under stress 
conditions will be beneficial for more legitimate diversity of protein abundances. 
The aspirant proteins engaged in response under these stresses provide a key to 
make strategies for producing tolerant plants.

As far as nano-proteomics is concerned, exact mode of action of NPs inside 
plants cells is still elusive. However, several evidence have been presented that indi-
cate most probable mode of action of NP and their uptake mechanisms by plants. As 
plant are unable to change their location, they cannot escape from biotic or abiotic 
environmental stresses which induce ROS production in plants leading to severe 
oxidative burst. ROS production when exceeds beyond a certain limit, causes 
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toxicity in plants by degrading biomolecules and damage lipid bilayers thereby 
prompting cytotoxicity (Yadav et al. 2014; Shen et al. 2010). The ultimate result of 
this toxicity is reduced or retarded plant growth (Begum and Fugetsu 2012). In 
response to these cytotoxic mechanisms, plant show protective responses which 
prominently comprise of ROS scavenging processes. It has been deliberately known 
that NPs can mediate ROS dependent cytotoxicity by upregulating antioxidant 
enzyme activities in plants. One such study conducted by Laware and Raskar (2014) 
reported that titanium dioxide NPs exposed to onion plants help in alleviation of 
ROS toxicity by enhancing SOD, POD, catalase, and amylase activities at increas-
ing concentrations.

Equivalent results have also been obtained for other metallic NPs such as SiO2 
which enhanced seed germination and overall plant growth in Glycine max (Jalil 
et al. 2019). However, studies are contradictory about mitigative effects of nanopar-
ticle against ROS as NPs can also induce ROS production rather than detoxifying 
them. This finding has been confirmed by Rico et  al. (2013) who conducted the 
study on rice plants by exposing them to cerium dioxide NPs and found that nano-
CeO2 modify plant antioxidant status in concentration dependent manner. This 
investigation might be elucidated by investigating the exact role of NPs in plant 
stress signal transduction pathways. Although exact mode of action of NPs in signal 
transduction pathways is still elusive, several “omic” approaches might be adapted 
for understanding the mitigative role of NPs against abiotic stresses at molecular 
level. Jalil et  al. (2019) further reported that metallic engineered Ag NPs induce 
expression of stress related genes in model plant Arabidopsis. Oligonucleotide 
microarray studies in model plant Arabidopsis thaliana exposed to zinc oxide 
nanoparticle amended with titanium dioxide NPs and carbon fullerene indicated 
that ZnO NPs not only downregulate biogenesis and cell organization related genes 
but also induce stress related genes (Landa et  al. 2012). Ghodake et  al. (2011) 
assessed phytotoxicity of zinc oxide NPs in Alium cipa and concluded that ZnO NP 
exposure increase ROS production in plants.

Aluminum dioxide (Al2O3) NPs along with titanium dioxide (TiO2) NPs exposed 
to tobacco plants induced upregulation of non-coding microRNAs in response to 
metal stress. miRNAs are small highly conserved regulatory molecules which are 
known to modulate several stress related responses in plants (Burklew et al. 2012; 
Frazier et  al. 2014). Titanium dioxide nanoparticle were also shown to enhance 
RuBiSCO activity in plants in response to chilling stress (Almutairi 2019). Other 
than ROS signaling, stress responsive pathways in plants also involve MAPK path-
way and SOS.  Mitogen activated protein kinase (MAPK) is an important signal 
transduction pathway that comprise multiple proteins in subcellular localizations. 
MAPK modulate several important processes such as environmental responses, 
antioxidant defense and plant growth and development (Krysan and Colcombet 
2018; Almutairi 2019). Furthermore, Jha and Pudake (2016) extensively reviewed 
plant molecular responses towards NPs. Thus, it becomes clear that NPs not only 
imitate ROS scavenging entities but also regulate molecular mechanisms by chang-
ing gene expression patterns in response to abiotic stresses. Understanding these 
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molecular defense mechanisms in plants might help in application of NPs in agri-
culture sector as a protective strategy against stressors (Fig. 15.1).

15.5  Future Perspectives

Nanotechnology has achieved enormous impetus in current times due to the broad 
applications of NPs in the agriculture, cellular imaging, cosmetic industry, biosens-
ing, drug delivery, diagnosis, and cancer therapy. Nevertheless, accidental liberation 
of these commercially fabricated nanomaterials into environment provoked global 
fear. Substantial consideration is now being given to NPs synthesis methods, their 
release, plant-nanomaterials interactions, and their environmental destiny. As linked 
to conventional physical and chemical methods, green synthesis of NPs using 
microorganisms and plants is an environment-friendly, cost effective, safe, biocom-
patible, green alternative approach for giant scale production of NPs. Proteomic 

Fig. 15.1 Overall responses of subcellular proteomes to NPs stress. Differentially expressed pro-
teins under Ag, aluminum, zinc, and copper NPs are highlighted with different colors
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analyzes on NPs generated phytotoxicity disclose that concentration, particle size, 
and chemistry of NPs, along with the type of plant species, are the main elements 
influencing the kind and enormity of the cellular responses. More schemes must be 
undertaken to pursue out whether the metal-based NPs apply phytotoxicity solely 
due to their enhanced surface area and nanoscale size or due to the release of metal 
ions. More thorough investigations integrating different omics could be beneficial to 
explore the plant-nanoparticle interaction mechanisms in detail.
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Chapter 16
Role of Chitosan Nanoparticles 
in Regulation of Plant Physiology Under 
Abiotic Stress

Yamshi Arif, Husna Siddiqui, and Shamsul Hayat

Abstract Chitosan is a biopolymer derived from chitin in crustaceans. It has 
emerged as bio-stimulant and elicitor in agriculture sector. It is non-toxic, biode-
gradable and abundant in nature with potent role in regulating plant physiological 
aspects. Application of chitosan in the form of nanoparticles (NPs) to promote 
growth and development of plant is a recent topic of interest amongst researchers. It 
is known to protect photosynthetic machinery during abiotic stress in plants. It miti-
gates toxicity symptoms in plant under abiotic stresses via induction of antioxidant 
defence system. Chitosan NPs are known to induce plants innate immunity responses 
via up-regulation of defence related genes as well as elevation of secondary metabo-
lites. The present chapter sheds some light on recent development associated with 
chitosan NPs-mediated modifications of plant physiology and mainly on the abiotic 
stress responses in plants which could prove useful for crop improvement programs 
in the near future.

Keywords Antioxidants · Growth · Photosynthesis · Reactive oxygen species ·  
Stress

16.1  Introduction

As worldwide population is rising demand for food is also rising, but ongoing envi-
ronmental stress have negative impact on farmland consumption. Thus, it is increas-
ing attention of researchers towards cheap, safe and eco-friendly product that serve 
as alternative to biological methods and thus enhance food demand by inducing 
crop productivity. Among the alternatives biopolymer-based nanoparticles shown 
adequate activity against several biotic and abiotic stress by inducing plant growth 
and development (Bandara et  al. 2020). Chitosan (CHT) emerge out as the 
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biopolymer that displays effective results in increasing plant productivity under sev-
eral environmental cues (Malerba and Cerana 2018).

CHT is the biopolymer made of linear unbranched β-1,4-D-glucosamine which 
is procured from chitin; N-acetyl-D-glucosamine and D-glucosamine are the major 
co-polymer constituting the exoskelton of arthropods (Kurita 2006; Fig. 1). Chitin 
is also found in wide group of living forms including fungi, diatoms, mollusks and 
sponges (Rinaudo 2006). Chitin is largely available as waste from shells of sea ani-
mals; it is also considered as the second largest renewable source of carbon follow-
ing cellulose present on earth with the synthesis of about 1011 tons per year; this thus 
produce CHT on large scale (Kurita 2006). About 2000 tons of CHT is produced per 
year and is utilized for commercial interest (Malerba and Cerana 2018).

CHT preparation is very convenient and easy process; it majorly consist of chitin 
(solid form) treatment with 40–50% (w/v) NaOH at high temperature ranging 
between 120 and 150  °C; it removes acetyl groups and coverts N-acetyl-D- 
glucosamine in β-1,4-D-glucosamine (Malerba and Cerana 2018). However, chitin 
is distinctly insoluble in principal solvents and thus does not ensure its direct con-
sumption; furthermore, CHT is easily solubilized in weak organic acids like acetic 
acid (Malerba and Cerana 2018). CHT is not easily solubilized in water which can 
be overcome by chemical modification “carboxymethylation” (Choi et al. 2016). 
Nevertheless, preparation via industrial methods implicit that the word “chitosan” 
does not implies a unique compound but it is several polymers having heteroge-
neousdeacetylation, molecular mass, viscosity, polymerization degree acid and dis-
sociation constant (Choi et al. 2016). Thus, this heterogeneity crucially influences 
salient biological features of CHT (Anitha et al. 2014). Although, CHT is potent in 
combating stress and increasing plant metabolic responses; than other biopolymers 
such as starch, cellulose, galactomannans etc. (Anitha et  al. 2014; Malerba and 
Cerana 2018). Moreover, CHT is cheap, safe and possess chemical structure which 
easily ensures introduction of certain molecules for designing specific polymer for 
selected specific function; thus these qualities make CHT of great importance in 
medical, biotechnological and agricultural uses (Malerba and Cerana 2016; Mutka 
et al. 2017; Ahmed et al. 2020a, b).

In recent year, increasing number of researches reported positive effect of CHT 
based compounds on plant growth and development. In this chapter, we have sum-
marized role of CHT in increasing germination, photosynthetic traits, gas exchange 
parameters, antioxidant machinery and compatible osmolyte content in both healthy 
and stressful environmental conditions. An attempt have been made to cover contri-
bution of CHT in augmenting enzymatic antioxidants like catalase (CAT), peroxi-
dase (POX), superoxide dismutase (SOD) and non-enzymatic antioxidants like 
ascorbic acid, flavonoids, phenols, carotenoid and amino acids; and compatible 
osmolytes such as proline, soluble sugars, carbohydrate, gamma-aminobutyric acid 
(GABA) and amino acid in reducing reactive oxygen species (ROS) and MDA and 
maintaining osmotic balance in plants is appraised. Current review highlights role 
of CHT NPs in attenuating abiotic stresses like salinity, drought, heavy metal (HMs) 
and temperature(heat and cold) stress. Apart from this, CHT signaling and mecha-
nism of action to enhance abiotic stress tolerance is also discussed.
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16.2  Chitosan and Its Nanoparticles

Chitosan is the biodegradable, biocompatible and inexpensive polymer derived 
from chitin obtained by easily removing the acetate moiety from chitin (Mohammed 
et al. 2017). It is obtained from prawns or crabs and from cell walls of fungi; it is 
naturally occurring polysaccharide, bearing cationic, basic and biocompatible poly-
mer extensively (Mohammed et al. 2017). Chitin in natural form bound to several 
different types of proteins and minerals which are detached from it; before CHT 
preparation via processes such as acidification and alkalization; purified chitin is 
then deacetylated to CHT; this process is modified to control end product properties 
like molecular weight and pKa and also control degree of deacetylation with factors 
like conditions of reaction such as temperature, concentration and ratio of chitin to 
alkali (Kaya et al. 2015). These chemical processes are carried in industrial proces-
sors; these produce deacetylated CHT which are eco-friendly and have several 
advantages in the future (Choi et al. 2016). CHT interacts with negatively charged 
compounds to for complexes via ionic or hydrogen bonding and also via hydropho-
bic interaction (Mohammed et al. 2017). The primary amine of CHT has pKa of 
~6.5, depending on the degree of N-deacetylation; this also participates in CHT 
solubility in acidic pH and primary amine partial neutralization explains CHT 
aggregation at neutral to high pH; additionally CHT with acetylation degree in 
40–60% range is easily soluble under physiological pH (Mohammed et al. 2017).

With the advancement of nanotechnology, nanosized biopolymers have regarded 
as the potent form in several agricultural, food, drug and biomedical industries. 
Nanoparticles (NPs) biosynthesized via chemical and mechanical methods displays 
improved properties in comparison to normal sized biopolymers because of high 
aspect ratio and surface area (Bandara et al. 2020). Additionally, NPs having high 
antimicrobial and antifungal properties have been devoted for the application in 
several industries; it also have thermal properties, mechanical barrier and rheologi-
cal (Malerba and Cerana 2016; Mutka et al. 2017). Recent researches clearly report 
the nontoxic activity of chitosan NPs bearing several chemical modifications. 
Additionally, CHT scaffold NPsare used in tissue engineering whereas its mucoad-
hesive character induces its administration in poorly absorbable drugs; it is also 
used in delivering siRNA (Kiani et al. 2021). CHT NPs used in “green nanotechnol-
ogy” that is synthesis of metal and other NPs by non-toxic and ecofriendly solvents 
like CHT nanomaterials; CHT serve as the immobilization of biodegradable com-
pounds on metal oxide NPs (Kiani et al. 2021). Chitin from shells of shrimps and 
crabs were used for commercial production of CHT, which than undergoes several 
chemical processes such as demineralization, decolourization and deproteinization 
(Mohammed et al. 2017). Squid gladius is also the rich source of CHT and is also 
used in several industries; it is cheap and reduces the use of large amount of acids 
and alkaline compounds because of its less impurity and unavailability of coloured 
compounds; it also displays better solubility, reactivity and has weaker molecular 
hydrogen bonding (Hidangmayum et al. 2019; Bandara et al. 2020). Currently, CHT 
NPs were synthesized via bottom-up approach technique as the outcome of self 
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assembling or cross-linking process (Bandara et  al. 2020). CHT possess several 
unique properties so the NPs formulator must cautiously match the desired chemi-
cal and physical properties of the CHT, and also the predicted biological environ-
ment, via CHT processing technique (Mohammed et al. 2017).

16.3  Chitosan Mechanism of Action

CHT mechanism in plants is not yet clear; but several investigations and researches 
suggest that CHT elicited several defense responses in plants (Mejía-Teniente et al. 
2013; Malerba and Cerana 2015). In plants, Chitin- specific receptors are localized 
on cell membrane which induces defense reponses in plants (Iriti and Faoro 2009). 
Moreover, Chitin elicitor binding proteins (CEBiP) have been isolated from several 
crops which induce defense machinery and influencing chitosan-responsive differ-
ential gene expression which interact with chromatin and/or it can also attach with 
certain receptors (Hadwiger 2015). Application of CHT and its derivative on plants 
induces several defense related genes which boost plant immunity and have strong 
antimicrobial property (Hidangmayum et  al. 2019). CHT application on several 
plants (like peach, tomato and dragon fruit) induces activity of enzyme chitinase 
and glucanase; which are linked with pathogen resistance (Hidangmayum et  al. 
2019). Family of lectins which is a chitosan binding glycoprotein has been isolated 
from Brassica campestris; additionally isolated vesicles of Mimosa pudica and 
Cassia fasciculate showed increased activation of plasma membrane H+-ATPase; 
which indicates presence of chitosan receptor molecule (Hidangmayum et al. 2019). 
It was also reported that CHT can induces several receptor like kinase genes, MAP 
kinase pathway and lysine motif receptor-like kinase (Iriti and Faoro 2009). 
However, still CHT binding receptors are undetermined and endures “a Pathogen- 
Associated Molecular Pattern (PAMP) in search of a Pattern Recognition Receptor 
(PRR)” (Iriti and Faoro 2009).

16.4  Signaling Mediated by Chitosan

CHT induced signaling cascade involves certain cellular receptors that are than 
transduced by secondary messengers like ROS, hydrogen peroxide (H2O2), calcium 
ions (Ca2+), nitric oxide (NO) and other plant hormone (Fig. 1); which further par-
ticipates in facilitating physio-biochemical responses in plants (Hidangmayum 
et al. 2019). CHT treatment decreases the inhibitory and toxic effect of free radicals 
such as superoxide anion and lipid free radical (Li et al. 2002). Furthermore, upon 
CHT application H2O2 serves as the signaling molecule which induces plant toler-
ance to abiotic stress by improving photosynthesis attributes and its pigment, 
increasing membrane stability and activating antioxidant machinery (Pongprayoon 
et al. 2013). In response to CHT elicitation Ca2+ serves as secondary messenger and 
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regulates callose synthase activity and mediates programmed cell death in both 
monocot and dicot plants (Hidangmayum et  al. 2019). Moreover, treatment of 
tobacco infected with tobacco necrosis virus with calcium channel inhibitor 
decreased the cell death (apoptotic) kinetics (Iriti et al. 2006). In pearl millets, NO 
signaling is reported when treated with CHT and NO scavenger c-PTIO 
(2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxy-3-oxide potassium 
salt) or NO inhibitor LNAME (N-nitro-L-arginine methyl ester hydrochloride); 
which further reduces plant defense machinery against pathogen attack (Hadwiger 
2013). CHT application on Oryza sativa and Phaseolus vulgaris increased the accu-
mulation of jasmonic acid (JA) which further boost up plant immunity against sev-
eral stress (Hidangmayum et  al. 2019). In Brassica napus, cDNA microarray/
semiquantitative RT-PCR analyses displayed that JA and ethylene both serves in 
defense related signaling cascade mediated on CHT application (Yin et al. 2006). 
CHT and JA both activate genes encoding for phenylalanine ammonia lyase (PAL) 
and protease inhibitors (Doares et al. 1995; Khan et al. 2003). CHT facilitates syn-
thesis of JA and ABA (Iriti and Faoro 2008). In rice, CHT application increased the 
signaling of octadecanoid pathway which further induced accumulation of JA and 
12-oxo-phytodieonic acid; however ABA synthesis was induced by H2O2 signaling 
cascade which leads to stomatal closure (Pichyangkura and Chadchawan 2015). JA 
and ABA both hormones plays potent role in regulating use of water in plant under 
normal and stressful environment. Moreover, CHT application boosted up plant 
immune by increasing activation of defense related genes such as H2O2 via octadec-
anoid pathway, NO inside chloroplast, activation of MAP-kinase pathway, oxidative 
burst and hypersensitive reactions (Pichyangkura and Chadchawan 2015). Thus, of 
these signaling molecules increase plant tolerance in CHT treated plants in response 
to several biotic and abiotic stresses.

16.5  Chitosan in Plant Growth and Development

Several researchers have reported that CHT NPs application on plants is increas-
ing to enhance plant productivity to cope up with the demand of food of increasing 
population; CHT NPs (250–500 ppm from Sigma-Aldrich (St. Louis, MO, USA))
application on strawberry prior to flowering induce plant developmental process and 
enhanced fruit production and improved fruit quality (Mutka et al. 2017). CHT 
polymers having high and low molecular weight (124 kDa and 66.4 kDa) synthe-
sized on the basis of acetylation and deacetylation and hydrolyzed CHT derivative 
(13.2 kDa) when applied on Solanumtuberosum L. increased tuber size and yield 
(Falcón-Rodríguez et al. 2017). CHT application on Capsicum annuum L. induces 
fruit weight, diameter and yield traits (Mahmood et al. 2017). CHT application on 
Trifoliumrepens and Thymus daenensis Celakcombated drought stress and 
improved content of essential metabolite and oil (Li et  al. 2017; Bistgani et  al. 
2017). Application of CHT on Ocimumciliatum and O. basilicum (sweet basil) pro-
moted plant growth, developmental and physio-biochemical traits (Pirbalouti et al. 
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2017). Seed soaking of Oryza sativa L. with CHT reduced the deleterious effect of 
ozone and increased plant growth and yield traits (Phothi and Theerakarunwong 
2017). CHT application improved plants morphology and chlorophyll content in 
Brassica rapa L. (Zong et al. 2017a, b). Chitooligosaccharide a hydrolysis product 
of CHT application on plants also increased morpho-physiological and biochemi-
cal traits which further induced growth and yield traits (Zong et al. 2017a, b). CHT 
application on Stevia rebaudiana  Bertoni  improved its medicinal property by 
increasing phenol and glycoside content (Mehregan et al. 2017). CHT application 
on two hairy root clones of Gentianadinarica Beck, increased the content of xan-
thoneaglyconenorswertianin (Krstić-Milošević et  al. 2017). In CHT application 
Phyllanthusdebilis increased the content of tannins and other metabolite having 
therapeutic active constituent (Malayamana et  al. 2017). CHT oligosaccharide 
application on Hordeumvulgare L. induced the accumulation of antioxidants, phe-
nolics and anti- hyperglycemic compounds (Ramakrishna et  al. 2017). In Zea 
mays L. Cu-CHT NPs application increased plant height, root length, its number 
and stem diameter; it also induced chlorophyll content, photosynthetic traits, ear 
length and weight and grain quality and quantity (Choudhary et al. 2017). CHT-
polyvinyl alcohol hydrogels with absorbed copper NPs in “Jubilee” watermelon 
increased stem and root length and improved stomata width(González Gómez 
et al. 2017). Zinc complexed CHT NPs application efficiently improved micronu-
trient content (Deshpande et al. 2017). Application of CHT combined with silica 
in plants increased the growth, metabolic and cellular responses; it also improved 
use of NKP fertilizers (Gumilar et al. 2017). CHT NPs are also used carrier system 
for phytohormone which enhanced plant growth and development and also 
improved yield traits; such as CHT NPs combined with gibberellic acid inceased 
the growth, leaf area, chlorophyll and carotenoid content in Phaseolus vulgaris 
(Espirito Santo Pereira et  al. 2017). However, this suggests that CHT NPs and 
other CHT based materials increased plant growth, development and productivity; 
particularly it is beneficial for the agronomic utilization in marginal lands 
(Hidangmayum et al. 2019).

16.6  Chitosan Nanoparticlesin Abiotic Stress

CHT and its derivatives evolve as the natural polymer which facilitates efficient 
responses in plants. Additionally, CHT NPs also play efficient role in mitigating 
abiotic stress (salinity, drought, HMs, temperature), as it enhance antioxidant activ-
ity in plants due to the existence of hydroxylated amino group which quenches ROS 
and induces plants morpho-physiological and biochemical traits (Hidangmayum 
et al. 2019; Fig. 2).
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16.6.1  Salinity Stress

Salinity is the major stress factor affecting plant growth and development globally. 
About 20% of the agricultural land in the world faces salinity stress which hampers 
plant yield and productivity; moreover it is predicted by the year 2050 about 50% of 
the agricultural land is affected by salinity stress; thus to mitigate its toxicity on 
plant is major concern (Zayed et al. 2017; Arif et al. 2020). Salinity stress impairs 
plant growth and development by inducing ionic, osmotic and oxidative stress (Arif 
et al. 2020). Salinity hampers germination, growth, photosynthesis and many other 
important cellular and metabolic activity; however to combat it CHT is effective in 
many plants (Zayed et al. 2017). In Phaseolus vulgaris L. treatment of 0.1%, 0.2%, 
and 0.3% CHT NPs improved germination traits during salt stress (Zayed et  al. 
2017). CHT NPs releases NO which increases salinity tolerance in Zea mays 
L. (Oliveira et  al. 2016). CHT NPs releases NO in plants which inducesS- 
nitrosothiols, chlorophyll content and PSII activity in leaf, thus it also increases 
bioavailability of NO in plants (Oliveira et al. 2016). In mung bean, solid matrix 
priming of seedlings with CHT NPs increased salinity tolerance by improving 
growth, protein and chlorophyll content and many important metabolic processes 
(Sen et al. 2019). In tomato, CHT with and without copper NPs facilitated plant 
growth and induced the expression of JA and antioxidant enzymes such as superox-
ide dismutase (SOD) which induces detoxification in plants and mitigated salt stress 
(Hernández-Hernández et al. 2018). Salt stress increases ROS and MDA content 
which hampers physio-biochemical responses in plants; however CHT treatment is 
efficient in alleviating deleterious effect of salt by increasing antioxidant enzyme 
activity (SOD, CAT, POX) in several plant species such as Carthamustinctorius L., 
Helianthus annuus L., Trachyspermumammi, Plantago ovate, which lower don 
MDA and ROS content (Hidangmayum et  al. 2019). In wheat, CHT derivatives 
increases the photosynthetic traits such stomatal conductance, water use efficiency, 
stomatal conductance and chlorophyll content which reduces the toxic effect of salt 
and increased plant growth and yield traits (Ma et al. 2011). CHT NPs application 
reduced MDA content in several plant species and maintains membrane stability 
and integrity and reduced ion leakage during salinity (Hidangmayum et al. 2019). 
Proline content was increased during salt stress which is due to induction of proline 
biosynthesis or increase in protein turnover or reduction in protein utilization or 
decrease in proline oxidation to glutamate; thus CHT treatment mitigated salt stress 
by increasing proline level (Hidangmayum et al. 2019). CHT NPs have high surface 
to volume ratio which causes higher penetrability and the capacity to form more 
interactions in plants; thus it have remarkable effect in alleviating toxic effect of salt 
in several crops (Bandara et al. 2020).
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16.6.2  Drought Stress

Drought or water deficit conditions impairs sustainable agriculture production lead-
ing to several toxic effects on plants health which increases ROS production to 
greater extent which further causes lipid peroxidation of membrane and its interac-
tion with several other macromolecules; which hampers plant growth, developmen-
tal processes and yield traits. It affects many aspects of a plant, including anatomy, 
physiology, and biochemistry leading to lower yields (Hidangmayum et al. 2019; 
Bandara et al. 2020). However, CHT treatment enhanced plant height and induced 
the accessibility and water uptake and important nutrients; it reduces ROS content 
by increasing antioxidant enzymatic and non-enzymatic machinery (Hidangmayum 
et al. 2019). In white clover, CHT treatment mitigated drought stress by increasing 
production of osmoprotectant and metabolites like proline, valine, threonine, lysine, 
phenylalanine, isoleucine, serine, aspartic acid and GABA which modulated plant 
turgour and osmotic potential (Li et  al. 2017). Thyme plant when subjected to 
drought stress, CHT treatment enhanced proline accumulation which helps in com-
bating water deficit conditions (Bistgani et al. 2017). When plants are subjected to 
water scarcity conditions, CHT application increased the antioxidant enzymatic 
machinery (CAT, POX and SOD) which helps in scavenging ROS and decreasing 
MDA content; which helps in maintaining membrane integrity and several other 
metabolic responses. Additionally, CHT application also increased soluble sugar 
content like glucose and fructose due to the breakdown of polysaccharides, which 
helps in maintaining cell turgour, osmotic adjustments, cell signaling, carbohydrate 
transportation and maintenance of carbon balance in response to drought stress 
(Hidangmayum et  al. 2019). Drought stress destroys the chloroplast structure, 
which ultimately decreases chlorophyll content, and inhibits the activity of the 
enzymes which participates in the Calvin cycle; it also hampers stomatal conduc-
tance, leads to stomatal closure and blocking the CO2 intake by the leaves reducing 
photosynthesis and plants growth (Bandara et al. 2020). CHT application mitigated 
water scarcity by increasing chlorophyll content, photosynthetic attributes like net 
photosynthesis, stomatal conductance and water use efficiency; it also facilitates 
contents of nitrogen and potassium in plant shoot which promotes the synthesis of 
more chloroplast per cell, thus this ultimately increases synthesis of chlorophyll 
(Hidangmayum et  al. 2019). Barley when subjected to drought stress CHT NPs 
application (60 and 90 ppm) via soil or foliar routes reduced the deleterious effect 
of water scarcity by up-regulating relative water content (RWC), plant growth and 
developmental processes, it also induced yield traits (Behboudi et al. 2018). CHT 
NPs in pearl millet and sugarcane alleviated drought stress by increasing plants 
water status by reducing stomatal conductance and transpiration; it also induced 
photosynthesis, root biomass and NO signaling (Priyaadharshini et al. 2019; Silveira 
et al. 2019; Bandara et al. 2020). CHT NPs application at concentration of 90 ppm 
on water-deficient Triticum aestivum plant improved physio-biochemical traits; it 
also improved quality and quantity of grains (Behboudi et al. 2019). In apple also 
CHT NPs is highly beneficial in alleviating drought stress (Avestan et al. 2017). 
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Foliar exogenous treatment of N-succinyl CHT and N,O-dicarboxymethylated CHT 
NPs enhanced drought tolerance in maize by increasing antioxidant defense machin-
ery, induced synthesis of phenolic compound, osmoprotectant, gaseous exchange 
and yield traits (Rabêlo et al. 2019). Therefore, CHT NPs and their derivatives are 
efficient in enhancing plant tolerance to drought by displaying positive effect on 
growth, metabolic and cellular responses.

16.6.3  Heavy Metal Stress

Heavy metal (HMs) such as cadmium (Cd), copper (Cu), nickel (Ni), zinc (Zn), 
arsenic (As), lead (Pb), iron (Fe), mercury (Hg) and cobalt (Co) are accumulated in 
large extent in soil through industrial wastes and sewage. Plants experience oxida-
tive stress upon exposure to HMs, they also disrupts cellular homeostasis and have 
detrimental effect on plant growth and development processes. However, CHT 
application reduces negative effect of HMs and enhances cellular and metabolic 
responses; as CHT has the capability to form complexes with HMs due to presence 
of functional amino and hydroxyl group (Hidangmayum et al. 2019). CHT and its 
derivatives to effectively complex metal ions (Ag(I), Pb(II), and Cu(II)) in soil that 
co-exist with other ionic substances like K+, Cl− and NO3

− (Kamari et  al. 2011; 
Bandara et al. 2020). Cd toxicity reduces stomatal conductance, photosynthesis and 
gas exchange; however CHT treatment increased photosynthetic traits and enhanced 
edible rape growth and development (Zong et al. 2017a, b). CHT alleviated HMs 
stress by increasing antioxidant machinery (CAT, POX and SOD) and by inducing 
ascorbic acid content (Hidangmayum et al. 2019). Hence, use of nanochitosan to 
overcome HMs toxicity is fields that can be explored in future research.

16.6.4  Temperature Stress

Low and high temperature stress are important factors affecting agriculture; it 
retards plant growth, photosynthesis and several crucial cellular responses; it also 
reduces membrane integrity and composition. However, use of CHT reduces heat 
and cold stress in bean and maize respectively; CHT increases germination traits, 
shoot and root length and root and shoot dry and fresh mass (Bandara et al. 2020). 
CHT overcome high-temperature stress by enhancing heat shock protein, ABA 
activity and enhance defense related ABA-responsive genes (Hidangmayum et al. 
2019). Although current investigations on the application of nanochitosan to allevi-
ate temperature stress is scarce and further needed to be investigated.
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16.7  Mechanistic Approach of Chitosan Nanoparticle 
in Mitigating Abiotic Stress

Abiotic stress (such as salinity, drought, temperature and HMs) hampers plants 
developmental and metabolic processes. During signaling pathway, the initial signal 
start up the synthesis of secondary signaling molecules like inositol phosphate and 
ROS leading in the receptor-linked release of Ca2+ inside the cells. These processes 
leads to phosphorylation associated modulation of specific proteins that have stabi-
lizing and defensive function or it may serve as transcription factor that modulates 
the several genes associated in abiotic stress response (Bandara et al. 2020). The 
primary stress signal may be occurred by various primary sensors which causes 
secondary signals and downstream signal transduction that takes place at different 
time and location from primary signaling. However, secondary signals during stress 
serve as “stress cross-protection” in plants (Xiong et al. 2002). Therefore, the asso-
ciation of signaling compound chitosan is beneficial in alleviating catastrophic 
effect of different abiotic stress by participating in different signaling pathways that 
interact with each other; stress reduces photosynthetic fixation and redistribution of 
carbon, and also the ETC taking place in the chloroplasts; as well as reduces activity 
ofribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Bandara et  al. 
2020). Moreover, addition of CHT NPs elevated accumulation of osmoprotectants 
such as proline and production of solutes likes sugars, amino acid and polyols which 
enhance plant turgor. It also increased level of organic compounds like phenols, 
ketones and aldehyde which enhance plant tolerance to abiotic stress (Bandara et al. 
2020). Furthermore, after CHT NPs application plant produces antioxidant machin-
ery which balances higher levels of ROS produced during stress as a result of dys-
function ETC (Hidangmayum et al. 2019). Nanochitosan increases activity of CAT, 
POX and SOD; SOD forms H2O2 by neutralizing superoxide free radicals; and this 
is converted to water and oxygen (nontoxic) via CAT and POX. Thus, CHT NPs 
modulate antioxidant signaling and osmoprotectant production (Bandara et  al. 
2020). CHT based increased proline level during stress induces the activity of pro-
teinase enzyme (Khati et al. 2017). CHT also induces production of ABA signaling 
during stress which regulates stomatal conductance, transpiration and induces 
expression of several stress-responsive genes. Thus, CHT NPs are involved in the 
ABA- dependent mechanism in abiotic stress tolerance in plants (Zhang et al. 2008; 
Iriti et al. 2009).

16.8  Chitosan Toxicity

According to researches, CHT NPs in higher concentrations cause toxicity in plants. 
In Capsicum annuum L. nan-chitosan in higher concentration (5–20 mg/L) causes 
phytotoxicity in plants and also elicit growth and developmental effect at low con-
centrations (Asgari-Targhi et al. 2018). CHT NPs in higher concentration displays 
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toxic effect on germination and seedling growth; they also lower down defensive 
phenols and antioxidant content (Abdel-Aziz 2019). CHT NPs in higher concentra-
tions have negative impact on soil microbiome (Abdel-Aziz 2019).

CHT-silver NPs increases the parasitic and predation efficiency of malaria vector 
and zebrafish respectively (Murugan et al. 2016). CHT NPs also have harmful effect 
on crab species (Bandara et al. 2020). CHT NPs when feed to rats have negative 
impact on liver, kidney and stomach; further also creates toxicity in blood stream 
(Bandara et  al. 2020). However, nanochitosan-based material creates species- 
dependent, size and concentration- dependent toxicity; Due to small size of NPs 
they have potential ability to penetrate through biological membrane and have 
higher risk of creating toxicity (Bandara et al. 2020). Nevertheless, the concentra-
tion and size dependent properties of CHT NPs and its derivatives should be prop-
erly analyzed before the usage to avoid any toxic effects.

16.9  Conclusions and Future Prospective

CHT is biodegradable, non-toxic, biocompatibility and non-allergic in nature which 
offers wide potent possibility for used in agricultural sector and is beneficial for the 
society and agriculture. CHT NPs up-regulates many signaling molecules and par-
ticipates in several signal transductions. CHT NPs proved beneficial in facilitating 
plant growth and development under normal and stressful environment. Furthermore, 
under abiotic stress (salinity, drought, temperature, HMs) it serves as potent stress 
reducer by reducing ROS and MDA content by up-regulating antioxidant defense 
machinery, also increases amino acid, phenols, sugars, osmoprotectant (proline, 
GABA) content which maintain cell turgor and osmoticum. Additionally, CHT NPs 
also increases photosynthesis, chlorophyll content; and serves as antitranspirant to 
combat stress. CHT have chelating properties which use to combat HMs stress. 
Thus, CHT NPs are efficient in improving growth, development, cellular and meta-
bolic responses in plants, and useful in sustainable agricultural practices.

Apart from this, there are several questions and query that needs to be further 
explored. Such as there are not enough researches which can explain the mode of 
action of CHT in plant system and the transporters, sensors, receptors involved in 
CHT transportation and signaling inside plant cell. Furthermore, transcriptomic, 
proteomic, metabolomic studies, and their combined responses is useful to provide 
a better use of nanochitosan in the abiotic stress management.
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