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                                   Abstract 

Generally, abiotic stresses have adverse impacts on plant 

growth and development, which affects agricultural 

productivity, causing food security problems, and resulting in 

economic losses. To reduce the negative effects of 

environmental stress on crop plants, novel technologies, such 

as nanotechnology, have emerged. Implementing 

nanotechnology in modern agriculture can also help improve 

the efficiency of water usage, prevent plant diseases, ensure 

food security, reduce environmental pollution, and enhance 

sustainability in agriculture. In this regard, nanoparticles can 

help combat nutrient deficiencies, promote stress tolerance, and 

improve the yield and quality of crops. Nanoparticles eliminate 

nutrient deficiencies in plants, increase the tolerance of plants 

to stress conditions by enabling the enzyme activities and the 

adhesion of bacteria that promote plant growth to the roots 

under abiotic stress conditions. In this review, the role of 

nanoparticles in ameliorating adverse effects on plants exposed 

to abiotic stress conditions will be emphasized. NPs exhibit 

alleviating effects against drought stress via induction of 

physiological and biochemical readjustments accompanied by 

modulation of gene expression involved in drought 

response/tolerance. NPs ameliorate drought-induced reduction 

in carbon assimilation via increasing the photosynthetic 

activity. The improved root growth, upregulation of aquaporins, 

modification of intracellular water metabolism, accumulation 

of compatible solutes, and ion homeostasis are the major 

mechanisms used by NPs to mitigate the osmotic stress caused 

by water deficit. NPs reduce water loss from leaves through 

stomatal closure due to fostered abscisic acid (ABA) 

accumulation and ameliorate oxidative stress damage by 

reducing reactive oxygen species and activating the antioxidant 

defense system.  

Key Words: Global warming, food crisis, nanotechnology, 

poverty, water crisis, water deficit, drought stress, abscisic 

acid (ABA)  

1. Introductions 

In the current global scenario, food production and distribution 

remain under severe strain because of the rising population, 

climate change, environmental contamination, and increased 

water and energy demands (Adrees et al. 2020; Usman et 

al. 2020; Van Nguyen et al. 2022). To add to this, current 

agricultural practices consume a large volume of resources. For 

example, although the annual crop production in the USA 

exceeds three billion tonnes, it requires 187 million tonnes of 

fertilizers, 4 million tonnes of pesticides, 2.7 trillion cubic 

meters of water (roughly 70% of all global freshwater), and 

over two quadrillion British thermal units (BTU) of energy 

(Kah and Hofman 2014).  

 
Figure 1: classification of Nanoparticles on the basis of 

Origin, dimension and Structure. 

According to the FAO (2017), the world's population is 

expected to reach 10 billion by 2050, resulting in a 50% 

increase in food demand, particularly in developing nations. In 

developing countries, notably India, agriculture is one of the 

most essential components of the national economy. Increasing 
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food production rates contribute significantly to the growth of 

the nation’s GDP. In addition, more than 60% of the population 

relies on it for sustenance, fodder, fuel, and fiber. The decline 

in food grain productivity can lead to food scarcity and a decline 

in nutrition security. Limitations in water and agricultural  

 
Figure 2: Classification of nanoparticles based on structure, dimension, Origin and Potential Toxicity.

land availability is attributed as a major reason for declining 

food productivity trends, while the deterioration of water, soil 

nutrients, climate change, and so on can accentuate this problem 

(Bisht et al. 2022; Van Nguyen et al. 2022). Nanotechnology 

could be a potential tool in remodeling various aspects of 

agriculture, from soil remediation to food packaging 

(Alabdallah et al. 2021). NPs can play various roles in 

agriculture and can be widely used as fertilizers, pesticides, 

herbicides, insecticides, growth regulators, nanocarriers, Nano 

sensors, and Nano barcodes. Furthermore, nanotechnology can 

be applied in water filtration and soil remediation (Prasad et 

al. 2017; Al-Khayri et al. 2023). NPs can serve as cargo, and 

they can deliver genetic material and protein, resulting in 

genetic modification of medicinal and aromatic plants with 

higher resistance to stresses, as well as contributing to higher 

yield and enhanced nutrient uptake (Siddiqui et al. 2015; Al-

Khayri et al. 2023). Furthermore, nanoscale materials can be 

used to monitor crop yield using geospatial techniques  and 

Nano sensors (Usman et al. 2020; Sharma et al. 2021). Nano 

barcodes can tag proteins associated with pathogenicity, which 

can be used for rapid diagnostics and control of pathogen 

infections in crops (Hayat et al. 2023), making them key players 

in precision agriculture. Sessile organisms such as plants are 

constantly exposed to an array of abiotic elements. 

Environmental variations such as drought, salinity, alkalinity, 

flooding, and mineral toxicity/deficiencies can cause stress to 

crops resulting in substantial yield reduction. Although some 

plants have the innate ability to withstand stresses, this is not 

the case with many plants (Hayat et al. 2023; Luz et al. 2023). 

Water is necessary for the plant life cycle as it is involved in 

nutrient transport. Stress caused by water deficit conditions due 

to physical lack of water, i.e., drought and physiological water 

inaccessibility, is most common in arid and semiarid regions 

(Luz et al. 2023). Drought stress impairs the photosynthesis, 

nutrient uptake, osmotic and antioxidant processes, and 

overproduction of reactive oxygen species (ROS) in drought-
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stressed plants, leading to the denaturation of proteins, DNA 

damage, and lipid peroxidation, which hinders cell growth and 

elongation, resulting in poor plant growth and productivity 

(Waqas Mazhar et al. 2022; Hayat et al. 2023). Recent studies 

have highlighted the role of metal-based and carbon-based NPs 

in mitigating drought stress by inducing tolerance (Linh et 

al. 2020; Shekhawat et al. 2021).   

 
Figure 3: Classification of Nano Particles on the basis of 

Dimension 

 Photorespiration can lead Carbon-based NMs such as 

graphene, fullerene, fullerol, and carbon NTs, and metal-based 

NPs, such as ZnO, TiO2, Fe, and Cu NPs, have been widely 

used to ameliorate drought stress by increasing water and 

nutrient uptake via stress tolerance and upregulation of genes 

involved in cell growth (Linh et al. 2020; Shekhawat et 

al. 2021). NPs have been reported to enhance germination 

parameters, growth rate, biomass, and yield, regulate. The 

positive effects of carbon and metal-based NPs depend on their 

concentration, morphology, surface properties, mode of 

application, and type of plant species. In this review, we have 

compiled the current studies on NP-mediated drought 

mitigation and tolerance mechanisms to improve plant yield 

characteristics. Moreover, we have also highlighted the role of 

inorganic and organic nanoparticles in developing resilient 

crops for sustainable productivity. 

2. CLASSIFICATION OF NANOPARTICLES  

Nanoparticles (NPs) are mainly classified into various classes 

based on their morphology, size, and physical & chemical 

properties. They are mainly classified into organic, inorganic, 

and carbon-based NPs.  

A. Organic Nanoparticles  

Organic nanoparticles are small particles made of aggregated 

molecules or polymers. These materials are of broad interest 

owing to ease of fabrication and wide range of aggregated 

structures that can be achieved. The morphology of the 

aggregated molecules/polymers are not easily accessible in 

annealed thin films, providing a useful platform for 

fundamental photophysical studies. They are also of interest for 

applications in photovoltaics, where their small size shortens 

the distance changes need to travel in order to be extracted. 

They are typically synthesized using one of two methods: Mini 

emulsion and reprecipitation. In the miniemulsion method, an 

aqueous solution containing surfactant and an organic solvent 

containing the molecule or polymer units are stirred together to 

make a microemulsion with large droplets of oil in water. 

Sonification of this macroemulsion forms a miniemulsion and 

subsequent purification steps remove excess surfactant to leave 

a concentrated aqueous dispersion. 

Organic nanoparticles are the solid particles composed of 

organic compounds such as lipids or polymers with a diameter 

in the range of 10 nm to 1 μm (Ealia S. A. M. & Saravanakumar 

M. P, 2019; Khalisanni K. et al., 2020; Khan I., Khalid S., & 

Khan I., 2019). Some commonly known organic NPs are 

dendrimers, liposomes, micelles, ferritin etc. These organic NPs 

are environment friendly, biodegradable, non- toxic, 

economical and more suitable in biomedical field. Both 

micelles and liposomes have a hollow core also known as nano 

capsules and are sensitive to thermal and electromagnetic 

radiations. These unique properties make organic NPs an ideal 

choice for drug delivery. They are highly efficient in target drug 

delivery.  

 

 
Figure 4: Types of organic 

NPs. A Dendrimers; B liposomes; C micelles; 

and D ferritin, Sources: Nadeem Joudeh et al, 2022. 

B. Inorganic Nanoparticles Inorganic nanoparticles are the 

particles that are not made of carbon. It includes metal and 

metal oxides (Ealia S. A. M. & Saravana Kumar M. P, 2019; 

Khalisanni K. et al., 2020; Khan I., Khalid S., & Khan I., 2019). 

As compared with organic NPs in inorganic NPs enormous 

research and commercial investments has been made in 

inorganic NPs.  

1) Metal Based Nanoparticles  

Metal based nanoparticles can be obtained from metals such as 

aluminum (Al), gold (Au), silver (Ag), cadmium (Cd), cobalt 

(Co), copper (Cu), iron (Fe), lead (Pb) and zinc (Zn). The most 

widely used metals in are Ag, Au, Cu, Fe and Zn. Transition 
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metals are found to be the best candidates for the synthesis of 

metal-based NPs due to the presence of partially filled d- 

orbitals which make them more redox active (Elena S. L., et al., 

2020). 

 
Figure 5: Effect of Nanoparticles on Biotic and Abiotic 

Stress 

This in turn facilitates nanoparticle aggregation. Metal based 

NPs have size in the range of 10 to 100 nm. They exist in 

different shapes such as spherical and cylindrical. They show 

unusual properties such as high surface area to volume ratio, 

pore size, surface charge and surface charge density, crystalline 

and amorphous structures, high reactivity, and sensitivity to 

environmental factors such as air, moisture, heat, sunlight etc. 

Due to these unusual properties, they find promising 

applications in numerous research areas. 

2) Metal Oxide-Based Nanoparticles Metal based NPs can be 

converted into their corresponding oxides known as metal 

oxides-based NPs. Metal oxides-based NPs have exceptional 

properties as compared with their metal counterparts. Some 

examples of metal oxides-based NPs are Iron oxide (Fe2O3), 

Magnetite (Fe3O4), Aluminum oxide (Al2O3), Cerium oxide 

(CeO2), Silicon dioxide (SiO2), Titanium oxide (TiO2), Zinc 

oxide (ZnO) (Sathyanarayanan, M. B., Bala Chandranath, R., 

Genji Srinivasulu, Y., Kannaiyan, S. K., & Subbiah doss, G., 

2013). These metal oxides-based NPs found to be more reactive 

and efficient.  

C. Carbon Based Nanoparticles The nanoparticles composed 

of carbon are known as carbon-based NPs. Carbon based NPs 

can exist in different shapes such as tube- shaped, horn- shaped, 

spherical, or ellipsoidal. Two major classes of carbon-based 

NPs are fullerene and carbon nanotubes (CNTs). Other classes 

of carbon- based NPs are graphene, nanofibers, and carbon 

black (Bhaviripudi S., Mile E., Iii S. A. S., Zare A. T., 

Dresselhaus M. S., Belcher A. M. & Kong J., 2007; Patel K. P., 

Singh R. K., Kim, H. W., 2019).  

1) Fullerene  

Nobel laureates H. W. Kroto, R. F. Curl and R. E. Smalley 

discovered fullerenes in the year 1985. The fullerene family 

includes a number of atomic clusters (Cn) where n > 20. 

Fullerene C60 is the most common fullerene, having 60 carbon 

atoms. It is also known as a buck ball. It is spherical in shape. 

Each carbon atom is sp2 hybridized and are linked together by 

covalent bonds. All the carbon atoms located at the vertices of 

20 hexagons and 12 pentagons. About 28 to 1500 carbon atoms 

form the spherical structure with diameters up to 8.2 nm for a 

single layer and 4 to 36 nm for multi-layered fullerenes. 

 
2) Carbon  

Nanotubes (CNTs) Carbon nanotubes are allotropes of carbon 

and were discovered by the Japanese scientist S. Iijima in the 

year 1991. CNTs are having exceptional properties such as 

rigidity, strength and elasticity which have created noteworthy 

commercial interests. They also show high thermal and 

electrical conductivity. CNTs are cylindrical structures with a 

diameter of several nanometers, consisting of rolled graphene 

sheets. They may vary in length, diameter, symmetry and 

number of layers. The ends of CNTs can either be hollow or 

closed by a half fullerene molecule. Depending on their 

structure, they can be broadly classified into two main groups: 

(a) single-walled carbon nanotubes (SWCNTs) having a 

diameter of 1-3 nm and a few micrometers in length and (b) 

multi-walled carbon nanotubes (MWCNTs) with a diameter of 

5-40 nm and a length of around 10 μm. However, CNTs with a 

length of 550 nm have also been reported.  

3) Graphene  
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Graphene is another allotropic form of carbon. It has a two-

dimensional honeycomb-like lattice. A graphene sheet is 

generally 1 nm in thickness.  

4) Carbon Nanofibers  

Carbon nanofibers (CNFs) are also made up of graphene sheets. 

In this, graphene layers are arranged as stacked cones, cups, or 

plates. CNFs have excellent mechanical properties and high 

thermal and electrical conductivity. Their diameter varies from 

10 nm to 500 nm. Hence, these CNFs find application in many 

fields such as drug delivery, energy devices, sensors, 

nanocomposites, photocatalysis, etc.  

5) Carbon Black  

Carbon black nanoparticles (CBNP), or Nano powders, are 

amorphous materials mainly composed of elemental carbon. It 

is also known as ‘soot’ or ‘shouen.’ These are spherical in shape 

with diameters in the range of 20 to 70 nm. CBNP form 

agglomerates of 500 nm size due to high interaction between 

the particles. These generally find application in laser printing 

and copy machine inks. They are also used as rubber 

reinforcement preservatives as well as pigments in plastic 

industries.  

3. SYNTHESIS OF NANOPARTICLES  

Various methods have been employed to synthesize 

nanoparticles (NPs) with controlled shape, size, dimensions, 

and structure. There are two mains  
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Figure 5: Representative scheme of NPs. 

 
Figure 5.1: Carbon-Based Nanoparticles 

approaches for the synthesis of NPs viz., Top- down and 

Bottom- up approach (Arole, V. M., & Munde, S. V., 2014; 

Hasan, S., 2015; Khan, F. A., 2020; Khan I., Khalid S., & Khan 

I., 2019; Rane, A. V., Kanny, K., Abitha, V. K., & Thomas, S., 

2018;).These methods are further divided into different 

categories based on the operations and reaction conditions 

(Scheme 1 & 2). 
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A. Top-Down Approach The top-down approach involves the 

breaking down of the bulk material into nanosized particles. It 

is a destructive method. Top down approaches are simpler and 

depend either on the removal or division of bulk material or the 

miniaturization of bulk fabrication processes to produce desired 

structure with appropriate properties. Mechanical milling, 

nanolithography, laser ablation, sputtering, and thermal 

decomposition are some of the most widely used nanoparticle 

synthesis methods.  

B. Bottom-Up Approach The bottom-up or constructive 

method is an alternative approach which employs build- up 

approach where nanoparticles are built up from clusters, which 

in turn are obtained from atoms. Scheme  

This approach generally involves sedimentation and reduction 

techniques. This approach is considered to be more economical, 

as it has the potential of creating less waste. The most 

commonly used examples of this method are Sol-gel, spinning, 

green synthesis, chemical vapor deposition (CVD), pyrolysis 

and biosynthesis.  

4. APPLICATIONS OF NANOPARTICLES  

Nanoparticles exhibit unique physical and chemical properties 

such as electronic & optical properties, mechanical properties, 

magnetic properties & thermal properties. This uniqueness has 

led to its application in different areas. Some of the significant 

applications of NPs are discussed below: A. Medicine 

Nanoparticles have made major contributions to clinical 

medicine in the areas of medical imaging and drug/gene 

delivery. Iron oxide particles such as magnetite (Fe₃O₄) or its 

oxidized form, hematite (Fe₂O₃), are most commonly employed 

for biomedical applications. Ag NPs are being used 

increasingly in wound dressings, catheters, and various 

households’ products due to their antimicrobial activity. Gold 

nanoparticles are emerging as promising agents for cancer 

therapy, as drug carriers, photothermal agents, contrast agents 

and radiosensitizers (Cai, W., Gao, T., Hong, H., & Sun, J., 

2008; Jain, S., Hirst, D. G., & O'Sullivan, J., 2012; Sztandera, 

K., Gorzkiewicz, M., & Klajnert-Maculewicz, B., 2018). Over 

past few decades there has been considerable interest in 

developing biodegradable NPs as effective drug delivery 

devices. Various polymers have been used in drug delivery 

research as they can effectively deliver the drugs to the target 

site thus increases the therapeutic benefit, while minimizing 

side effects. B. Environmental Remediation Nanoparticles are 

commonly used for environmental remediation, since they are 

highly flexible towards both in situ and ex situ applications in 

aqueous systems. Silver nanoparticles (AgNPs) due to their 

antibacterial, antifungal, and antiviral activity has been 

extensively used as water disinfectants (Zhang, C., Hu, TiO2 

NPs have been increasingly studied for waste treatment, air 

purification (Haider, A., Al-Anbari, R., Kadhim, G., & Jameel, 

Z., 2018), self-cleaning of surfaces (Veziroglu, S., Hwang, J., 

Drewes, J., Barg, I., Shondo, J., Strunskus, T., & Aktas, O. C., 

2020), and as a photocatalyst in water treatment (Peng, Y., Yu, 

Z., Pan, Y., & Zeng, G., 2018) application due to their 

characterized low-cost, non-toxicity, semiconducting, 

photocatalytic, electronic, gas sensing, and energy converting 

properties.  Z., Li, P., & Gajaraj, S., 2016). 

C. Mechanical Industries  

Owing to excellent young modulus, stress, and strain properties, 

NPs finds applications in mechanical industries especially in 

coating, lubricants (Ghaednia, H., Hossain, M. S., & Jackson, 

R. L., 2016), adhesives (Cao, Z., & Dobrynin, A. V., 2016) and 

manufacturing of mechanically stronger nanodevices. Pal et al. 

(2021) reported two-step dip-coating method using silver 

nanoparticles (AgNPs) and the fluorine-free silane monomer, 

3-(Trimethoxy silyl) propyl methacrylate (TMSPM) for the 

fabrication of hydrophobic coating on cotton fabric. D. Food 

Nanoparticles have been increasingly incorporated into food 

packaging to control the ambient atmosphere around food, 

keeping it fresh and safe from microbial contamination 

(Bhardwaj M. & Saxena D.C., 2017). Now-a-days, inorganic & 

metal NPs are extensively used as alternatives to petroleum 

plastics in the food packaging industry as they can directly 

introduce the anti-microbial substances on the coated film 

surface (Hosein Nejad, M., Jafari, S. M., & Katouzian, I., 2018).  
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Figure 7: Sketch of Nanoparticle Classifications

 

Figure 8: Classification of Inorganic Nano particles 

E. Electronics Unique structural, optical and electrical 

properties of one-dimensional semiconductor and metals make 

them the key structural block for a new generation of electronic, 

sensors and photonic materials.  

F. Energy Harvesting  

Due to the scarcity of fossil fuels scientist have been shifting 

their research interests in the development of different 

strategies which can help in generating renewable energies 

from easily available resources at cheap cost. NPs are the 

suitable candidate for this purpose due to their large surface 

area, optical behavior and catalytic nature. NPs are widely used 

to generate energy from photoelectrochemical (PEC) and 

electrochemical water splitting (Avasare et al., 2015). Other 

advanced options such as electrochemical CO2 reduction to 

fuels precursors, solar cells and piezoelectric generators also 

utilized to generate energy. Ibrahim et al. (2019) reported use 
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of graphene as a source of energy as well as next generation 

smart energy storage devices. 

 

Figure 9: Sketch out the classification of nanomaterials. 

Abiotic stress in plants is one of the main obstacles to global 

agricultural production and food security. Therefore, there is a 

need for the development of novel approaches to overcome 

these problems and achieve sustainability. Nanotechnology has 

emerged as one such novel approach to improve crop 

production through the utilization of nanoscale products, such 

as Nano fertilizer, Nano fungicides, Nano herbicides and Nano 

pesticides. Their ability to cross cellular barriers makes 

nanoparticles suitable for their application in agriculture. Since 

they are easily soluble, smaller, and effective for uptake by 

plants, nanoparticles are widely used as a modern agricultural 

tool. The implementation of nanoparticles has been found to be 

effective in improving the qualitative and quantitative aspects 

of crop production under various biotic and abiotic stress 

conditions. 

5. Nanoparticles in Plants Abiotic Stress Management: 

I. Climate changes abiotic stress nanoparticles molecular 

changes: 

1. Nanoparticles in Salt-Stress Tolerance 

Global-warming-driven water scarcity also forces irrigation 

with saline water in agricultural lands all over the world, which 

leads to enhanced salt content in the soil. Salinity (the buildup 

of excessive salt in the soil) is one of the main challenges to 

modern agriculture, and it eventually stunts and impairs plant 

growth and development, ending in plant mortality (Isayenkov, 

S.V.; Maathuis, F.J.M.,2019; Mahmood, R.; Ijaz, M.; Qamar, 

S.; Bukhari, S.A.; Malik, K.,219).  

Figure 11:  Representation scheme of the main routes used 

by nanoparticles for translocation in plants. 

Most plants die when the NaCl content is higher than 200 mM. 

Salinity has a significant impact on every stage of the plant’s 

life cycle, including seed germination, seedling development, 

vegetative growth, and blooming (Mohamed, H.I.; Sajyan, 

T.K.; Shaalan, R.; Bejjani, R.; Sassine, Y.N.; Basit, A. ,2022). 

Numerous horticultural crops, such as fruits, vegetables, and 

spices, are impacted by salinity. In addition to causing osmotic 

stress, water stress, oxidative stress, nutritional stress and 

reduced cell division, salt stress imbalances ionic strength, 

which has an impact on a number of biochemical, physiological 

and metabolic processes (Dong, F.; Yang, F.; Liu, Y.; Jia, W.; 

He, X.; Chai, J.; Zhao, H.; Lv, M.; Zhao, L.; Zhou, S.,2021; 

Sinha, R.K.; Verma, S.S.,2021). The response to various abiotic 

stress has been illustrated in Figures. According to Zulfiqar and 

Ashraf (Zulfiqar, F.; Ashraf, M. ,2021), the application of 

nanoparticles, such as Zn NPs, Ag NPs, SiO2 NPs, Cu NPs, Fe 

NPs, Mn NPs, C NPs, Ti NPs, Ce NPs and K NPs, was effective 

in mitigating the toxic effects of salt stress in various plants. El-

Sharkawy et al.,2017 found that the foliar application of K NPs 

in salt-sensitive Medicago sativa improved salt tolerance by 

reducing electrolyte leakage and enhancing the proline and 

antioxidant-enzyme content, such as that of catalase. Similarly, 

reduced oxidative stress was evident in the lower MDA and 

ROS levels and higher antioxidant activity in AgNPs-treated 
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pearl millet plants, which may have been caused by a decrease 

in Na+ absorption in the leaves(Khan, I.; Raza, M.A.; Awan, 

S.A.; Shah, G.A.; Rizwan, M.; Ali, B.; Tariq, R.; Hassan, M.J.; 

Alyemeni, M.N.; Brestic, M.; et al.,2020). Increasingly 

prevalent data suggest that applying nanoparticles to plants can 

considerably reduce the detrimental impacts of salt stress, and 

thus also control plant adaptations.  

Figure 10: Classification of Nano pesticides were classified by analysis of 36,658 patents (among which 1,163 are Nano pesticides 

of interest; see Methods section). a, In Type 1 Nano pesticides, NMs are used directly as AIs. Metal-based NMs are the most 

widely applied Type 1 Nano pesticides and they include Ag-based NMs (as Nano bactericides, nonfungicides and Nano 

insecticides), Ti-based NMs (as Nano bactericides and Nano fungicides), Cu-based NMs (as Nano fungicides and Nano 

bactericides) and Zn-, Fe- and Al-based NMs. b, In Type 2 Nano pesticides, NMs serve as nanocarriers to encapsulate AIs to 

achieve controlled, targeted and synchronized release of AIs at the right target, time and dose (that is, through the RNDP). The 

AIs in Type 2 Nano pesticides are mainly conventional pesticides, such as atrazine, avermectin and glyphosate. The common 

nanocarrier types include polymers (b1–b4) such as chitosan, cellulose and polyethylene existing in the forms of Nano capsules 

(b1), nanospheres (b2), nano(hydro)gels (b3) and Nano micelles (b4), clay NMs (for example, silica, montmorillonite and 

kaolinite; b5), nanocomposites (b6), carbon  nanotubes (CNTs; b7), 2D NMs (for example, graphene; b8), nanoliposomes (b9), 

dendrimers (b10), Nano zeolites (b11), solid lipid NPs (b12), layered double hydroxides (LDHs; b13), zein NPs (b14) and 

polymerases (b15). The numbers in parentheses indicate the number of patents indexed by Google Patents 

(https://patents.google.com/), which showed 305 Type 1 Nano pesticide patents and 858 Type 2 patents, some of which are 
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projected to hit the market very soon or are already on the market (for example, Nu-Clo silvercide (EPA registration number 

7124-101, approved in 2007) and DuPont Kocide 3000 (EPA registration number 352-662, approved in 2007) in which nano-Ag 

and nano-Cu(OH)2 are the AIs, respectively).  

2. Nanoparticles in Drought-Stress Tolerance 

Drought is regarded as the most detrimental environmental 

stress, reducing crop yield more than any other. According to 

the Intergovernmental Panel on Climate Change (IPCC), the 

average temperature will rise by 1.8 to 4.0 °C by 2100, and 

drought will affect vast areas of the world (Ozturk, M.; Unal, 

B.T.; García-Caparrós, P.; Khursheed, A.; Gul, A.; 

Hasanuzzaman, M.,2020). Drought affects agriculture when 

plants have insufficient    moisture to develop normally and 

complete their life cycles. The severity of drought is further 

increased by a 

Figure 12: The positive effect of nanoparticles (NPs) on plant growth and development under abiotic stress conditions. 

continuous decline in precipitation and increase 

in evapotranspiration demand (Farooq, M.; Hussain, M.; 

Wahid, A.; Siddique, K.H.M. ,2012).For instance, drought 

stress prevents plant development, because water is required for 

cell turgor, which is the pressure that a contained liquid exerts 

on cell walls, causing cells to expand (Zhang, H.; Zhao, Y.; 

Zhu, J.-K.,2020). The principal effects of drought on crop 

plants include slower rates of cell division and growth, smaller 

leaves, longer stems and roots, disordered stomatal oscillations, 

altered water and nutrient relationships with lower crop output 

and inefficient water usage (Farooq, M.; Hussain, M.; Wahid, 

A.; Siddique, K.H.M.,2012). 

As per previous studies, NPs cause a variety of morphological, 

physiological and biochemical changes in plants as they 

increase their resistance to drought stress by increasing plant 

root hydraulic conductance and water uptake and demonstrate 

a differential abundance of proteins involved in oxidation-

reduction, ROS detoxification, stress signaling and hormone 

pathways (Kandhol, N.; Jain, M.; Tripathi, D.K.,2022). The 

foliar application of metal-oxide nanoparticles, such as titanium 

dioxide (TiO2), zinc oxide (ZnO) and iron oxide (Fe3O4), were 

found to be effective in enhancing the plant’s physiological and 

metabolic activities under drought stress(Alabdallah, N.M.; 

Hasan, M.; Hammami, I.; Alghamdi, A.I.; Alshehri, D.; 

Alatawi, H.A.,2021). When Si NPs were applied to drought-
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stressed pomegranate plants, additional improvements were 

made to their photosynthetic pigments, nutrient status, physical 

and chemical parameters (especially those related to fruit 

cracking), phenolic content and concentrations of osmolytes, 

antioxidant enzymes and abscisic acid (Zahedi, S.M.; Hosseini, 

M.S.; Meybodi, N.D.H.; Peijnenburg, W.,2021). El-Zohri et 

al. ,2021 suggested that green ZnO-NPs administered topically 

at lower concentrations could successfully boost tomato 

tolerance to drought stress. In addition to nano fertilizers, green 

synthesized Fe3O4 NPs were also found to be effective in 

reducing the impact of drought stress on fenugreek plants 

(Bishta, S.; Sharma, V.; Kumari, N. ,2022). However, a study 

by Potter et al.,2021 indicates that the potential benefits of 

using NPs in enhancing plant drought resistance only actualize 

under specific environmental circumstances.  

3. Nanoparticles in Cold-Stress Tolerance 

Global climate change also contributes to cold or low-

temperature stress, which harms plant growth and development. 

Plants often experience two types of low-temperature stress: 

chilling and freezing. Chilling temperatures for plants range 

from 0 to 15 °C, depending on the species and tolerance level 

of the plant. The air temperature and wind speed during 

exposure are other factors that affect chilling temperatures. In 

contrast to its response to chilling temperatures, the plant will 

battle against freezing temperatures (below 0 °C) (Aslam, M.; 

Fakher, B.; Ashraf, M.A.; Cheng, Y.; Wang, B.; Qin, Y. ,2019).  

Crop species can be hurt or killed by low and nonfreezing 

temperatures, which can have an impact on their productivity, 

survival and ecological dispersion(Adhikari, L.; Baral, R.; 

Paudel, D.R.; Min, D.; Makaju, S.O.; Poudel, H.P.; Acharya, 

J.P.; Missaoui, A.M.,2022) As enzyme and other-protein 

activity are reduced at colder temperatures, cold stress slows 

down plant growth (Zhang, H.; Zhao, Y.; Zhu, J.-K.,2020). 

Numerous processes in these plants are impacted by low 

temperatures, including those involved in secondary 

metabolism, respiration, defense and protein and nucleic 

acid production(Aslam, M.; Fakher, B.; Ashraf, M.A.; Cheng, 

Y.; Wang, B.; Qin, Y. ,2022). 

Chitosan nanoparticles and TiO2 NPs have been used 

extensively in a variety of studies for their efficiency in cold-

stress tolerance. The application of Ti NPs was found to be 

effective in improving electrolyte leakage, photosynthetic 

activity and membrane damage under cold-stress conditions in 

chickpea plants using transcriptional regulation (Mohammadi, 

R.; Maali-Amiri, R.; Abbasi, A.2013; Mohammadi, R.; Maali-

Amiri, R.; Mantri, N.,2014; Amini, S.; Maali-Amiri, R.; 

Mohammadi, R.; Shahan Dashti, S.-S.K.,2017). Hasanpour, H.; 

Maali-Amir, R.; Zeinali, H.,2015 suggest that when TiO2 NPs 

are applied to plants, the tolerance of chickpea plants to cold 

stress may develop by controlling the pressure of the 

temperature drop injury and altered metabolism for plant 

growth. The deleterious effects of cold stress are reduced and 

glycyrrhizin content is enhanced when using TiO2 NPs in 

licorice plants (Ghabel, V.K.; Karamian, R.,2020). The use of 

chitosan nanoparticles was found to be effective in reducing the 

ROS with the accumulation of Osmo protectants in banana 

plants under cold-stress conditions (Wang, A.; Li, J.; Al-Huqail, 

A.A.; Al-Harbi, M.S.; Ali, E.F.; Wang, J.; Ding, Z.; Rekaby, 

S.A.; Ghoneim, A.M.; Eissa, M.A. ,2021). Furthermore, in rice 

plants, the foliar application of ZnO NPs may reduce chilling 

stress through the antioxidative system and transcription 

factors involved in the chilling response (Song, Y.; Jiang, M.; 

Zhang, H.; Li, R. ,2021). Similarly, the use of SiNPs can also 

improve the photosynthetic ability of sugarcane plants under 

chilling stress (Elsheery, N.I.; Sunoj, V.; Wen, Y.; Zhu, J.; 

Muralidharan, G.; Cao, K.,2020). 

4. Nanoparticles in Heavy-Metal-Stress Tolerance 

Heavy-metal (HM) stress is one of the deleterious factors that 

reduces crop productivity in the modern day. Human activities, 

such as industrialization and urbanization, have resulted in HM 

pollution all over the world (Emamverdian, A.; Ding, Y.; 

Mokhberdoran, F.; Xie, Y.,2015). Enhanced implementation of 

modern agricultural tools, such as chemical pesticides and 

fertilizers, has also contributed to HM stress in crop plants. 

Heavy metals such as Hg, Pb, Cd, Ni, Co, Cr and Ag have 

deleterious impacts on plants (Yadav, S.K.,2010). Since plants 

reside at the baseline of trophic systems, the chances of 

bioaccumulation of these HMs via the food chain are high, and 

this eventually leads to chronic health impairments, such as 

kidney and liver damage, in humans and other animals. In 

addition, HMs have a direct impact on plants, such as through 

morphological and physiological abnormalities and impaired 

metabolic pathways (Tiwari, S.; Lata, C. ,2018). These affect 

the quality and quantity of plant-based products, especially in 

agricultural crops and medicinal plants. 

A number of studies on the use of nanoparticles to alleviate HM 

stress have been conducted. Nanoparticles applied to the soil 

can absorb and transform the HMs in soil, thereby reducing the 

bioaccumulation and mobility of HMs. The Cd metal 

availability in soil has been reduced by the application of 

Fe3O4 NPs (Wang, Y.; Liu, Y.; Zhan, W.; Zheng, K.; Lian, M.; 

Zhang, C.; Ruan, X.; Li, T.,2020). The hydroxyapatite NPs can 

reduce the toxic effects of metals in soil and can maintain the 

soil pH by releasing phosphate ions (Cui, H.; Shi, Y.; Zhou, J.; 

Chu, H.; Cang, L.; Zhou, D.,2018). NPs also induce the 

formation of apoplast barriers, which reduce the heavy-metal 

content in the root. Furthermore, heavy metals can be 

intercepted by the regulation of metal transporter genes in 

plants using specific NPs, which can deter the translocation of 

HMs by forming complexes with them (Wang, K.; Wang, Y.; 

Wan, Y.; Mi, Z.; Wang, Q.; Wang, Q.; Li, H.,2021). NPs such 

as SiNPs have endorsed the production of organic acids that 
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curtail the damage of HM stress (Cui, J.; Liu, T.; Li, F.; Yi, J.; 

Liu, C.; Yu, H.,2017; Wu, H.; Tito, N.; Giraldo, J.P.,2017). NPs 

also activate the antioxidant system, thereby reducing the stress 

caused by ROS (Wu, H.; Tito, N.; Giraldo, J.P.,2017). Most 

plants are sensitive to flooding as a result of excessive water 

clogging in soil. Flooding is caused either by excessive rainfall, 

poor soil drainage or irrigation practices. The complete 

submersion of plants in floodwater can be disastrous for crops. 

Flooding is thus one of many abiotic-stress factors that affect 

food availability and countries’ economies. It influences the 

plants grown in different ecosystems, such as floodplains, 

riparian zones, salt marshes, tidal zones and wetlands. 

 

 

Figure 13: Nanoparticles involved in combating abiotic stress. 
. Plants grown in different ecosystems show varied responses to 

flooding stress; wetland plant species show tolerance to shoot 

submergence and soil water logging, while dry-land species are 

sensitive to flooding stress. 

5. Nanoparticles in Flooding-Stress Tolerance 

 Excessive water logging in air spaces delays the exchange and 

diffusion of gas between the roots (rhizosphere) and the 

atmosphere, thereby inhibiting respiration due to a lack of 

oxygen leading to hypoxia and ultimately leading to anoxia in 

plants. Under flooding stress, soil pH and redox potential will 

be affected, the carbon-dioxide content increases and the 

mobilization of phytotoxins increases, affecting the root 

metabolism, nutrient uptake and overall plant growth (Bailey-

Serres, J.; Colmer, T.D. ,2014). 

Nanoparticles have been reported to alleviate flooding stress in 

plants. In soybean plants under flooding stress, silver NPs 

helped to alleviate stress conditions by regulating amino-acid 

synthesis, proteins, glycolysis and wax formation, and NPs 

enhanced the growth of soybean plants despite stress (Mustafa, 

G.; Sakata, K.; Komatsu, S.,2015; Mustafa, G.; Sakata, K.; 
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Komatsu, S. ,2016). Another study has been conducted into 

soybean plants under flooding stress, where Al2O3 NPs were 

applied to ameliorate the growth impairment induced by flood 

stress. The Al2O3 NPs increased root length, including that of 

the hypocotyl, suppressed the proteins involved in glycolysis, 

arbitrated the cells involved in the scavenging of ROS by 

upregulating the ascorbate/glutathione pathway (AsA/GSH) 

and increased the ribosomal proteins (Mustafa, G.; Komatsu, 

S.,2016). 

6. Nanoparticles in Heat-Stress Tolerance 

High temperatures can cause heat stress. In recent 

decades, global warming has worsened this trend. The rise in 

temperature above a critical limit for a longer time sufficient to 

permanently harm plant development is often understood to 

constitute heat stress (Hu, S.; Ding, Y.; Zhu, C.,2020). Extreme 

changes may damage the intermolecular connections required 

for optimal growth during hot summers, which would hinder 

plant development and fruit set (Bita, C.E.; Gerats, T. ,2013). 

In general, heat stress decreases the effectiveness of 

photosynthetic processes, shortening the plant life cycle and 

lowering productivity (Zhao, J.; Lu, Z.; Wang, L.; Jin, 

B. ,2020). Heat stress may become a significant issue restricting 

field-crop productivity in tropical and subtropical areas. 

The application of Se NPs in sorghum plants exposed to high 

temperatures was found to be helpful in ameliorating negative 

impacts, such as membrane damage and reduced pollen 

germination and crop yields, by activating the antioxidant 

defense system (Djanaguiraman, M.; Belliraj, N.; Bossmann, 

S.H.; Prasad, P.V.V.,2018). The application of AgNPs 

shielded wheat plants from heat stress by enhancing 

morphological growth (Iqbal, M.; Raja, N.I.; Mashwani, Z.-U.; 

Hussain, M.; Ejaz, M.; Yasmeen, F.,2019). Similar to this, Zn 

nanoparticles were discovered to be helpful in improving 

wheat’s ability to withstand heat stress by increasing the 

production of antioxidant enzymes and decreasing lipid 

peroxidation (Hassan, N.S.; El Din, T.A.S.; Hendawey, M.H.; 

Borai, I.H.; Mahdi, A.A. ,2018). The foliar application of 

nanoparticles on tomato leaves becomes activated when the 

temperature exceeds certain limits and protects plants from heat 

stress. Si NPs are also said to be helpful in coping with heat 

stress (Kim, Y.-H.; Khan, A.L.; Waqas, M.; Lee, I.-J. ,2017). 

II. Mechanisms of Action of NPs in Plants 

Although NPs have a wide range of applications in agriculture, 

the majority of NPs are hazardous to plants when present in 

high concentrations. The uptake, accumulation and interference 

of NPs with key metabolic processes in different plant tissues 

may have positive or negative effects on plants, depending on 

their dosage, movement, characteristics, and reactivity. 
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Figure 14: Antioxidative mechanism of action of nanoparticles in plants under abiotic stress (NPs: nanoparticles; 

MDHAR: monodehydroascorbate reductase; SOD: superoxide dismutase; APOX: ascorbate peroxidase; DHAR: 

dehydroascorbate reductase; GR: glutathione reductase; ROS: reactive oxygen species). 

1. Uptake of NPs 

High concentrations of NPs can penetrate plant cells and cross 

the plasma membrane; thus, this may interfere with key cellular 

activities (Mazumdar and Ahmed, 2011; Mirzajani et al., 2013). 

NPs can reach plant tissues through the root system or above-

ground parts such as root junctions and wounds. As carriers, 

NPs must pass through several physiological barriers until they 

are taken up by the plant and translocated. Plant cell walls, 

which are made up of cellulose, allow small NPs, ranging 

between 5 and 20 nm in size, to pass through into the plant cells 

(Dietz and Herth, 2011). Some NPs have been shown to 

develop larger pores in the cell wall to enter the cell (Navarro 

et al., 2008; Kurepa et al., 2010). NPs can be transferred to other 

plant tissues via the apoplastic and symplastic pathways 

(Etxeberria et al., 2006; Ma et al., 2010). Wong et al. 

(2016) suggested a lipid exchange mechanism for NPs transport 

into plant cells. The size, magnitude, and zeta potentials of NPs 

are important to determine their delivery in plant cells. 

Application of NPs Under Salinity Conditions: NPs application 

is important to mitigate the abiotic stress effects of salinity on 

plants. At the germination stage, the use of Ag NPs in Lathyrus 

sativus under salt stress improves germination percentage, 

shoot and root length, and seedling FW and DW; thus, this 

enhances osmotic regulation and reduces the negative effects 

associated with salinity (Hojjat, 2019).  

Noman et al. (2020) found that applying Cu NPs to the soil 

reduced oxidative stress in wheat and significantly increased 

plant development and yield. The use of NPs in wheat not only 

enhances plant development but also improves germination 

performance under salt-stress conditions (Shi et al., 2016). 

Preapplication of Ag NPs to wheat seeds alters antioxidant 

enzyme activities, reduces oxidative damage, and elevates salt-

stress tolerance in such plants (Kashyap et al., 2015). In 

addition, ZnO NPs are known to increase the DW of sunflowers 

under salt stress (Torabian et al., 2016). CeO NPs (100 and 200 

mg kg–1) was found to enhance the physiological responses 

of B. napus under salt stress (100 mM NaCl). CeO NPs are also 

known to boost plant biomass in salt-stressed canola (Rossi et 

al., 2016). The application of Ag NPs to basil seeds under salt-

stress conditions increases seed germination (Darvish 

Zadeh; Hojjat and Kamyab, 2017). Ag NPs applied to S. 

hortensis increase plant resistance to salt stress while reducing 

salt-stress–induced effects on germination percentage and plant 

shoot length (Nejatzadeh, 2021). Furthermore, the use of Ag 

NPs in salt-stressed cumin plants substantially improves plant 

salt resistance (Ekhtiyari and Moraghebi, 2012). 

Finally, Askary et al. (2017) reported that Fe3O4 NPs protects 

mint plants from oxidative stress caused by increased NaCl 

content. 

1.1. Application of NPs Under Drought Conditions 

Drought is considered a major abiotic stress that can drastically 

limit crop production (Al-Ashkar et al., 2021; Roy et al., 2021). 

NPs application is an efficient method for alleviating the impact 

of drought on plants by increasing antioxidant enzyme activity, 

improving phytohormone levels, and affecting physiological 

properties. The use of analcite NPs in soil under hot, dry 

conditions has been shown to promote germination and plant 

growth in wheat (Hossain et al., 2021). In addition, the use of 

ZnO NPs in soybean seeds under arid conditions increases the 

germination percentage of the seeds (Sedghi et al., 2013). 

Under drought stress, the use of Cu and Zn NPs in wheat plants 

increases their antioxidant enzyme activity and relative 

moisture content, decreases thiobarbituric acid levels, affects 

reagent precipitation, stabilizes photosynthetic pigment levels 

in leaves, and reduces the effects of stress (Taran et al., 

2017; Semida et al., 2021). In response to drought stress, 

SiO2 NPs application can increase shoot length and relative 

water content (RWC) in barley, while reducing superoxide 

radical formation and membrane damage (Turgeon, 2010). 

Jaber Zadeh et al. (2013) have reported that foliar usage of 

TiO2 NPs in wheat is effective to overcome the yield reduction 

caused by drought stress. Furthermore, the application of Cu 

NPs to maize increased leaf water content, plant biomass, and 

anthocyanin, chlorophyll, and carotenoid contents under arid 

conditions (van Nguyen et al., 2022). Ashka and et al. 

(2015) reported that SiO2 NPs applied to hawthorn grown under 

drought stress reduced photosynthesis and stomatal 

conductivity. However, silicon (Si) NPs have been reported to 

ameliorate the effects of drought stress in bananas (Mahmoud 

et al., 2020). Under moderate drought conditions, foliar 

application of Si NPs to coriander resulted in optimum 

antioxidant capacity and essential oil yield (Afshari et al., 

2021). Shallan et al. (2016) have reported that foliar application 

of SiO2 and TiO2 NPs can reduce the negative effects of 

drought stress on cotton plants under arid conditions. In 

chickpea plants, the application of Si NPs to the soil reduces the 

negative effects of drought by increasing the relative moisture 

content in the plants (Gunes et al., 2007). Si- and selenium (Se)-

NPs can reportedly help in enhancing growth, improving ion 

selectivity in roots, and increasing the yield of rice under saline 

conditions (Badawy et al., 2021). Although drought stress 

increases the adverse effects of Cd in wheat, the application of 
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ZnO NPs can reduce both Cd and drought stress (Khan et al., 

2019). 

1.2. Application of NPs Under Heavy Metal Stress 

Conditions 

Under HM’s stress conditions, soil or foliar applications of NPs 

can eliminate the adverse effects of stress, improve plant 

development and photosynthesis, and reduce oxidative stress-

induced toxicity. Therefore, the application of NPs contributes 

to in the remediation of HMs-contaminated environments. 

Under HMs stress conditions, the application of NPs to plants 

reduces the concentration of HMs in the soil, regulates the 

expression of HMs transfer genes in plants, increases the 

activity of plant antioxidant systems, improves physiological 

functions, and stimulates the production of protective 

substances such as root secretions, phytochelatin, and organic 

acids (Rui, 2021). The application of Si NPs on maize plants 

under arsenic (As) stress reduced the total chlorophyll, 

carotenoid content, and total protein content, in addition to 

mitigating the adverse effects of As stress on maximum 

quantum efficiency, photochemical quenching, and non-

photochemical quenching of FS II (Tripathi et al., 2016). Soil 

application of TiO₂ NPs can effectively limit Cd toxicity by 

enhancing the physiological parameters and photosynthetic rate 

in soybean plants; therefore, TiO₂ NPs are vital to mitigate the 

effects of HMs-induced oxidative stress (Singh and Lee, 2016). 

When treated with SiO₂ NPs, the activities of enzymes, such as 

ascorbate peroxidase (APX) and superoxide dismutase (SOD), 

increased, whereas the effects of oxidative stress were reduced 

in pea seedlings under Cr stress (Tripathi et al., 2015b). 

Furthermore, de Sousa et al. (2019) revealed that Si NPs can 

reduce Al toxicity by activating the antioxidant defense 

mechanism in maize plants. Konate et al. (2017) found that 

Fe3O4 NPs protected wheat against Cd-induced oxidative 

stress. Foliar applications of Se NPs to Chinese cabbage under 

Cd stress increased the biomass, plant height, leaf chlorophyll 

content, SOD levels, and plasma glutathione peroxidase (GPX) 

content, whereas the Cd and malondialdehyde (MDA) contents 

of the leaves were reduced (Zhang, 2019). Similarly, Si NPs 

alleviate the effect of Cd stress in rice (Wang et al., 2015). The 

combined use of foliar ZnO NPs and soil biochar in plants was 

found to be more effective against Cd stress (Rizwan et al., 

2019a). Similarly, the co-application of Fe NPs and biochar 

reduced the effects of Cd stress in rice (Hussain et al., 2019c). 

The use of FeO NPs in Cd-stressed wheat reduced the leaf 

electrolyte leakage ratio and Cd content in grains, while 

improving the antioxidant enzyme action and DW of the plants. 

Foliar application of Fe NPs is preferable over soil 

usage. Rahmati Zadeh et al. (2019) also found that 20 mg L–1 of 

Fe3O4 NPs reduced Cd accumulation and improved Cd toxicity 

by increasing nutrient uptake in tomato plants. 

5. Nano Fertilizers Versus Commercial Fertilizers 

Agrochemicals can be released in a controlled manner, and 

macromolecules can be delivered selectively. By incorporating 

nanoscale transporters and chemicals, the efficient use of 

fertilizers and pesticides can be improved, resulting in a 

reduction in the amount used without compromising the yield 

of crops. In contrast, commercial fertilizers provide fewer 

benefits to plants because of their larger particle size and 

reduced solubility. In addition, repeated chemical fertilizer 

application results in a toxic build-up of HMs that disrupts the 

ecological balance in the soil. In addition, excessive application 

of chemical fertilizer can contribute to soil pollution due to 

leaching or not being fully utilized by plants; thus, the 

remainder is converted into insoluble salts in the soil. 

Nano agrochemicals play an important role in enhancing 

nutrient use efficiency and water quality management for 

sustainable agriculture. However, bioaccumulation and long-

term exposure of NPs to plants may have a negative impact on 

edible plants and food chains (Rajput et al., 2020). According 

to Staroń et al. (2020), NPs can be taken up and deposited in the 

edible tissues of crop plants. The accumulation of NPs or metal 

ions in their natural state can disrupt plant physiological 

activities, affect the integrity of cellular and subcellular 

organelle organizations, and modify the content of proteins, 

lipids, and nucleic acids by creating hydroxyl radicals (Cota-

Ruiz et al., 2018; Rajput et al., 2020). Overall, the wide-ranging 

applications of NPs may generate a slew of difficulties from an 

ecological, ethical, health, and safety standpoint (Rajput et al., 

2018). 

Until now, the potential negative effects of NPs on human 

health have been speculative and unsubstantiated (Staroń et al., 

2020). By developing various NPs as new tools for the 

agriculture industry, nanotechnology has grown in popularity. 

There is an urgent need to increase our knowledge and 

understanding of the specific benefits and drawbacks associated 

with the use of NPs. The advancement of nanotechnology has 

resulted in significant amounts of manufactured NPs in the agri-

environment. Although this technology has numerous 

advantages, researchers and experts are concerned about the 

unsafe disposal of NPs in large quantities (several hundred tons) 

each year (Rajput et al., 2020). The existence of NPs in various 

controlled objects (atmospheric air, water objects, soils, 

hydrobionts, algae, fungi, tissues of land plants/animals) is 

recommended (Rajput et al., 2020). In comparison with other 

sources, the fate and movement of NPs in soil have undergone 

very little research. Simultaneously, the soil offers fundamental 

nutrients to food crops, which can also operate as NPs collector 

sink (Rajput et al., 2020). The current review sheds light on the 

potential impact of NPs on the environment, health, and food 

security. 

Examples of NPs and the Roles They Play in Relieving 

Stress in Plants 
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5.1. Si NPs 

Si-based materials and their oxides are found abundantly in the 

soil. Plants naturally contain high levels of Si (1–10%) as well. 

Si in plants is found in the form of amorphous silica 

(SiO₂⋅nH₂O) in the cell wall, providing it with strength and 

solidity, in addition to contributing to polyphenols and pectins 

as a reactant (Bhatt and Sharma, 2018). These substances are 

also active during plant defense and development. Because of 

their application in multiple agricultural fields, it has been 

reported that Si-based NPs can ameliorate abiotic stresses 

(Jeelani et al., 2020). However, little is known about the 

mechanisms by which Si alleviates stresses in plants (Ma, 

2004; Liang et al., 2007; Datnoff et al., 2009). Si particles and 

Si NPs can increase tolerance to abiotic stress, nutrient element 

homeostasis, stimulation of antioxidant enzymes, and improved 

absorption, immobilization, and partition of metal ions (Liang 

et al., 2007; Monica and Cremonini, 2009; Qados, 2015). 

SiO2 NPs considerably enhance germination, development, and 

yield in plants under stress. This can be attributed to the uptake 

of these NPs via roots leading to the development of a thin layer 

in the cell wall helping plants to tolerate various stresses 

(DeRosa et al., 2010; Siddiqui et al., 2014). SiO2 NPs also 

increase the efficiency of water translocation, increase turgor 

pressure, and enhance relative water inclusion in leaves and 

water usage effectiveness in plants (Rawson et al., 1988; Wang 

and Naser, 1994). Sharifi-Rad et al. (2014) found that various 

concentrations of SiO2 NPs significantly promoted maize 

growth and affected different developmental stages. SiO2 NPs 

can also be involved in the regulation of protein and phenolics, 

which are important for the growth and development of Zea 

mays (Suriyaprabha et al., 2012). In addition, they found that a 

relatively high level of Si accumulated in roots would boost 

drought tolerance in maize. 

Precipitated Si NPs within plant tissues are capable of 

increasing the expression of essential biochemical elements, 

improving development, and enhancing yield factors in maize 

(Suriyaprabha et al., 2012). Furthermore, the improved action 

of the enzymatic system, the build-up of nutrients, free Pro, 

amino acids, and water absorption are positive effects of NPs 

that improve stress tolerance in crops (Wang et al., 

2015; Shalaby et al., 2016; Shojaei et al., 2019). Importantly, Si 

NPs can also increase plant tolerance to drought 

stress. Ashkavand et al. (2015) observed enhanced drought 

tolerance as well as retention of critical biochemical and 

physiological attributes in hawthorn seedlings following the 

application of SiO2 NPs under different levels of drought stress. 

Pretreatment with SiO2 NPs positively influences the 

photosynthetic rates, stomatal conductance, and augmented 

xylem water potential in hawthorn seedlings under drought 

stress. Large dosages of SiO2 NPs supplied with irrigation 

water before drought treatments mitigate drought stress effects 

on growth and biochemical and physiological parameters 

of Prunus mahleb (Tripathi et al., 2015b). Improved drought 

tolerance, evident by an improvement in root development and 

retention of the photosynthetic ratio, was also reported in two 

cultivars of S. bicolor with varying drought sensitivities after 

the application of Si NPs. Thus, increase in drought resistance 

occurred regardless of the cultivar sensitivity to drought stress 

(Hattori et al., 2005). 

Pei et al. (2010) noted that the use of an appropriate 

concentration of sodium silicate (i.e., 1.0 mM) could 

moderately diminish the negative effects of drought stress in 

wheat. In the same study, there was partial promotion of shoot 

development and chlorophyll content when Si was supplied. 

This also helped retain leaf water potential and reduced 

membrane lipid peroxidation in stressed plants (Pei et al., 

2010). Under drought stress, Si deposition in plant cells could 

help reduce the transpiration ratio, and enhance the 

photosynthesis mechanism (Ali et al., 2012; Siddiqui et al., 

2014). Thus, the effects of drought stress can be mitigated by 

various Si/SiO2 NPs applications in various plant species 

(Zargar et al., 2010). The improved performance of such NPs 

can be attributed to the increased absorption and/or penetration 

into plant tissues; however, the exact mechanisms are not yet 

understood (Ashkavand et al., 2015). Shallan et al. (2016) have 

reported that foliar sprays of TiO2 NPs (50 mg L–1) or SiO2 NPs 

(3200 mg L–1) increase the drought tolerance of cotton plants. 

In addition, Si can help plants acclimatize to various ecological 

stresses (Rastogi et al., 2019). Salinity stress restrains crop yield 

because of Na+ ion toxicity in approximately 23% of planted 

areas worldwide (Onaga and Wydra, 2016). However, the 

application of Si NPs and Si fertilizer under salinity stress has 

positive impacts on the physiological and morphological 

indices of vegetative characteristics in O. basilicum. This is 

evident from the remarkable enhancement in the developmental 

index, chlorophyll content, and Pro concentration. This, may be 

because of the involvement of NPs and Si fertilizers with 

increasing tolerance to salinity stress in plants (Kalteh et al., 

2014). The use of SiO2 NPs has also been shown to enhance 

developmental parameters, chlorophyll content, Pro 

accumulation, and upregulation of antioxidant enzyme activity 

in tomato and squash plants under salinity stress (Haghighi et 

al., 2012; Siddiqui et al., 2014). 

The application of SiO2 NPs improves not only seed 

germination and early seedling development but also other 

related characteristics in lentil genotypes under salinity stress. 

Thus, SiO2 NPs boost salt toxicity protection in plants 

(Sabaghnia and Jan Mohammadi, 2014). SiO2 NPs can also 

mitigate stress by reducing Na+ ion concentration, resulting in 

improved crop development, production, and survival under 

salinity stress (Savvas et al., 2009). The application of SiO2 NPs 

also increases FW in maize in response to salinity stress (Gao 
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et al., 2006). Si NPs can improve plant development by 

reducing osmotic potential and Na+ toxicity associated with 

high salt stress (Raven, 1983). It has been reported that 

SiO2 NPs form a layer in the root cell wall that enables plants 

to tolerate several stresses (e.g., salinity) (DeRosa et al., 

2010; Abdel Latef et al., 2018). 

Wang et al. (2010) and Wang X. et al. (2011) and others have 

documented the capability of Si and SiO2 NPs in reducing the 

harmful effects of salt on plant development. Because of their 

small size, up taking SiO2 NPs can be performed more 

efficiently than up taking micro-SiO2, -Na2SiO3, or -

H4SiO4 when added to maize roots and seeds (Suriyaprabha et 

al., 2012). The particles were subsequently used by plants to 

improve growth by affecting xylem humidity, water 

translocation, and increasing turgor pressure; which in turn, 

improves the RWC and water use efficiency (WUE). The 

enhancement of plant germination and developmental traits by 

SiO2 NPs may be associated with an enhanced K/Na ratio, 

which reduces Na+ uptake (Alsaeedi et al., 2018), and increases 

the expression of antioxidant enzymes (Torabian et al., 

2016; Farhangi-Abriz and Torabian, 2018). According 

to Almutairi (2016a), it has been found strong interactions 

between the enhancement of seed germination and growth in 

tomato-stressed plants with high salt and the increased 

expression of salt tolerance genes when Si NPs are applied. In 

contrast to no treatment of Si NPs, Capsicum annuum plants 

showed increased growth when irrigated with saline water upon 

the application of Si treatments (Tantawy et al., 2015). Several 

studies have demonstrated that nano-Si is effective in 

detoxifying HMs or reducing their toxic effects while 

promoting plant development under HMs stress (Shen et al., 

2014; Keller et al., 2015). For instance, the toxicity of Cr in pea 

seedlings was alleviated by supplementing the growth media 

with Si NPs, which reduced oxidative stress by decreasing the 

precipitation of Cr and increasing antioxidant mechanisms 

(Tripathi et al., 2015a,b). In addition, Cui et al. (2020) have 

reported that SiO₂ NPs application can reduce oxidative stress 

in As-exposed rice cell lines. Similarly, the foliar application of 

2.5 mM nano-Si can markedly increase tolerance to Cd stress 

in rice through the regulation of Cd precipitation (Wang et al., 

2015).  

Si NPs have also been shown to alleviate toxicity caused by Pb, 

Cu, Zn, and Cd HMs, and their use may be more effective at 

reducing HMs accumulation compared with traditional 

strategies (Wang et al., 2016). Liu and Lal (2015) demonstrated 

that Si NPs are more effective than bulk Si in reducing the 

detrimental effects of Pb on rice development. Si NPs prevent 

Pb movement from the rice roots to the shoots and reduce Pb 

precipitation in grains, especially in high-Pb-precipitating 

cultivars and in soils with high levels of Pb contamination. Si 

NPs can also reduce and chelate active HMs ions, stimulate 

antioxidant systems, enhance the complexation and 

coprecipitation of toxic metals with Si, and produce 

fundamental changes in plants by controlling the expression of 

metal transport genes. However, these processes are dependent 

on plant genotypes, plant species, metal elements, 

developmental requirements, and the duration of stress 

enforced. Therefore, Si-mediated reductions in metal toxicity 

might be generalized with caution (Adrees et al., 2015). 

According to studies conducted by Tripathi et al. (2015b), Si 

NPs are linked with mitigating the toxicity effects of Cr 

in Pisum sativum seedlings. Cr stress induces toxicity; 

however, Si NPs can protect pea seedlings from Cr (VI)-

induced phytotoxicity by reducing Cr precipitation, enhancing 

the antioxidant defense system, and alleviating oxidative 

stress. Tripathi et al. (2016) have also evaluated the effects of 

Si NPs on alleviating as toxicity in a maize cultivars and 

hybrids. Hydroponic trials have shown that these NPs can 

considerably reduce as toxicity by increasing the levels of 

metabolites of the ascorbate–glutathione cycle, and decreasing 

the levels of oxidative stress indicators, resulting in reduced As 

precipitation in the Si NP-treated cultivars and hybrids. It has 

been hypothesized that Si NPs can be more effective than bulk 

Si particles for balancing ROS production and ameliorating 

ROS-mediated damage in treated plants. It has also been 

reported that Si NPs are more effective than Si in protecting 

plants against UV-B stress. In general, Si NPs may protect 

plants by activating their antioxidant defense mechanism and 

regulating ROS-induced oxidative stress (Tripathi et al., 

2017b). 

2.5. Ag NPs 

Ag NPs are widely used in the agricultural sector, particularly 

in crop enhancement, food packaging, coating of domestic 

products, and pesticides. Their use in electronics, drug delivery, 

and biological-tagging medicine is also relatively common 

(Bechert et al., 1999; Davies, 2008; Korkin and Rosei, 2008; Jo 

et al., 2009; Ahamed et al., 2010; Kim et al., 2012). Ag is toxic 

when used in high concentrations; however, when reduced to a 

nanosize of 25–50 nm, it has unique properties compared with 

bulk Ag (Bhatt et al., 2020). Owing to these unique features, Ag 

NPs can be applied to enhance the vigor of plants and boost 

their overall development, productivity, and photosynthetic rate 

(Sharma et al., 2012a; Hatami and Ghorbanpour, 2013; Vannini 

et al., 2013; Shelar and Chavan, 2015). Ag NPs can also be used 

as antimicrobial substances to manage diseases on plants 

(Lamsal et al., 2011). The effect of different concentrations of 

chemically produced Ag NPs was investigated in B. 

juncea seedlings, specifically on the development and 

antioxidant status of the plants. Ag NPs were capable of 

improving growth and inducing the activity of specific 

antioxidant enzymes, which reduced ROS levels, improved 

overall antioxidant status, and reduced Pro and MDA levels. 
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The growth-improving effect of Ag NPs in plants under stress 

is concentration-dependent; where a 50-ppm dose was ideal to 

improve growth (Sharma et al., 2012b). In another study on 

tomatoes, Ag NPs-treated seeds germinated earlier than those 

treated with deionized water; however, seed germination was 

inhibited when higher concentrations of Ag NPs were applied 

(Karami Mehrian et al., 2016). 

Ag NPs may also play a role in the expression of stress genes. 

For instance, the up- and down-regulation of certain genes by 

Ag NPs was observed in microarray analysis: upregulated 

genes were mostly associated with responses to metal toxicity 

and oxidative stress, whereas downregulated genes were 

associated with responses to microbes and hormonal stimuli 

(Banerjee and Kole, 2016). Such responses may be associated 

plant defense mechanisms under adverse conditions; however, 

additional studies are required to elucidate the signaling 

cascades and genes controlled by Ag NPs and other NPs in 

various plant species. 

The effects of Ag NPs on the hydraulic conductivity of the plant 

stem during drought stress have been studied; however, such 

NPs might also be capable of entering plant cells and tissues 

and impairing regular cellular activities (Tripathi et al., 

2017a). Hojjat and Ganjali (2016) found that Ag NPs can 

alleviate the effect of drought stress effects in lentil (Lens 

culinaris). Mahdi Nezhad et al. (2018) reported that Ag NPs 

can reduce the levels of antioxidant enzymes in plants under 

drought stress; thus, this reduction can be attributed to the 

reduced antioxidant metabolism. NPs may be directly involved 

in the elimination of ROS, which reduces the levels of 

antioxidant enzymes. Seghatoleslami et al. (2015) reported the 

effects of Ag NPs on the yields and WUE of drought-

stressed Carum copticum using a magnetic field. 

Ag NPs application is useful to reduce the effect of salinity 

stress–induced toxicity. This has been demonstrated in studies 

on the germination of tomato, fennel, and cumin plants treated 

with Ag NPs; thus, enhancing germination, improving 

developmental performance, and mitigating the negative effects 

of salt stress (Ekhtiyari and Moraghebi, 2011; Ekhtiyari et al., 

2011; Almutairi, 2016b). Positive effects of different 

concentrations of Ag NPs suspension have been reported on the 

germination and development of Solanum lycopersicum under 

salinity stress (Delfani et al., 2014). In the same 

study, AREB, P5CS, MAPK2, and CRK1 were induced 

and TAS14, ZFHD1, and DDF2 were repressed when salt-

stressed plants were exposed to Ag NPs. A comparative study 

of the toxicity revealed that Ag NPs or AgNO3 had negative 

effects on C. sativus seedlings grown at higher concentrations; 

however, Ag NPs were less toxic than AgNO3 and had the 

potential to improve C. sativus yield (Cañas et al., 2008). The 

role of Ag NPs in relieving salt stress in wheat and B. 

juncea has been assessed, and Ag NPs were found to efficiently 

alleviate the effects of salinity stress (Sharma et al., 

2012b; Mohamed et al., 2017; Abou-Zeid and Ismail, 2018). 

Ag NPs at 50 and 75 mg L–1 concentrations can protect plants 

from heat stress and improve their development (Iqbal et al., 

2019). 

2.3. TiO2 NPs 

TiO2 is a typical oxide of titanium. As a metal, titanium is 

abundant in the Earth’s crust as well as found in plant and 

animal tissues. TiO2 and nano-TiO2 serve as UV blockers in 

sunscreens because they diminish the adverse effects of UV 

radiation. In addition, TiO2 NPs have photocatalytic sterilizing 

properties and can undergo redox reactions when subjected to 

light, resulting in the formation of superoxide anion radicals 

and hydroxide (Hong et al., 2005). Photo sterilization by 

TiO2 NPs can promote photosynthesis and improve plant 

growth. The potential effects of TiO2 NPs on the photochemical 

responses of chloroplasts in spinach (Spinacia oleracea) were 

evaluated (Hong et al., 2005). TiO2 NPs treatment was found to 

improve the activities of SOD, catalase (CAT), and peroxidase 

(POD), decrease the accumulation of reactive oxygen free 

radicals and MDA levels, and maintain the stability of the 

membrane structure of chloroplast under the light. TiO2 NPs 

also play a role in plant biochemical processes, 

morphophysiological characteristics, and reactions to various 

stresses (Mishra et al., 2014). In S. oleracea, TiO2 NPs can 

increase antioxidant stress tolerance through decreasing 

superoxide radical precipitation, reducing stress indicator 

(H2O2 and MDA) levels, and stimulating antioxidant enzyme 

activities within the plants during the photochemical 

interactions in chloroplasts (Lei et al., 2008). 

In spinach plants, nano-anatase TiO2 treatment markedly 

increased photosynthesis, electron transmission, 

photoreduction activity of photosystem II, oxygen evolution, 

and photophosphorylation of chloroplasts under visible and UV 

light illumination (Lei et al., 2007, 2008). In addition, the 

effects of TiO2 NPs on plant growth have been associated with 

enhanced photosynthetic rate and nitrogen metabolism (Yang 

et al., 2006). The photocatalytic degradation of pesticides by 

TiO2 has been demonstrated as a possible water remediation 

process (Lee et al., 2003). Moreover, TiO2 NPs increase plant 

water uptake and nitrogen use and stimulate antioxidant activity 

in canola (Mahmood Zadeh) and wheat (Jaber Zadeh). 

Several studies have confirmed the TiO2 NPs-mediated 

improvement of plant development. For instance, Changmei et 

al. (2002) found that TiO2 and SiO2 NPs positively affect seed 

germination and growth of G. max (Changmei et al., 2002). In 

addition, onion seedlings treated with TiO2 NPs increased the 

enzymatic activity of SOD, amylase, CAT, and POD (Laware 

and Raskar, 2014). Mohammadi et al. (2016) explored the 

potential effects of different concentrations of TiO2 NPs against 

drought stress in Dracocephalum moldavica. Foliar application 
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of these NPs at higher concentrations (40 ppm) can reportedly 

alleviate the detrimental effects of drought stress by adjusting 

the level of antioxidant enzymes and oxidative stress indicators. 

TiO2 NPs have been reported to increase Rubisco activase 

activity, chlorophyll formation, and the photosynthetic ratio and 

plant dry mass (Gao et al., 2008). In Vigna unguiculata, seed 

yield increases with foliar application of NPs and TiO2. Thus, 

this could be attributed to the increase in photosynthetic rates 

(Owolade and Ogunleti, 2008). The activity of the antioxidant 

enzymes (POD and CAT) increases in response to TiO2 NPs; 

therefore, MDA precipitation also decreases (Ahmad et al., 

2019). The ability of TiO2 NPs to alleviate the adverse effects 

of drought stress has been investigated in several studies. For 

instance, the foliar application of TiO2 NPs can promote growth 

and increase the yield of wheat under drought stress when 

TiO2 NPs (0.02%) has been used (Jaber Zadeh). 

TiO2 NPs also improved the ability of plants to capture sunlight 

in maize plants. Under drought stress, TiO2 NPs can affect the 

pigment formation, the transformation of light energy to the 

active electron, and chemical activity, thus, enhancing 

photosynthetic effectiveness in maize (Akbari et al., 2014). In a 

similar study, the effects of nano-TiO2 and -SiO2 on the 

biochemical components and productivity yield of drought-

stressed cotton plants have also been tested (Shallan et al., 

2016). In their findings, the pretreatment with nano-TiO2 or -

SiO2 can improve the pigment content, antioxidant enzyme 

activity, and antioxidant capacity, and increase the yield of 

these plants. The optimum concentrations required to reduce the 

destructive effects of drought stress in cotton plants were 50 and 

3200 ppm for nano-TiO2 and -SiO2, respectively. Foliar 

application of these NPs has also increased drought tolerance in 

cotton plants. Similar results have been obtained in drought-

stressed L. usitatissimum treated with TiO2 NPs (Aghdam et al., 

2016). The drought-stressed D. moldavica treated with 

TiO2 exhibited increased levels of Pro and considerably 

reduced levels of H2O2 and MDA compared with nontreated 

plants (Mohammadi et al., 2014). Thus, suggesting that 

TiO2 NPs can ameliorate stress-induced damage. TiO2 NPs 

significantly induced the antioxidant enzyme activity, and Pro 

and soluble sugar content, which in turn promoted osmotic 

balance in plant cells and growth recovery in plants (Abdel 

Latef et al., 2018). O. basilicum can tolerate drought stress 

owing to the combined effects of gibberellin and TiO2 (Hatami, 

2017). Overall, the application of nano-TiO2 can alleviate 

stresses of HMs, light, cold, and heat. 

Singh and Lee (2016) have shown that the application of 

TiO2 NPs can reduce Cd toxicity and enhance the 

photosynthetic rate in soybean (Singh and Lee, 2016). 

TiO2 NPs also play an important role in alleviating light stress. 

When subjected to light, these NPs catalyzed the redox reaction, 

thereby generating superoxide anion radicals and hydroxide 

(Khan and Siddiqui, 2018). The addition of TiO2 NPs reduced 

the impact of heat stress by controlling stomatal opening (Qi et 

al., 2013). TiO2 NPs also positively affect plant growth and 

development. The positive effects of NPs, including TiO2-NPs, 

include enhancement of the carboxylation of Rubisco (Gao et 

al., 2006), light absorption capabilities of chloroplasts (Ze et al., 

2011), electron transport rates, and prevention of ROS 

formation (Giraldo et al., 2014). The use of nano-

TiO2 increases the expression level of genes encoding Rubisco- 

and chlorophyll-binding proteins (Hasan pour) as well as the 

activity of antioxidant enzymes (Mohammadi et al., 2014); thus 

maintaining stable contents of chlorophyll and carotenoids, and 

improving tolerance to cold conditions. Furthermore, TiO2 NPs 

positively affect susceptible (ILC 533) and resistant (Sel 11439) 

genotypes of chickpea under cold stress. Under such stressful 

conditions, TiO2 dramatically reduced membrane damage 

indices, such as ion leakage index and MDA levels, resulting in 

reduced damage to the membrane (Mohammadi et al., 2013). 

TiO2 treatments can also hinder oxidative damage in chickpea 

and reduce membrane damage under cold stress; suggesting 

that TiO2 NPs can ameliorate the redox status under heat 

exposure (Mohammadi et al., 2014). It has been proposed that 

TiO2 NPs improves tolerance to cold stress by enhancing the 

mechanisms of protection and reducing the levels of injuries in 

chickpea plants. Future studies may confirm the effectiveness 

and mechanisms of TiO2 NPs in improving the tolerance of 

crops to cold stress. 

 

2.4. Zn NPs 

In plants, Zn is a critical micronutrient that regulates metabolic 

processes and facilitates development (Adhikary et al., 

2010; Vitti et al., 2014). Zn also plays an important role in the 

survival of plants under adverse conditions. Plants use Zn in 

small amounts; therefore, accessibility of Zn at the nano level 

ensures that suitable amounts are transported to the plant while 

avoiding Zn toxicity in the plants and soil. ZnO is an 

ecofriendly compound that can be used as a “green” element 

(Pandey et al., 2010). Given its functions in maintaining 

membrane integrity, retaining the potassium content of cells, 

and the plant–water relationship, ZnO plays a major role in 

stomatal regulation (Khan et al., 2004). In a study on chickpeas, 

Zn deficiency decreased their ability to modulate osmotic 

pressure under drought stress (Khan et al., 2004). Auxin 

production can also be affected by Zn via the induction of 

tryptophan synthesis as a precursor for the production of indole 

acetic acid, which helps in root development and drought 

tolerance in plants (Waraich et al., 2011). The uptake of Zn can 

be improved when it is nano-sized; thus, the functions of Zn can 

be achieved more efficiently when using Zn NPs. The 

application of Zn NPs enhances radicle development in 

germinated seeds, and higher Zn content in grains; thereby 
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improving seed survival and tolerance to environmental 

stresses, especially in Zn-deficient regions (Cakmak et al., 

1996; Degenhardt and Gimmler, 2000; Cakmak, 2008). 

Several studies have described the effects of Zn-based NPs on 

plant development and yield. The use of ZnO NPs, at 

appropriate concentrations, enhanced biomass production, seed 

germination, and seedling development in chickpeas, in 

contrast to the use of bulk ZnSO4. ZnO NPs can elevate auxin 

levels, and thus, promote plant development (Pandey et al., 

2010; Burman et al., 2013). In another study, the stimulating 

effect of zinc sulfide (ZnS) NPs on the growth of B. juncea has 

been assessed (Nayan et al., 2016). They showed that 

chlorophyll content, sugar content, and plant biomass, 

increased significantly after the application of these NPs, and 

that the growth-stimulating effects were probably associated 

with improvements in the plant antioxidant system after ZnS 

NPs treatment. Furthermore, lower concentrations of ZnS NPs 

were more effective than higher concentrations in improving 

plant growth. Similar results have been reported in wheat plants 

treated with ZnO NPs at 66 mg L–1 (Awasthi et al., 2017). ZnO 

NPs can mediate the increases in photosynthetic pigments and 

a concomitant reduction in lipid peroxidation in soil-

grown Coriandrum sativum plants (Bhatt et al., 2020). Thus, 

the ZnO-mediated NPs increases the photosynthetic pigments 

which may help plants cope with stressful conditions by 

stabilizing ROS generation. Sedghi et al. (2013) have reported 

that the germination ratio in soybean was potentially augmented 

by ZnO NPs under water-deficient conditions. Under drought 

stress, the applied ZnO NPs facilitate the rapid use of seed 

reservoirs for seedling development and reduced the effects of 

such stress (Sedghi et al., 2013). 

Drought tolerance was also improved by the enhancement of 

antioxidant enzyme activity in wheat plants via ZnO NPs 

application (Yang et al., 2018). Both Cu NPs and Zn NPs can 

improve wheat plant tolerance to drought stress by enhancing 

the action of antioxidant enzymes and stabilizing the content of 

photosynthetic pigments (Taran et al., 2017). Seghatoleslami 

and Forutani (2015) have shown that biomass and WUE have 

been improved by ZnO NPs in plants under water stress, 

whereas plants provided with full irrigation achieved strong 

growth and yield with bulk ZnO treatment. Dimkpa et al. 

(2017, 2019) have noticed that a composite of ZnO, boric 

oxide, and CuO NPs can alleviate drought stress in G. max. 

Under drought stress, shoot development and grain production 

were enhanced by 33 and 36%, respectively, using these NPs; 

thus, crop productivity and uptake of P and N can be enhanced 

by the addition of micronutrient NPs. These findings are in 

agreement with those reported in another study in which ZnO 

NPs were demonstrated to mitigate drought-induced damage to 

sorghum productivity, grain fortification, and nutrient 

acquisition (Dimkpa et al., 2019). 

Yang et al. (2018) found that remodeling of root shape by ZnO 

and CuO NPs could alter drought tolerance in T. 

aestivum plants colonized by Pseudomonas chlororaphis O6 

(PcO6), a beneficial bacterial species. Zn NPs enhanced the 

formation of lateral roots, whereas Cu NPs stimulated the 

propagation of elongated root hairs close to the root tip in wheat 

seedlings. In the same study, the use of these NPs generally 

increased the expression of genes related to drought tolerance. 

In shoots, the expression of other genes, such as those 

associated with metal stress, increased, and this was consistent 

with the increases in Cu and Zn concentrations. Thus, plants 

that were subjected to CuO or ZnO NPs showed cross-

protection to multiple challenges, including metal, and drought 

stress. Despite improvements in root hair formation and 

production of lateral roots caused by Cu NPs and Zn NPs, 

respectively, the decreased root length may be the reason for 

the reduction in water accessibility. In Arabidopsis and 

mustard, the increased lignification because of CuO may alter 

the water flow and restrict cell wall expansion. Lignification in 

the cell wall is a plant response that is associated with drought 

stress and water flow impairment; thus, this may also occur by 

the binding of Cu ions with cell wall pectins (Nair and Chung, 

2014). 

When exposed to CuO NPs, anthocyanin and Pro levels 

increased under water deficient stress. On the addition of CuO 

NPs, the precipitation of ROS improved in the roots of wheat. 

The increased levels of ROS and abscisic acid (ABA) due to 

drought stress may cause transcriptional changes, resulting in 

subsequent stress tolerance (Dimkpa et al., 2012). Alharby et al. 

(2016) have investigated the metabolic response of S. 

lycopersicum to ZnO NPs under salinity stress; and they found 

that the NPs can reverse the adverse effects of salinity stress by 

regulating tolerance-related proteins/enzymes, mainly through 

the upregulation of SOD and GPX gene expression. These 

results are consistent with those of Haripriya et al. (2018), who 

found that a foliar spray of ZnO NPs mitigates salinity stress 

effects in finger millet. ZnO NPs treatment in soil-grown 

sorghum can also improve drought-stress tolerance through the 

translocation of grain N and the restoration of total N content 

(Dimkpa et al., 2019). In contrast, ZnO NPs at concentrations ≥ 

10 mg L–1 resulted in oxidative stress in tomato plants 

cultivated in 1/2 Murashige and Skoog media (Rédei, 2008). 

The differences in results could be attributed to the variation in 

ZnO NPs, levels of NPs used, plant development media used, 

and possible variation in plant liability to ZnO NPs. 

ZnO NPs also reduced HMs stress by decreasing the uptake of 

HMs by plants; thus protecting plants from HMs toxicity 

(Baybordi, 2005; Venkatachalam et al., 2017). The symptoms 

of oxidative stress caused by Cd and Pb toxicity can be 

improved by ZnO NPs treatment. In addition, ZnO NPs can 

improve the total soluble protein and photosynthetic pigment 
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levels, while reducing lipid peroxidation in developing 

seedlings of Leucaena leucocephala (Venkatachalam et al., 

2017). When a foliar spray of ZnO NPs was applied to maize 

leaves, Cd absorption and Cd-induced oxidative stress were 

reduced (Rizwan et al., 2019c). Torabian et al. (2016) reported 

an increase in plant growth, photosynthetic index, and 

chlorophyll content and a decrease in the Na content in 

sunflower leaves supplied with ZnO NPs. Similarly, wheat 

plants treated with CuO/ZnO NPs showed improved growth, 

which could possibly due to the lower solubility of CuO NPs 

(Fathi et al., 2017). Taken together, these findings indicated that 

the application of Zn-based NPs enhanced plant stress 

tolerance. 

6. Nanotechnology-Based Advances in Agriculture 

Nanotechnology has several other possible applications and can 

play an important role in agriculture, forestry, energy 

production, food processing, environmental management as 

well as in ensuring water quality and utilizing waste resources 

(Prasad et al., 2017; Kim et al., 2018). The extensive scope of 

nanotechnology and its wide range of applications has led to 

advancements in the agricultural sector (Kim et al., 

2018; Shang et al., 2019). Over the last two decades, the use of 

nanotechnology in agriculture has been supported by research 

and practical applications at the academic and industrial levels 

(Shang et al., 2019). 

In particular, nanotechnology has been applied to increase crop 

production. In addition, nanotechnology has been used to 

produce Nano fertilizers and Nano encapsulated nutrients, 

which are considered promising methods for achieving site-

targeted and regulated delivery of nutrients to plants, thereby 

improving crop 

  
Figure 16: Application of plant based nano sensors in 

precision agriculture. 

production and yield via “precision agriculture.” Nano 

formulations of agrochemicals, such as Nano pesticides and 

nano fertilizers, substantially reduce micronutrient losses of 

fertilizers through volatilization and leaching, enhance effective 

Phyto availability, feed plants gradually in a controlled manner, 

and eventually reduce environmental hazards caused by the 

excessive use of traditional fertilizers (Solanki et al., 

2015; Shang et al., 2019; Zulfiqar et al., 2019). Nano fertilizers 

can be produced using Cu, SiO2, Zn, TiO2, and polymeric NPs 

as dendrimers acting as nanocarriers (Paramo et al., 2020). 

Studies have shown that nano fertilizers can help crop 

productivity by improving stress tolerance as well as promoting 

plant germination, growth, and physiological processes. 

However, nano fertilizers have some drawbacks that have 

restricted their extensive application (Zulfiqar et al., 2019). 

Nano sensors have been reported as another application of 

nanotechnology that can improve crop quality and yield, while 

ensuring an output of high-quality and healthy food products. 

Novel nano sensors are primarily applied in crop safety for the 

detection and management of phytopathogens and for 

measuring and monitoring the uses, penetration, and residues of 

agrochemicals as well as environmental pollution (Ion et al., 

2010; Chen et al., 2016; Prasad et al., 2017; Paramo et al., 

2020). Their use has advanced the human management of soil 

and plant health, improved food quality, and protection, 

optimized packaging methods, and enhanced soil monitoring 

and crop conditions (Kim et al., 2018; Shang et al., 2019). Other 

agronomic uses of nanotechnology include the use of 

nanodevices in plant genetic engineering, postharvest 

management, and plant disease diagnostics (Ion et al., 

2010; Prasad et al., 2017). Nanobiotechnology includes the use 

of novel methods to genetically modify and engineer crop 

programs that boost agricultural productivity, food safety, and 

processing capacity while promoting agricultural sustainability. 

Different methods for the application of NPs in agriculture are 

shown in Figure 4. The application of nanomaterials enable 

efficient plant transformation for crop improvement (Anderson 

et al., 2016; Shafiee-Jood and Cai, 2016). Given their unique 

properties of small size, multiple binding sites and large surface 

area, nanomaterials are excellent nanocarriers of bioactive 

molecules (e.g., plasmid DNA and double-stranded RNA) (de 

Oliveira et al., 2014; Anderson et al., 2016; Shafiee-Jood and 

Cai, 2016; Kim et al., 2018; Zhao et al., 2020). Engineered NPs 

can also be used to increase crop safety and detect pesticide 

residues (Kim et al., 2018). Moreover, nanotechnology has 

become a common method used by engineers and designers to 

enhance and improve soil properties. Nano clay–polymer 

composites and nano-zeolites can be used in the soil to improve 

its moisture content, increase water-retention capacity, and 

slow water release during the cultivation season, and 

nanomagnets have been used to expel soil contaminants 

(Vundavalli et al., 2015; Prasad et al., 2017; Kim et al., 2018). 

The application of nano fertilizers can also help reduce soil 

toxicity caused by an accumulation of chemical substances 

applied to the soil, while also acting as an alternative means of 

enhancing resource-use efficiency (DeRosa et al., 2010; Nair et 

al., 2010; Jalil and Ansari, 2019). In addition, nano sensors are 

now widely used in agriculture for soil analysis, water 

management and transmission, environmental monitoring of 
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pollution in soils and water, and pesticide and nutrient drop (Ion 

et al., 2010). Various sensors based on nano detection 

technology, including biosensors, optical sensors, 

electrochemical sensors, and other instruments, are important 

tools for identifying HMs at trace levels (Ion et al., 2010; Prasad 

et al., 2017; Singhal et al., 2022). 

7. NPs-Plant Interaction Pathways 

NPs may affect plant metabolism by delivering micronutrients 

(Liu and Lal, 2015), gene regulation (Nair and Chung, 2014), 

and interfering with several oxidative processes in plants 

(Hossain et al., 2015). Excessive contents of NPs can generate 

ROS; thus, interfering with the oxidative mechanism; while 

other pathways have yet to be deciphered. The NPs can disrupt 

the electron transport chain in mitochondria and chloroplast, 

causing an oxidative burst and an increase in ROS levels 

(Pakrashi et al., 2014; Cvjetko et al., 2017). The rate of carbon 

fixation is reduced in response to stressful conditions; thus, this 

increases photoinhibition, potentially leading to the 

overproduction of superoxide anion radicals and H2O2 in the 

photosystem (Foyer and Noctor, 2005). When ROS is generated 

as a result of NPs, all biological components are affected 

causing protein changes, lipid peroxidation, and DNA damage 

(Van Breusegem and Dat, 2006). Several studies have found an 

increase in lipid peroxidation and DNA damage in plants while 

interacting with NPs (Atha et al., 2012; Saha and Dutta Gupta, 

2017). The increase in ROS levels can cause apoptosis or 

necrosis, resulting in plant cell death (Faisal et al., 2013). 

Despite its destructive nature, ROS play a role in biological 

activities, including stress tolerance (Sharma et al., 2012a). The 

balance between ROS generation and scavenging determines 

whether ROS has a destructive or signaling function. The cells 

have developed a robust antioxidant mechanism to precisely 

control the quantity of ROS. Enzymatic (SOD, CAT, and 

guaiacol peroxidase) and non-enzymatic (ascorbate, 

glutathione, carotenoids, tocopherols, and phenolics) 

antioxidants are attributed to defense mechanisms in plants 

(Sharma et al., 2012b). Several studies have demonstrated that 

plants exposed to NPs produce more antioxidant molecules 

(Jiang et al., 2014; Costa and Sharma, 2016). Plant stress 

response signaling can also be influenced by phytohormones 

(Mengiste et al., 2010; O’Brien and Benková, 2013; Sham et 

al., 2019). 

 
Figure 15: The entry (A) and interaction pathways of 

nanoparticles (NPs) in plants through roots and leaves (B 

and C). Long-distance NPs transport via xylem and phloem 

(D). Probable routes of cellular uptake of the NPs in the 

plant cell (E). 

Plant hormones are endogenous molecules involved in the 

regulation of plant development and stress tolerance (Sham et 

al., 2017). In response to abiotic stresses, different hormonal 

pathways can be activated or suppressed (Kwak et al., 

2006; O’Brien and Benková, 2013). In red pepper (Capsicum 

annuum), cytokinin levels increased in response to AgNPs 

stress; while in cotton (Gossypium sp.), a decrease in the levels 

of auxins and ABA in response to CuO NPs was detected. This 

suggests that NPs affect plant hormonal balance and plant 

metabolism. 

Several studies have demonstrated that NPs can also affect the 

content and activity of photosynthetic pigments in plants 

(Perreault et al., 2014; Tripathi et al., 2017c). High 

concentrations of NPs have a negative impact on 

photosynthesis, resulting in growth retardation or death in 

plants (Tripathi et al., 2017c). 

8. Future Prospects on NPs for Enhancing Crop Tolerance 

to Abiotic Stress 

Nanobiotechnology has the potential to improve stress 

tolerance, stress sensing/detection, targeted delivery and 

controlled release of agrochemicals, transgenic events, and seed 

nano priming in plants (Wu and Li, 2022). Such nanomaterials 

free of HMs and high dispersibility can be developed for 

agricultural use. Future research on evaluating the biological 

effects of nanozymes i.e., Mn3O4 NPs in plants under stress 

conditions should be on top of our priorities. Mechanisms 

underlying nano priming-induced seed germination, breaking 

seed dormancy, and their interactions with seeds have to be 

investigated. Understanding how NPs improve plant stress 

tolerance will enable researchers to design tailor-made 

nanomaterials targeting agricultural challenges. In addition, 
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nanomaterials have no doubt a bright future ahead, especially 

when it comes to their functionality in plants. For 

example, Santana et al. (2020) have developed a targeted 

delivery approach using nanomaterials to convert chloroplasts 

into “chloroplast factory” for better plant photosynthesis under 

low light conditions. The use of nanomaterials for CRISPR-Cas 

genome editing in cargo delivery (Demirer et al., 2021) will 

increase the efficiency of genetic engineering to enhance plant 

stress tolerance. Developing policies and regulations could help 

manage biosafety hazards associated with the use of 

nanomaterials in agriculture. We believe that nanomaterials 

will play a crucial role in the future of agriculture. 
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