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Abstract- Abiotic stress is a major barrier to global 

agricultural output and food security. To address these 

challenges and achieve sustainability, innovative 

strategies like nanotechnology are essential. 

Nanotechnology leverages nanoscale items such as 

nanopesticides, nanofungicides, nanofertilizers, and 

nanoherbicides to enhance crop yield. The reduced size, 

easy solubility, and efficient uptake of nanoparticles 

make them valuable tools in modern agriculture. Studies 

have shown that nanoparticles can significantly improve 

both the qualitative and quantitative aspects of crop 

yield under various biotic and abiotic stress conditions. 

This review explores the significant physiological, 

biochemical, and molecular changes that nanoparticles 

induce in plants, helping them tolerate stress conditions. 

It also examines the different types of abiotic stresses that 

plants face and the role of nanoparticles in mitigating 

these stresses, highlighting the potential of 

nanotechnology in enhancing agricultural productivity 

and sustainability. 
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INTRODUCTION 

 

Plant stress occurs when plants are unable to grow 

optimally due to adverse conditions, resulting in 

reduced crop yields, potential irreversible damage, or 

even death if the stress exceeds tolerance levels. Stress 

factors are categorized into abiotic and biotic. Abiotic 

factors include environmental elements like light, 

water, and temperature that affect plant growth. Biotic 

factors involve interactions with other species. Under 

suboptimal conditions, plants face increased demands, 

leading to lasting damage, stunted growth, or yield 

shortfalls. Understanding and managing these 

stressors is crucial for maintaining healthy plant 

growth and agricultural productivity.In contrast, other 

species that coexist with plants and engage in 

interactions with them are known as biotic factors, and 

these include pathogens and pests. Complex molecular 

mechanisms, such as alterations in gene expression 

and regulatory networks, are typically involved in the 

response to stress [1].Plant proteins, membranes, and 

other structural elements may be harmed by the 

increased ROS produced in response to abiotic stress, 

which may ultimately cause deficits in vital 

physiological functions [2]. 

 

Regardless of the stress, damage to photosynthetic 

systems and membrane peroxidation have been 

observed in a variety of plants. Therefore, the primary 

goal of plant defence mechanisms is to scavenge ROS 

by turning on antioxidant molecules [3]. Increased 

phenol and flavonoid production has been seen in 

numerous plants under a variety of abiotic stressors. 

The majority of the time, significant levels of 

phytochelatin formation were seen under diverse 

heavy metal stressors [4]. Additionally, it was 

discovered that proline content increased to function 

as an osmolyte and combat a variety of abiotic 

stressors. The activation of antioxidant enzymes to 

scavenge the ROS molecules is another significant 

biological alteration. Antioxidant enzymes such as 

SOD, APX, GPX, and catalase aid plants in 

withstanding oxidative stress. 
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Long-term stressors may negatively impair a plant's 

ability to grow and develop, which has an immediate 

effect on agricultural productivity. Since plants are 

thought to be the primary producers in the living 

kingdom, circumstances that negatively impact plants 

give rise to worries about the security of food [5]. 

Abiotic stresses are responsible for up to 50% of yield 

losses in important crops, which is a considerable 

contribution to yield losses [6]. In order to lessen 

abiotic stress, scientists are focusing their study on 

methods like genetic engineering and plant breeding. 

Nanotechnology has recently been applied to the 

resistance to abiotic stress [7]. As a way to protect 

plant growth from abiotic stresses such drought, salt, 

heavy metals, extremely high temperatures, and 

flooding, interest in nanomaterials is rapidly 

expanding globally [8].In order to solve current and 

future production constraints in sustainable agriculture, 

nanoparticles (NPs) are considered to be helpful and 

promising methods for adjusting crop yield by 

improving a plant's capacity to withstand abiotic stress 

[9]. 

 

ABIOTIC STRESS IN PLANTS 

 

The phrase "abiotic stress" refers to the detrimental 

effects that inanimate objects have on living organisms 

within a specific setting. Some of the possible stresses 

that are significant worldwide issues are drought, salt, 

heavy metals, extremely high or low temperatures, and 

other environmental extremes. Abiotic stress is 

increasingly likely to affect plants due to the changing 

global environment. Heat waves, droughts, and other 

abiotic stress conditions including flooding, salinity, 

and freezing are becoming more often of global 

warming [10].Apart from natural factors, human 

disturbances of the biosphere, which show up as 

various worldwide occurrences like a swifter pace of 

industrialization, intensive farming, and massive 

mining, along with an expanding populace and swift 

urbanisation, have resulted in global warming 

disasters. This has also indirectly contributed to 

abiotic stress and the serious pollution of the planet's 

vital components.  

 

ROLE OF NANO PARTICLES IN ABIOTIC 

STRESS MANAGEMENT 

 

Since they are sessile organisms, plants must 

withstand abiotic stresses including salt, drought, and 

extremely high or low temperatures [11]. Instead of 

being straightforward, linear pathways, stress 

responses are intricate, integrated circuits that involve 

several pathways, mainly cellular compartments, 

tissues, and interactions with other cofactors and/or 

signalling molecules to coordinate a particular 

response to a given stimulus [12]The stress on a tissue 

or organ will dictate the plant's response. Furthermore, 

the length and severity of the stress can have a big 

impact on how complex the reaction is [13]. In order 

to counteract stress reactions and enhance tolerance, 

plants respond to abiotic challenges by activating early 

stress-signaling systems [14,15].Second messengers, 

including calcium, phospholipids, reactive oxygen 

species (ROS), nitric oxide (NO), and several protein 

kinases, relay and intensify the signal when a plant cell 

senses stress [16]. By inhibiting energy-intensive 

activities and promoting plant stress tolerance, SnRk1 

kinases alter the expression of about 1000 stress-

responsive genes, aiding in the restoration of 

homeostasis. Because of this, they are able to 

withstand a variety of abiotic stresses, including 

salinity, flooding, drought, and nutrient shortage. 

Additionally, plant hormones like ABA and ethylene 

serve as the main messengers for defence mechanisms 

in plants, such as the shutting of stomata in response 

to drought stress. To combat the severe impacts of 

abiotic stress, these stress-signaling pathways activate 

transcription factors, which in turn activate a variety 

of stress-response genes.  
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Figure 1 . Nanoparticles involved in combating abiotic stress. (Al-Khayri et al. ,2023) 

 

Nanoparticles in Salt-Stress Tolerance  

Due to water constraint brought on by global warming, 

agricultural regions worldwide are forced to be 

irrigated with saline water, which increases the salt 

content of the soil. One of the biggest obstacles to 

modern agriculture is salinity, or the accumulation of 

excessive salt in the soil, which eventually inhibits and 

damages plant growth and development and results in 

plant mortality [17, 18]. More than 200 mM of NaCl 

causes the majority of plants to perish. Every stage of 

a plant's life cycle—including seed germination, 

seedling development, vegetative growth, and 

blooming—is significantly impacted by salinity 

[19].Salinity affects a wide range of horticultural crops, 

including fruits, vegetables, and spices. Salt stress 

imbalances ionic strength, which affects several 

biochemical, physiological, and metabolic processes 

in addition to producing osmotic stress, water stress, 

oxidative stress, nutritional stress, and decreased cell 

division [20,21].  

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 successful in reducing 

the harmful effects of salt stress in a variety of plants, 

claim Zulfiqar and Ashraf. The El-Sharkawy group 

[22] discovered that applying K NPs topically to salt-

sensitive Medicago sativa enhanced the plant's ability 

to withstand salt by decreasing electrolyte leakage and 

raising proline and antioxidant enzyme levels, 

including catalase. Similar to this, reduced oxidative 

stress was demonstrated by lower MDA and ROS 

levels as well as increased antioxidant activity in pearl 

millet plants treated with AgNPs; this reduction in 

Na+ absorption in the leaves may have been the cause. 

It was shown that cerium-oxide nanoparticles helped 

Brassica napus increase photosynthetic activity by 

changing the root cells and enhancing the intake of 

minerals [23]. A growing body of research indicates 

that treating plants with nanoparticles might 

significantly lessen the negative effects of salt stress 

and, as a result, regulate how plants adapt. 

 

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 [24]. 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 

continuous decline in precipitation and increase in 

evapotranspiration demand [25]. For instance, drought 
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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 [26]. 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 . 

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 [27]. 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 [28]. When Si NPs were 

applied to drought-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 [29]. 

El-Zohri et al. [30] suggested that green ZnO-NPs 

administered topically at lower concentrations could 

successfully boost tomato tolerance to drought stress. 

In addition to nanofertilizers, green synthesized 

Fe3O4 NPs were also found to be effective in reducing 

the impact of drought stress on fenugreek plants [31]. 

However, a study by Potter et al. [32] 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 -: 

The adverse effects of cold or low temperatures on 

plant growth and development are also a result of 

global climate change. Chilling and freezing are two 

common low-temperature stresses that plants 

encounter. Plants may withstand temperatures as low 

as 0 °C or as high as 15 °C, depending on the species. 

Other elements that influence chilling temperatures 

include the air temperature and wind speed during 

exposure. The plant will struggle in freezing 

temperatures (below 0 °C), in contrast to how it reacts 

to chilling conditions. Low and nonfreezing 

temperatures can harm or even kill crop species, which 

can affect their survival, production, and ecological 

dispersal. Plant growth is slowed by cold stress 

because lower temperatures cause a reduction in the 

activity of enzymes and other proteins. Low 

temperatures affect many processes in these plants, 

such as those related to defence, respiration, secondary 

metabolism, and the synthesis of proteins and nucleic 

acids [33]. TiO2 and chitosan nanoparticles have been 

widely used in numerous investigations due to their 

effectiveness in withstanding cold stress. Using 

transcriptional regulation, it was discovered that the 

administration of Ti NPs improved electrolyte leakage, 

photosynthetic activity, and membrane damage in 

chickpea plants under cold stress [34,35,36]. It is 

implied that TiO2 NP treatment may help plants 

become more resilient to cold stress by regulating the 

pressure caused by temperature drops and changing 

their metabolism to promote plant growth [37].When 

TiO2 NPs are used in licorice plants, the negative 

effects of cold stress are lessened and the 

concentration of glycyrrhizin is increased. In banana 

plants under cold stress, the use of chitosan 

nanoparticles was found to be beneficial in lowering 

ROS with the build-up of osmoprotectants. 

Furthermore, through the antioxidative system and 

transcription factors involved in the chilling response, 

the foliar application of ZnO NPs may lessen chilling 

stress in rice plants. In a similar vein, using SiNPs can 

enhance sugarcane plants' capacity for photosynthetic 

processes during chilling stress [38]. 

 

 Nanoparticles in Heavy-Metal-Stress Tolerance  

One of the harmful elements that lowers agricultural 

output in the present era is heavy-metal (HM) stress. 

Globally, human activities including urbanisation and 

industry have led to HM pollution. The increased use 

of contemporary farming instruments, like chemical 

fertilisers and pesticides, has also increased crop plant 

susceptibility to HM stress. Plants suffer harmful 

effects from heavy metals such Ag, Pb, Cd, Ni, Co, 

and Cr [39].Since plants are at the base of trophic 

systems, there is a strong likelihood that these heavy 

metals (HMs) will be bioaccumulated along the food 

chain. This can eventually cause chronic health 

problems in humans and other animals, including 

damage to the kidneys and liver. Furthermore, HMs 
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directly affect plants by causing defects in their 

morphology and physiology as well as compromised 

metabolic pathways [40]. These have an impact on the 

amount and quality of plant-based goods, particularly 

on medicinal and agricultural plants.Numerous 

investigations have been carried out on the application 

of nanoparticles to reduce HM stress. By absorbing 

and changing the heavy metals (HMs) present in the 

soil, nanoparticles placed to the soil can lessen the 

HMs' mobility and bioaccumulation. Fe3O4 NP 

treatment has decreased the availability of Cd metal in 

soil. By releasing phosphate ions, the hydroxyapatite 

nanoparticles can both regulate the pH of the soil and 

lessen the harmful effects of metals in it. Additionally, 

NPs cause the apoplast barriers to develop, which 

lower the root's concentration of heavy 

metals.Additionally, plants can regulate the genes 

encoding metal transporters to intercept heavy metals. 

By forming complexes with the HMs, these NPs can 

prevent the HMs from translocating. NPs like SiNPs 

have encouraged the synthesis of organic acids, which 

lessen the harm caused by HM stress.Additionally, 

NPs stimulate the antioxidant system, which lessens 

the stress brought on by ROS. 

 

 Response of Plants to Nanoparticles under Abiotic 

Stress 

Carbon nanotubes (CNTS), metal-based nanoparticles 

(Ag NPs and Au NPs), fullerols, tiny crystalline 

powders (Fe, Co, and Cu), and metal-oxide 

nanoparticles (iron oxide, TiO2 NPs, ZnO NPs, SiO2 

NPs, CuO NPs, and CaCO3 NPs) are some of the most 

well studied functional nanoparticles [41]. Because 

NPs have a high surface energy and surface/volume 

ratio, their reactivity is enhanced and their 

biochemical activity is increased, which has a variety 

of effects on plants .NPs have a fast rate of plant 

interaction and molecular mechanism stimulation. 

Furthermore, the NMs perform a dual role, first 

defending against ROS and then inducing oxidative 

stress, which triggers the activation of plants' 

antioxidant defence mechanisms. By lessening the 

harmful effects of abiotic stress and by affecting many 

morphological, anatomical, physiological, 

biochemical, and molecular properties of plants, NPs 

help plants respond to harsh conditions more 

efficiently and yield more. 

 

Morphological Changes under the Influence of 

Nanoparticles 

Abiotic stressors that impact plant morphology, 

including salt, drought, high and low temperatures, 

and heavy metals, have a major impact on fresh and 

dry weight, leaf area, shoot and root length, total plant 

growth, and crop output [42]. The priming of seeds 

with low concentrations of NPs boosted root length, 

shoot length, and seed germination rate, according to  

[43]. Applying Se NPs helped to restore the sorghum's 

decreased pollen germination, seed set, and yield 

caused by temperature stress. Under high temperatures, 

plant-derived silver nanoparticles (NPs) increase the 

dry weight and leaf area of aerial structures. Under 

salinity stress, TiNPs have been shown to boost plant 

height in Dracocephalum moldavica. Under drought 

stress, FeNPs have been demonstrated to boost plant 

growth and biomass output overall in Brassica napus 

[44]. 

 

Anatomical Changes under the Influence of 

Nanoparticles  

In response to abiotic stress, plants go through a 

variety of morphological changes. The kind of abiotic 

stress determines the anatomical reactions. Large sub-

stomatal chambers and an increase in the thickness of 

the upper-epidermal waxy cuticle, cuticular margins, 

and lignification of xylem tracheids are among the 

structural changes that occur in response to drought. 

Reduced cell size, stomata closing, and transcription 

rate are all inhibited by heat stress, although larger 

xylem vessels in roots and shoots and increased 

stomatal and trichomatous densities are seen. Under 

heat stress, Vitis vinifera L. CV. Jingx has damaged 

mesophyll cells and enhanced plasma membrane 

permeability [45].In Zygophyllum qatarense Hadidi 

subjected to high temperatures, bimodal stomatal 

behaviour has been shown to minimise transpirational 

water loss. Applying nanoparticles supports the plant's 

anatomical adaptations, which enable the plant to 

tolerate stressful environments. In maize plants under 

heat stress, the stomatal opening has been successfully 

regulated by the TiO2 nanoparticles, lessening its 

effects. The application of SiO2 nanoparticles 

improved the strawberry plants' epicuticular wax layer 

(EWL), reducing the detrimental effects of salinity. 

Al2O3 nanoparticles decreased cell mortality in the 

soybean plant's hypocotyl area in the study.Under salt 

stress, ZnO NPs were demonstrated to be effective in 
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minimising damage to the vascular tissues and 

epidermis of Sorghum bicolor. There has been another 

study published on the impact of CeO2 NPs in 

Brassica napus L. under salt stress. The former was 

found to have the ability to shorten root apoplastic 

barriers[46]. Nanoparticles are readily absorbed by 

plants in a variety of forms, including fertilizers, 

herbicides, and insecticides, because of their smaller 

size and strong reactivity. [47] 

 

Physiological Changes under the Influence of 

Nanoparticles  

Under stressful conditions, plants display a range of 

physiological reactions, including adjustments to their 

photosynthetic apparatus, transpiration, absorption of 

minerals and water, lipid peroxidation, and seed 

germination. Plants under cold stress display 

suppression of seed germination along with reduced 

levels of seed set, chlorophyll content, and pollen 

fertility, all of which have an impact on photosynthesis. 

Plant cells also experience plasmolysis, protoplasmic 

streaming, and electrolyte loss. Plants that are under 

heat stress may absorb nutrients at a slower 

rate.Because plants cannot absorb water while they are 

under a Cd stress, the buildup of Cd in the soil also 

affects the uptake of macro- and micronutrients. 

Because drought stress affects the thylakoid 

membranes, it is known to limit photosynthesis. Plant 

germination is inhibited by high soil salinity. In 

addition, heavy metals inhibit photosynthesis and seed 

germination, among other physiological processes in 

plants. When plants are stressed by dryness, Si 

nanoparticles speed up photosynthesis and stomatal 

conductance, which helps the plants endure the stress. 

Applying a fixed dose of nano-TiO2 to tomato leaves 

under heat stress enhanced stomatal conductance, net 

photosynthetic rate, and leaf transpiration. Nano-TiO2 

boosted uncontrolled growth and reduced photosystem 

II (PS II) energy loss. 

 

 Major Biochemical Changes to Tolerate Abiotic 

Stress  

Plants are subject to overlapping effects from abiotic 

stressors like salinity, drought, and high metal levels. 

These effects include increased reactive oxygen 

species levels, antioxidant system activation, and 

accumulation of inert solutes, or osmolytes, which 

include sugars, polyamines, secondary metabolites, 

and amino acids. Abiotic stress causes the proteins and 

enzymes to get denaturated, which activates the 

enzymes, decreases protein synthesis, increases 

membrane lipid fluidity, and destroys membrane 

integrity.The response of the total carbohydrate 

concentration to various biotic stressors varies. It is 

known that the total carbohydrate content increases in 

reaction to lower temperature stress and decreases in 

response to salinity stress. Abiotically stressed plants 

release enzymes and secondary metabolites including 

lignins, anthocyanins, flavonoids, and phenolic acids, 

among other compounds, to mitigate the effects of the 

stress and control oxidative damage, so minimising 

cellular damage. Reports state that NPs alter plants' 

morphology, physiology, and biochemistry in a 

number of ways to strengthen their resistance to 

drought stress. The application of Ag NPs increased 

the stress tolerance of soybean seedlings by decreasing 

the misfolding of proteins caused by flooding stress. 

Under drought conditions, Zn NPs applied topically 

increased proline, glycine betaine, free amino acid 

levels, and sugar levels. It is discovered that proline 

concentration is high under a variety of abiotic 

stressors. It has been suggested that proline, when 

present in large concentrations as an osmoticum, 

protects cellular structures and enzymes. Such 

osmolyte buildup serves as a signal for the antioxidant 

response and aids in preserving the redox potential of 

cells in stressful situations. 

 

The Drawbacks of Using Nanoparticles in Plants  

Although nanoparticles are used in agriculture to 

combat environmental stress, there are worries over 

their accumulation and possible introduction into the 

food chain. The overuse of some manmade nanoscale 

elements in agriculture may be hazardous to human 

health and the environment, even though it is known 

that nanoscale materials like protein, fat globules, 

carbohydrates, and DNA found in food are not harmful. 

Plants absorb and bioaccumulate engineered 

nanoparticles (ENPs) when they come into contact 

with them in the soil.Consequently, plants are the 

basic building blocks of all ecosystems and are 

essential to the movement of ENPs that attach to the 

surface of plant roots and may pose a chemical or 

physical risk to the plants. Large pores on cell walls 

may grow as a result of the ENPs once they are 

attached to plant roots, making it easier for large ENPs 

to internalise through them. Additionally, it has been 

noted that in leguminous plants, the nitrogen-fixing 
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mechanism carried out by soybean crops is impeded 

by nano-cerium oxide particles that infiltrate the roots 

and root nodules. The long-term impacts of these 

nanoparticles on the food supply and the chemical 

harm to the plants are other issues that are brought up. 

Additionally, the nanoparticles have the potential to 

enter the food chain, disrupt it, and endanger both 

people and animals. 

 

CONCLUSIONS 

 

Nanoparticles present promising solutions for 

mitigating abiotic stress in plants, enhancing resilience 

and productivity. Advances in nanotechnology offer 

innovative approaches to improve plant health under 

adverse conditions. Continued research and 

application of nanoparticles can significantly 

contribute to sustainable agriculture, ensuring food 

security in the face of growing environmental 

challenges. 
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