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Abstract 

Phytohormones act as key endogenous factors and signalling molecules that mediate abiotic stress 
responses in plants, and are the integration centres of plant responses to environmental stimuli, 
playing an important role in plant resistance to drought, salt, cold and other stresses. Stress 
responses are finely regulated through a complex network of different classes of phytohormone 
signalling pathways. Many transcription factors are able to regulate the content of endogenous plant 
hormones by influencing hormone synthesis, metabolic gene and stress-related genes expression, 
which in turn affects plant growth and development and improves plant tolerance to abiotic 
stresses. Signaling molecules in plant stress responses, such as abscisic acid (ABA) ethylene (ETH), 
gibberellin (GA), jasmonic acid (JA) and salicylic acid (SA). Their roles in orchestrating plant 
responses to abiotic stresses. With global climate change, abiotic disasters have become increasingly 
frequent in recent years, severely hindering crop growth and development. Nanomaterials have 
attracted widespread attention from researchers because they can significantly alleviate abiotic 
stress in crops caused by factors such as salinity, drought, flooding, and heavy metals. This paper 
reviews recent research progress on the use of plant hormones and nanomaterials to alleviate abiotic 
stress in plants and elaborates on their underlying mechanisms of action. In the future, we will focus 
on investigating the roles of plant hormones and nanomaterials in modulating plant responses to 
abiotic stress, thereby enhancing plant tolerance to such stresses and increasing crop yields to 
address food security challenges. 
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1. Introduction 

Phytohormones are organic signalling molecules produced by plants through their own 
metabolism that can produce significant physiological effects at very low concentrations. 
Phytohormones can either function at the site of synthesis or be transported via the vascular system 
to act in tissues relatively distant from the site of synthesis. Phytohormones signaling molecules have 
been studied in plant abiotic and biotic stress responses, such as abscisic acid (ABA), auxin (IAA), 
brassinosteroids (BR), ethylene (ETH), gibberellin (GA), cytokinins (CK), jasmonic acid (JA), 
strigolactone (SL), and salicylic acid (SA) [1–6]. These phytohormones not only help plants to resist 
abiotic and biotic stresses but also regulate plant growth and development. They are independent of 
each other, but also synergistically regulate the developmental processes such as seed germination, 
nutrient growth, reproductive growth, embryonic development, seed maturation and dormancy, as 
well as the adaptation to biotic and abiotic environmental stresses during the growth cycle of plants 
[7–11]. Studies have shown that many families of transcription factors are able to hormonally regulate 
the ability of plants to cope under abiotic stresses [12–15]. Because of the complex interactions of 
different phytohormones and their ability to control a wide range of physiological processes, they 
can serve as key endogenous factors that mediate plant stress responses. Moreover, since plant 
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hormones are involved in defence responses, their complex intertwined signalling pathways make 
the generation of fine and efficient stress responses easier [4–6]. Studies have shown that ABA, ETH, 
GA, JA, and SA play a important roles in orchestrating plant responses to abiotic stresses [16–18] 
(Figure 1). ABA is the main phytohormone that regulates the response of plants to abiotic stresses, 
such as drought, salt, cold, heat and other abiotic stresses that can alter ABA levels [1,2]. Ethylene is 
a key plant hormone that plays a complex role in plant responses to abiotic stress, both enhancing 
plant resistance and, under certain conditions, leading to aging and death. It plays a vital role in 
defending against adversities such as drought, high salinity, and low temperatures [19]. Under 
abiotic stress, GA helps plants adapt to environmental pressures such as drought tolerance, salt 
tolerance, and heat tolerance by regulating its own biosynthesis and signal transduction. Its specific 
functions include controlling leaf elongation, promoting seed germination and flowering, and 
influencing plant responses to gravity sensing [20]. The role of JA in abiotic stress primarily involves 
regulating plant growth and development while acting as a signaling molecule to activate defense 
responses. When plants encounter drought, salinity, high temperatures, or low temperatures, the JA 
signaling pathway is activated, thereby influencing plant growth and simultaneously inducing the 
plant to produce a series of defense mechanisms [21]. SA plays a crucial role in plant defense against 
abiotic stresses by regulating metabolic processes, such as enhancing resistance and inducing defense 
responses [22]. Therefore, hormones play a crucial role in plant responses to abiotic stress. 

Plant nanobiology is a cutting-edge interdisciplinary subject that has emerged in recent years. 
Nanomaterials have a unique small size effect and can enter the interior of plants as nutrient carriers 
or regulators and participate in plant metabolism, which can promote plant growth and 
development. Nanozymes are nanomaterials that have catalytic activity similar to natural enzymes 
[23–25]. Nanomaterials (NMs) are materials that have at least one dimension in the range of 1-100 nm 
in three dimensions and have special physicochemical properties in contrast to the corresponding 
non-nanomaterials [26,27]. Since the early 1990s, nanotechnology has been rapidly developing in the 
fields of medicine, energy, and food processing, and is widely used in biosensors, water purification, 
photocatalysis, and antimicrobial agents. In the field of agriculture, NMs can enter into crop plants 
through their organs such as seeds, roots and leaves to regulate their physiological and biochemical 
metabolisms in order to improve their tolerance to biotic and abiotic stresses, and they can also be 
applied in agricultural production in the form of pesticides, fertilisers, nanocomposites, and nano-
sensors, which can significantly improve the yield and quality of crops. And the different structures, 
shapes, sizes and concentrations of NMs present different effects on crops at different growth periods 
[28–30]. Gao et al. reported that nano Fe3O4 has the enzymatic properties of horseradish peroxidase 
(HRP), which can rapidly catalyse the decomposition of H2O2, and the reaction follows enzymatic 
kinetics [31]. Compared with traditional enzyme catalysts, nanoenzymes have the advantages of high 
catalytic activity, low cost, and easy to scale up production. At the same time, nanoenzymes are 
mostly composed of inorganic materials, which can ensure that their chemical structure and 
properties do not change under extreme conditions, their have higher stability than natural enzymes 
[32,33]. Some studies have shown that nanoenzymes can effectively regulate plant metabolism and 
significantly improve plant resistance to abiotic stresses, and can also promote plant growth [31,34]. 
Scientists have shown that nanoenzymes can effectively regulate plant metabolism and significantly 
improve plant resistance to abiotic stresses, and can also promote plant growth [34–38]. 
Nanoenzymes can function as antioxidant-like enzymes, which play a role in scavenging reactive 
oxygen species (ROS) by catalytically converting excess oxygen radicals or hydrogen peroxide 
produced in plants due to abiotic stresses into oxygen and water [39,40]. Nanoenzymes also have the 
functions of up-regulating protein expression levels in crops, complexing heavy metal ions, and 
providing trace elements for plant growth, all of which play an important role in improving the 
abiotic stress resistance of crops [41–43]. 

Plants surviving in nature are subjected to a variety of abiotic stresses, taking osmotic stress as 
an example, among which drought stress is one of the serious unfavourable factors affecting plant 
growth and productivity [44]. Under drought conditions, plant cells shrink and water deficit leads to 
metabolic disorders in the plant and photosynthesis, respiration, leaf transpiration, and root growth 
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receive inhibition or even stop, leading to plant death [45]. At the same time, drought stress is the 
most critical factor limiting the normal growth and development of plants, which causes a much 
higher reduction in agricultural yields than other abiotic stresses [46]. The some main mechanisms 
by which drought stress reduces crop yields. First point, reduced canopy uptake of 
photosynthetically active radiation. Second point, reduced radiation utilisation efficiency. Third 
point, reduced harvest index. Repeatable drought stress treatments are cumbersome and seriously 
hinder research on drought tolerance in plants and prevent the application of traditional breeding 
efforts and modern genetic methods in improving drought tolerance in crops [47]. Salt stress is one 
of the main stress factors faced by plants in the natural environment, which can cause imbalance of 
ion content in plants leading to ion toxicity, resulting in osmotic stress, water deficiency, mineral 
nutrient deficits, hindering plant absorption of soil nutrients and water, leading to water loss, 
stomatal closure, affecting the plant to carry out photosynthesis, growth inhibition, metabolic 
disorders, accelerated senescence, seriously affecting plant growth, metabolic disorders, accelerated 
senescence, seriously affecting the growth of plants, and even lead to plant death [48]. At the same 
time, due to plant transpiration, Na+ and Cl- accumulate in the plant body, causing damage to the 
osmotic pressure balance in the plant body, imbalance of intracellular redox reactions, increase in 
reactive oxygen species, deepen the degree of plasma membrane peroxidation, and damage to the 
cellular structure, thus inhibiting seed germination and seedling growth [4–6]. Nowadays, more and 
more scientists are focusing on abiotic stresses, and many studies have shown that some transcription 
factor family genes are involved in plant resistance to abiotic stresses. For example, transcription 
factors such as AP2, WRKY, MYB, NAC, C2H2 and so on. They are involved in the response of plants 
to abiotic stresses such as drought, cold, salinity and heat [49–53]. In order to achieve sustainable 
agricultural development, meet the growing global demand for food, achieve stable and increased 
food production, and promote food security and sustainable development, it is urgent to mitigate the 
negative impacts of abiotic stress on crops, and the rapid development of nanotechnology in the field 
of agriculture has brought new ideas to this end. 

In summary, the impact of abiotic stress on plant growth and development is very serious. So 
the study of abiotic stress is very important, and more and more researchers are beginning to focus 
on this direction. With the expectation that by improving the ability of plants to withstand abiotic 
stresses, we can ensure that the food security crisis caused by rapid population growth will be 
effectively alleviated worldwide and the yields of major food crops will be increased, with the 
development of molecular biology, it has been gradually recognised that the expression of plant 
genes can influence the tolerance of plants under abiotic stresses. This article reviews the role of major 
plant hormones such as ABA, ETH, GA, JA, and SA in regulating abiotic stress responses. It also 
summarizes the research progress in nanomaterials action mechanisms and regulation for abiotic 
stress, and proposes suggestions for the development prospects of this field, in order to provide a 
reference for the development of new nanomaterials and their application in resisting abiotic stress. 
It aims to deepen the understanding of the molecular mechanism of plant hormone regulation of 
stress responses and provide new ideas for the genetic improvement of crop stress tolerance. 

 

Figure 1. Mechanisms of Action of Plant Hormones in Response to Abiotic Stress. 
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2. Mechanisms of Phytohormones Resistance to Abiotic Stress in Plants 

Since plants are immobile, they cannot escape abiotic and biotic stresses. Exposure to these 
stresses throughout their life cycle leads to stunted growth and, in severe cases, death. Consequently, 
plants have evolved defense responses against multiple stress factors, with responses to specific 
stresses primarily regulated by relevant plant hormones [10,41]. In this process, beyond the pivotal 
role of individual hormone levels, interactions and influences among different plant hormones 
facilitate the coordinated remedial actions of numerous genes and their regulatory factors during 
stress responses. Therefore, to gain a deeper understanding of defense response mechanisms, it is 
particularly urgent to elucidate the intricate connections of cross-talk between various plant 
hormones [54,55].  

2.1. The Role of ABA in Plant Responses to Abiotic Stress 

ABA is an important plant hormone known as the “stress hormone.” It accumulates rapidly 
when plants are exposed to stress conditions such as drought, high salinity, and low temperatures. 
By promoting stomatal closure to reduce water loss, inhibiting growth, and maintaining bud and 
seed dormancy, it regulates plant development and enhances stress tolerance [56,57]. Salt stress and 
drought stress among abiotic stresses exert profound effects on plants. These stresses impede water 
uptake by plant roots, leading to “physiological drought” while salt directly damages plants, 
manifesting as stunted growth, leaf damage, and reduced photosynthesis. The combined effects of 
salt and drought intensify these adverse impacts. Under osmotic conditions caused by high salinity 
or drought, ABA stimulates stomatal closure, maintains water balance, and regulates the expression 
of stress response genes [58–60]. Lim et al. found that OsWRKY5 negatively regulates drought 
tolerance in rice. Its expression is downregulated by drought stress as well as by NaCl, mannitol, and 
ABA treatments. Loss of Oswrky5 activity increases rice sensitivity to ABA, thereby promoting ABA-
dependent stomatal closure. OsWRKY5 downregulates the expression of downstream genes of 
OsMYB2 in the ABA signaling pathway. As OsWRKY5 acts as a negative regulator of ABA-induced 
drought tolerance, this strongly suggests that OsWRKY5 may enhance drought tolerance in rice 
varieties by regulating ABA [61]. Wei et al. found that rice circadian clock-associated protein 1 
OsCCA1 is essential for rice tolerance to salt, osmotic, and drought stress. They identified 692 direct 
transcriptional targets of OsCCA1, many of which are involved in the ABA signaling pathway. 
Furthermore, OsCCA1 can directly bind to the promoters of OsPP108 and OsbZIP46, thereby 
activating their expression. An Oscca1 knockout mutant generated exhibited increased sensitivity to 
ABA signaling. In summary, OsCCA1 may confer tolerance to various abiotic stresses in rice by 
regulating ABA signaling, thereby linking the circadian clock to ABA signaling [62]. 

2.2. The Role of ETH in Plant Responses to Abiotic Stress 

ETH is a gaseous hormone that is widely present in various tissues and organs of plants and 
plays a role in plant growth and development. It also contributes to plants’ responses to abiotic stress 
[63]. Changes in ethylene levels within plants are regulated by internal signaling molecules and 
external environmental factors. When plants are exposed to biotic or abiotic stressors such as 
mechanical injury, hypoxia, cold stress, and frost damage, ethylene levels in the plant change. 
Various stress conditions often lead to an increase in ethylene levels within the plant [64]. Djemal et 
al. found that overexpression of the ethylene-responsive transcription factor TdSHN1 in durum 
wheat led to cutin formation and reduced stomatal density. The TdSHN1-overexpressing lines 
exhibited enhanced salt tolerance due to reduced water loss from the leaves [65]. Cheng et al. found 
that ERF1 may be involved in the salt stress response via the ethylene signaling pathway. In 
Arabidopsis thaliana, ERF1 expression is significantly induced under both high-salinity and drought 
stress. Salt stress induction requires both the JA and ETH signaling pathways. ERF1-overexpressing 
lines exhibited enhanced drought and salt tolerance, along with reduced stomatal aperture, resulting 
in decreased water loss due to transpiration [66]. An et al. found that under salt stress, the ethylene-
responsive transcription factor MdERF4 in apple is induced and reduces the salt tolerance by binding 
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to and inhibiting the expression of MdERF3. They hypothesized that the MdERF4-MdERF3 
interaction may serve as a feedback regulatory mechanism for maintaining ethylene homeostasis in 
plants under salt stress [67].  

2.3. The Role of GA in Plant Responses to Abiotic Stress 

As a classic plant hormone, GA regulates various processes of plant growth and development, 
such as promoting stem elongation, leaf expansion, seed germination, flowering, and fruit 
development [68]. GA interacts with other hormonal signals within the plant, integrating to form a 
complex regulatory network that synergistically regulates plant growth and development and helps 
the plant respond to abiotic stress [69]. Lu et al. found that two homologous genes of AtMFT (a 
phosphatidylethanolamine-binding protein), OsMFT1 and OsMFT2, are present in  Oryza sativa. 
Under salt stress, seeds from the Osmft1 loss-of-function mutant germinate faster than those from 
WT. Overexpression of OsMFT1 or OsMFT2 increases sensitivity to salt stress during seed 
germination. A transcriptomic comparison of Osmft1 mutants with WT under salt-stressed and 
unstressed conditions revealed multiple differentially expressed genes associated with salt stress, 
plant hormone metabolism, and signaling pathways. Furthermore, under salt stress, OsMFT1-
overexpressing seeds exhibited increased sensitivity to GA [70]. Li et al. identified three WRKY 
transcription factors—OsWRKY24, OsWRKY53, and OsWRKY70—that play roles in abiotic stress 
and plant hormone responses. They contain two conserved domains, and their promoters harbor 
multiple cis-regulatory elements that respond to abiotic stress and hormone signals. Under various 
stress conditions—including darkness, low temperature, salt stress, and drought—as well as 
following treatment with hormones such as ABA, SA, MeJA, and GA, the transcriptional levels of 
these genes in wild-type seedlings underwent significant changes. The expression level of OsWRKY24 
was downregulated under salt stress, drought, and following treatment with ABA and GA. 
OsWRKY53 transcripts were induced under darkness, low temperature, salt stress, and drought 
treatments, while SA and GA treatments suppressed their expression. Furthermore, the expression 
level of OsWRKY70 was upregulated under darkness and low-temperature conditions but was 
suppressed under salt stress, drought, ABA and GA treatments [71]. 

2.4. The Role of JA in Plant Responses to Abiotic Stress 

JA hormones are a class of very important lipid-based growth regulators in plants; they play a 
role in regulating certain key growth and development processes as well as responses to 
environmental factors, such as the initiation of trichomes on leaf surfaces, anthocyanin accumulation, 
and responses to freezing stress [72,73]. Kong et al. identified and characterized the osmotic stress-
induced ethylene response factor 15 (PtoERF15), which is involved in regulating the size, density, 
and cell wall thickness of xylem vessels in Populus tomentosa in response to drought stress. 
Overexpression of PtoERF15 helps maintain water potential in the stem, thereby enhancing its 
drought tolerance. PtoERF15 directly regulates PtoMYC2b, a key regulator of the JA signaling 
pathway. PtoMYC2b is also involved in the regulation of Populus tomentosa vessel morphology. In 
summary, PtoERF15-PtoMYC2b transcriptional cascade maintains stem water potential by 
regulating xylem vessel development, ultimately enhancing the drought tolerance of Populus 
tomentosa [74]. Wang et al. cloned the PlWRKY13 gene from peony leaves. Four types of abiotic 
stress—low temperature, high temperature, waterlogging, and salt stress—all induced the expression 
of PlWRKY13, which was upregulated. Measurements of endogenous hormone levels (JA and SA) 
revealed that JA levels gradually increased following infection with A. tenuissima. The overall 
decrease in the levels of both hormones suggests that they are associated with PlWRKY13 
transcription, and that PlWRKY13 may be involved in JA- and SA-mediated disease resistance 
pathways [75]. 
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2.5. The Role of SA in Plant Responses to Abiotic Stress 

SA is a phenolic hormone. It regulates plant growth and 
development and also influences photosynthesis, transpiration, 
and the uptake and transport of ions in plants. Additionally, SA 
plays an active role in how plants respond to various abiotic 
stresses, including cold, drought, salinity, and heavy metals 
[22,76]. Fan et al. identified 175 differentially expressed genes 
(DEGs) between the AP2 transcription factor erf3 mutant and 
wild type; the upregulated DEGs were primarily enriched in 
defense-related pathways, including the SA pathway marker 
genes PR2 and PR5. Conversely, downregulated DEGs were 
primarily enriched in pathways responding to wounding/JA 
and ABA/water stress, indicating that ERF3 positively regulates 
JA-mediated wound responses and ABA-mediated abiotic stress 
responses. Following pathogen infection, ERF3 is induced, 
thereby suppressing the expression of SA pathway genes and 
promoting JA-mediated wound responses and ABA-mediated 
abiotic stress responses [77]. He et al. identified a NAC 
transcription factor, GhATAF1, in cotton. This gene is 
significantly induced by JA, SA, and infection by the bacterial 
pathogen Ralstonia solanacearum. Overexpression of GhATAF1 
enhances the expression of the ABA-responsive gene GhABI4, 
thereby improving the salt tolerance of cotton plants. It also 
regulates multiple stress response genes, such as GhAVP1, 
GhRD22, GhDREB2A, GhLEA3 and GhLEA6 [78]. Wu et al. 
Identified some WRKY transcription factor genes in Ipomoea pes-
caprae and 17 highly expressed WRKY genes in the 
transcriptome under salt stress conditions. The gene IpWRKY16 
was significantly upregulated under salt stress, drought, SA and 
ABA treatments. Under salt stress, sweet potato roots 
overexpressing IpWRKY16 exhibited higher superoxide 
dismutase (SOD), peroxidase (POD), and catalase (CAT) 
activities, as well as lower malondialdehyde (MDA) content. 
Using non-invasive microtitration (NMT) technology, 
significant Na⁺efflux was observed in the elongation zone of 
IpWRKY16-overexpressing sweet potato adventitious roots. 
Several ion transporter genes responded to the expression of 
IpWRKY16, with IbSOS3, IbAHA4-1, and IbAHA4-2 showing the 
highest expression levels. Therefore, IpWRKY16 responds to salt 
stress by regulating these key genes [79].  

3. Mechanisms of Nanomaterials Resistance to Abiotic Stress in Plants 

Nowadays, due to global climate change and human activities, abiotic stresses such as high 
temperatures, salinity, drought, flooding, and heavy metals pose increasingly severe challenges to 
plants [80,81]. Abiotic stress has become the primary factor limiting agricultural production. To 
achieve sustainable agricultural development, meet the growing global demand for food, ensure 
stable and increased crop yields, and promote food security and sustainable development, it is 
imperative to mitigate the negative impacts of non-biotic stress on crops. The rapid advancement of 
nanotechnology in the agricultural sector has opened up new avenues for addressing these 
challenges [82]. 

The ways in which plants absorb nanomaterials can be categorized into the following types. The 
first is seed-mediated absorption. The second is root absorption. The third is leaf absorption (Figure 
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2) [83]. Nanomaterials can enhance plant photosynthesis, mitigate metal pollution, and play a 
positive role in improving plant growth conditions and soil quality. 

 
Figure 2. Different pathways of nanomaterial absorption in plants. A: Seed-induced; B: Root 
absorption; C: Leaf absorption. Yellow dots represent nanomaterials. Image materials are generated 
from biogdp.com. 

3.1. Plants Absorb Nanomaterials Through Their Root Systems 

There are two ways in which plant roots absorb nanomaterials, one is applied to the soil, and 
the other is added to the nutrient solution. Once nanomaterials reach the root epidermis, they are 
primarily absorbed via two pathways—the extracellular pathway and the symplastic pathway—and 
then transported to various tissues of the crop. In the extracellular pathway, nanomaterials in water 
pass through pores in the cell wall by osmosis and then diffuse into the space between the cell 
membrane and the cell wall [84–86]. In the endosymbiotic pathway, nanomaterials can cross the cell 
membrane to enter the cytoplasm, be transported between cells via plasmodesmata, or enter the 
intercellular spaces from damaged areas of the root system [87,88]. The characterization properties of 
nanomaterials, such as particle size and charge, influence the efficiency with which crop root systems 
absorb them. Studies have shown that the roots of Nicotiana xanth L. can absorb 3.5-nm gold 
nanoparticles (AuNPs), whereas 18-nm gold nanoparticles only accumulate on the root surface [89]. 
Roots can absorb gold nanoparticles smaller than 5 nm in Arabidopsis, but they cannot absorb particles 
in the 7–108 nm. Negatively charged nanoparticles can readily migrate into the plasmodesmata of 
plant roots, whereas positively charged nanoparticles adsorb onto root cap mucilage and further 
induce mucilage production, thereby preventing the nanoparticles from migrating into the internal 
tissues of the root. There are many factors that influence the uptake of nanoparticles; for example, 
different plant species and different growth stages produce different root exudates [90,91].  

In the soil environment, soil particles naturally contain charged nanoparticles that can form 
electrostatic bonds with ions in the soil (such as K+ or Ca2+), thereby enhancing the soil’s cation 
exchange capacity [92]. The application of nanomaterials in hydroponic systems can promote the 
uptake of essential nutrients by plants under abiotic stress, increase chlorophyll content in plant 
leaves, and enhance defense mechanisms [93]. The exogenous addition of nanomaterials can alter the 
structure of soil microbial communities by affecting the physicochemical properties of the soil, 
thereby providing nutrients and a favorable growth environment for plant root systems. Kulikova et 
al. indicates that the partial dissolution of AgNPs leads to the release of Ag+, which promotes the 
oxidation of soil organic matter and the partial breakdown of soil aggregates, resulting in a significant 
increase in the concentration of metal elements in the soil solution. Furthermore, following AgNPs 
treatment, wheat exhibited a significant decrease in water uptake rate, as well as in above-ground 
and root biomass [94]. Liu et al. showed that 20 µg/L of AgNPs reduced the abundance of soil 
microorganisms, inhibited the growth of Eisenia foetida and plants, and disrupted the colonization 
of beneficial microorganisms around plant roots, thereby reducing the plants’ ability to absorb 
nutrients and water [95]. 
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3.2. Plants Absorb Nanomaterials Through Their Leaves 

There are two methods for applying nanomaterials to leaves. The first is foliar injection, in which 
the epidermis on the underside of the leaf is punctured with a needle, and a solution of nanomaterials 
are gently injected into the mesophyll cells using a needle-free syringe. The second method is foliar 
spraying, in which nanomaterials are directly sprayed onto the surface of crop leaves. To increase the 
retention and diffusion of the nanomaterial solution on the leaves, surfactants can be added to the 
solution [96,97]. Since nanomaterials can penetrate directly into mesophyll cells, foliar application is 
a simple method and a more practical option for field trial conditions. After being applied via foliar 
spraying, nanomaterials are absorbed and transported into the internal tissues of the leaf either 
through the waxy cuticle—via the lipophilic pathway for nonpolar solutes and the hydrophilic 
pathway for polar solutes—or through the stomata. They are then transported over long distances 
through the phloem, along with other substances, to young shoots and roots via the exoplasmic 
pathway [98–100]. 

3.3. Mechanisms of Which Nanomaterials Enhance Plant Tolerance to Abiotic Stress 

Nanomaterials (NPs) interact with the environment and crops to regulate plant physiological 
and biochemical processes, enhance plant stress tolerance under abiotic stress, and improve plant 
growth and reproductive capacity, thereby significantly increasing yield and quality. This allows 
crops to regulate their ability to adapt to various abiotic stresses (Figure 3). 

 

Figure 3. Mechanisms by Which Nanomaterials Enhance Crop Resistance to Abiotic Stress. A red up 
arrow indicates an increase, and a red down arrow indicates a decrease. 

3.3.1. The Role of Nanomaterials Under Drought Stress 

When plants are subjected to drought stress, their root systems undergo a process of self-
thinning, in which a large number of fine roots and lateral roots are shed. This leads to a decline in 
the root system’s absorption capacity, causing the plant to wilt and, in severe cases, die from 
dehydration [101]. When crops are subjected to drought stress, nanomaterials can mitigate the 
adverse effects of drought stress by regulating photosynthesis and antioxidant enzyme activity 
within the plants, as well as by enhancing the expression of drought-resistant genes [102,103]. Under 
drought conditions, crops produce excessive amounts of reactive oxygen species (ROS), which 
damage lipids, proteins, and nucleic acids, thereby triggering oxidative stress responses in plants. 
Nanomaterials can regulate the physiological state of seeds, optimizing plant hormone levels and 
promoting better seed germination under drought conditions [104]. Rezayian et al. treated rapeseed 
plants with different concentrations of polyethylene glycol and simulated drought stress by adding 
or omitting iron nanoparticles (1.5 and 3 mg/L). Under drought stress, iron nanoparticles significantly 
promoted the growth of stressed plants and enhanced their defense mechanisms. This is because the 
nanoparticles activated enzymatic defense systems (catalase and polyphenol oxidase) and promoted 
the synthesis of non-enzymatic antioxidants (phenolics, flavonols, and flavonoids), thereby 
enhancing membrane stability and drought tolerance in plants [105]. Shirvani et al. investigated 
whether foliar application of zinc oxide nanoparticles (ZnO-NPs) or conventional zinc fertilizer 
(ZnSO4) could alleviate drought-induced water stress and increase soybean yield. Under drought 
conditions, treatment with ZnO-NPs at a concentration of 200 mg Zn/L increased the activities of 
catalase, peroxidase, and superoxide dismutase, respectively, and significantly reduced proline 
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content. Under both drought and non-drought conditions, the ZnO-NPs treatment at a concentration 
of 200 mg Zn/L yielded the highest seed yield [106]. As a nanoscale soil water-retaining agent, the 
application of 100 µg/mL of graphene oxide (GO) to soil increases the levels of defense enzymes and 
hormones in Glycine max, as well as the expression of drought-related genes such as GmP5CS, 
GmGOLS, GmDREB1, and GmNCED1, thereby enhancing the drought tolerance of soybeans [107]. In 
summary, the results indicate that nanoparticles can enhance plant survival under drought stress by 
increasing antioxidant activity, raising relative water content, reducing stress-related proline content, 
and increasing photosynthetic pigment content. 

3.3.2. The Role of Nanomaterials Under Temperature Stress 

Temperature stress on crops can be broadly categorized into heat stress and cold stress. 
Temperature directly affects enzyme activity. At optimal temperatures, plant metabolism is active 
and growth rates accelerate. Low temperatures can cause stunted growth (cold damage) or death 
(freeze damage), while high temperatures can accelerate transpiration, inhibit growth, and reduce 
crop yields [108–110]. Under temperature stress, nanomaterials can help maintain crop growth 
balance by regulating the rhizosphere environment, ROS levels, and stress-responsive genes, thereby 
reducing the damage caused by stress. Yadav et al. conducted experiments using rice in a Free-Air 
Temperature Elevation (FATE) system, applying synthetic green ZnO NPs (30 nm) and ZnSO4 as 
fertilizers, respectively. Compared with the control group, the application of ZnO NPs to the soil 
increased the photosynthetic rate and stomatal conductance of the rice. Under FATE treatment, the 
control group exhibited lower protein content, stomatal conductance, and chlorophyll and carotenoid 
levels compared to the environmental control group. Furthermore, under FATE treatment, the ZnO 
NPs treatment resulted in higher levels of soil protein, proline, catalase (CAT), and superoxide 
dismutase (SOD) activity compared to the ZnSO4 treatment. Under CK treatment, compared with the 
control group, ZnO NPs treatment significantly increased the number of effective tillers, the number 
of full-sized grains, and total grain yield [111]. Guy et al. Applied mature plum fruits (Prunus 
domestica L.) treated with a coating of glycine betaine-coated chitosan nanoparticles (CTS-GB-NPs, 5 
and 10 g/L, 150 nm). This treatment reduced weight loss and tissue softening during storage, 
significantly increased antioxidant enzyme activity during refrigeration, balanced ROS levels, and 
improve cold tolerance, thereby extending their shelf life; even after 40 days of storage at 1 °C, the 
fruit retained higher quality and nutritional value. Based on these results, CTS-GB-NPs can 
effectively mitigate cold damage, preserve the nutritional quality of plums, and extend their storage 
and shelf life [112]. In summary, the results indicate that nanoparticles can enhance plant survival 
under temperature stress. 

3.3.3. The Role of Nanomaterials Under Salt Stress 

Salt stress is a type of abiotic stress that is extremely harmful to plants. Under salt stress, plants 
primarily exhibit symptoms such as water deficiency, ion toxicity, and nutrient imbalance. 
Specifically, high-salinity soils can cause physiological drought (water deficiency) in plants, impair 
photosynthesis, lead to stunted root development, cause leaf scorch, and even result in the death of 
the entire plant [113–115]. Ghassemi et al. evaluated the potential effects of solid biochar (25g biochar 
kg-1 soil), biochar-based magnesium oxide nanocomposites (25g BNC-MgO kg-1 soil), manganese 
oxide nanocomposites (25g BNC-MnO kg-1 soil), and combinations of these nanocomposites on the 
salt tolerance of Carthamus tinctorius L. The application of biochar and bio-nanocomposites (BNCs) 
increased the content of potassium, manganese, and magnesium in plant tissues, as well as 
photosynthetic pigments, Fv/Fm, and RETR, and elevated leaf water content. It also reduced sodium 
accumulation, ROS production, and oxidative stress under salt stress, thereby increasing plant 
biomass. The BNC-MgO + BNC-MnO treatment was most effective in mitigating salt damage [116]. 
Sheikhalipour et al. investigated the potential role of selenium-doped carbon nanoparticles (Se-CS 
NPs) in reversing or mitigating the effects of salt stress on the growth of Momordica charantia. The 
results indicated that Se-CS NPs improved growth parameters, photosynthetic parameters (SPAD 
and Fv/Fm), antioxidant enzyme activities (POD, SOD, CAT), and nutrient homeostasis (Na+, K+, Ca2+, 
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and Cl-) in bitter melon under salt stress, and induced the expression of related genes. Therefore, the 
application of Se-CS NPs may serve as a simple and effective method for managing salt stress [117]. 
In summary, the results indicate that nanoparticles can enhance plant survival under salt stress. The 
reason is that nanomaterials can promote the production of osmolytes to alleviate osmotic stress, 
regulate ion transport to maintain ion balance, and enhance oxidase activity to scavenge excess ROS, 
thereby ensuring that plants can continue to survive under salt stress. 

3.3.4. The Role of Nanomaterials Under Heavy Metals Stress 

Heavy metals can enter plants through contaminated soil and water, inhibiting the growth of 
roots, stems, and leaves, resulting in stunted growth, chlorosis, and even death. Heavy metals destroy 
chlorophyll in plants, inhibit photosynthesis, and disrupt the cell membrane system, leading to 
metabolic disorders; in severe cases, they can cause plant cell apoptosis [118–120]. In hydroponic 
experiments, Wang et al. added cadmium nanoparticles, copper nanoparticles, and copper oxide 
nanoparticles to the nutrient solution, respectively. The results indicated that copper-based 
nanoparticles could enhance the photosynthetic rate of plants and increase the biomass of plants. 
Treatment with copper nanoparticles increased the activities of superoxide dismutase, peroxidase, 
and catalase in Brassica plants. Cd+Cu nanoparticles exhibited an antagonistic effect on cadmium 
accumulation, inhibiting cadmium accumulation in both leaves and roots. In contrast, Cd+CuO 
nanoparticles increased cadmium uptake in the leaves and roots of Brassica plants, respectively. 
Copper content in the aboveground parts showed a significant negative correlation with cadmium 
uptake [121]. Yan et al. found that both Si and Si nanoparticles promoted tomato growth under 
cadmium stress; Principal Component Analysis (PCA) results indicated that Si nanoparticles were 
more effective than Si. Si nanoparticles alleviated oxidative damage in both the shoot parts and roots, 
whereas Si primarily alleviated oxidative damage in the roots. Furthermore, both Si and Si 
nanoparticles reduced cadmium concentrations in the sap of tomato shoot parts, roots, and xylem. 
Both Si and Si nanoparticles reduced cadmium influx rates and extracellular cadmium uptake, with 
Si nanoparticles exhibiting a more significant reduction. Furthermore, Si regulated the expression of 
genes responsible for cadmium uptake (NRAMP2 and LCT1) and cellular compartmentalization 
(HMA3), whereas Si nanoparticles reduced the expression of NRAMP2 [122]. In summary, 
nanoparticles exacerbate oxidative damage in plants under cadmium stress and reduce their 
nutritional value. 

4. Conclusions and Prospects 

Plants utilize complex signaling pathways to respond to abiotic stress. In addition to other small 
molecules, such as Ca2+and ROS, plant hormones can initiate specific signaling cascades upon the 
perception of abiotic stress [123,124]. Fluctuations in ABA, ETH, GA, JA, and SA levels, as early 
responses to stress, influence metabolic processes and lead to changes in plant growth patterns. The 
intricate signaling networks and subtle interactions within hormonal signaling pathways help 
integrate various abiotic stress signals, enabling plants to enhance their survival capacity under 
abiotic stress conditions.  

 Traditional plant genetic engineering methods have played a significant role in crop 
improvement by enhancing plant tolerance to abiotic stress; however, these methods are often limited 
by technical complexity, lengthy timeframes, and reliance on tissue culture. Consequently, 
nanotechnology has emerged as a solution. Due to their small size, nanomaterials can easily penetrate 
crop tissues; simultaneously, their unique physicochemical properties enable them to exert diverse 
effects on crop morphology, physiology, and biochemical processes under various abiotic stresses. 
This technology represents a precise, efficient, and more species-universal crop improvement 
strategy, offering a convenient solution for enhancing plant resistance to abiotic stress (Table 1). 

In my view, the following prospects emerge: 1. Given that some nanomaterials may cause 
environmental pollution, future research should prioritize the rational design of biodegradable 
nanomaterials capable of targeted delivery to specific organelles. 2. more attention can be paid to the 
direct impact of the interaction between nanomaterials and hormones on plant tolerance to abiotic 
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stress. 3. Combining nanotechnology with emerging tools such as CRISPR genome editing and AI-
guided materials optimization will further expand the precision and scalability of plant engineering 
strategies. In the future, we will not be limited to traditional agriculture. Enhancing plants resilience 
to abiotic stress requires interdisciplinary collaboration among plant biologists, materials scientists, 
and others. Ultimately, this will enable nanotechnology to make a meaningful contribution to 
sustainable agriculture and lay a solid foundation for high and stable yields. 

Table 1. Mechanisms by Which Nanoparticles Enhance plants Stress Tolerance Under Non-biotic 
Stress Conditions. 

Nanoparticles Abiotic stresses Usage Crop species  Impact Reference 

AgNPs Drought stress Seed-induced Oryza sativa 

To enhance water 
absorption and 

promote the 
germination of aged 

seeds 

[125] 

CaO-NPs Drought stress Seed-induced Brassica napus 

To increase seedling 
fresh weight, number 
of leaves, chlorophyll 
content, and yield, as 
well as antioxidant 

enzyme levels, while 
reducing MDA content 

[126] 

SeNPs Drought stress Leaf application Triticum aestivum 

To increases CAT, 
SOD, and APX activity; 

improves 
photosynthetic rate, 
gas exchange, and 
transpiration rate; 

regulates the 
expression of certain 
stress-related genes; 
and enhances heat 

tolerance 

[127] 

SeNPs Drought stress Leaf application Punica granatum  

To increase antioxidant 
enzyme activity and 
the biosynthesis of 

photosynthetic 
pigments, and reduce 

levels of H₂O₂ and 
malondialdehyde 

[128] 

ZnO-NPs Drought stress Seed-induced Zea mays 

To increase net 
photosynthetic rate, 
water use efficiency, 

and the activity of key 
enzymes involved in 
carbon metabolism; 
enhance sucrose and 

starch synthesis in 
leaves, as well as 

glycolytic metabolism 

[129] 

GO Drought stress Soil-root uptake Glycine max 

To increase the levels 
of defense enzymes 

and hormones, as well 
as the expression of 

certain drought-stress 
genes, thereby 

[130] 
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enhancing the plant's 
drought tolerance 

AgNPs 
High temperature 

stress  
Soil-root uptake Triticum aestivum 

To increase the root-to-
shoot ratio, fresh and 
dry plant weight, and 
leaf area, and promote 

a decrease in ROS 
levels 

[107] 

TiO2-NPs 
High temperature 

stress 
Leaf application Sesamum indicum 

To increase peroxidase 
activity and the 
proportion of 

unsaturated fatty acids, 
and reduce the 

concentrations of 
malondialdehyde and 

H₂O₂ 

[131] 

SeNPs 
High temperature 

stress 
Leaf application Triticum aestivum 

To increases CAT, 
SOD, and APX activity; 

improves 
photosynthetic rate, 
gas exchange, and 
transpiration rate; 

regulates the 
expression of certain 
stress-related genes; 
and enhances heat 

tolerance 

[132] 

CTS-GB-NPs 
Cold temperature 

stress 
Fruit spread  Prunus salicina 

To increase antioxidant 
enzyme activity while 
reducing weight loss 
and tissue softening 

during storage 

[128] 

TiO2-NPs 
Cold temperature 

stress 
Seed-induced Cicer arietinum 

To increase the 
expression of genes 

encoding chlorophyll-
binding proteins and 

the activity of 
phosphoenolpyruvate 

carboxylase to promote 
photosynthesis 

[112] 

CeO2-NPs Salt stress Root uptake Oryza sativa  

Regulate the enzymatic 
activity of the 

antioxidant system and 
reduce 8-OHdG levels 

[93] 

ZnO-NPs Salt stress Leaf application Vicia faba 
To increase the content 

of proline and total 
soluble sugars 

[133] 

ZnO-NPs Salt stress Leaf application Triticum aestivum 

To promote the 
formation of plant sap 

and nutrient 
absorption 

[134] 

CeO2-NPs Salt stress Leaf injection 
Gossypium hirsutum 

Linn 

To regulate the 
expression of KOR, 
SOS, and other ion 
transport genes to 

minimize Na+ 
absorption 

[135] 
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CeO2-NPs Salt stress Soil-root uptake Brassica napus 

To reduce the barrier 
in the plant's plastids, 

promoting the 
transport of more Na+ 
from the roots to the 

stems 

[136] 

FeSO4-NPs Salt stress Leaf application Helianthus annuus 

To increase CAT, POX, 
and PPO activity and 

reduces hydroxyl 
radical production 

[137] 

SeNPs 
Heavy Metals 

Stress 
Root uptake Oryza sativa 

To form complexes 
with As, reducing the 

transport of heavy 
metals from roots to 

stems 

[138] 

CeO2-NPs 
Heavy Metals 

Stress 
Root uptake Oryza sativa 

To increase chlorophyll 
content in seedlings 
and reduce proline 

content 

[93] 

ZnO-NPs 
Heavy Metals 

Stress 
Leaf application Oryza sativa 

To reduce Cd 
concentrations in plant 

roots and stems, 
increased soil pH, and 
significantly reduced 

soil-available Cd 

[139] 

Fe3O4-NPs 
Heavy Metals 

Stress 
Root uptake Oryza sativa 

To reduce the 
accumulation of Cd in 
plants and its mobility 

in soil 

[140] 

SiNPs 
Heavy Metals 

Stress 
Root uptake Oryza sativa 

To form complexes 
with Cd, reduces the 

translocation of heavy 
metals from roots to 
stems, stimulates the 
expression of the Si-

absorption gene 
OsLsi1, and enhances 
resistance to Cd stress 

[141] 

Fe3O4-NP 
Heavy Metals 

Stress 
Seed-induced Phaseolus vulgaris 

To increase K+ levels, 
promote polyamine 

biosynthesis, and 
reduce MDA levels 

and electrolyte leakage 

[142] 

SiNPs 
Heavy Metals 

Stress 
Root uptake Momordica charantia 

To increase chlorophyll 
content, photosynthetic 
rate, transpiration rate, 

and stomatal 
conductance; enhance 
antioxidant enzyme 
activity; reduce Cd 

concentrations in plant 
stems and roots; and 

decrease flavonoid and 
soluble sugar levels to 
enhance Cd tolerance 

[143] 

CuNPs 
Heavy Metals 

Stress 
Root uptake Triticum aestivum 

To increase root length 
and raised levels of 

[144] 
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antioxidants in the 
cells 

AgNPs 
Waterlogging 

stress 
Root uptake Glycine max 

To increase levels of 
soybean calmodulin, 

calreticulin, and 
glycoproteins to 

regulate misfolded 
proteins or severely 
damaged proteins 

[145] 

Graphene-NPs Salt stress Root fertilization Medicago sativa 
Biomass increased 
significantly under 

stress 
[146] 

Graphene-NPs Alkali stress Root fertilization Medicago sativa 
Biomass increased 
significantly under 

stress 
[146] 
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