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Abstract 

 

This study provides a comprehensive overview of nanotechnology in plant science, addressing its classification, preparation 

methods, physicochemical properties, and application prospects. Particular attention is given to recent research progress and the 

potential safety risks associated with plant responses to environmental stresses. Furthermore, the study outlines key problems and 

challenges that nanotechnology is expected to face in the future. The primary objective is to offer theoretical guidance and strategic 

insights that can inform and inspire deeper investigations in these related fields. 
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Introduction 

 

Due to the detrimental effects from global climate 

changes and human activities, more and more plants are 

facing increasingly severe environmental stress challenges, 

such as drought, saline-alkali soil, higher levels of UV-B 

radiation and heavy metal pollution ect., (Safshekan et al., 

2025; Li et al., 2025). Against this backdrop, it is very 

crucial to seek innovative and effective methods to enhance 

the adaptability and resistance of plants against various 

adverse external factors. Recent years, nanotechnology, as 

a new type of cutting-edge technology, has been widely 

explored for their potential applications in helping plants 

cope with environmental stresses (Dong et al., 2026; 

Hussian et al., 2026). Especially, due to the unique 

properties and structures of nanomaterials, nanotechnology 

will probably supply some new strategies for plant 

cultivation (Dong et al., 2026).  

This article primarily focuses on summarizing the 

current research progress of nanotechnology in plants' 

responses to diverse environmental stressors, and looks 

forward to the problems and challenges that 

nanotechnology will probably face in the future, aiming to 

provide theoretical references and strategic inspirations for 

deep development in these related research fields. 

 

Overview of nanomaterials 

 

Nanomaterials’ classification: Nanomaterials usually refer 

to ultra-fine materials with particle sizes at the nanometer 

level, which possess unique structures and physicochemical 

properties. According to different characteristics of the 

nanoscale in space, they can be classified into zero-

dimensional (0D), one-dimensional (1D), two-dimensional 

(2D), and three-dimensional (3D) nanomaterials (Nikam et 

al., 2018). Based on material properties, they can be 

categorized into metallic nanomaterials, oxide 

nanomaterials, nanocomposites, etc (Nikam et al., 2018). 

Depending to nanomaterial morphology, they can be 

classified as nanoparticles, nanowires, nanofibers, etc. Based 

on functional characteristics, they can also be classified as 

semiconductor nanomaterials, magnetic nanomaterials, 

nonlinear optical nanomaterials, nanoferroelectric materials, 

nanosuperconducting materials, and nanothermoelectric 

materials, etc (Nikam et al., 2018; Fan et al., 2020; Yang et 

al., 2023).  

 

Special effects of nanomaterials: Nanomaterials exhibit 

various special effects due to their small size and unique 

structure. The size effect of nanomaterials is manifested in 

their small volume and few atoms. The surface effect is 

explained to the fact that nanomaterials have a relatively 

large surface area, which leads to significant influences of 

the interactions between surface atoms and molecules on 

materials' properties. The macroscopic quantum tunneling 

effect enables microscopic particles to pass through 

potential barriers (Zhang et al., 2023). When the particle 

size of materials is reduced to nanometer scale, their 

physical and chemical properties change, a phenomenon 

known as the quantum size effects (Yang et al., 2023). The 

special effects of nanomaterials have enabled them being 

widely applied in many fields such as optics, medicine and 

electromagnetics. For instance, oxide nanoparticles can 

rapidly change color under the influence of an electric field 

or light (Fan et al., 2020), semiconductor nanomaterials 

can be used for light source excitation and photoelectric 

conversion, as well as the preparation of optical tweezers 

and photothermal agents (Yu et al., 2020; Zhang et al., 

2023). Additionally, due to their unique mechanical 

properties, nanomaterials are also often used in high-

strength metallic materials preparation (Shang et al., 2013; 

Zheng et al., 2017; Hong et al., 2023).  
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Preparation and characterization of nanomaterials: The 

preparation methods of nanomaterials mainly include 

physical methods, chemical methods, and physicochemical 

methods. Chemical methods provide multiple pathways for 

nanomaterial synthesis, such as emulsion method, 

precipitation method, vapor deposition, hydrothermal 

synthesis, and sol-gel method, etc (Judran et al., 2021; Liu 

et al., 2022a; Wang et al., 2022a; Xu et al., 2022; Li et al., 

2023a; Li et al., 2023b; Zeng et al., 2023). Physicochemical 

methods greatly enrich nanomaterials' preparations and 

provide more possibilities for their applications (Wang et al., 

2018; Shen et al., 2021; Wen et al., 2022; Zhang et al., 2022; 

Chen et al., 2023). The characterization of nanomaterials is 

of great significance for revealing their structure, 

morphology, composition, interface, function, and dynamic 

characteristics, and it will provide important theoretical 

supports and reference values for the preparation and 

performance optimization of nanomaterials (Fig. 1). 
 

Absorption and transport pathways of nanomaterials 

in plants 

 

The main absorption mechanisms of nanomaterials in 

plants include transmembrane transport, endocytosis 

pathway, and cell wall penetration. The absorption efficiency 

of nanomaterials is closely related to their size, shape, and 

surface modification. Previous researches have shown that 

smaller-sized nanomaterials are more easily absorbed by 

plant roots, and surface modification can enhance 

hydrophilicity and lipophilicity, thereby increasing the 

bioavailability of nanomaterials in plants (Parkinson et al., 

2022; Wang et al., 2023). The transport pathways of 

nanomaterials within plants have a significant impact on 

their absorption efficiency. Once being absorbed, 

nanomaterials can be transported between plant cells 

through symplastic and apoplastic pathways. The symplastic 

pathway mainly involves plasmodesmata between cells, 

while the apoplastic pathway involves nanomaterials 

entering through stomata or the epidermis and then passing 

through the intercellular spaces and cell walls (Hu et al., 

2020; Wang et al., 2021a). Nanomaterials transport not only 

affects their distribution within plants but also controls 

plants' responses to environmental stresses. 

 

Impact of nanomaterials on plants  

 

When plants are exposed to unfavorable environmental 

conditions, their interaction with nanomaterials might be 

beneficial to enhance their adaptability and resistance (Wang 

et al., 2021a). Nanomaterials can affect plants' growth and 

development in various ways, as shown in Fig. 2. (1) 

Nanomaterials can regulate soil conditions, maintain soil 

moisture and ion balance in order to help plants grow healthily 

under drought or saline-alkali stress. (2) Nanomaterials with 

high specific surface area and active surface can absorb heavy 

metal pollutants in soil to play a detoxification role. (3) 

Nanomaterials can act as carriers for fertilizers or nutrients to 

improve the absorption and utilization efficiency of nutrients 

through plant root systems, and promote plant growth and 

development. (4) Nanomaterials can interact with plant cells, 

activating or inhibiting signaling molecules within plants, 

such as hormones, calcium ions, and reactive oxygen species, 

thereby influencing signal transduction in plants. (5) 

Nanomaterials can regulate plant hormone levels to affect 

plant growth and development, and stress response 

mechanisms. (6) Nanomaterials can also enhance plant stress 

resistance by regulating some key gene expression. For 

example, specific nanoparticles can act as signaling molecules, 

triggering signal transduction pathways within plant cells and 

thereby activating or inhibiting the expression of genes related 

to stress responses. These gene expression changes might 

enhance plants' tolerance to environmental stress, helping 

plants survive and grow under various adverse conditions. 

However, most of previous studies regarding the 

impacts of nanomaterials on plant growth, development, 

and stress resistance, are still at laboratory exploration 

stages (Hu et al., 2020; Wang et al., 2021a; Sun et al., 2021; 

Manzoor et al., 2023). The large-scale application in field 

environments or crop breeding has not yet been carried out. 

Therefore, the promotion and application of nanomaterials 

and their reproducibility need to be urgently broken 

through in the future. 

 

Application of nanotechnology in plants' responses to 

environmental stresses  

 

Application of nanotechnology in plant against abiotic 

stresses: A large number of studies have found that some 

nanomaterials can precisely regulate plant physiology 

processes and biochemical metabolisms at the cellular and 

molecular levels, thereby they could probably improve 

plants' abilities to cope with various abiotic stresses. 
 

Nanomaterials' role in regulating plants' responses to 

drought stress: With continuous abnormal changes in 

global climate, drought phenomenon is becoming 

increasingly severe, threatening the development of industry, 

agriculture, and human society. The usage of 

nanotechnology has brought significant effects on 

improving crops drought resistance and other climatic 

problems on agricultural production. Its molecular 

mechanisms maybe involve the following two aspects. 

Firstly, nanomaterials can reduce oxidative damage caused 

by abiotic stress to plant cells. Secondly, the photo-

sensitivity of nanomaterials optimizes photosynthesis, 

further enhancing plants' adaptability to drought 

environments. Manzoor's research pointed out that iron 

oxide nanoparticles (FeO NPs) and silicon oxide 

nanoparticles (SiO NPs) application can promote wheat 

growth by increasing antioxidant enzyme contents in soil to 

effectively reduce reactive oxygen species (ROS) 

acceleration (Manzoor et al., 2023). Sun et al., (2021) 

indicated that Mn3O4 NPs can degrade hydrogen peroxide 

(H2O2) in root tips of corn under drought stress to maintain 

intracellular ROS stability, and enhance cell mitotic ability 

of root tips, thereby improving corn drought resistance. 

Chen et al., (2021) found that alfalfa leaves with nano-

graphene can rapidly change expression activities of specific 

genes relating to antioxidant defense and photosynthesis, 

finally enhancing alfalfa drought tolerance. Ghani et al., 

(2022) proposed that when cucumber seedlings are exposed 

to 100 mg/L zinc oxide nanoparticles (ZnO NPs), 

photosynthetic pigment synthesis and PSⅡ photochemical 

activity would be increased, while cucumber seedlings had 
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faced less drought stress. Meanwhile, other studies have 

shown that soybean plants with 50μM chitosan-GSNONPs 

treatment significantly reduced electrolyte leakage, and 

catalase and ascorbate peroxidase enzymatic activities, but 

decreased malondialdehyde (MDA) contents and H2O2 

levels. NPs application also regulated the expression levels 

of drought stress-related marker genes such as GmDREB1a, 

GmP5CS, GmDEFENSIN, and NO-related genes including 

GmGSNOR1 and GmNOX1, to enhance soybean plants 

drought tolerance (Methela et al., 2023). Additionally, 

nanoparticle treatment could up-regulate water channel 

protein-encoding genes TaPIP1 and TaNIP2, as well as 

drought resistance marker genes NAC11, WRKY27, 

RD20A, DREB2, ERD1, FDL19, DREB2, MYB118, and 

MYB174, to improve plants' water absorption and utilization 

(Zhao et al., 2023).  

 

Nanomaterials' role in regulating plants' responses to 

salt stress: Salt stress is a common problem in agriculture, 

which can limit plant growth and reduce crop yields. Liu et 

al. (2023) synthesized Mn3O4 NPs with antioxidant 

enzyme mimetic activity, which can remove ROS in 

mesophyll cells and alleviate the harmful impacts of salt 

stress on cotton, thereby enhancing its salt tolerance. They 

also found that nanoparticles such as cerium oxide, silver 

oxide, nano-selenium, or nano-silicon application under 

salt stress could regulate the expression of genes related to 

Na+ and K+ transport in crops, reduce the intracellular Na+ 

or increase K+ concentrations, and maintain cellular ion 

balance. Moreover, nanoparticles would enhance plants' 

salt tolerance by regulating the expression of genes related 

to plant hormones synthesis such as abscisic acid, 

gibberellin, auxin, cytokinin, and ethylene, and promoting 

polyamines biosynthesis and gas signal molecules 

production such as NO, CO, H2, H2S, and ethylene (Khan 

et al., 2021). Gong et al., (2023) treated peas and 

Eucommia ulmoides with carbon dot nanocatalysts, and 

found that carbon dot nanocatalysts could act as 

antioxidants to regulate oxidative stress in plant via 

removing reactive oxygen species, reactive nitrogen 

species and stabilize free radicals, thus alleviated oxidative 

damages to biological components caused by salt stress, 

and repaired redox enzymes function in plants. In addition, 

other studies have also shown that cerium oxide 

nanoparticles (CeO2 NPs) can improve salt tolerance of 

cucumber seedlings by inducing CsAKT1-mediated K+ 

absorption (Peng et al., 2022).  

 

 
 

Fig. 1. Characterization methods for nanomaterials.
 

 
 

Fig. 2. Effects of nanomaterials' application for plants under abiotic stress conditions. 
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Fig. 3. The pathways of nanoparticles for entering plants and its potential safety risks during application. 

 

Nanomaterials participate in regulating plants' 

responses to temperature stress: Nanomaterials can 

effectively cope with temperature stress on plants by 

multiple ways. Firstly, nanomaterials can be used to design 

nanotransport systems, which help plants more effectively 

eliminate harmful substances, in order to improve the 

stability of cell membrane, and reduce the damages of 

temperature on plant cells. Through precise material 

transfer, nanoparticles help cells better cope with external 

temperature stress. Some studies have shown that when 

being sprayed on tomato leaves, nano-carriers can 

accelerate spermidine release from nano-carriers as 

temperature rises, and then promote photosynthesis 

efficiency of tomato plants under heat and light stress. 

Secondly, nanomaterials can activate antioxidant enzymes 

to enhance plants' adaptability to high or low temperatures. 

Others' studies found that spraying 20mg/L silica 

nanoparticles (SiO2NPs) on plant leaves before high 

temperature could significantly increase the values of 

Fv/Fm, net photosynthetic rate, soluble sugar content, 

peroxidase and catalase activity of strawberries, whereas 

reduce MDA content, finally alleviate physiological 

damages caused by high temperature. Besides, 

nanomaterials can also regulate the signal transduction 

pathways mediated by plant hormones. When corn was 

subjected to high temperature stress, the cis-regulatory 

elements in the promoter region of Zm CDPK7 gene 

responded rapidly to high temperature, and abscisic acid 

positively regulated Zm CDPK7 expression, which in turn 

positively regulated the accumulation of key enzymes 

RBOHs, CAT1 and APX1 involved in ROS accumulation 

or clearance and of molecular chaperones HSPs expression 

(Zhao et al., 2020).  

 

Nanomaterials participate in regulating plants' responses 

to heavy metal stress: The accumulation and diffusion of 

heavy metals such as cadmium and mercury in natural 

environments could cause severe toxic effects on plants in 

many aspects. Heavy metals can hinder photosynthesis and 

respiration of plants, disturb nutrient absorption and material 

metabolism, that will inhibit growth and development of 

plants (Li et al., 2014). Secondly, heavy metals can induce 

damages on cell membrane and degradation of proteins, and 

inhibition of physiological metabolism in plants (Figlioli et 

al., 2019). In addition, heavy metals can also cause oxidative 

stress to cell or organelle structures, thus destroying their 

biological functions (Yadav, 2010). Recent studies found that 

Fe3O4 NPs and ZnO NPs could program key metabolic 

pathways such as alkaloids, amino acids, and flavonoids, 

alleviating Cd stress for plants. Fe3O4 NPs can alter amino 

acid sugar and nucleotide sugar metabolism, flavonoid and 

phenylalanine metabolism, thereby alleviating the toxicity of 

cadmium and arsenic in seedlings (Zou et al., 2022; Lu et al., 

2023). Multi-walled carbon nanotubes can promote Solanum 

nigrum growth under heavy metal stress by up-regulating 

specific gene expression, and reprogramming metabolic 

processes being related with defense mechanism (Chen et al., 

2022). Kareem et al., (2022) observed that the ultrastructure 

of alfalfa roots and leaves could be protected, and Cd toxicity 

had been relieved through adding biochar to Cd-

contaminated soil and spraying ZnO NPs on the leaves. 

Under As stress, the addition of NPs significantly increased 
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plant height, root length and biomass, and also improved As 

transfer coefficient and tolerance index of rape, thereby 

alleviating As toxicity to rape. Hao et al., (2023) reported that 

250mg/kg of graphite carbon-nitrogen compounds could 

control plant nutrient assimilation, alleviate the toxicity 

induced by As/Cd, as well as promote the growth and 

development of rice seedlings. Kumar et al., (2023) 

demonstrated that foliar application of titanium dioxide 

nanoparticles (TiO2 NPs) improved photosynthetic properties, 

DNA damage, antioxidant defense and phytochelatin 

biosynthesis of sunflowers, thus alleviating the Cr6+ toxicity. 
 

Nanomaterials' role in regulating plant responses to 

ultraviolet stress: In recent years, the increment of 

greenhouse gases and chlorofluorocarbons has sharply 

depleted the ozone layer. Ozone can absorb ultraviolet 

radiation from the solar spectrum. The sharply depletion of 

ozone resulted in an increase of ultraviolet radiation reaching 

the Earth's surface, with UV-B being the main source of 

enhanced ultraviolet radiation (Rodríguez-Calzada, et al., 

2019). The higher intensity of UV-B radiation has adverse 

effects on plant growth and development. Previous reports 

indicated that nanomaterials mitigated the unfavorable effects 

by UV-B stress on plants. Tripathi et al., (2017) found that 

silicon nanoparticles (Si NPs) could effectively reduce the 

inhibitory effects of UV-B on fresh weight, dry weight and 

area of leaves, and protect wheat seedlings from the damage 

of ROS by UV-B stress possibly through activating NO-

mediated defense mechanisms. Foliar spraying of TiO2 NPs 

provided UV-B protection for photosynthetic organisms due 

to the maintenance of cell wall and chloroplast structure, and 

ROS scavenging (Sicard et al., 2011; Jurkow et al., 2020). The 

application of TiO2 NPs enhanced the antioxidant activity of 

saffron via increasing the concentration of flavonoids and 

phenolic, and help plants resist UV-B stress (Rikabad et al., 

2019). Nano-TiO2 application to spinach significantly reduced 

the accumulation of superoxide anion radicals (O2
.-), H2O2 and 

malondialdehyde, and enhanced the activities of CAT, 

glutathione peroxidase (GPX), superoxide dismutase (SOD) 

and ascorbate peroxidase (APX). Wang et al. (2021b) also 

found that TiO2 NPs treatment up-regulated F3H and CHS 

expression to stimulate flavonoid synthesis and effectively 

shield UV-B. TiO2 NPs also induced the expression of UV-B 

stress response genes MPK6 and MPK3, as well as DNA 

damage repair genes SOG1, RAD51 and BRCA1, preventing 

microtubule depolymerization in plants. These studies have 

indicated that nanomaterials have significant improvements 

on the stress damage by UV-B in plants. 

Altogether, we have found that the optimal dosage of 

different nanoparticles when applied to the certain crop may 

greatly vary, and the most suitable dosage of the same 

nanoparticle when applied to different crops may also be 

different (Sicard et al., 2011; Rikabad et al., 2019; Wang et 

al., 2021b; Wang et al., 2022b; Ahmed et al., 2022; Qiu et 

al., 2023). These data indicate that the growth and 

development of crops have a specific concentration 

dependence on nanoparticles. When the dosage of 

nanoparticle exceeds the optimal application amount, it is 

instead detrimental to crops growth. This phenomenon also 

reflects the potential chemical toxic effects of nanomaterials 

on crops and other organisms, which is one of the primary 

reasons restricting the promotion and application of 

nanotechnology. In addition, during the application of 

nanomaterials in the farmland, they will inevitably spread to 

the surrounding ecological environment such as soil, water 

bodies, and other crops, which will unavoidably cause 

secondary pollution to the environment (Fig. 3). This is also 

a severe threatening that needs to be considered for the large-

scale application of nanotechnology. 

 

Application of nanotechnology in plant against biotic 

stresses: Biotic stresses are also the common factors 

affecting plant growth and development, which mainly 

caused by pathogens, insects, and parasitic plants. Biotic 

stressors have tremendous threats various plants and crops. 

Nanomaterials can improve plant growth conditions and its 

immune system, then strengthen their resistance to 

pathogenic microorganisms, finally enabling plants to 

acquire the better ability to resist biotic stress. Ahmed et al., 

(2022) have studied the effect of chitosan-iron 

nanocomposites on rice resistance to bacterial blight and 

other stresses, and proposed a mechanism to weaken the 

harmful effects of bacterial blight to plants. Qiu et al., 

(2023) found that zinc oxide NPs reduced the occurrence 

of rice blast. Wang et al., (2022b) discovered that nano-

sulfur could be used as an agricultural amendment to 

inhibit plant diseases. Carbon dots and graphene oxide 

have also played significant roles in the prevention of plant 

pathogens (Azizi-Lalabadi et al., 2020). The possible 

mechanisms by which plants respond to biotic stresses 

might mainly include the following two aspects. (1) 

Activation of plant immune system. When exposed to 

biotic stresses, nanomaterials probably trigger a series of 

immune responses, including the activation of disease-

resistant genes and the production of antibacterial proteins, 

which help plants more rapidly and effectively respond to 

pathogen invasion. (2) Strengthening of cell wall. 

Nanomaterials play a role in the formation and 

strengthening of cell wall. The strengthening of cell wall 

helps improve the mechanical strength and disease 

resistance of plants, slows down the speed of pathogen 

invasion into cells, and thereby enhances plants' resistance 

to biotic stresses. The application of nanomaterials 

provides new strategies and technical support for 

improving or enhancing plants' stress resistance. The 

innovative development of nanomaterials is expected to 

bring new vitality for the stability and sustainability 

development of agriculture in the future.  
 

Applications in environmental protection: Although the 

application of nano-biotechnology may cause secondary 

pollution to ecological environment, some specific 

nanomaterials can also be used for environmental pollution 

monitoring, playing a safeguarding role in ecological and 

environmental protection (Shen et al., 2022). Due to their 

ability of absorption tiny substances, many nanomaterials 

can be used as adsorbents to remove harmful substances 

from water sources, soil, and atmosphere, thereby 

improving water quality, soil quality, and achieving the 

goal of air pollution control. Nano-photocatalytic materials 

can effectively utilize light energy to degrade pollutants, 

achieving the purpose of environmental governance (Shen 

et al., 2022; Liu et al., 2022b; Atkinson et al., 2022). As 

well as, nanomaterials can be used for efficient monitoring 
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and treatment of environmental pollutants as biochemical 

sensors. At present, the application of nanotechnology in 

environmental protection has become another important 

supplement and research hotspot in plant science field. 

 

Challenges and prospects: Many nanomaterials have been 

reported that can enhance plants' tolerance to stresses, but 

their effectiveness and reproducibility in field applications 

still require systematic evaluation in the future (Liu et al., 

2022b; Atkinson et al., 2022). Additionally, the potential 

environmental risks posed due to the use of nanomaterials 

must be considered. Preliminary experimental data indicate 

that the negative impacts of nanomaterials on ecosystems 

exhibit high dependence on application dosage, material 

type, and plant characteristics. Some nanomaterials can 

cause phytotoxic effects on crops themselves at high 

concentrations, while others may harm the certain sensitive 

plants even at low concentrations. 
In conclusion, while nanotechnology has shown great 

potential in numerous fields, they still face challenges. The 
large-scale production of nanomaterials remains technically 
difficult due to high costs, poor stability, and environmental 
impact, which greatly restrict the feasibility and economy of 
their widespread application. Application within living cells 
has extremely high requirements for long-term stability and 
biocompatibility of nanomaterials to ensure their stable 
performance and normal function in bodies and avoiding 
biological toxicity reactions (Li et al., 2023c). The large-scale 
production, standardized application, and cost-effectiveness 
of nanomaterials in plants still require in-depth research. In 
environmental protection field, nanomaterials may also bring 
new challenges, especially in water treatment and waste 
management, where long-term impact of their potential 
toxicity needs to be evaluated to ensure safe use and avoid 
secondary environmental pollution (Majeed et al., 2023; 
Majumderv et al., 2024). Moreover, attention should be paid 
to the impact of nanomaterials on food safety and production 
environments to ensure they do not negatively affect food 
quality and human health. Therefore, future research should 
focus on a deeper understanding of nanomaterial properties 
and exploring solutions to achieve nano-biotechnology 
sustainable development and application in pant science fields. 
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