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Nanomaterials have been widely used due to their unique biological effects and bio-interaction properties. We
will discuss the effects of nanomaterials on plant growth environment, nutrient uptake and utilization, resistance
to biotic and abiotic stresses, and challenges of nanomaterials application and safety considerations. Nano-
materials can positively enhance the growth and stress resistance of plants by altering the environment,
including the soil physical and chemical properties and the microbial activity in the soil. A moderate supply of
nanomaterials can regulate plant metabolism and gene expression, improve antioxidant capacity and nutrient

uptake, and thus enhance their adaptability to adverse conditions. However, an inappropriate concentration of
nanomaterials can cause stress to plants, indicating that some controversies and potential ecological risks exist.
In summary, we will delve into the potential of nanomaterials in the regulation of plant growth and stress
tolerance and provide references and insights for future research and applications.

1. Introduction

In recent years, nanomaterials (nanoparticles, NPs) have been
extensively studied and applied in various fields such as biology, med-
icine, and environment due to their nanoscale size and high specific
surface area (Faria et al., 2018; Hu et al., 2024; Jacquot de Rouville
et al., 2018; Rajput et al., 2022; Wang et al., 2023a). NPs can be clas-
sified into three categories based on the number of spatial dimensions
that conform to the nanoscale: nanofilms, nanotubes, and nanoparticles
(Shin et al., 2023). According to the chemical composition, they can be
divided into nano-metals, nano-crystals, nano-ceramics, nano--
composites, and so on (Lead et al., 2018). When it comes to their ap-
plications, NPs can be divided into nano-pesticides, nano-carriers,
nano-biomedical materials, and so on. Due to their special nanoscale
effects, NPs have unique biological effects and bio-interaction properties
(Hu and Xianyu, 2021), which make them play essential roles in the
above applications (Jin et al., 2018; Lal et al., 2020; Rahman et al., 2018;
Wang et al., 2022b).

In agriculture, as a new type of functional material, NPs have
attracted more and more attention in plant biology research. The rapid
development of nanotechnology has provided a new approach to
improving the growth and resistance of plants. It has been shown that

NPs can be used as the carriers of pesticides, which can increase the
adhesion and permeability of pesticides on the surface of plants,
improve the efficiency of pesticides, and reduce the application amount
(Aleetal., 2023; Huang et al., 2024; Sushil et al., 2021). When NPs carry
fertilizers, they can realize precise fertilization, which can reduce the
waste of nutrients, improve the efficiency of plant absorption, and
reduce the pollution of the environment (Wang et al., 2023b; Zhao et al.,
2018). At the same time, NPs themselves can be prepared as
nano-fungicides and nano-pesticides to control crop diseases and pests
(Ale et al., 2023). Moreover, the plant growth promoters with NPs can
facilitate plant growth and development and improve yield and quality
(Saberi Riseh et al., 2022; Zhao et al., 2020). Besides, NPs are also
widely used in water management and soil remediation, where they can
be used to improve and purify water quality and soil, removing harmful
pollutants from them (Gibert et al., 2022; Sushil et al., 2021).

In this paper, we will focus on the research progress of nanomaterials
in plant growth and stress tolerance. It aims to explore the effects of NPs
on the environment and plant response to adversity stress, as well as the
effects on the regulation of plant nutrition and metabolism. Addition-
ally, it will examine the challenges associated with using NPs in agri-
culture and consider safety concerns. Sorting out and analyzing the
currently available research results both at home and abroad, will
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provide a comprehensive analysis of the potential benefits and limita-
tions of NPs for enhancing plant growth and stress tolerance. This in-
formation can serve as a valuable resource for future research and
practical application, and promote the sustainable development of
agricultural production and the protection of ecological environment.

2. Effects of nanomaterials on plant growth environment

Soil plays a crucial role in plant growth by offering vital nutrients
that are necessary for their development. It has been found that NPs will
affect crop growth and development by altering the soil environment in
which the plants live, such as soil pH, structure, porosity, bulk density,
water, particle properties, organic matter content, and composition
(Fig. 1) (Igbal et al., 2024; Wang et al., 2022a). Meanwhile, as shown in
Fig. 1, NPs can also influence microbial activity in the soil (Huang et al.,
2022; Yang et al., 2018), which is expected to alleviate soil macronu-
trient and micronutrient deficiencies (Hussain et al., 2023). For
example, the porous nanomaterial oblique zeolite can absorb enriched
NHj in the soil and release it slowly to regulate the soil nitrogen content,
thus increasing the utilization of nitrogen fertilizer, and leading to a
significant increase in ryegrass yield (Millan et al., 2008). The future of
selenium nano fertilizers in agriculture is promising, as evidenced by
studies indicating that novel Se-doped carbon quantum dots (Se-CQDs)
can markedly enhance the diversity and relative abundance of bacterial
communities in soil, particularly the Actinobacteria phylum. This is
attributed to their high hydrophilicity and selenium-rich nature, which
results in an increase in the quantity of plant growth-promoting sub-
stances present in the soil (Yin et al., 2024). Similarly, nano zero-valent
iron (nZVI) can remediate the heavy metal-contaminated soil by inter-
acting with heavy metals through adsorption, reduction,
co-precipitation, and complexation to immobilize the heavy metals in
the soil, thereby increasing the bacterial abundance and diversity in the
soil and increasing the enzymatic activity, ultimately enhances the
metabolic function of the soil and remediates the soil (Jin et al., 2023).
The new polyacrylamide dispersed magnetite (PAM-MAG) NPs, which
immobilize 82.5 % of the water-leachable arsenate, significantly control
the metal release from the soil (Zheng et al., 2020). In addition, crops are
also susceptible to trace elements such as boron, copper, zinc, iron,
manganese, etc., and it is theoretically feasible to use nanomaterials to
regulate the control of trace elements, but there are still vacancies in the
relevant research (Shang et al., 2019).
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3. Effects of nanomaterials on plant nutrient uptake and
utilization

Plant growth and development require a variety of nutrients, such as
nitrogen, phosphorus, and potassium, which are absorbed through the
root system and transported within the plant to participate in various
biochemical processes and maintain the normal physiological functions
of the plant (Oldroyd and Leyser, 2020). However, the effectiveness and
supply levels of these nutrients in the soil are often limited, which
adversely affects plant growth (Liu et al., 2022b; Sun et al., 2022). In
recent years, NPs have been introduced as a new type of functional
material for plant growth and agricultural production due to their
unique properties and functions, which have the potential to regulate
plant nutrition and metabolism by improving nutrient uptake,
enhancing nutrient use efficiency, and modulating hormonal signaling
pathways in plants.

3.1. Regulation of the substances uptake and transport in plant by
nanomaterials

Due to their nanoscale size and high specific surface area, nano-
materials have higher reactivity and solubility, which help to improve
the effectiveness of nutrients in soil (Juarez-Maldonado et al., 2019). It
has been found that some nanomaterials, like zinc oxide nanoparticles
and iron oxide nanomaterials, have the ability to create stable com-
plexes with nutrients in the soil. This process enhances the water solu-
bility of nutrients, facilitating their absorption by plant roots (Elshayb
et al., 2021; Wang et al., 2014). The application of composite nano-
materials comprising calcium phosphate nanoparticles and zinc ions to
tomato leaves elicited a pronounced pH response, rendering calcium,
phosphorus, and zinc more soluble within the fruits and markedly
elevating their concentration (Parra-Torrejon et al., 2023). As a result,
essential nutrients like nitrogen, phosphorus, and potassium are more
readily taken up by crops, leading to improved growth rates and higher
yields in plants (Fig. 1).

After absorbing external material components, plants need to
transport and distribute them among different tissues and organs to
meet the needs of growth, development, and metabolism (Oldroyd and
Leyser, 2020; Xu, 2018). Nanomaterials can serve as carriers to enhance
the targeted delivery of materials within plants. Research indicates that
nanocellulose has the ability to chelate with iron, forming
nanocellulose-iron chelates that are more efficiently absorbed by the
leaves of iron-deficient pear trees compared to traditional chelates. This
process helps in addressing iron-deficiency yellowing in pear trees,
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Fig. 1. Effects of nanomaterials in the soil on plant growth environment. Nanomaterials have the potential to enhance plant growth by modifying soil char-
acteristics and increasing the stability of nutrient complexes, which in turn promotes the absorption of essential elements by plants.
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while also enhancing nutrient uptake efficiency and minimizing wastage
(Bian, 2022). Two nanomaterials, nano-silica and nano-selenium diox-
ide, can work together to regulate the uptake of polycyclic aromatic
hydrocarbons (PAHs) in the ornamental plant Sedum spectabile, which
provides a new approach for regulating the translocation of the plant
(Liu et al., 2023b). Furthermore, the nanomaterials are more readily
absorbed by the plant, nanosized selenium is rapidly converted to se-
lenium (IV) when sprayed on plant leaves, binds to a variety of
selenium-binding proteins (SBPs), and translocases within the plant
body, thereby providing a novel solution to selenium deficiency in
plants (Wang et al., 2023b).

3.2. Regulation of plant growth and metabolism by nanomaterials

Recent studies have demonstrated that nanomaterials can regulate
plant metabolic activity, which refers to various biochemical reactions
and material transformation processes in plants, including photosyn-
thesis and material synthesis. Photosynthesis is a fundamental process of
plant growth, which involveing the conversion of carbon dioxide and
water into organic matter and oxygen through light energy. Lu (2021)
found that the Mn3O4 enzyme can significantly increase the photosyn-
thetic pigment content of cucumber seedlings, enhance the photosyn-
thetic rate, and improve the biomass of cucumber. Silver nanoparticles
have also been shown to increase chlorophyll and carotenoid content in
plants (Gupta et al., 2018). Xiong et al. (2017) demonstrated that
nanomaterials can also regulate the activity of critical enzymes in the
dark reactions of photosynthesis, thereby controlling carbon fixation
and modulating plant photosynthesis. In addition, nanomaterials can
also restrict the essential genes involved in photosynthesis and control
the related photosynthetic pigments or enzyme activities to regulate
plant photosynthesis (Mohammad et al., 2013). In contrast, polystyrene
nanoparticles have been demonstrated to facilitate enhanced photo-
synthesis in tobacco plants. This is achieved by increasing the synthesis
of light and pigment, regulating the expression of photosystem I and
photosynthesis chain-related genes, thereby improving the efficiency of
light energy capture and electron transfer (Tian et al., 2024). For
instance, nano-manganese affects the activity of the CP43 protein in the
MnyCa complex in plant photosystem II, improves the activity of the
electron transport chain, and enhances the hydrolysis of
oxygen-dissolving complexes in chloroplasts (Pradhan et al., 2013).
Cerium dioxide nanoparticles can increase the intensity of plant
photosynthesis by increasing the above-ground Ce3" content of plants
and participating in photosynthesis as a substitute for Mg?* (Zhang
et al.,, 2021). These effects contribute to increasing the production of
photosynthetic products and biomass accumulation, and promote plant
growth and development.

Substance synthesis is a critical process that occurs in plants,
including protein synthesis, lipid synthesis, and hormone synthesis, etc.,
and these processes are necessary to maintain plant growth and devel-
opment. It has been found that some nanomaterials can increase the
yield of synthesized products by increasing the synthetic enzyme ac-
tivity and promoting catalytic reactions, for examle, nano-Cu-chitosan
improves the activity of a-amylase to increase the starch content in
maize (Pramod et al., 2011). Meanwhile, manganese nanoparticles can
regulate the nitrate reductase and nitrite reduction pathway in
non-nodulated plants to increase the level of nitrogen assimilation in
plants (Pradhan et al.,, 2014). The utilization of reactive oxygen
species-generating nanomaterials (e.g., nano silver) for "stress training"
in rice can facilitate the production of anti-ROS-related enzymes, hor-
mones, and specialized metabolites (Chen et al., 2023c). In addition,
Se-CQDs markedly enhanced the expression of genes encoding tomato
aquaporin gene (PIP), growth hormone synthesis gene (NIT), Se meth-
yltransferase gene (SMT), and methionine methyltransferase gene
(MMT) (Yin et al., 2024). These effects help to increase the metabolic
level of plants and enhance their adaptability to environmental changes
and adversity.
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In summary, nanomaterials have a regulatory effect on plant growth
and metabolism. By increasing the efficiency of plant nutrient absorp-
tion and utilization, regulating plant physiological, and metabolic ac-
tivity, as well as the process of substance synthesis and degradation to
achieve the purpose of increasing yield, nanomaterials are expected to
become a new type of synergist in agricultural production.

4. Effect of nanomaterials on plant resistance to biotic and
abiotic stresses

4.1. Effect of nanomaterials on plant resistance to biotic stresses

Biotic stresses such as viral, bacterial, and fungal infections can pose
severe threats to plant growth and yield. As a result, there has been a
growing interest in utilizing nanomaterials to enhance plant resistance
to these threats. In this part, we will explore the application of nano-
materials in plant defense against biotic stresses and their potential
implications.

4.1.1. Effect of nanomaterials on plant resistance to microorganisms

Plant viruses are one of the critical limiting factors for crop growth,
causing symptoms such as spots, shriveling, and necrosis, and reducing
yield and quality (Masood et al., 2024; Scholthof et al., 2011). Nano-
materials show potential applications in inhibiting plant virus infection.
Studies have shown that metal NPs can disrupt the assembly and spread
of virus particles (Elmer and White, 2018), and zinc NPs can regulate
phytohormone content and activate plant resistance genes
(Bhattacharjee et al., 2022), thereby increasing the plant’s immunity to
viruses (Fig. 2). Nanomaterials provide a promising avenue for the
development of novel virus-antiviral agents in agriculture.

Most plants are susceptible to bacterial and fungal infections that
cause a variety of diseases. The antimicrobial properties of nano-
materials have been widely studied, and some nanoparticles have been
shown to have an excellent inhibitory effect on plant pathogens. Both
nano-SiOy and Si(OH)y can enhance the antimicrobial capacity for
Arabidopsis thaliana by modulating the salicylic acid pathway, although
nano-SiO; has a lower fully effective dose compared to Si(OH), and it
does not cause phytotoxicity at ten-fold higher concentrations (Du et al.,
2022; El-Shetehy et al., 2021). Cai (2021) found that g-C3N4 nanosheets
bind to bacterial cell membranes and produce a large amount of reactive
oxygen species (ROS) in the presence of light, which breaks the bacterial
cell membranes and leads to cytoplasmic leakage and DNA damage, thus
causing bacterial death to achieve the effect of antimicrobial activity
(Fig. 2). Nano-metals, on the other hand, can inhibit the growth of a
variety of plant pathogens, for example, nano-silver significantly in-
hibits the germination of pathogenic fungal conidia, wheat root rot flat
umbilical helminths (Bipolaris sorokiniana) (Mishra et al., 2014). More-
over, nano-silver has broad-spectrum antimicrobial activity, which can
improve plant resistance to pathogenic microorganisms such as Fusarium
oxysporum (Zhao et al., 2020) and Gloeophyllum abietinum (Narayanan
and Park, 2014). Qiu et al. (2023) showed that nano ZnO can increase
ROS content and decrease abscisic acid content, thereby enhancing the
plant resistance to rice blast (Magnaporthe oryzae). Ma et al. (2019)
showed that nano-copper phosphate can regulate the time-dependent
expression of plant defense-related genes in tomatoes to enhance their
resistance to F. acnes by transcriptomics, as shown in Fig. 2. Nano-
graphene oxide, on the other hand, can be entangled with bacterial and
fungal spores to locally perturb their cell membranes and lead to a
decrease in bacterial membrane potential and electrolyte leakage from
fungal spores, which ultimately leads to cell lysis for antimicrobial
purposes (Chen et al., 2014).

4.1.2. Effect of nanomaterials on plant resistance to pests

In addition, NPs have shown promise for plant-insect resistance
performance. Xiao et al. (2021) found that cerium oxide nanoparticles
can significantly promote plant growth, and increase plant-insect
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Fig. 2. Nanomaterials enhance plant resistance to adversity through multiple pathways. Nanomaterials can enhance plant resistance by regulating gene
expression and increasing the levels of antiviral substances whether they are sprayed on the plant above-ground tissues or added to the growing environment. They
can also directly regulate the production of reactive oxygen species (ROS) in plants to induce a response to adversity to improve resistance. In addition, nanomaterials
can also participate in photosynthesis through multiple pathways to enhance the photosynthetic efficiency of plants, making them stronger and improving their level

of resilience.

resistance with a dose-dependent effect. However, when the green peach
aphid (Myzus persicae) was directly fed with cerium oxide nanoparticles
treated plant leaves, its survival and reproduction were not affected
(Marucci et al., 2019). These results suggest that the effect of nano-
materials on plant-insect resistance may be through the modulation of
the plant’s defense mechanisms. Some studies have shown that nano-
materials such as nano-silica sprayed on the surface of rice leaves can
increase the lignin content of plants to enhance physical defenses against
rice planthoppers (Nilaparvata lugens) (Cheng et al., 2021). Nanosilica
can also activate multiple defense pathways in plants, leading to varying
increases in the content of insect-resistant substances such as jasmonic
acid, butyric acid, and chlorogenic acid to enhance insect resistance
(Saw et al., 2023). Based on the transcriptomic analysis, Zhang et al.
(2023) demonstrated that nano-selenium enhances tanshinone and sal-
vinorin by activating salicylic acid and jasmonic acid signaling pathways
in Salvia miltiorrhiza, as well as the downstream ethylene-responsive
element binding factors and WRKY transcription factors, which pre-
sented a high resistance to aphids ultimately. Nanosilicon, on the other
hand, upregulates the expression of maize chlorogenic acid synthesis
genes and increases chlorogenic acid levels in leaves to enhance resis-
tance to oriental armyworms (Mythimna separata) (Wang et al., 2021).
Moreover, Nano copper can significantly increase the expression of Bt
toxin-encoding genes in transgenic cotton, which also improves insect
resistance (Borgatta et al., 2018). Overall, these findings suggest that
nanomaterials can be a valuable tool for improving plant-insect resis-
tance and potentially reducing the need for chemical pesticides, as
shown in Fig. 2. However, further research is needed to fully understand
the mechanisms underlying these effects and to optimize the use of
nanomaterials in agriculture.

4.2. Effect of nanomaterials on plant resistance to abiotic stresses

Besides the biotic stress, plants often suffer various abiotic stresses in
nature, such as salt stress, heavy metal pollution, climate change,
chemical pollution, and so on (Waadt et al., 2022). Abiotic stresses
mainly cause oxidative stress on plants due to the excessive production
of reactive oxides by plant cells in adversity, which can cause oxidative
damage to biomolecules such as cell membranes, proteins, and nucleic
acids (Apel and Hirt, 2004; Debona et al., 2017). Studies have shown
that nanomaterials can act as antioxidants to mitigate the damage
caused by oxidative stress in plants, thus improving their resistance to
abiotic stress (Fig. 2) (Cui et al., 2024; Najafi Vafa et al., 2021). For
example, zinc oxide nanomaterials have been observed to relieve the
symptoms of oxidative stress induced by various kinds of stresses in the
plant body (Liu et al., 2022a). Rico et al. (2011) discovered that zinc
oxide nanoparticles can induce proline synthesis in bananas and
enhance the activity of the antioxidant enzyme system to improve the
antioxidant performance of plants. Hu (2022) reported that iron nano
fertilizer can enhance the catalase (CAT) activity and reduce the
malondialdehyde (MDA) content of peanuts to attenuate oxidative
damage and enhance antioxidant performance. Similarly, it has also
been demonstrated that cerium oxide nanoparticles can mimic the ac-
tivities of CAT and superoxide dismutase (SOD) and reduce the content
of ROS in A. thaliana leaves (Wu et al, 2018).
Chitosan-selenium-engineered nanomaterials, on the other hand, can
improve plant tolerance to abiotic stresses by scavenging reactive oxy-
gen species (Fang et al., 2024). In contrast, the application of nano-
materials at the germination stage of plants can promote ROS
production and similarly improve plant tolerance to multiple abiotic
stresses (Chen et al., 2023a). However, the plant response to
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nanoparticles varied in different species, for example, the attachment
accumulation of NPs does not significantly affect the inter-root growth
in duckweed (Dovidat et al., 2020).

4.2.1. Effect of nanomaterials on plant resistance to salt stress

When exposed to high salt environments, plants experience changes
in their cellular osmotic pressure and ionic toxicity, resulting in
compromised growth and development (Deinlein et al., 2014; Shalaby
et al., 2021). Several studies have shown that nanomaterials can affect
plant salt resistance. It was found that nano-Fe3O4 can enhance plant
resistance to salt stress through multiple pathways. Nano-Fe304-soaked
tomato seeds showed significantly higher germination potential than the
salt-stressed control, suggesting that nano-Fe3O4 can alleviate the inhi-
bition of seed germination by salt stress (Chen et al., 2023b; Liu et al.,
2023a). An et al. (2020) found that suitable concentrations of cerium
oxide NPs can regulate the expression of salt tolerance genes in plant
cells, thereby enhancing their salt stress resistance. Cerium oxide
nanoparticles can reduce the ROS content in plant leaves, thus reducing
the activity of non-selective cation channels in leaf mesenchymal cells.
Consequently, the intracellular concentration of potassium ions is
elevated, which in turn enhances the plant’s photosynthetic efficiency
and its overall stress tolerance (Wu et al., 2018). In addition, cerium
oxide nanoparticles can alter the root structure of plants and reduce the
plasmalemma barrier in the roots, allowing more Na* to be transported
to the above-ground part of the plant, thus improving the salt tolerance
of the plant (Rossi et al., 2017).

4.2.2. Effect of nanomaterials on plant resistance to heavy metal stress

The application of nanomaterials for heavy metal stress has attracted
much attention. Heavy metal pollution is a global problem that seriously
affects soil quality and plant growth. Rizwan et al. (2019) found that
ZnO nanomaterials, either applied alone or mixed with biochar, signif-
icantly improved maize growth under cadmium stress. This beneficial
effect was attributed to the reduction of electrolyte leakage, malon-
dialdehyde, and hydrogen peroxide content in maize leaves and roots.
Concurrently, it increased the activity of antioxidant enzymes and the
concentration of chlorophyll, thereby substantially improving the
maize’s resistance to cadmium toxicity. Also, nanomaterial SAMMNS
has excellent adsorption capacity, which can adsorb and immobilize
cadmium heavy metal ions in the soil and effectively reduce the content
of cadmium heavy metal ions, thus reducing their toxicity effects for
plants (Fang et al., 2020). Foliar spraying of titanium dioxide NPs on
cowpeas has been shown to enhance the activity of proteins responsive
to heavy metal stress in both roots and leaves. It also promotes the levels
of essential micronutrients, such as zinc, manganese, and cobalt, in
seeds, thereby augmenting the plant’s tolerance to cadmium metal
(Ogunkunle et al, 2020). Jin et al. (2016) found that nano-
hydroxyapatite can significantly increase soil pH and reduce the solu-
bility and mobility of Pb metals, thus increasing the resistance of
ryegrass to Pb metals. In contrast, MnO nanoparticles facilitate the
ability of plants to withstand Pb stress by enhancing their inherent
resilience (Tahir et al., 2024). Furthermore, nanomaterials have the
capacity to form stable complexes in the soil, effectively hindering the
further migration of heavy metals. This action contributes to mitigating
the ecological risks posed by heavy metal contamination (Feizi et al.,
2018). Carboxymethyl cellulose (CMC) was used to form compounds
with nano-metals to stabilize the metal materials, and the
CMC-stabilized nanoFe can significantly reduce the accumulation of Cr
in the body of the plant (Bian, 2022).

4.2.3. Effect of nanomaterials on plant resistance to drought and high-
temperature stress

Climate change has triggered many extreme weather events, such as
drought and high temperatures. Nanomaterials can be used to improve
plant adaptation under these extreme conditions. Sun et al. (2020)
showed that zinc oxide NPs can modulate the metabolic pathway of
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endogenous melatonin in maize and activate the plant’s antioxidant
system, or enhance the level of photosynthetic carbon assimilation by
regulating photosynthesis, thereby improving drought tolerance.
Meanwhile, the application of nano-nutrients to tomatoes can increase
plant drought tolerance by modulating the antioxidant enzyme activ-
ities, secondary metabolites, and osmotic substances (Mubashir et al.,
2023). Akhtar et al. (2021) demonstrated that silica, in association with
plant growth-promoting rhizobacteria (PGPR), significantly increases
plant hormone levels and nutrient uptake and enhances the production
rate of antioxidants, thus significantly improving the drought tolerance
of wheat. Similarly, spraying nano-silica on strawberries can increase
the soluble sugar content and regulate osmotic resistance to high tem-
peratures, and also nano-silica exhibits antioxidant-like enzyme activity,
which can increase the plant’s tolerance to high temperatures (Yang
et al., 2023). The study of Qi et al. (2013) showed that nano-titanium
dioxide can increase photosynthetic efficiency by modulating photo-
system II (PS II) in cucumber leaves and thus improving the level of
high-temperature tolerance. Nano-selenium can be transferred from
below ground to above ground in sorghum and can promote higher
levels of unsaturated phospholipids under high-temperature stress,
improve pollen germination, and significantly increase plant seed yield
(Djanaguiraman et al., 2018). These studies provide new insights for the
development of nanomaterials with the ability to modulate plant climate
adaptation.

5. Challenges and safety considerations for nanomaterials
applications

5.1. The role of nanomaterials themselves in stressing plants

Although many studies have reported that nanomaterials have a
positive effect on plant resistance to adversity, nanomaterials them-
selves possess a certain degree of toxicity, and their stressful effects on
plants should not be ignored. As shown in Fig. 3, the ability of plants to
absorb nanomaterials is related to the size of their particles, small par-
ticles of nanomaterials can enter the plant cells to change the cell
structure, which in turn affects the regulation of the cells. In contrast,
nanomaterials with large particles that cannot enter the plant cell will
accumulate on the cell surface, weakening the cell’s ability to exchange
substances (Atha et al., 2012; Parkinson et al., 2022). Stampoulis et al.
(2009) discovered that pumpkins treated with nano-silver exhibited a
silver content in their aboveground parts that was 4.7 times higher
compared to those treated with silver powder. This finding underscores
the ability of nano-silver to infiltrate the plant system and accumulate in
various parts, including roots, stems, and leaves. However, this accu-
mulation can have a detrimental impact on plant growth. For instance, it
can obstruct the root system’s cell walls, impeding the uptake of water
and inorganic salts. Additionally, it can induce oxidative stress and alter
gene expression patterns, thereby affecting the plant’s overall health
and development (Hossain et al., 2016; Li et al., 2022b).

In addition to the direct effects of nanomaterials on plants, nano-
materials can release ions in different media, and these ions, whether
they work in the soil or are absorbed by plants, accumulate to a certain
extent and adversely affect the environment and plant growth (Fig. 3).
When soybeans were treated with nano-MoS,, Mo would be released.
Low concentrations of nano-MoS; enhanced the activity of soybean
nitrogenase and improving the functionality of soybean rhizomes.
However, an excessively high concentration of nano-MoS; resulted in
the release of an excessive amount of Mo and the accumulation of sulfate
in the plant, which significantly reduced the yield of soybeans (Li et al.,
2024). Heavy metal ions can denature proteins, damage cell mem-
branes, cause damage to cellular organelles, and induce chromosomal
aberrations, which in turn inhibit root hair elongation, germination,
biomass accumulation, and chlorophyll production in plants (Apte et al.,
2009). Nano-Al,0O3 can release aluminum ions, which will make soil
acidification and inhibit the growth of plant roots. Besides this,



Y. Ping et al.

Industrial Crops & Products 222 (2024) 119691

Excess NPs . 1
[Accumuiaton ]
]
e |
@ b
Other Substances

(Ve

- -

e ® o @éﬁ‘@

Plant Cell \

@

Tonic

Fig. 3. Inappropriate concentrations of nanomaterials can damage plant cells. Nanomaterials themselves exhibit inherent toxicity. Large particles of nano-
materials tend to attach to the surface of plant cells, changing cell morphology and interfering with the cell’s material exchange function, thereby affecting plant
growth. Small particles of nanomaterials are more likely to cross the cell barrier. Due to their high surface activity, nanomaterials can release ions or generate ROS
within the cell, leading to cellular toxicity and disrupting various physiological processes, including photosynthesis. In addition, nanomaterials also affect micro-
organisms, potentially enhancing the horizontal gene transfer (HGT) of antibiotic resistance genes (ARGs).

nano-Al,O3 will also make the plant excessive accumulation of ROS,
resulting in membrane lipid peroxidation (Kochian, 1995; Tahara et al.,
2008). Dimkpa et al. (2013) found that the Cu®" released from
nano-CuO not only denatures the proteins but also inhibits the uptake of
Fe** and Ca?* by plants, thereby impeding chlorophyll synthesis and
consequently, root growth. In addition, nano-CuO was able to influence
maize cell morphology by affecting the expression of maize cell
wall-related genes, which led to cell wall relaxation and thus cell
deformation and enlargement (Yang, 2016). The combined effects of the
ion release from nanometer CuO and the activation of stress-regulated
genes create a challenging environment for plant growth and develop-
ment, as depicted in Fig. 3.

However, the impact of nanomaterials on plants varies significantly.
Although all are nano-metal oxides, nano ZnO has been observed to
release only a minimal amount of ions into the solution, thus avoiding
the ionic toxicity that can be detrimental to experimental plants. Lin and
Xing (2008) found that 7Zn?* released from ZnO nano-suspension did not
exhibit toxic effects on the growth of radish, oilseed rape and ryegrass.
Nevertheless, even in the absence of ionic toxicity, nano-ZnO has been
identified as potentially genotoxic to plants. It can inhibit seed germi-
nation, photosynthesis, and overall plant growth (Azarin et al., 2023;
Dimkpa et al., 2012; Lin and Xing, 2008; Lv et al., 2022; Salah et al.,
2015). Nano zinc oxide can lead to excessive accumulation of ROS in
barley seedlings, thereby damaging leaves and inhibiting root growth
(Dong et al., 2021). The lack of systematic research methods and eval-
uation frameworks often results in inconsistent conclusions across
studies, highlighting the need for a more unified and rigorous approach
to understanding the complex interactions between nanomaterials and
plant systems.

In addition, the application of nanomaterials may have an impact on
gene expression and genetic stability in plants. Some nanomaterials pose
transgenic risks by interacting with microorganisms, plant, and animal
cells, potentially triggering gene mutations or altering expression levels.
For example (Fig. 3), nanomaterials may promote horizontal gene

transfer (HGT) of antibiotic resistance genes (ARGs) by facilitating the
development of microorganisms, leading to their rapid dissemination in
the soil-plant system and then entering the food chain to threaten human
health (Chen et al., 2022; Luo et al., 2022; Wang et al., 2024).

5.2. Soil and environmental pollution

The application of nanomaterials may have potential risks to the
environment, primarily reflected in the following aspects: 1. Toxicity of
nanomaterials: certain nanomaterials, such as nano plastics and nano
silver, are known to possess significant toxicity, posing a direct threat to
the environment (Kumar et al., 2022; Zhang et al., 2022). 2. Environ-
mental release and contamination: nanomaterials may be released into
the soil and the environment during the process of their use, which leads
to the pollution of the soil and the water, causes adverse impacts on the
environment and the ecosystem, and may be absorbed by the organisms
in the ecological environment, enter the food chain and accumulate (Li
et al., 2022a; Liu et al., 2023c; Yan et al., 2024). For instance, in agri-
cultural settings, the accumulation of nanomaterials can degrade soil
quality, suppress soil microbial activity, diminish soil fertility, and exert
lasting effects on soil ecosystems (Xu et al., 2020). 3. Functional alter-
ation through interactions with other compounds: NPs may undergo
functional changes when interacting with other compounds. For
example, the binding of natural organic matter to NPs can promote
aggregation, thereby reducing their bioavailability and reactivity (Silva
et al., 2023). In light of these potential risks, it is imperative to establish
a perfect environmental risk assessment system to ensure that the
application of nanomaterials does not cause irreversible effects on the
ecological environment.

5.3. Food safety issues

If nanomaterials are used in food crops, their impact on food safety
needs to be considered. Several studies have indicated that



Y. Ping et al.

nanomaterials may enter the human body through the food chain and
have potential health effects (Yan and Chen, 2019). For example, NPs
may penetrate alveolar and cellular membranes, directly affecting the
respiratory and immune systems of animal bodies, and inhalation of
carbon nanotubes can lead to lung tissue damage and fibrosis of the
lungs. It may lead to lung cancer in the same way that inhalation of
asbestos fibers does (Bengalli et al., 2023). Additionally, The study of
Lett et al. (2021) suggests that nano-plastics can lead to the disruption of
endostasis in human beings, leading to blood clots or cardiovascular
disease. Given these findings, it is imperative to conduct adequate risk
assessments when using nanomaterials in food crops to ensure their
safety for human consumption.

5.4. Safety issues of nanomaterials applications

Nanomaterials have superior physical and chemical properties
compared to other materials. In comparison to the insecticide TMX
(thiamethoxam) suspension, the TMX insecticide formulated with
nanocarriers demonstrated a markedly enhanced efficacy in controlling
Diaphorina citri. Furthermore, the toxicity of the two formulations to
beneficial pollinator Apis cerana exhibited no notable discrepancy (Liu
et al., 2024). Numerous studies conducted in recent years have
improved our understanding of the toxicity of nanomaterials. The
application of nanomaterials also faces potential challenges and risks,
and their biosafety must be fully considered (White and
Gardea-Torresdey, 2018). Although nanomaterials have specific
growth-regulating effects in plants, their long-term effects on plants and
soil ecosystems are not apparent. Further in-depth studies on their
mechanisms of action and biosafety are needed to provide a scientific
basis for their application and ensure safety and sustainability through
appropriate measures.

Although there is still no complete set of programmatic strategies to
make a unified ecological risk assessment of the toxicity of nano-
materials (Allouzi et al., 2021; Lombi et al., 2019), researchers have
made significant progress in related innovations, which provide more
scientific guidance for subsequent unified assessment strategies. For
example, the GRACIOUS (Grouping, read-across and classification
framework for regulatory risk assessment of manufactured nano-
materials and safe (r) design (SbD) of nano-enabled products (NEPs);
https://www.h2020gracious.eu/) framework is currently proposed to
fill the data gaps in the hazard assessment of nanomaterials, simplify the
grouping of nanomaterials, and apply it to substance risk assessment.
Researchers can use the framework to make a efficient, precise, and
targeted risk assessment of their research subjects (Stone et al., 2020).
The safety concerns surrounding the application of nanomaterials can be
effectively mitigated through rigorous scientific research and prudent
management practices. This will bring new possibilities for agricultural
production and food security and promote the development of agricul-
ture in a more efficient, green, and sustainable direction.

6. Conclusions and outlook

6.1. Conclusions of potential impacts of nanomaterials on plant growth
and stress tolerance

Nanomaterials, as a new type of functional material, hold the po-
tential to significantly influence plant growth and stress tolerance. These
advanced materials can refine soil structure, increase soil porosity, and
improve the soil’s capacity to retain water and nutrients. This, in turn,
expands the nutrient uptake area and absorption efficiency of the plant
root system. Nanomaterials can also form stable complexes with soil
nutrients, increasing their water solubility and thus facilitating nutrient
absorption by the roots. Additionally, nanomaterials can stimulate the
activity of root-associated microorganisms, improve the soil environ-
ment, boost the number and activity of beneficial micro-organisms in
the soil, and inhibit the growth of harmful micro-organisms, thus
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improving the resistance of plants to pests and diseases.

Furthermore, nanomaterials can regulate nutrient transport and
distribution in plants and improve the efficiency of nutrient utilization.
Nanomaterials can improve the aeration and gas exchange capabilities
of plant cells. Simultaneously, nanomaterials, functioning as analogs of
photosynthetic pigments, can absorb and transmit energy from sunlight,
regulate the process of photosynthesis and respiration in plants, increase
the accumulation of photosynthetically active products, improve the
carbon fixation capacity of crops, and increase the supply of oxygen and
the emission of carbon dioxide, which in turn increase the respiration
rate and metabolic level of plants, and this helps to increase plant
biomass and yield and improve crop quality. Additionally, the nano-
materials may affect the synthesis and transport of phytohormones,
thereby regulate plant growth and development and have an impact on
plant growth and resistance.

Moreover, nanomaterials can enhance the adaptability of plants to
various adversities, such as drought, salinity, heavy metals, pests, and
diseases. By regulating the physiological metabolism of plants, nano-
materials can promote the self-repairing ability of plants and reduce the
damage caused by adversity. This helps to increase the survival rate and
yield of crops in unfavorable environments. Nanomaterials can stimu-
late plants to produce more secondary metabolites, such as antioxidant
substances and secondary metabolites. These substances can enhance
the chemical defenses of crops against pathogenic micro-organisms and
pests, thus reducing the incidence of plant pests and diseases.

Despite the promising potential of nanomaterials to enhance plant
growth and resistance, they present certain safety challenges. Research
on the application of nanomaterials is still incomplete, and their prac-
tical application needs to be fully considered to avoid adverse effects on
plants and soil ecosystems. In addition, the dosage and mode of appli-
cation of nanomaterials need to be scientifically planned and rationally
controlled to avoid adverse effects caused by overuse. Further in-depth
studies on the long-term effects of nanomaterials in plants are needed.
Therefore, during the application of nanomaterials, research and
monitoring must be strengthened, and a scientific evaluation framework
must be established to ensure their sustainable application and safety in
agricultural production. By rationally utilizing the promotional effects
of nanomaterials, the growth and development of plants can be
improved, and the resistance of crops can be enhanced, bringing new
possibilities for agricultural production and food security.

6.2. Directions for future research and prospects for development

The research direction and development prospects of nanomaterials
on plant growth and stress tolerance is comprehensive, and future
research can delve deeper into the intricate mechanisms by which
nanomaterials influence these aspects of plant biology. By examining the
uptake, transport, metabolism, and regulation of signaling pathways of
nanomaterials within plants, researchers can elucidate their impact on
the physiological and biochemical processes of plants. This will lay a
solid scientific foundation for their practical applications. It is essential
to recognize that nanomaterials vary in type, size, and shape, each
potentially exerting distinct effects on plant growth and stress tolerance.
Comparative studies among different nanomaterials will help to identify
the most suitable nanomaterials for specific crops and environmental
conditions, and more precise agricultural efficiency research on nano-
materials combined with plant genomics can explore their effects on
plant gene expression and genetic stability. An in-depth study of the role
of nanomaterials at the level of plant genes can lead to a better under-
standing of the mechanisms of nanomaterials in plant growth and stress
tolerance.

In the realm of nanomaterial research, there is a pressing need to
enhance the biosafety assessment of these materials within plants. It is
crucial to establish an environmental monitoring system for the appli-
cation of nanomaterials. This will enable early detection of potential
risks and issues and ensure the safety and sustainability of nanomaterials
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in agricultural production. Future research needs to focus more on
validating the application of nanomaterials in actual agricultural pro-
duction. Through field trials and other approaches, the actual effects and
economic benefits of nanomaterials in different agricultural systems can
be evaluated, which will provide practical data to support their pro-
motion in agricultural production. Overall, future research on nano-
materials on plant growth and resistance has excellent prospects for
development. Research on the mechanisms of action of nanomaterials,
comprehensive assessment of biosafety, and gradual advancement of
practical applications will be explored in greater depth. With these
continued innovations, nanomaterials can pave the way for a new era of
agricultural advancement that balances productivity with ecological
integrity.
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