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A B S T R A C T

The application of metal-based nanoparticles in inhibiting plant pathogenic bacteria and fungi 
has gained significant attention in recent years. several nanoparticles, including silver (Ag), ti
tanium dioxide (TiO2), magnesium oxide (MgO), copper (Cu), and zinc oxide (ZnO), can generate 
reactive oxygen species (ROS) when exposed to light. The oxidative damage inflicted by ROS can 
disrupt the cellular structures and metabolic processes of pathogens, leading to their inactivation 
and inhibition. However, it is crucial to consider the potential environmental and health impacts 
of nanoparticle use. The safe and responsible use of nanoparticles and their potential risks should 
be thoroughly evaluated to ensure sustainable and effective plant disease management practices.

1. Introduction

Biotic stress in plants is characterized by the detrimental effects instigated by living organisms, including pathogens such as 
bacteria, fungi, and viruses, as well as pests. These stressors can negatively impact plant growth, development, and overall productivity 
[1]. Metal oxide nanoparticles (MNPs) have garnered considerable attention across various sectors, particularly in agriculture, due to 
their distinctive properties and potential applications [2].

Research indicates that plant resilience against biotic stress, which encompasses damage caused by pathogens, pests, and other 
biological factors, can be enhanced through the application of metal oxide nanoparticles (MNPs) [3]. The unique physical and 
chemical properties of these nanoparticles have the potential to improve plant health and productivity. However, despite the 
promising benefits, there remains a significant gap in understanding the interactions between MNPs and plant cell walls, as well as 
their overall efficacy in mitigating biotic stress [4].

Metal oxide nanoparticles, such as zinc oxide (ZnO), silver oxide (Ag2O), titanium dioxide (TiO2), Magnesium oxide (MgO) [5] and 
copper oxide (CuO), have been investigated for their ability to enhance plant defense mechanisms against biotic stress [6]. These NPs 
possess several properties that make them attractive for agricultural applications, including their small size, high surface 
area-to-volume ratio, and unique physicochemical characteristics [7]. Plant defense mechanisms can be activated through various 
pathways in response to exposure to metal oxide nanoparticles. For instance, these nanoparticles may enhance the activity of anti
oxidant enzymes such as catalase (CAT) and superoxide dismutase (SOD), as well as stimulate the synthesis of secondary metabolites 
[8]. Beyond fortifying the cell wall, these responses bolster the plant’s defenses against pests and diseases, thereby contributing 
positively to the overall health of the plant [9].
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Metal oxide nanoparticles (MNPs) possess the ability to penetrate the cell wall and enter plant cells, potentially inducing alterations 
in gene expression and triggering defense responses. Furthermore, these nanoparticles can generate reactive oxygen species (ROS) 
upon exposure to light, which may exert both direct and indirect effects on plant cells [10]. Additionally, metal oxide nanoparticles can 
modulate the defense signaling pathways within plants, thereby enhancing the production of defense-related compounds and stim
ulating the plant’s resistance against biotic stressors [11].

According to the scholar [12] reported that zinc oxide nanoparticles have been demonstrated to inhibit the growth of various plant 
pathogens by disrupting their cellular membranes or interfering with their enzymatic functions. Similarly, titanium dioxide nano
particles have exhibited antifungal activity against several pathogenic fungi affecting plants. The application of metal oxide nano
particles offers multiple ways for the protection of plant cell walls. These nanoparticles can be utilized for structural reinforcement, 
antibacterial activity, induction of defense responses, reduction of stress, and enhancement of nutrient uptake. This review seeks to 
summarize the existing literature that may contribute to the advancement of sustainable farming practices designed to enhance crop 
resilience against biotic stresses.

2. Synthesis of metal oxide NPs

The synthesis of metal and metal oxide NPs can indeed be achieved through various methods, including chemical, physical, and 
biological synthesis [13]. Chemical synthesis involves chemical reactions and the use of various additives to control the nanoparticle 
properties. Physical synthesis methods utilize physical processes to break down larger materials into NPs. Biological synthesis methods 
make use of biological systems to produce NPs, offering eco-friendly and scalable approaches [14]. These different methods provide 
researchers with a range of options to tailor the synthesis process and achieve desired nanoparticle characteristics (Fig. 1).

Fig. 1. Top-down and bottom-up approaches to the synthesis of metal oxide NPs demonstrating the chemical, physical, and biological synthesis 
processes [15].
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3. Mechanisms of nanobiotechnology in enhancing biotic stress tolerance

Nanobiotechnology serves as a promising approach for enhancing tolerance to abiotic stresses in various organisms. This inno
vative field integrates nanotechnology with biological systems to develop strategies that bolster resilience against non-living envi
ronmental factors [16]. The structure and composition of the cell wall (CW) can be regulated during biotic interactions through 
meticulous and continuous post-synthetic remodeling, in addition to processes occurring at the biosynthetic stage [17]. Consequently, 
the CW should be regarded as a strategic domain wherein organisms either collaborate or engage in competition, employing advanced 
molecular strategies to facilitate specific physiological functions (Table 1) [18].

3.1. Cell wall reinforcement

Plant cell walls can be strengthened by using metal oxide-based nanoparticles (NPs), which increase the plant’s resistance to 
diseases and pests [26]. They interact with cell wall components like cellulose, hemicellulose, and lignin, providing physical strength 
and making it harder for pathogens to invade [27]. Bidi et al. [28], Zhao et al. [29], and [26] reported that metal oxide (Ag, Au, Cu, 
Fe2O3, TiO2, and ZnO) NPs can protect plants against biotic stress by physically interacting with the plant cell wall through adsorption 
or surface deposition, forming a protective layer that prevents direct contact between pathogens or pests and the plant cell wall. 
According to research by Refs. [29,30] metal oxide NPs can induce defense responses in plants by interacting with the cell wall, 
activating defense-related genes and synthesis of antimicrobial compounds, such as phytoalexins or proteins, which inhibit pathogen 
growth. Metal oxide NPs, such as silver, copper, zinc oxide, and titanium dioxide, are being explored for potential agricultural ap
plications due to their nanoscale properties and antimicrobial properties [2]. Plants react to biotic stress by generating reactive oxygen 
species, activating signaling pathways through phytohormones, and releasing secondary metabolites that discourage herbivores or 
impede pathogen proliferation (Fig. 2) [31].

3.2. Reactive oxygen species (ROS) production

It has been demonstrated that metal oxide nanoparticles (NPs), especially those such as zinc oxide (ZnO) and titanium dioxide 
(TiO2), can produce ROS when exposed to light [33]. ROS can have direct antimicrobial effects by causing oxidative damage to 
pathogenic microorganisms, impairing their growth or survival (Fig. 3) [34]. Additionally, ROS can act as signaling molecules, 
triggering defense responses in plants [35]. The production of ROS by metal oxide NPs can be localized to the cell wall, enhancing 
protection against biotic stress [36].

3.3. Binding to proteins

Through protein stabilization and the inhibition of enzymes involved in cell wall disintegration, metallic nanoparticles (NPs) 
provide protection for plant cell walls. The substance is good for plant health because it reduces denaturation of proteins, increases cell 
wall strength, and improves cell wall integrity [38]. Metallic NPs bind to enzymes or substrates, blocking their interaction and pre
venting cell wall degradation. They exhibit antioxidant properties, protecting proteins from oxidative damage and mitigating oxidative 
stress in the cell wall, thus preserving its structural integrity [39]. NPs binding to cell wall proteins enhances their stability and release, 
protecting the cell wall. An extra line of defense against environmental stressors including infections is offered by NPs’ attachment to 
cell wall proteins [40]. Nanoparticles may influence cell wall biosynthesis metabolic processes, potentially upregulating genes related 
to lignin synthesis, thereby enhancing the mechanical strength of the cell wall [41].

3.4. Regulation of gene expression

When plants are exposed to metallic nanoparticles, they produce more defense-related genes, which fortifies their cell wall barriers 

Table 1 
The role of various nanoparticles in enhancing tolerance to biotic stresses across different plant species.

Plant species Nanoparticles Effect References

lettuce (Lactuca sativa) CuO Promote the production of reactive oxygen species (ROS) within plant roots, subsequently triggering a 
series of modifications to cell wall polysaccharides.

[19]

Soybean (Glycine max) Al2O3 The structure and properties of cell wall have been modified by aluminum oxide nanoparticles. [20]
Watermelon(Citrullus 

lanatus)
MnO When a pathogen attacks, manganese aids in the production of reactive oxygen species (ROS). [21]

Rice (Oryza sativa) SiO2 Enhance the resistance of plants to rice fungal infections by activating salicylic acid signaling pathways. [22]
(Canola)Brassica napus ZnO Alter the structure and composition of the cell walls to provide active protection against external 

threats.
[23]

Wheat (Triticum 
aestivum)

Se Interfere with the genetic material of the fungi to inhibit their growth on the surfaces of plant cell walls. [24]

Nem(Azadirachta 
indica)

TiO2 Mutations or breaks in bacterial DNA caused by reactive oxygen species (ROS)-induced oxidative stress 
may impede bacterial proliferation and functionality.

[25]
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Fig. 2. An illustration of the primary sensory and response systems pertaining to the plant cell wall (CW) in the various biotic interactions. When 
biotic and abiotic stress are present together, CW may be crucial. Plant development, nutrition, and resistance to abiotic stressors can all be 
enhanced by symbiont-induced CW changes. Changes in abiotic stressor composition can impact the effectiveness of parasitism. The acronym stands 
for Microbe/Herbivore/Damage Associated Molecular Patterns [32].

Fig. 3. The antibacterial properties of metal nanoparticles [37].

Fig. 4. The utilization of plant extracts for the synthesis of nanoparticles intended for medical applications [52].
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and produces antimicrobial chemicals [42]. Research explores molecular mechanisms regulating gene expression by metallic NPs, 
potentially improving plant biotic stress resistance, cell wall reinforcement, and defense response activation [43].

Metal oxide NPs possess the capability to alter cellular signaling pathways through their interactions with proteins, nucleic acids, 
and cellular membranes [44]. These interactions can initiate a cascade of metabolic events that ultimately influence gene expression. 
For example, the size and surface charge of metal oxide NPs may significantly affect their cellular uptake, which in turn could impact 
their interactions with intracellular components [45]. Metal oxide NPs have the capacity to modify gene expression through epigenetic 
mechanisms, such as DNA methylation and histone acetylation, without altering the DNA sequence [46]. This process may lead to the 
activation or repression of genes that are crucial for cell division, growth, and responses to stress. The effects of metallic NPs on gene 
expression vary based on properties, concentration, exposure duration, and plant species, necessitating further research for optimal 
application [47].

3.5. Delivery of bioactive compounds

In order to improve the stability and targeted release of bioactive chemicals into plant cell walls, metallic nanoparticles (NPs) are 
being investigated as possible carriers [48]. These NPs transport antimicrobial agents or growth regulators, encapsulating them for 
stability [49]. Due to their unique properties, metallic nanoparticles particularly those composed of iron oxide (Fe3O4), silver (Ag), and 
gold (Au) serve as excellent carriers for bioactive agents such as proteins, DNA, and pharmaceuticals (Fig. 4) [50]. These properties 
include their diminutive size, high surface area-to-volume ratio, and ease of functionalization with various biomolecules [51].

3.6. Antimicrobial activity

Applying metallic nanoparticles (NPs) to plant cell walls efficiently inhibits the growth and multiplication of numerous plant 
pathogens, exhibiting antibacterial characteristics against microbes and shielding plants from diseases and infections. According to the 
researchers [53] zinc oxide (ZnO), manganese dioxide (MnO2), and magnesium oxide (MgO) NPs possess antibacterial properties that 
enable them to combat plant diseases caused by bacteria, fungi, and viruses through various mechanisms. Similarly, Ag NPs have been 
shown by Ref. [54], to interact directly with pathogen cell walls, rupturing their integrity and causing cellular leakage, loss of function, 
and inhibition of pathogen growth. These NPs can disrupt cellular processes, inhibit pathogen growth, and modulate plant immune 
responses [55]. However, their effectiveness depends on factors like size, shape, surface charge, and composition.

4. Conclusion

Biotic stress in plants, caused by pathogens and pests, negatively impacts growth and productivity. Metal oxide NPs, with their 
unique properties, have shown promise in reducing biotic stress in plant cell walls. Metal oxide NPs, like TiO2 and ZnO, generate 
reactive oxygen species (ROS) when exposed to light, causing oxidative damage to pathogenic microorganisms and triggering defense 
responses in plants. Metallic NPs have antimicrobial properties, effectively inhibiting plant pathogen growth and proliferation. They 
can interact with cell membranes, leading to cellular leakage and inhibition of pathogen growth. Metals like silver and copper can 
exhibit toxicity due to their antimicrobial properties. However, their effectiveness depends on factors like size, shape, surface charge, 
and composition.

Data availability
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entity to furnish readers with all necessary information.
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