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ABSTRACT 
 

Plant diseases pose a significant threat to global agriculture, impacting crop yield and food security. 

Traditional methods of disease management often involve the application of chemical pesticides, which 

raise environmental and health concerns. In recent years, nanotechnology has emerged as a promising 

avenue for sustainable and effective plant disease management. This review provides an overview of the 

applications and mechanisms of action of silver nanoparticles (AgNPs) and zinc nanoparticles (ZnNPs) in 

combating plant pathogens. AgNPs and ZnNPs have garnered attention due to their antimicrobial 

properties, biocompatibility, and versatility. They exhibit multifaceted mechanisms of action, including 

membrane disruption, generation of reactive oxygen species (ROS), interference with enzymatic processes, 

and inhibition of microbial growth. These nanoparticles can effectively target a wide range of plant 

pathogens, including bacteria, fungi, and viruses. Moreover, they can be used as carriers for the controlled 

release of antimicrobial agents and nutrients, further enhancing their utility in agriculture. Furthermore, 

AgNPs and ZnNPs have demonstrated compatibility with environmentally friendly and sustainable 

agricultural practices. Their targeted delivery reduces chemical waste and minimizes environmental 

contamination. Additionally, these nanoparticles can stimulate the plant's innate defense mechanisms, 

enhancing its resilience against diseases. This review highlights the potential of AgNPs and ZnNPs as 

innovative tools for plant disease management, offering sustainable and effective alternatives to 

conventional pesticides. The ongoing research in this field aims to optimize nanoparticle formulations, 

assess their safety, and develop integrated disease management strategies to enhance agricultural 

sustainability and food production. 
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1. INTRODUCTION 
The application of nanomaterials in plant disease diagnosis and management represents a cutting-edge frontier 

in agriculture and plant science. As the global population continues to soar, there is an ever-growing demand for 

increased food production to ensure food security for humanity (Elmer and White 2018). However, this quest for 

higher agricultural yields is consistently thwarted by the persistent threat of plant diseases and pests, which can 

cause significant losses in crop yield and quality. Traditional methods of disease management, including the use of 

chemical pesticides, have their limitations due to environmental concerns, high costs, and the emergence of 

pesticide-resistant pathogens (Kumar et al. 2022). In this context, nanotechnology has emerged as a revolutionary 

solution, offering innovative approaches to tackle plant diseases effectively and sustainably. Nanomaterials, defined 

as materials with structures and properties at the nanoscale (typically 1 to 100 nanometers), exhibit unique physical 

and chemical characteristics that make them well-suited for addressing the challenges posed by plant pathogens 

(Worrall et al. 2018). The remarkable surface area-to-volume ratio and high reactivity of nanoparticles open up a 

world of possibilities in the field of plant disease diagnosis and management (Ramezani et al. 2019). This review 

will explore the multifaceted applications of nanomaterials in plant disease diagnosis and management. It will delve 

into the diverse ways in which nanotechnology is being harnessed to detect pathogens, monitor plant health, and 

develop targeted and environmentally friendly strategies for disease management (Tariq et al. 2022). Additionally, 

it will shed light on the promising outcomes and future prospects of integrating nanomaterials into agriculture to 

ensure sustainable and resilient crop production systems (Khan and Rizvi 2014). The following sections will 
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provide a comprehensive overview of key aspects related to the application of nanomaterials in plant disease 

diagnosis and management, including: 

 

1.1. Nanoparticle-Based Detection Techniques 

 Nanomaterials have proven to be instrumental in the development of highly sensitive and specific detection 

methods for plant pathogens, such as bacteria, viruses, and fungi. These innovative techniques offer rapid and 

precise identification, enabling early disease diagnosis and timely intervention (Al-Khattaf 2021). 

 

1.2. Smart Nanosensors for Monitoring Plant Health 

 Nanosensors equipped with advanced nanomaterials can continuously monitor various biochemical and 

physiological changes in plants associated with pathogenic infections. These real-time monitoring systems provide 

valuable insights for proactive disease management (Khan et al. 2022). 

 

1.3. Nanomaterials in Disease-Resistant Plant Development 

 Nanotechnology facilitates the engineering of disease-resistant crop varieties through the delivery of 

antimicrobial agents or the modulation of plant defense mechanisms. This approach holds promise for reducing the 

reliance on chemical pesticides (Al-Samarrai 2012). 

 

1.4. Targeted Drug Delivery Systems 

 Nanoparticles serve as effective carriers for delivering bioactive compounds, including antimicrobial agents 

and plant growth regulators, directly to the affected plant tissues. This targeted delivery minimizes environmental 

impact and maximizes treatment efficacy (Kandhol 2022). 

 

1.5. Environmental Sustainability 

 The eco-friendly nature of nanomaterials, coupled with their ability to reduce waste production and minimize 

the use of harmful chemicals, aligns with the principles of sustainable agriculture, making them a valuable tool in 

achieving long-term food security (Ocsoy et al. 2013). 

The integration of nanomaterials into plant disease diagnosis and management has the potential to revolutionize 

the way we protect and enhance global food production. By harnessing the unique properties of nanomaterials, 

researchers and agricultural scientists are paving the way for more sustainable, efficient, and environmentally 

friendly strategies to combat plant diseases and ensure a resilient food supply for future generations (Hoang et al. 

2022). This exploration of nanotechnology's role in agriculture underscores the critical importance of staying at the 

forefront of scientific advancements to meet the ever-evolving challenges of agriculture in the 21st century. 

 

2. Nanoparticles as Protectants for Plant Disease Management 

Nanoparticles have emerged as promising tools for protecting plants against a wide range of pests and pathogens, 

including insects, bacteria, fungi, and viruses. Their unique properties and applications in agriculture are garnering 

increasing attention. Here, we delve into how nanoparticles serve as protectants in plant disease management. 

 

2.1. Types of Nanoparticles 

 Metal Nanoparticles: Metal nanoparticles, such as silver, copper, zinc oxide, and titanium dioxide, have been 

extensively studied for their antimicrobial and antiviral properties. These nanoparticles can be directly applied to 

plant seeds, foliage, or roots. Silver nanoparticles, for instance, have shown effective inhibition of various fungi and 

viruses. They are often produced through "green synthesis" in organisms like plants, bacteria, fungi, or yeast, 

making them environmentally friendly (Fig. 1; Al-Khattaf 2021; Cruz-Luna et al. 2023). Chitosan, a biopolymer 

derived from chitin, has biodegradable and biocompatible properties. Chitosan nanoparticles exhibit antimicrobial 

activity and are used to induce viral resistance in plants. They protect against a range of viruses, including mosaic 

viruses affecting alfalfa, snuff, peanut, potato, and cucumber (Vaghasiya et al. 2022). Chitosan is also effective 

against various pests (Sarlak et al. 2014). Metal nanoparticles, particularly silver and copper, exhibit antimicrobial 

properties by disrupting the cell membranes of bacteria and fungi, inhibiting microbial growth, and blocking 

nutrient flow (Fig. 2). They can also interfere with the synthesis of messenger RNA and proteins, leading to the 

inhibition of toxin production (Sharma et al. 2016). Metal nanoparticles like silver and chitosan nanoparticles have 

demonstrated antiviral effects by effectively inhibiting viral replication or protecting plant tissues from viral 

infections. They can also modulate the plant's immune responses to better resist viral attacks (Servin et al. 2015). 

Chitosan nanoparticles, in addition to their antiviral properties, are effective against various pests, including aphids, 

leafworms, nematodes, and psyllids. They achieve this by interacting with the pest's physiology and disrupting their 

feeding or reproductive processes (Tang et al. 2021). 
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2.2. Nanoparticles as Carriers for Plant Disease Management 

Nanoparticles are materials with sizes ranging from 0.1 to 100 nanometers. They possess distinct properties 

that differ from larger particles of the same element (Vargas-Hernandez et al. 2020). These properties include 

Coulomb blockade, quantum nature, super-paramagnetism, and surface plasmon resonance. NPs can be made from 

various materials such as carbon nanotubes, magnetic particles, metals, metal oxides, polymers, and quantum dots 

(Yadav and Yadav 2018). They can be designed to catalyze chemical reactions and exhibit different reactivities to 

processes like adsorption and redox reactions. Nanoparticles can be employed in multiple ways for plant disease 

management (Gupta et al. 2018). They can act against pathogens like chemical fungicides or pesticides, or they can 

be used as carriers to deliver such agents. Due to their small size, NPs can ensure targeted delivery of agents inside 

the pathogen or pest at the cellular level (Khan et al. 2019). This targeted delivery reduces soil contamination due to 

xenobiotic agricultural chemicals. Nanotechnology can also be used in fertilizer nano-formulations, understanding 

the mechanism of host-parasite interaction, food preservation, salt-affected land reclamation, and reducing soil 

erosion (Kulabhusan et al. 2022). Nanoparticles also serve as versatile carriers for active molecules, including 

insecticides, fungicides, herbicides, and RNAi-inducing molecules, enhancing their effectiveness in plant disease 

management. Here, we explore the role of nanoparticles as carriers in agriculture (Mishra and Singh 2015). 

 

2.3. Types of Nanoparticles Used as Carriers 

2.3.1. Silica Nanoparticles: Silica nanoparticles are well-suited for controlled release applications due to their 

controlled size, shape, and structure. They can encapsulate active molecules and protect them from degradation. For 

example, porous hollow silica nanoparticles (PHSNs) and mesoporous silica nanoparticles (MSNs) are commonly 

used to encapsulate pesticides and provide sustained release (Qasim et al. 2022). 

 

2.3.2. Chitosan Nanoparticles: Chitosan nanoparticles are used as carriers to enhance the solubility of active 

molecules. They can be modified to improve their properties and adhere effectively to plant surfaces, prolonging 

contact time and facilitating the uptake of bioactive substances (Kamal et al. 2019). 

 

2.3.3. Solid Lipid Nanoparticles (SLNs): SLNs are composed of lipids that are solid at room temperature and are 

used to entrap lipophilic active molecules. They offer controlled release and can stabilize active ingredients without 

the need for organic solvents. However, they have limitations, including low loading efficiency and potential 

leakage during storage (Sharma et al. 2018). 

 

2.3.4. Layered Double Hydroxides (LDHs): LDH nanoparticles consist of clays that trap active molecules in their 

interlayer spaces. They can facilitate the transport of active materials across plant cell walls and provide controlled 

release when exposed to environmental conditions (Panpatte et al. 2016). 

 

2.4. Applications in Disease Management 

2.4.1. Enhanced Delivery: Nanoparticles as carriers improve the delivery and efficacy of active molecules, 

ensuring better coverage and longer-lasting effects on plant pests and pathogens (Shahbaz et al. 2022). 

 

2.4.2. Controlled Release: Silica nanoparticles, for instance, enable controlled release of pesticides, allowing for 

sustained protection against pests and diseases. This reduces the need for frequent reapplication of chemicals 

(Bhattacharya et al. 2022). 

 

2.4.3. Adhesion and Uptake: Chitosan nanoparticles adhere well to plant surfaces, enhancing the contact time 

between the active molecules and the plant. This facilitates uptake and enhances the effectiveness of bioactive 

substances. 

 

3. AgNPs in Bacterial Disease Management 

Silver nanoparticles (AgNPs) have emerged as a promising tool in the management of bacterial diseases in 

plants, offering a sustainable and effective alternative to traditional chemical pesticides (Mustafa et al. 2022). Their 

unique properties make them well-suited for controlling a wide range of plant pathogens, contributing to improved 

crop health and yield (Naik 2020). AgNPs have been investigated for their efficacy in controlling phytopathogenic 

bacteria that cause devastating diseases in crops. They are applied to protect plants from bacterial infections, 

reducing yield losses and ensuring food security. AgNPs serve as an eco-friendly alternative to synthetic chemical 

pesticides, which often raise concerns about environmental pollution, residues on crops, and the development of 

pesticide-resistant strains of bacteria (El-Shetehy et al. 2021). AgNPs can be precisely targeted to specific plant 

tissues and microbial pathogens, minimizing the impact on non-target organisms and reducing the overall 

ecological footprint of disease management. 
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Fig. 1: Presents a visual representation of two distinct approaches to silver nanoparticle (AgNP) synthesis in the left panel: 

Top-Down Approaches: These encompass methods like mechanical, chemical, and electro-explosion techniques, among others. 

Bottom-Up Approaches: These involve the utilization of inorganic or organic substances as reducing or capping agents. Within 

bottom-up approaches, various techniques, such as superficial fluid synthesis, aerosol processing, and green synthesis (utilizing 

bacteria, algae, fungi, plants, or their biological derivatives), are employed. The right panel of the figure showcases several 

established examples of microorganisms and plants that have been successfully used in the synthesis of AgNPs (Tariq et al. 

2022). 

 

3.1. Mechanisms of Antibacterial Action 

 The antibacterial activity of AgNPs is attributed to several key mechanisms: 

 

3.1.1. Release of Silver Ions (Ag⁺): AgNPs release silver ions when exposed to the environment. These silver ions 

can interact with various components of bacterial cells, disrupting their normal functioning. 

 

3.1.2. Binding to Bacterial DNA: Ag⁺ ions can bind to the phosphate groups in bacterial DNA, leading to 

denaturation and damage to the genetic material. This interference can hinder bacterial DNA replication and 

ultimately lead to bacterial cell death. 

 

3.1.3. Membrane Disruption: AgNPs can interact with bacterial cell membranes, causing structural changes and 

membrane damage. This disruption can compromise membrane integrity and permeability, leading to the leakage of 

cellular contents and cell death. 

 

3.1.4. Protein and Enzyme Inhibition: AgNPs can disrupt bacterial proteins and enzymes, interfering with vital 

cellular processes. This disruption can impair the bacteria's ability to carry out essential metabolic functions 

(Hazarika et al. 2022). 

 

3.1.5 Wide Spectrum of Antibacterial Activity: AgNPs have exhibited a broad spectrum of antibacterial 

properties, effectively targeting various phytopathogenic bacteria, including but not limited to: 

Pseudomonas syringae 

Xanthomonas campestris 

Erwinia amylovora 

Ralstonia solanacearum 

Agrobacterium tumefaciens 

Clavibacter michiganensis 

Xylella fastidiosa 

The use of AgNPs in bacterial disease management in plants holds great potential for addressing bacterial 

infections across diverse agricultural settings (Ul Haq and Ijaz 2019). Researchers continue to explore novel 
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applications and optimize AgNP properties to enhance their effectiveness, stability, and safety. However, it is 

essential to address regulatory, safety, and ethical considerations to ensure the responsible and ethical use of AgNPs 

in agriculture. As technology evolves, AgNPs are poised to play a significant role in achieving sustainable and 

resilient crop production systems, reducing reliance on chemical pesticides, and ensuring food security (Li et al. 

2023). 

 

3.2. AgNPs in Fungal Disease Management 

Silver nanoparticles (AgNPs) have emerged as a promising and innovative tool in the management of fungal 

diseases in plants, offering an effective, eco-friendly, and sustainable alternative to traditional fungicides. Their 

unique properties make them well-suited for controlling a wide range of phytopathogenic fungi, contributing to 

improved crop health and yield (Cai et al. 2020).  

 

3.2.1. Applications of AgNPs in Fungal Disease Management: Control of Phytopathogenic Fungi: AgNPs have 

been investigated for their efficacy in controlling phytopathogenic fungi, which cause significant damage to crops. 

They are applied to protect plants from fungal infections, reducing yield losses and ensuring food security. 

 

3.2.2. Alternative to Chemical Fungicides: AgNPs serve as a sustainable alternative to synthetic chemical 

fungicides, addressing concerns related to environmental pollution, residues on crops, and the development of 

fungicide-resistant strains of fungi. 

 

3.2.3. Precision Agriculture: AgNPs can be precisely targeted to specific plant tissues and fungal pathogens, 

minimizing the impact on non-target organisms and reducing the overall ecological footprint of disease 

management (Ali et al. 2020). 

 

3.3. Mechanisms of Antifungal Action 

 The antifungal activity of AgNPs is attributed to several key mechanisms: 

 

3.3.1. Interaction with Fungal DNA: AgNPs can bind to the phosphate groups in fungal DNA, leading to 

denaturation and damage to the genetic material. This interference can hinder fungal DNA replication and 

ultimately lead to fungal cell death. 

 

3.3.2. Membrane Disruption: AgNPs interact with fungal cell membranes, causing structural changes and 

membrane damage. This disruption can compromise membrane integrity and permeability, leading to the leakage of 

cellular contents and fungal cell death (Elmer et al. 2018). 

 

3.3.3. Sulfhydryl Protein and Enzyme Inhibition: AgNPs can disrupt fungal proteins and enzymes, interfering 

with vital cellular processes. This disruption can impair the fungus's ability to carry out essential metabolic 

functions. Electron Transport Chain Disruption: AgNPs can interfere with the electron transport chain in fungal 

cells, disrupting energy production processes and compromising fungal viability (Khan et al. 2021). 

 

3.3.4. Wide Spectrum of Antifungal Activity: AgNPs have demonstrated a broad spectrum of antifungal 

properties, effectively targeting various phytopathogenic fungi, including but not limited to: 

Fusarium species 

Alternaria species 

Botrytis cinerea 

Rhizoctonia solani 

Colletotrichum species 

Penicillium species 

Aspergillus species 

The use of AgNPs in fungal disease management in plants holds significant promise for addressing fungal 

infections across diverse agricultural settings. Researchers continue to explore novel applications and optimize 

AgNP properties to enhance their effectiveness, stability, and safety (Gautam et al. 2020). However, it is essential to 

address regulatory, safety, and ethical considerations to ensure the responsible and ethical use of AgNPs in 

agriculture. As technology evolves, AgNPs are poised to play a significant role in achieving sustainable and 

resilient crop production systems, reducing reliance on chemical fungicides, and ensuring food security. Their 

versatility, eco-friendliness, and efficacy make them a valuable asset in the ongoing battle against fungal diseases in 

plants (Mustafa et al. 2019). 
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Fig. 2: Depicts the process of environmentally friendly silver nanoparticle (AgNP) synthesis using a variety of sources, including 

plant components (stem, leaf, flower, bark, seeds, and root) and microorganisms. In this method, extracts of known dilutions 

are combined with a predetermined concentration of silver nitrate (AgNO3) solution and are then stirred or kept in darkness 

for a specific duration, typically 72 hours. After the synthesis, the resulting AgNPs undergo thorough physical and chemical 

characterization to assess their size, shape, surface area, and charge using techniques such as transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), UV-Vis spectroscopy, FTIR, XRD, DLS, and zeta-potential measurements. 

Subsequently, these AgNPs find application in various contexts, such as the elimination of bacteria, fungi, viruses, or nematodes 

(Tariq et al. 2022). 

 

3.4. Mechanisms of AgNPs Mediated Inhibition or Killing of Phytopathogens 

3.4.1. Biosynthesis of AgNPs: The biosynthesis of silver nanoparticles (AgNPs) is a fascinating and 

environmentally friendly process that harnesses the reducing and capping abilities of biological entities, such as 

plants, microorganisms, and even some animal sources, to convert silver ions (Ag⁺) into nanoscale silver particles. 

This approach has gained significant attention due to its sustainability, cost-effectiveness, and reduced 

environmental impact compared to traditional chemical and physical methods of AgNP synthesis (Khan et al. 

2022). Here is a detailed explanation of the biosynthesis of AgNPs: 

 

3.4.2. Selection of Biological Entities: The first step in biosynthesis involves selecting suitable biological agents. 

These agents can include: 

 

3.4.3. Plants: Various parts of plants, such as leaves, stems, roots, and even whole plants, can be used. Plant 

extracts contain a variety of secondary metabolites, such as flavonoids, polyphenols, and terpenoids, which act as 

reducing and capping agents for AgNPs (Munir et al. 2020). 

 

3.4.4. Microorganisms: Microorganisms like bacteria, fungi, and yeast are excellent candidates for AgNP 

biosynthesis. They secrete enzymes, proteins, and metabolites that play a key role in reducing Ag⁺ ions and 

stabilizing the resulting AgNPs. 

 

3.4.5. Preparation of Biological Extract: Once the biological entity is selected, it is typically processed to obtain a 

suitable extract. This extract is usually obtained by grinding, crushing, or homogenizing the biological material and 

then subjecting it to solvent extraction. Water, ethanol, and methanol are commonly used solvents to extract 

bioactive compounds (Tripathi et al. 2021). 

 

3.4.6. Reduction of Ag⁺ Ions: The biological extract is mixed with a silver ion source, often silver nitrate (AgNO₃). 

The reducing agents present in the biological extract, such as polyphenols, enzymes, and proteins, facilitate the 
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reduction of Ag⁺ ions into AgNPs. The reduction process is initiated by the transfer of electrons from the reducing 

agents to the silver ions, leading to the formation of silver nanoparticles (Rajeshkumar 2019). 

 

3.4.7. Stabilization of AgNPs: The capping or stabilizing agents present in the biological extract help prevent the 

aggregation of AgNPs. This ensures that the nanoparticles remain dispersed and stable in solution. Capping agents 

can include proteins, enzymes, and various organic compounds. 
 

3.4.8. Characterization: The synthesized AgNPs are typically characterized using various analytical techniques, 
such as UV-Vis spectroscopy, transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-
ray diffraction (XRD), and dynamic light scattering (DLS). These techniques provide information about the size, 
shape, crystallinity, and stability of the nanoparticles (Gao et al. 2020). 

 

3.5. Applications: Biosynthesized AgNPs find applications in various fields 

3.5.1. Medicine: AgNPs exhibit antimicrobial properties and are used in wound dressings, drug delivery systems, 

and antibacterial coatings. 

 

3.5.2. Catalysis: AgNPs are employed as catalysts in chemical reactions due to their high surface area and unique 

catalytic properties. 

 

3.5.3. Electronics: AgNPs are used in electronic devices, such as sensors and conductive inks. 

 

3.5.4. Environmental Remediation: They are used in the removal of pollutants from water and soil due to their 

strong affinity for heavy metals and organic contaminants. The mechanisms underlying the inhibition or killing of 

phytopathogens by silver nanoparticles (AgNPs) are of great interest in agriculture and plant disease management. 

While the precise mode of action can vary depending on the specific phytopathogen and AgNP characteristics, there 

are several common mechanisms through which AgNPs exert their antimicrobial effects. In this detailed 

explanation, we will explore these mechanisms in depth: 

 

3.5.5. Interaction with Phytopathogen Cells: AgNPs interact with the cells of phytopathogens, either as 

nanoparticles themselves or by releasing Ag+ ions into their vicinity. 

 

3.5.6. Generation of Reactive Oxygen Species (ROS): AgNPs have been shown to induce the production of 

reactive oxygen species (ROS) within the phytopathogen cells. ROS, such as superoxide radicals (O2•-) and 

hydroxyl radicals (•OH), can cause oxidative stress and damage to various cellular components (Kaur 2018). 

 

3.5.7. Protein Disruption: AgNPs can disrupt proteins within the phytopathogen cells. This interference with 

essential macromolecules can affect the pathogen's ability to carry out vital cellular functions. 

 

3.5.8. DNA Damage: AgNPs can lead to damage to the DNA within the phytopathogen cells, resulting in various 

types of genetic lesions, including mutations, deletions, single-strand breaks, and double-strand breaks. This DNA 

damage can impair the pathogen's ability to replicate and survive. 

 

3.5.9. Membrane Disruption: AgNPs interact with the cell membranes of phytopathogens. This interaction can 

alter the structure and function of the membranes, leading to membrane depolarization and increased permeability. 

 

3.5.10. Cellular Respiration Inhibition: AgNPs can interfere with the cellular respiration processes of 

phytopathogens, disrupting their energy production and metabolic activities. 

 

3.5.11. Leakage of Cellular Contents: As a consequence of the damage inflicted by AgNPs, phytopathogens may 

experience extensive breakdown of cellular components. This can result in the leakage of essential cell fluids, 

including metabolites, proteins, and enzymes, both within the cell and into the surrounding environment (Abdelaziz 

et al. 2022). 

 

3.5.12. Creation of Membrane Perforations: AgNPs can create holes or perforations in the cell membranes and 

walls of phytopathogens. These openings facilitate the release of cellular content into both intracellular spaces and 

the extracellular environment. 
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3.5.13. Transmission Electron Microscopy (TEM) Observations: The disruptive effects of AgNPs on 

phytopathogen cells, such as membrane damage and intracellular leakage, can often be observed through advanced 

imaging techniques like transmission electron microscopy (TEM). TEM allows for the visualization of structural 

alterations caused by AgNPs (Hernández‐Díaz et al. 2021). 

 

3.5.14. Formation of Hydroxyl Radicals: In certain cases, AgNPs induce the formation of hydroxyl radicals 

(•OH) within the phytopathogen cells. These radicals are highly reactive and can cause extensive damage to cellular 

components. The mechanisms of AgNP-mediated inhibition or killing of phytopathogens involve a complex 

interplay of interactions with cellular components, ROS generation, disruption of key biomolecules, and alterations 

to cell membranes. These multifaceted actions collectively lead to the impairment of phytopathogen viability and, 

ultimately, their inhibition or destruction. Understanding these mechanisms is crucial for the development of 

effective and sustainable strategies for managing plant diseases in agriculture (Khalid et al. 2022) 

 

4. Zinc Nanoparticles for management of plant diseases 

Utilizing zinc nanoparticles (ZnNPs) for the management of plant diseases represents an innovative and 

environmentally friendly approach to safeguarding crop health and enhancing agricultural sustainability. ZnNPs 

offer a wide range of applications and mechanisms to combat phytopathogens effectively. In this comprehensive 

exploration, we will delve into the applications, mechanisms, and potential of ZnNPs in plant disease management. 

 

4.1. Applications of ZnNPs in Plant Disease Management 

4.1.1. Phytopathogen Control: ZnNPs are employed to control a diverse spectrum of phytopathogens that afflict 

plants. They are used as part of integrated disease management strategies to protect crops from infections, thereby 

reducing yield losses and ensuring food security. 

 

4.1.2. Alternative to Chemical Pesticides: ZnNPs serve as a sustainable alternative to synthetic chemical 

pesticides, addressing concerns related to environmental contamination, pesticide residues on crops, and the 

emergence of pesticide-resistant pathogens. 

 

4.1.3. Nutrient Delivery: ZnNPs can function as carriers for essential nutrients, particularly zinc, which is a vital 

micronutrient for plant growth. This dual role enhances crop health and resilience against diseases (Hoang et al. 

2022). 

 

4.2. Mechanisms of Action 

4.2.1. The antipathogenic activity of ZnNPs is attributed to several key mechanisms: 

Zinc oxide nanoparticles (ZnO-NPs) have been extensively studied for their antibacterial potential against both 

gram-positive and gram-negative bacteria. They have shown bacteriostatic and bactericidal activity, as well as 

fungicidal activity (Tian et al. 2022). The mechanism of action involves the release of Zn2+ ions, generation of 

reactive oxygen species, damage to the cell membrane, and binding to microbial proteins and nucleic acids. ZnO-

NPs have several advantages, including high antibacterial efficiency at low concentrations, action on a wide range 

of microbial strains, and relatively low production costs. The antipathogenic activity of zinc nanoparticles (ZnNPs) 

is attributed to several key mechanisms, which involve their physical, chemical, and biological properties. These 

mechanisms collectively contribute to the ability of ZnNPs to combat various pathogens, including bacteria, fungi, 

and viruses (Hernández‐Díaz et al. 2021). 

 

4.2.2. Antioxidant and Immune Enhancement: ZnNPs can stimulate the plant's natural defense mechanisms. 

They enhance the production of antioxidants and phytoalexins, which play a pivotal role in combating pathogen 

attacks. 

 

4.2.3. Enzyme Inhibition: ZnNPs disrupt the enzymatic processes of phytopathogens. They inhibit crucial 

enzymes responsible for the pathogen's virulence and ability to colonize host tissues. 

 

4.2.4. DNA Disruption: ZnNPs can interact with the genetic material of phytopathogens, causing DNA damage. 

This genetic disruption hinders pathogen reproduction and propagation. 

 

4.2.5. Membrane Permeabilization: ZnNPs interact with the cell membranes of phytopathogens, increasing 

membrane permeability. This destabilizes the pathogen's structural integrity and can lead to cell death. 
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4.2.6. Metal Ion Homeostasis: ZnNPs contribute to maintaining the homeostasis of metal ions within plant cells. 

They assist in regulating the concentration of essential metals, such as zinc and copper, which are involved in 

various defense responses against pathogens. 

 

4.2.7. Wide Spectrum of Activity: ZnNPs have demonstrated a broad spectrum of antipathogenic properties, 

effectively targeting various phytopathogens, including but not limited to: 

Bacterial pathogens (e.g., Xanthomonas spp., Pseudomonas spp.) 

Fungal pathogens (e.g., Fusarium spp., Botrytis cinerea) 

Viral pathogens (e.g., Tobacco mosaic virus, Tomato yellow leaf curl virus) 

 

4.3. Future Prospects 

The use of ZnNPs in plant disease management holds immense potential for addressing agricultural challenges 
associated with phytopathogens. Researchers continue to explore innovative applications and optimize ZnNP 
properties to enhance their effectiveness, stability, and safety. It is essential to address regulatory, safety, and ethical 
considerations to ensure the responsible and ethical use of ZnNPs in agriculture. As technology advances, ZnNPs 
are poised to play a pivotal role in achieving sustainable and resilient crop production systems, reducing 
dependency on chemical pesticides, and safeguarding global food security. Their versatility, eco-friendliness, and 
efficacy make them a valuable asset in the ongoing quest to manage plant diseases effectively. 
 

5. CONCLUSION 
 The potential role of silver nanoparticles (AgNPs) and zinc nanoparticles (ZnNPs) in plant disease management 

represents a promising and innovative approach to addressing the challenges posed by plant pathogens in 

agriculture. These nanoparticles exhibit antimicrobial properties, facilitate targeted delivery of bioactive 

compounds, and enhance plant resistance to diseases, all while potentially reducing the environmental impact of 

conventional pesticides. However, it is essential to balance the promising benefits with thorough research into the 

safety and environmental concerns associated with their use. Continued exploration and development in this field 

hold the potential to revolutionize sustainable agriculture practices, contributing to healthier crops, increased food 

security, and more environmentally friendly farming methods in the future. 
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