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Abstract
Plant diseases caused by fungi, bacteria, viruses, nematodes, and other phytopathogens are major constraints to global agricultural productivity and food security, causing annual crop losses of nearly 20–40% worldwide. Conventional disease diagnosis and management approaches often suffer from limitations such as low sensitivity, delayed detection, excessive pesticide usage, environmental contamination, and development of pathogen resistance. Nanotechnology has emerged as a promising and innovative approach for improving plant disease diagnosis, monitoring, and management through the application of nanoscale materials and advanced delivery systems. Nanomaterials including silver nanoparticles, copper nanoparticles, zinc oxide nanoparticles, titanium dioxide nanoparticles, carbon nanotubes, graphene oxide, polymeric nanoparticles, and silica-based nanomaterials possess unique physicochemical properties such as high surface area, enhanced reactivity, and controlled release behavior that significantly improve agricultural applications. Nano-enabled diagnostic tools including nanosensors, nano-biosensors, quantum dot-based sensors, and nanoparticle-assisted molecular diagnostics provide rapid, accurate, and real-time detection of plant pathogens at very low concentrations. Nanopesticides, nanofungicides, nanobactericides, and nanoformulations enhance antimicrobial efficiency while reducing chemical dosage and environmental risks. Nanoparticles suppress pathogens through mechanisms including reactive oxygen species generation, membrane disruption, cellular damage, and modulation of microbial gene expression. Nanotechnology also contributes to controlled agrochemical delivery, induced plant resistance, seed treatment, and precision crop protection systems. Despite significant advancements, concerns related to nanotoxicity, bioaccumulation, environmental persistence, and impacts on beneficial microorganisms require detailed biosafety evaluation and regulatory assessment before large-scale agricultural implementation. Sustainable synthesis methods using biological and green approaches are gaining scientific attention because of their eco-friendly nature and reduced toxicity. Integration of nanotechnology with artificial intelligence, Internet of Things, and precision agriculture technologies is expected to revolutionize future plant disease management systems. This review highlights recent advances, mechanisms, environmental considerations, and future prospects of nanotechnology for sustainable and efficient plant disease diagnosis and crop protection.
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I. Introduction
A. Plant Diseases and Their Global Impact
Plant diseases caused by fungi, bacteria, viruses, nematodes, and phytoplasmas are major threats to global food security and agricultural sustainability (Singh et.al., 2021). The Food and Agriculture Organization reported that nearly 20–40% of global crop production is lost annually due to plant pathogens, resulting in economic losses exceeding USD 220 billion each year. Fungal pathogens such as Magnaporthe oryzae, Fusarium oxysporum, and Phytophthora infestans severely reduce cereal, vegetable, and fruit productivity across different agroecosystems. Viral diseases including tomato yellow leaf curl virus and tobacco mosaic virus rapidly spread through insect vectors and infected planting materials, causing substantial reductions in yield and quality. Bacterial pathogens such as Xanthomonas spp. and Pseudomonas syringae are responsible for devastating diseases in rice, citrus, and vegetable crops. Climate change, global trade, and intensive agricultural practices have accelerated the emergence and spread of plant diseases, increasing challenges in disease forecasting and containment. The rising demand for food due to population growth has intensified the necessity for efficient disease detection and sustainable crop protection strategies capable of minimizing agricultural losses and maintaining environmental safety.
B. Limitations of Conventional Plant Disease Diagnosis and Management
Traditional methods used for plant disease diagnosis and management possess several scientific and practical limitations (Jafar et.al., 2024). Conventional diagnostic approaches including visual symptom observation, culturing techniques, serological assays, and polymerase chain reaction (PCR) require skilled personnel, laboratory infrastructure, and extended processing time, reducing their effectiveness for rapid field-level detection. Visual identification often becomes unreliable during early infection stages because symptoms may resemble nutrient deficiencies or abiotic stress conditions. Excessive dependence on synthetic pesticides and fungicides has led to environmental contamination, pesticide resistance, soil degradation, and harmful effects on non-target organisms. Studies indicate that nearly 90% of applied pesticides fail to reach target pathogens due to volatilization, leaching, and degradation processes. Repeated chemical application increases production costs and raises concerns regarding pesticide residues in food products and water resources. Biological control methods provide environmentally safer alternatives, though inconsistent field performance and limited shelf life restrict widespread adoption. These shortcomings highlight the urgent requirement for innovative technologies capable of enabling rapid disease diagnosis, targeted delivery of agrochemicals, improved pathogen control efficiency, and reduced ecological risks.	Comment by Author: Mention the references as much as possible as it is a review article.
C. Emergence of Nanotechnology in Agriculture
Nanotechnology has emerged as a transformative scientific approach in modern agriculture because of its ability to manipulate materials at dimensions ranging from 1–100 nm (Kim et.al., 2018). Nanomaterials exhibit unique physicochemical properties including large surface area, enhanced reactivity, controlled release behavior, and improved penetration capacity, making them highly suitable for agricultural applications. Nanotechnology-based tools are increasingly utilized for plant disease diagnosis, pathogen detection, smart delivery systems, and crop protection. Metallic nanoparticles such as silver, copper, zinc oxide, and titanium dioxide possess strong antimicrobial properties against a wide range of phytopathogens. Silver nanoparticles have demonstrated inhibitory effects against fungal pathogens including Alternaria alternata and Botrytis cinerea through membrane disruption and reactive oxygen species generation. Nano-enabled biosensors provide rapid, sensitive, and real-time detection of plant pathogens at very low concentrations, improving early disease surveillance and management efficiency. Nanoformulations also enhance the stability and bioavailability of pesticides through controlled release mechanisms, reducing chemical usage and environmental pollution. Green synthesis of nanoparticles using plant extracts and microorganisms has gained attention because of lower toxicity and eco-friendly production methods. The integration of nanotechnology with precision agriculture, artificial intelligence, and sensor-based monitoring systems is creating advanced opportunities for sustainable crop health management and improved agricultural productivity.	Comment by Author: Reference ?
D. Scope and Objectives of the Review
This review focuses on the applications of nanotechnology in plant disease diagnosis and management with emphasis on recent scientific advancements, mechanisms of action, and future agricultural prospects (Malook et.al., 2026). The review examines different categories of nanomaterials used in pathogen detection, antimicrobial activity, nano-biosensing, and targeted agrochemical delivery systems. Major attention is given to the role of nanosensors, nanopesticides, nanocarriers, and nano-enabled molecular diagnostic tools in improving disease identification accuracy and management efficiency. The review also discusses the interactions between nanoparticles and plant pathogens, including mechanisms involving membrane damage, oxidative stress induction, and inhibition of microbial growth. Environmental safety, nanotoxicity, biosafety concerns, and regulatory challenges associated with nano-agricultural products are critically analyzed to evaluate their long-term sustainability. Recent research findings and commercial developments indicate that nanotechnology possesses significant potential to reduce crop losses, minimize excessive pesticide application, and support sustainable agricultural systems under changing climatic conditions. The primary objective of this review is to provide a comprehensive scientific understanding of nano-enabled strategies for effective plant disease management while identifying research gaps and future directions for practical agricultural implementation.	Comment by Author: Include the references.
II. Fundamentals of Nanotechnology in Agriculture
A. Concept and Principles of Nanotechnology
Nanotechnology refers to the design, synthesis, characterization, and application of materials with dimensions ranging from 1 to 100 nanometers (Khan et.al., 2022). Materials at the nanoscale exhibit unique optical, magnetic, catalytic, and biological properties because of their extremely high surface-area-to-volume ratio and quantum effects. These characteristics enable nanoparticles to interact more efficiently with biological systems, including plant tissues and microbial pathogens. Agricultural nanotechnology has emerged as a promising discipline for improving crop productivity, nutrient delivery, disease management, and environmental sustainability. Nanoparticles can penetrate plant surfaces through stomata, root tissues, and cuticular pathways, enabling targeted transport of agrochemicals and biomolecules. Nano-enabled systems provide controlled release of pesticides and fertilizers, reducing nutrient losses and minimizing environmental contamination. Studies revealed that nanoformulations improve pesticide efficiency by nearly 30–40% compared with conventional formulations due to enhanced solubility and stability. Nanotechnology also supports rapid disease diagnostics through nanosensors and nano-biosensing devices capable of detecting pathogens at molecular levels. The increasing integration of nanotechnology with biotechnology and precision farming technologies is transforming modern agricultural management systems.	Comment by Author: Justify the statements with proper references.
B. Classification of Nanomaterials
Nanomaterials used in agriculture are broadly classified into organic, inorganic, carbon-based, and polymeric nanomaterials according to their chemical composition and structural characteristics (Singh et.al., 2020). Organic nanomaterials include liposomes, dendrimers, micelles, and chitosan nanoparticles, which are biodegradable and widely used for controlled delivery of pesticides and nucleic acids. Chitosan nanoparticles possess antifungal and antimicrobial activities against several phytopathogens while improving plant immune responses. Inorganic nanomaterials consist mainly of metal and metal oxide nanoparticles such as silver, copper oxide, zinc oxide, silica, and titanium dioxide nanoparticles. Silver nanoparticles exhibit broad-spectrum antimicrobial properties through membrane disruption and oxidative stress generation in microbial cells. Carbon-based nanomaterials include graphene oxide, carbon nanotubes, fullerene, and carbon quantum dots, which possess exceptional electrical conductivity, mechanical strength, and adsorption properties. Carbon nanotubes are extensively studied for biosensing applications and nano-delivery systems because of their high stability and penetration ability. Polymeric nanomaterials are synthesized from natural or synthetic polymers including polylactic acid, polyethylene glycol, and polycaprolactone. These materials are utilized in nanoencapsulation technologies for slow and sustained release of agrochemicals, improving field efficiency and reducing chemical residues in soil and water ecosystems.	Comment by Author: Add references.
C. Physicochemical Properties of Nanomaterials
The physicochemical properties of nanomaterials strongly influence their agricultural performance, environmental behavior, and biological interactions (Pradhan et.al., 2017). Particle size is one of the most critical factors because smaller nanoparticles possess greater surface reactivity and enhanced cellular penetration capacity. Nanoparticles below 50 nm generally demonstrate superior antimicrobial efficiency due to increased contact with microbial membranes. Surface charge and zeta potential regulate nanoparticle stability, aggregation, and adhesion to plant surfaces. Positively charged nanoparticles often exhibit stronger interactions with negatively charged microbial cell membranes, resulting in improved antimicrobial activity. Shape and morphology also affect biological responses, with spherical nanoparticles showing greater mobility and rod-shaped particles exhibiting stronger cellular attachment. Surface functionalization enhances nanoparticle compatibility, solubility, and targeted delivery efficiency. Optical properties such as surface plasmon resonance enable nanoparticles like gold and silver to be used in biosensors and pathogen detection systems. Magnetic nanoparticles possess magnetic responsiveness, facilitating separation and imaging applications in agricultural diagnostics. High catalytic activity and reactive oxygen species generation are important mechanisms responsible for antimicrobial action against plant pathogens. Understanding these physicochemical characteristics is essential for optimizing nanoparticle formulation, minimizing toxicity, and improving agricultural applications (Atanda et.al., 2025).	Comment by Author: Reference?	Comment by Author: Mention the references.
D. Synthesis of Nanoparticles
Nanoparticles are synthesized through physical, chemical, and biological methods depending on the desired size, morphology, stability, and application. Physical synthesis methods include evaporation-condensation, laser ablation, ball milling, and pyrolysis techniques that produce nanoparticles without chemical contamination. These methods provide high purity and uniform particle distribution, though they often require expensive equipment and high energy consumption. Chemical synthesis methods involve reduction, sol-gel processing, precipitation, hydrothermal synthesis, and microemulsion techniques. Chemical approaches are widely used because they enable precise control over particle size and shape. Reducing agents such as sodium borohydride and citrate salts are commonly employed for metal nanoparticle production. Chemical synthesis may generate toxic residues and environmental concerns due to the use of hazardous solvents and stabilizers. Biological or green synthesis methods have gained major scientific interest because they utilize plant extracts, bacteria, fungi, algae, and biomolecules as reducing and stabilizing agents. Green synthesis is environmentally friendly, cost-effective, and suitable for large-scale agricultural applications. Plant metabolites including flavonoids, terpenoids, alkaloids, and phenolic compounds play significant roles in nanoparticle formation and stabilization. Studies demonstrated that biologically synthesized silver nanoparticles possess strong antifungal activity against Fusarium and Alternaria species with reduced toxicity compared with chemically synthesized nanoparticles. Green nanotechnology is increasingly considered a sustainable strategy for agricultural disease management and crop protection.	Comment by Author: Add references.
III. Plant Diseases: Types, Causes, and Challenges
A. Fungal Diseases
Fungal diseases are among the most destructive plant health problems affecting global agricultural productivity and food security (Anand et.al., 2022). More than 19,000 fungal species are associated with plant diseases, causing severe losses in cereals, fruits, vegetables, and industrial crops. Pathogenic fungi such as Magnaporthe oryzae, Fusarium oxysporum, Botrytis cinerea, and Puccinia species infect plants through spores, mycelial growth, and enzymatic degradation of host tissues. Rice blast disease caused by M. oryzae destroys enough rice annually to feed over 60 million people worldwide. Fungal pathogens spread rapidly through wind, irrigation water, infected seeds, and contaminated soil. Environmental conditions including humidity, temperature fluctuations, and prolonged rainfall strongly influence fungal disease outbreaks. Mycotoxin-producing fungi such as Aspergillus and Fusarium species contaminate food products and pose serious health risks to humans and livestock. Chemical fungicides remain widely used for fungal disease control, though excessive application contributes to fungicide resistance, soil toxicity, and environmental pollution. Continuous emergence of resistant fungal strains has intensified the need for advanced disease management technologies and sustainable crop protection practices.
B. Bacterial Diseases
Bacterial plant diseases significantly reduce crop yield, quality, and market value across diverse agricultural systems (Sharma et.al., 2022). More than 200 bacterial species are recognized as plant pathogens, with major genera including Xanthomonas, Pseudomonas, Ralstonia, Erwinia, and Clavibacter. These pathogens invade plants through wounds, stomata, hydathodes, and insect vectors, causing symptoms such as leaf spots, wilting, cankers, soft rots, and vascular discoloration. Bacterial wilt caused by Ralstonia solanacearum affects over 250 plant species, including tomato, potato, and banana crops. Citrus canker caused by Xanthomonas citri results in severe fruit drop and reduced commercial quality. Bacterial diseases are difficult to manage because many pathogens survive in soil, plant debris, irrigation water, and asymptomatic host plants. Antibiotic-based management practices have become less effective due to the development of antimicrobial resistance. Copper-based bactericides are commonly applied for disease suppression, though long-term usage contributes to accumulation of heavy metals in agricultural soils. Rapid pathogen multiplication and limited availability of resistant crop varieties remain major obstacles for effective bacterial disease control.	Comment by Author: Reference ?
C. Viral Diseases
Plant viral diseases represent major constraints to agricultural productivity because viruses possess high mutation rates and efficient transmission mechanisms (Jones et.al., 2019). More than 1,500 plant viruses have been identified globally, infecting economically important crops such as tomato, potato, cassava, maize, and tobacco. Common plant viruses include tobacco mosaic virus, tomato yellow leaf curl virus, cucumber mosaic virus, and rice tungro virus. Viral pathogens are transmitted through insect vectors including aphids, whiteflies, thrips, nematodes, and leafhoppers, as well as through seeds and vegetative propagation materials. Viral infection interferes with photosynthesis, nutrient transport, and hormonal balance, leading to mosaic patterns, chlorosis, curling, stunted growth, and severe yield losses. Some viral epidemics can reduce crop production by more than 80% under favorable conditions. Plant viruses cannot be directly controlled using conventional pesticides because they replicate within host cells. Disease management mainly depends on vector control, resistant cultivars, and sanitary practices. Rapid viral evolution and emergence of new strains complicate long-term disease management strategies and increase the demand for molecular diagnostic technologies.
D. Nematode and Other Pathogen-Induced Diseases
Plant-parasitic nematodes and other pathogenic organisms contribute substantially to agricultural losses worldwide (Bernard et.al., 2017). More than 4,100 species of plant-parasitic nematodes have been identified, causing annual crop losses estimated at USD 157 billion globally. Root-knot nematodes (Meloidogyne spp.), cyst nematodes (Heterodera spp.), and lesion nematodes (Pratylenchus spp.) damage root systems by feeding on plant tissues and disrupting water and nutrient uptake. Nematode infection often creates entry points for secondary fungal and bacterial pathogens, intensifying disease severity. Phytoplasmas, viroids, and oomycetes such as Phytophthora infestans also cause economically important plant diseases. Late blight disease caused by P. infestans was historically responsible for severe potato famines and continues to threaten potato cultivation globally. Soilborne pathogens are particularly challenging because they persist in soil for extended periods and spread through contaminated tools, water, and planting materials. Limited effectiveness of chemical nematicides and concerns regarding environmental toxicity have encouraged research into sustainable alternatives for pathogen suppression.
E. Economic and Environmental Consequences of Plant Diseases
Plant diseases exert major economic impacts through reduced crop yield, lower product quality, increased management costs, and trade restrictions (Vurro et.al., 2010). Global agricultural losses caused by pests and diseases exceed USD 300 billion annually, threatening food availability and farmer livelihoods. Disease outbreaks often lead to increased pesticide consumption, contributing to soil degradation, water contamination, biodiversity loss, and adverse effects on beneficial microorganisms. Excessive fungicide and bactericide application accelerates development of resistant pathogen populations, reducing long-term effectiveness of disease management programs. Food insecurity and fluctuations in market prices are common consequences of severe disease epidemics in staple crops. Plant disease epidemics also affect international trade through quarantine regulations and export limitations imposed on infected commodities. Environmental consequences include disruption of ecological balance, reduction in pollinator populations, and accumulation of toxic agrochemical residues in ecosystems. Sustainable disease management strategies are essential for minimizing economic damage while protecting environmental and human health.
F. Challenges in Early Detection and Disease Management
Early detection and effective management of plant diseases remain major challenges in agricultural systems due to the complex interactions between pathogens, host plants, and environmental conditions (John et.al., 2023). Many diseases remain asymptomatic during initial infection stages, delaying diagnosis and increasing pathogen spread before visible symptoms appear. Conventional diagnostic methods such as culturing, microscopy, and serological assays require laboratory facilities and trained personnel, limiting field applicability. Mixed infections involving multiple pathogens complicate disease identification and treatment decisions. Climate variability influences pathogen distribution, vector populations, and disease severity, making disease forecasting increasingly difficult. Excessive dependence on chemical pesticides raises concerns regarding environmental safety, pathogen resistance, and food quality. Limited accessibility to rapid diagnostic technologies in resource-constrained farming systems further restricts effective disease surveillance. Modern approaches involving nanotechnology, biosensors, molecular diagnostics, and precision agriculture are gaining scientific attention because of their potential to improve sensitivity, speed, and accuracy in disease detection and crop protection.
IV. Nanotechnology-Based Plant Disease Diagnosis
A. Need for Rapid and Accurate Disease Detection
Rapid and accurate diagnosis of plant diseases is essential for minimizing crop losses, improving productivity, and ensuring global food security. Delayed detection often allows pathogens to spread extensively before control measures are implemented, resulting in severe economic damage and increased pesticide use. Studies estimate that plant pathogens reduce global agricultural production by nearly 20–40% annually, emphasizing the importance of early disease surveillance. Conventional diagnostic methods such as visual symptom assessment, microbial culturing, enzyme-linked immunosorbent assay (ELISA), and polymerase chain reaction (PCR) require laboratory infrastructure, skilled personnel, and long processing times. Many diseases remain asymptomatic during early infection stages, making field diagnosis difficult through traditional techniques. Nanotechnology-based diagnostic systems offer rapid, highly sensitive, and portable alternatives capable of detecting pathogens at molecular and cellular levels. Nano-enabled detection platforms improve specificity, reduce analysis time, and support real-time monitoring of disease outbreaks under field conditions. These advanced technologies are becoming important tools for precision agriculture and sustainable crop health management.
B. Nanosensors in Plant Disease Diagnosis
Nanosensors are highly sensitive analytical devices that utilize nanomaterials to detect biological molecules, pathogens, toxins, and disease biomarkers with exceptional precision (Kerry et.al., 2021). Optical nanosensors employ gold nanoparticles, quantum dots, and surface plasmon resonance technologies for rapid visualization of pathogen interactions and biomolecular changes. Gold nanoparticle-based optical sensors can detect plant viruses within minutes through visible color changes caused by nanoparticle aggregation. Electrochemical nanosensors measure electrical signals generated during pathogen recognition and are widely used because of their high sensitivity, low detection limits, and portability. Carbon nanotubes and graphene-based electrodes significantly improve signal amplification and conductivity in electrochemical sensing platforms. Fluorescent and quantum dot-based sensors utilize semiconductor nanocrystals with unique optical properties for highly accurate pathogen imaging and nucleic acid detection. Quantum dots provide strong fluorescence stability and allow simultaneous detection of multiple pathogens in a single assay. Biosensors and nano-biosensors combine biological recognition elements such as antibodies, nucleic acids, or enzymes with nanomaterials to identify pathogens rapidly and selectively. Nano-biosensors have demonstrated detection sensitivity at femtomolar concentrations, making them highly effective for early disease diagnosis in crops. Integration of nanosensors with wireless systems and smartphone-based platforms is improving accessibility of real-time disease monitoring technologies for agricultural applications.
C. Nanoparticle-Assisted Molecular Diagnostics
Nanoparticle-assisted molecular diagnostic techniques have significantly improved the sensitivity, speed, and reliability of pathogen detection in plants (Patel et.al., 2022). DNA and RNA detection systems utilizing gold nanoparticles, silica nanoparticles, and magnetic nanoparticles enable rapid identification of pathogen-specific genetic material without extensive sample preparation. Gold nanoparticles functionalized with oligonucleotide probes are capable of detecting viral and bacterial nucleic acids through colorimetric changes visible to the naked eye. Nano-PCR techniques enhance conventional polymerase chain reaction efficiency by improving thermal conductivity and amplification specificity. Nanomaterials such as graphene oxide and gold nanoparticles reduce reaction time while increasing amplification accuracy, enabling detection of extremely low pathogen concentrations. CRISPR-based nano-diagnostic tools represent advanced molecular platforms combining genome-editing systems with nanotechnology for ultra-sensitive pathogen identification. CRISPR-Cas systems integrated with fluorescent nanoparticles and lateral flow assays can detect plant viruses and fungal pathogens within one hour with high specificity. These nano-assisted molecular approaches support rapid field-level diagnostics and contribute to efficient disease surveillance programs in modern agriculture.	Comment by Author: Add references for all these statements.
D. Imaging Techniques Using Nanotechnology
Nanotechnology-based imaging techniques have enhanced the visualization and monitoring of plant-pathogen interactions at cellular and molecular scales. Nano-imaging approaches utilize nanoparticles with optical, fluorescent, or magnetic properties to observe pathogen invasion, tissue colonization, and physiological changes within plant systems. Fluorescent nanoparticles and quantum dots are extensively used for high-resolution imaging because of their stable emission properties and strong signal intensity. These nanoparticles enable real-time tracking of pathogens and movement of biomolecules inside plant tissues. Magnetic nanoparticles play important roles in imaging applications through magnetic resonance imaging (MRI) and magnetic particle tracking systems. Iron oxide nanoparticles are widely studied because of their strong magnetic responsiveness and biocompatibility. Magnetic nanoparticle-assisted imaging provides detailed visualization of infected tissues and facilitates detection of hidden infections before symptom development. Nanotechnology-driven imaging systems improve understanding of disease progression mechanisms and support development of targeted disease management strategies.	Comment by Author: Add references to support the statements.
E. Point-of-Care and Portable Diagnostic Devices
Point-of-care and portable nano-diagnostic devices are transforming plant disease detection by enabling rapid analysis directly under field conditions (Bajpai et.al., 2023). These devices combine nanomaterials, biosensing technologies, and miniaturized analytical systems to provide accurate results without requiring sophisticated laboratory infrastructure. Lateral flow assays integrated with gold nanoparticles are commonly used for rapid detection of plant viruses and bacterial pathogens because of their simplicity and low cost. Portable nanosensor platforms connected to smartphones allow real-time disease monitoring and data analysis through wireless communication systems. Lab-on-a-chip devices incorporating microfluidics and nanomaterials perform multiple diagnostic functions including sample preparation, amplification, and detection within compact systems. Portable nano-diagnostic technologies reduce diagnostic time from several days to a few minutes, improving disease management decisions and reducing unnecessary pesticide applications. The growing availability of low-cost portable devices is increasing accessibility of precision disease diagnostics in commercial agriculture and resource-limited farming systems.	Comment by Author: Add references.
F. Applications of Artificial Intelligence and Internet of Things with Nano-Diagnostics
Artificial intelligence (AI) and Internet of Things (IoT) technologies are increasingly integrated with nano-diagnostic systems for advanced plant disease surveillance and precision agriculture (Hassan et.al., 2025). AI algorithms analyze large datasets generated by nanosensors, imaging systems, and environmental monitoring devices to identify disease patterns and predict outbreaks with high accuracy. Machine learning models process spectral, biochemical, and pathogen-specific signals collected through nano-enabled devices, improving disease classification and diagnostic reliability. IoT-based nano-sensing networks enable continuous real-time monitoring of crop health, environmental conditions, and pathogen presence across agricultural fields. Wireless nanosensor systems transmit disease-related information to cloud-based platforms for rapid analysis and decision-making. Studies demonstrated that AI-assisted nano-diagnostic systems achieve disease identification accuracies exceeding 90% under controlled conditions. Integration of AI, IoT, and nanotechnology supports precision farming practices by enabling early intervention, optimized pesticide application, and sustainable crop protection strategies. These emerging technologies are expected to play significant roles in future smart agricultural systems.	Comment by Author: Reference ?
V. Nanotechnology in Plant Disease Management
A. Nanopesticides and Nanoformulations
Nanopesticides and nanoformulations are emerging as advanced tools for efficient plant disease management because of their improved stability, targeted delivery, and enhanced antimicrobial activity (Singh et.al., 2024). Conventional pesticides often suffer from rapid degradation, poor solubility, and low utilization efficiency, resulting in environmental contamination and increased production costs. Nanoformulations improve pesticide performance by increasing surface area, adhesion, and controlled release behavior. Nanofungicides based on silver, copper oxide, zinc oxide, and chitosan nanoparticles exhibit strong inhibitory effects against fungal pathogens such as Fusarium oxysporum, Alternaria solani, and Botrytis cinerea. Silver nanoparticles disrupt fungal cell membranes and inhibit spore germination through oxidative stress generation. Nanobactericides are effective against plant pathogenic bacteria including Xanthomonas and Pseudomonas species due to their ability to penetrate bacterial biofilms and cellular structures. Nanoherbicides enhance weed management through controlled herbicide release and increased absorption by target weeds, reducing chemical losses and environmental toxicity. Nanoinsecticides utilize nanocarriers and encapsulated insecticidal compounds to improve pest control efficiency and reduce non-target effects. Studies indicate that nanoformulations can reduce pesticide application rates by nearly 30–50% while maintaining high disease control efficiency. These technologies are gaining attention as sustainable alternatives for modern crop protection systems.	Comment by Author: Add reference for each statement.
B. Mechanisms of Antimicrobial Action of Nanoparticles
Nanoparticles possess diverse antimicrobial mechanisms that enable effective suppression of plant pathogens at cellular and molecular levels. One major mechanism involves disruption of microbial cell membranes through direct interaction between nanoparticles and membrane lipids or proteins. Metallic nanoparticles such as silver and copper generate structural damage in fungal and bacterial cells, leading to leakage of intracellular contents and eventual cell death. Reactive oxygen species (ROS) generation is another important antimicrobial mechanism associated with nanoparticles. Excessive ROS production induces oxidative stress, protein denaturation, lipid peroxidation, and DNA damage in pathogenic microorganisms. Some nanoparticles release metal ions that interfere with enzyme activity, metabolic pathways, and nucleic acid synthesis. Zinc oxide nanoparticles exhibit photocatalytic activity under light exposure, enhancing antimicrobial performance through oxidative reactions. Nanoparticles also inhibit spore germination, biofilm formation, and pathogen colonization on plant surfaces. The small size and high surface reactivity of nanoparticles improve penetration into microbial cells, increasing antimicrobial efficiency against resistant pathogen strains. Multi-target antimicrobial activity reduces the possibility of resistance development compared with conventional pesticides and antibiotics.	Comment by Author: Add references.
C. Controlled and Targeted Delivery Systems
Controlled and targeted delivery systems based on nanotechnology provide efficient transport of agrochemicals to infected plant tissues while minimizing environmental losses (Malook et.al., 2026). Conventional pesticide application methods often result in uneven distribution, volatilization, leaching, and rapid degradation under environmental conditions. Nano-delivery systems improve retention time and facilitate gradual release of active compounds according to environmental triggers such as pH, moisture, temperature, and enzyme activity. Encapsulation of pesticides within nanocarriers protects active ingredients from photodegradation and chemical decomposition. Targeted delivery improves interaction between agrochemicals and pathogens, increasing treatment efficiency while reducing overall chemical usage. Mesoporous silica nanoparticles, polymeric nanocapsules, and lipid-based nanoparticles are widely utilized for controlled release applications in agriculture. Nano-delivery systems also reduce toxicity toward beneficial microorganisms and non-target organisms by limiting uncontrolled chemical dispersion. Smart delivery technologies integrated with biosensors and precision farming tools are contributing to more sustainable disease management practices and improved crop productivity.	Comment by Author: Provide reference.
D. Nanocarriers for Agrochemicals
Nanocarriers are nanoscale materials designed to transport pesticides, fertilizers, growth regulators, and bioactive compounds with improved stability and bioavailability (Yadav et.al., 2023). Common nanocarriers include liposomes, dendrimers, polymeric nanoparticles, nanoemulsions, and mesoporous silica nanoparticles. These systems enhance agrochemical solubility and facilitate efficient penetration through plant cuticles and cellular barriers. Polymeric nanocarriers provide sustained release of active ingredients over extended periods, reducing the frequency of pesticide applications. Lipid-based nanocarriers improve compatibility of hydrophobic agrochemicals and increase absorption efficiency in plant tissues. Mesoporous silica nanoparticles possess large pore volume and high loading capacity, making them suitable for encapsulating fungicides and antimicrobial compounds. Studies demonstrated that nanoparticle-mediated delivery increases fungicide efficacy against plant pathogens while reducing environmental contamination by nearly 40%. Nanocarriers also support delivery of RNA molecules and biological agents for gene silencing and pathogen resistance applications. The development of biodegradable and eco-friendly nanocarriers is becoming a major research focus in sustainable agriculture.	Comment by Author: Add references.
E. Nanotechnology for Induced Plant Resistance
Nanotechnology plays an important role in enhancing plant defense mechanisms and inducing resistance against pathogens. Certain nanoparticles stimulate production of phytohormones, defense enzymes, phenolic compounds, and antioxidant systems involved in plant immunity. Silicon nanoparticles strengthen plant cell walls and improve resistance against fungal penetration and abiotic stress conditions. Chitosan nanoparticles activate defense-related genes and trigger systemic acquired resistance pathways in crops. Zinc oxide and titanium dioxide nanoparticles improve antioxidant enzyme activity and reduce oxidative damage caused by pathogen infection. Nanoparticles can also function as elicitors that stimulate production of pathogenesis-related proteins and secondary metabolites involved in disease resistance. Nano-enabled delivery of double-stranded RNA molecules supports RNA interference strategies for silencing pathogen genes responsible for virulence and infection. Enhancement of natural plant immunity through nanotechnology reduces dependence on excessive pesticide application and supports environmentally sustainable disease management systems.	Comment by Author: Justify the statements with proper references.
F. Nanomaterials in Seed Treatment and Plant Protection
Nanomaterials are increasingly utilized in seed treatment technologies for improving seed health, germination, and protection against seedborne pathogens (Wu et.al., 2026). Nano-coating of seeds with antimicrobial nanoparticles provides protective barriers against fungal and bacterial infections during germination and early plant growth stages. Silver nanoparticles and chitosan-based nanocomposites exhibit strong inhibitory effects against seedborne pathogens including Rhizoctonia solani and Fusarium species. Nano-priming techniques improve water uptake, enzyme activation, and stress tolerance in seeds, leading to enhanced seedling vigor and crop establishment. Zinc oxide nanoparticles have been reported to increase germination rates and promote plant growth through improved nutrient availability. Nanomaterials also protect crops from environmental stress factors by enhancing physiological and biochemical defense responses. Controlled release of nutrients and protective compounds from nano-coatings supports long-term plant protection and improved agricultural productivity. These applications highlight the potential of nanotechnology for integrated disease management and sustainable crop production systems.	Comment by Author: Add references for these statements.
VI. Types of Nanomaterials Used in Plant Disease Management
A. Metal Nanoparticles
Metal nanoparticles are among the most extensively studied nanomaterials for plant disease management because of their strong antimicrobial properties, high surface reactivity, and broad-spectrum activity against pathogens (Nisar et.al., 2019). Silver nanoparticles exhibit potent antifungal and antibacterial effects through membrane disruption, reactive oxygen species generation, and interference with microbial DNA replication. Studies demonstrated that silver nanoparticles effectively suppress pathogens such as Fusarium oxysporum, Alternaria alternata, and Xanthomonas species at very low concentrations. Copper nanoparticles are widely utilized due to their lower cost and strong antimicrobial efficiency against fungal and bacterial diseases. Copper oxide nanoparticles inhibit spore germination and reduce bacterial biofilm formation, making them valuable alternatives to conventional copper fungicides. Zinc oxide nanoparticles possess photocatalytic and antimicrobial properties that enhance disease control while improving plant growth and nutrient utilization. These nanoparticles are effective against pathogens including Botrytis cinerea and Pseudomonas syringae. Titanium dioxide nanoparticles are known for their photocatalytic activity under ultraviolet light exposure, producing reactive oxygen species that damage pathogenic cells. Titanium dioxide nanoparticles also improve photosynthetic efficiency and stress tolerance in plants. The small particle size and large surface area of metal nanoparticles increase interaction with microbial pathogens, leading to enhanced disease suppression and reduced pesticide requirements.	Comment by Author: Justify each statement with reference.
B. Carbon Nanomaterials
Carbon-based nanomaterials possess exceptional mechanical strength, electrical conductivity, and adsorption properties, making them highly suitable for agricultural and plant protection applications (Patel et.al., 2020). Carbon nanotubes are cylindrical nanostructures composed of graphene sheets arranged in single-walled or multi-walled forms. These nanomaterials improve delivery of pesticides, nucleic acids, and biomolecules into plant tissues because of their high penetration capacity and structural stability. Carbon nanotubes also exhibit antimicrobial activity against fungal and bacterial pathogens through physical membrane damage and oxidative stress induction. Graphene and graphene oxide are two-dimensional carbon nanomaterials with remarkable thermal, electrical, and chemical properties. Graphene oxide possesses oxygen-containing functional groups that improve dispersibility and interaction with biological systems. Research findings revealed that graphene oxide inhibits growth of pathogens such as Xanthomonas oryzae and Fusarium graminearum by disrupting membrane integrity and nutrient transport systems. Carbon nanomaterials are also widely used in nanosensors and biosensing devices for rapid pathogen detection because of their excellent conductivity and signal amplification properties. Their multifunctional nature supports applications in disease diagnosis, agrochemical delivery, and crop protection technologies.	Comment by Author: As it is a review article, all the statements made in the manuscript should be justified through proper references. 
C. Polymeric Nanoparticles
Polymeric nanoparticles are nanoscale carriers synthesized from natural or synthetic polymers and are extensively utilized for controlled release of agrochemicals and biological agents (Shakiba et.al., 2020). Biodegradable polymers such as chitosan, polylactic acid, polycaprolactone, and polyethylene glycol are commonly employed for agricultural applications because of their low toxicity and environmental compatibility. Chitosan nanoparticles possess intrinsic antimicrobial activity and stimulate plant defense mechanisms against fungal and bacterial pathogens. These nanoparticles form protective films on plant surfaces, reducing pathogen invasion and improving crop resistance. Polymeric nanoparticles enable slow and sustained release of fungicides, bactericides, and nutrients, increasing treatment efficiency while minimizing chemical losses through leaching and volatilization. Nanoencapsulation also protects active compounds from environmental degradation and improves solubility of poorly water-soluble pesticides. Studies indicated that polymeric nanoformulations reduce pesticide application frequency and enhance disease control performance under field conditions. Their biocompatibility and versatility make polymeric nanoparticles promising tools for sustainable disease management systems.
D. Lipid-Based Nanomaterials
Lipid-based nanomaterials are emerging as efficient delivery systems for agrochemicals, antimicrobial compounds, and genetic materials in plant disease management. These nanomaterials include liposomes, solid lipid nanoparticles, and nanoemulsions composed of biodegradable lipids and surfactants. Liposomes are vesicular structures capable of encapsulating both hydrophilic and hydrophobic compounds, improving stability and controlled release characteristics. Solid lipid nanoparticles provide protection against oxidation, photodegradation, and rapid chemical decomposition of active ingredients. Nanoemulsions improve dispersion and absorption of pesticides on plant surfaces because of their small droplet size and high surface area. Lipid-based systems increase bioavailability of agrochemicals and facilitate efficient penetration through plant cuticles and microbial membranes. Their biodegradable nature reduces environmental accumulation and toxicity concerns associated with synthetic pesticides. Research on lipid-based nanoformulations demonstrated improved antifungal activity and enhanced plant protection efficiency against several crop pathogens. These materials are gaining scientific interest as environmentally safer alternatives for precision agriculture and sustainable crop management.
E. Silica-Based Nanomaterials
Silica-based nanomaterials are widely utilized in agriculture because of their high stability, porous structure, large surface area, and biocompatibility (Prabha et.al., 2021). Mesoporous silica nanoparticles possess tunable pore sizes that enable efficient loading and controlled release of pesticides, fungicides, and fertilizers. These nanoparticles protect active compounds from premature degradation and improve targeted delivery to infected plant tissues. Silica nanoparticles also enhance plant resistance against pathogens by strengthening cell walls and improving stress tolerance mechanisms. Studies reported that silica nanoparticles reduce severity of powdery mildew and root rot diseases through activation of plant defense responses and physical barrier formation. Surface modification of silica nanoparticles improves compatibility with biomolecules and agrochemicals, increasing delivery efficiency and stability. Silica-based nanocarriers are considered relatively safe because of their low toxicity and biodegradability under environmental conditions. Their multifunctional properties support applications in pathogen detection, nutrient delivery, and integrated disease management systems.
F. Biogenic and Green Synthesized Nanoparticles
Biogenic and green synthesized nanoparticles are produced using plant extracts, microorganisms, algae, and natural biomolecules as reducing and stabilizing agents (Mughal et.al., 2021). Green synthesis approaches have gained major attention because they avoid hazardous chemicals and reduce environmental toxicity associated with conventional synthesis methods. Plant metabolites including flavonoids, terpenoids, phenolics, and alkaloids facilitate nanoparticle formation and stabilization through natural biochemical reactions. Green synthesized silver and zinc oxide nanoparticles demonstrated strong antifungal and antibacterial activities against major plant pathogens while exhibiting lower toxicity toward beneficial organisms. Microbial synthesis using bacteria and fungi enables production of nanoparticles with controlled size and shape under mild conditions. Biogenic nanoparticles often possess enhanced biocompatibility and improved interaction with plant systems because of natural surface coatings derived from biological molecules. Eco-friendly synthesis methods reduce production costs and support sustainable agricultural applications. Increasing research interest in green nanotechnology reflects the growing demand for environmentally safe disease management strategies capable of minimizing chemical pollution and ecological risks.
VII. Mechanisms of Interaction Between Nanoparticles and Plant Pathogens
A. Cellular and Molecular Interactions
Nanoparticles interact with plant pathogens through complex cellular and molecular mechanisms that determine their antimicrobial efficiency and biological behaviour (Nisar et.al., 2019). The extremely small size and large surface-area-to-volume ratio of nanoparticles allow close contact with microbial cells, enhancing penetration and reactivity. Metallic nanoparticles such as silver, copper, and zinc oxide bind to microbial cell walls and membrane proteins through electrostatic interactions, leading to structural instability and metabolic disturbances. Nanoparticles can enter fungal hyphae and bacterial cells through pores and membrane channels, interfering with intracellular processes such as enzyme activity, ATP synthesis, and nutrient transport. Studies revealed that silver nanoparticles interact with sulfur-containing proteins and phosphorus-containing DNA molecules, disrupting replication and cellular metabolism in phytopathogens. Carbon-based nanomaterials including graphene oxide and carbon nanotubes physically interact with microbial surfaces, causing mechanical stress and inhibition of cellular functions. Nanoparticles also influence quorum sensing pathways and biofilm formation, reducing pathogen colonization and virulence. These cellular and molecular interactions contribute to broad-spectrum antimicrobial activity against fungal, bacterial, and viral plant pathogens.
B. Reactive Oxygen Species Generation
Generation of reactive oxygen species (ROS) is one of the most important antimicrobial mechanisms associated with nanoparticles in plant disease management. Nanoparticles stimulate formation of highly reactive molecules including superoxide radicals, hydroxyl radicals, hydrogen peroxide, and singlet oxygen, which induce oxidative stress within microbial cells. Excessive ROS accumulation damages proteins, lipids, carbohydrates, and nucleic acids, ultimately leading to cell death. Metal oxide nanoparticles such as titanium dioxide and zinc oxide exhibit strong photocatalytic activity under light exposure, significantly enhancing ROS production and antimicrobial effectiveness. Silver nanoparticles also induce oxidative stress by disrupting electron transport chains and mitochondrial functions in pathogens. Research findings demonstrated that ROS-mediated toxicity effectively inhibits spore germination, mycelial growth, and bacterial proliferation in several phytopathogens including Fusarium oxysporum and Xanthomonas species. Oxidative damage alters membrane permeability and interferes with essential metabolic pathways, reducing pathogen survival and infectivity. Controlled ROS generation by nanoparticles supports efficient disease suppression while minimizing excessive chemical pesticide dependence in agricultural systems.
C. Membrane Damage and Cellular Disruption
Membrane damage and cellular disruption represent major mechanisms by which nanoparticles inhibit growth and survival of plant pathogens (Li et.al., 2023). Nanoparticles attach to microbial membranes through electrostatic attraction and hydrophobic interactions, causing physical deformation and destabilization of membrane structures. Metallic nanoparticles penetrate cell envelopes and create pores that increase membrane permeability, resulting in leakage of intracellular components such as proteins, ions, and nucleic acids. Silver nanoparticles are particularly effective in disrupting phospholipid bilayers and inhibiting membrane-associated enzymes required for cellular respiration and transport functions. Graphene oxide nanosheets exhibit sharp edge structures capable of mechanically piercing microbial membranes and inducing cellular rupture. Loss of membrane integrity affects osmoregulation, energy production, and nutrient uptake, leading to rapid microbial inactivation. Electron microscopy studies confirmed severe structural damage and cytoplasmic shrinkage in fungal spores and bacterial cells exposed to nanoparticles. The ability of nanoparticles to cause irreversible cellular disruption contributes to their effectiveness against resistant pathogen strains and biofilm-associated infections.
D. Gene Expression Modulation
Nanoparticles influence pathogen and plant cellular functions through modulation of gene expression and molecular signaling pathways (Pal et.al., 2025). Exposure to nanoparticles alters transcription of genes involved in stress response, virulence, metabolism, and antioxidant defense systems in microbial pathogens. Silver and zinc oxide nanoparticles downregulate genes associated with biofilm formation, toxin production, and cellular respiration, reducing pathogen pathogenicity and survival. Nanoparticles also interfere with DNA replication and RNA synthesis through direct interaction with nucleic acids and transcriptional proteins. In plants, certain nanoparticles stimulate expression of defense-related genes responsible for systemic acquired resistance and pathogen defense responses. Chitosan nanoparticles activate genes associated with pathogenesis-related proteins, phenylpropanoid pathways, and antioxidant enzymes, improving plant resistance against fungal and bacterial infections. Nanoparticle-mediated delivery of RNA molecules and CRISPR-associated systems enables targeted silencing of pathogen virulence genes through RNA interference mechanisms. Gene expression modulation by nanomaterials is becoming an important strategy for developing advanced disease management technologies and enhancing crop immunity.
E. Nanoparticle Uptake and Translocation in Plants
Nanoparticle uptake and translocation within plants play critical roles in determining their effectiveness for disease management and crop protection. Nanoparticles enter plant systems through roots, stomata, cuticular openings, and wounds depending on particle size, charge, composition, and environmental conditions. Root uptake occurs through apoplastic and symplastic pathways, allowing nanoparticles to move into vascular tissues and distribute throughout the plant. Smaller nanoparticles generally exhibit greater mobility and penetration efficiency than larger particles. Xylem and phloem tissues facilitate long-distance transport of nanoparticles to leaves, stems, fruits, and reproductive organs. Surface functionalization and coating materials strongly influence nanoparticle stability and transport behavior within plant tissues. Studies reported that silica and polymer-coated nanoparticles improve translocation efficiency and reduce aggregation in vascular systems. Nanoparticles accumulated in infected tissues provide localized antimicrobial activity and controlled release of active compounds. Understanding nanoparticle transport mechanisms is essential for optimizing disease control efficiency, minimizing phytotoxicity, and ensuring safe agricultural applications of nanotechnology.
VIII. Environmental and Toxicological Considerations
A. Nanotoxicity in Plants
Nanotoxicity in plants has become an important research concern because extensive application of engineered nanomaterials may influence plant physiology, growth, and cellular metabolism (Dev et.al., 2018). The toxicity of nanoparticles depends on their size, concentration, surface charge, chemical composition, and exposure duration. Excessive accumulation of nanoparticles in plant tissues can induce oxidative stress, chlorophyll degradation, membrane damage, and inhibition of photosynthesis. Metal nanoparticles such as silver, copper oxide, and zinc oxide generate reactive oxygen species that disrupt cellular homeostasis and damage proteins, lipids, and nucleic acids. Studies reported that high concentrations of silver nanoparticles reduced root elongation and biomass production in wheat and rice seedlings due to interference with nutrient uptake and water transport. Nanoparticles may also alter enzyme activity and hormonal signaling pathways associated with plant development and stress responses. Some nanoparticles exhibit phytotoxicity by accumulating within chloroplasts and mitochondria, affecting energy metabolism and cellular respiration. Controlled application rates and proper nanoparticle design are essential for minimizing phytotoxic effects while maintaining agricultural benefits.
B. Effects on Soil Microorganisms and Beneficial Biota
Nanomaterials released into agricultural ecosystems can influence soil microbial communities and beneficial organisms involved in nutrient cycling, organic matter decomposition, and plant growth promotion (Mishra et.al., 2009). Soil microorganisms such as nitrogen-fixing bacteria, mycorrhizal fungi, and phosphate-solubilizing microbes are highly sensitive to nanoparticle exposure. Silver and copper nanoparticles possess broad-spectrum antimicrobial activity that may unintentionally suppress beneficial microbial populations and alter soil ecological balance. Research findings demonstrated that prolonged exposure to metal nanoparticles reduced microbial biomass and enzyme activity in agricultural soils. Changes in microbial diversity affect nutrient availability, soil fertility, and plant health. Earthworms, pollinators, aquatic organisms, and beneficial insects may also experience toxic effects through direct exposure or trophic transfer of nanoparticles. Bioaccumulation of nanoparticles in lower trophic organisms can influence food web dynamics and ecosystem stability. Biodegradable and green synthesized nanoparticles are increasingly promoted because of their lower ecological toxicity and improved environmental compatibility. Understanding interactions between nanomaterials and beneficial biota is essential for developing sustainable agricultural nanotechnologies.
C. Bioaccumulation and Food Safety Concerns
Bioaccumulation of nanoparticles in edible plant tissues raises important food safety and public health concerns (Rico et.al., 2011). Nanoparticles absorbed through roots or foliar surfaces can translocate into stems, leaves, fruits, and seeds through vascular transport systems. Persistent accumulation of metallic nanoparticles in crops may lead to human and animal exposure through food consumption. Studies detected silver, zinc oxide, and titanium dioxide nanoparticles in edible tissues of vegetables and cereals following agricultural application. Chronic exposure to certain nanoparticles may cause cytotoxicity, oxidative stress, inflammatory responses, and organ damage in living organisms. Nanoparticle residues in food products also raise concerns regarding long-term impacts on gut microbiota and metabolic health. Regulatory agencies have emphasized the need for standardized methods to evaluate nanoparticle accumulation, migration, and toxicity within food chains. Surface modification and controlled-release nanoformulations can reduce excessive accumulation and improve environmental safety. Comprehensive toxicological investigations are necessary for establishing safe exposure limits and ensuring consumer protection in nano-enabled agricultural systems.
D. Environmental Fate and Persistence of Nanomaterials
The environmental fate and persistence of nanomaterials depend on their physicochemical properties and interactions with soil, water, air, and biological systems. Nanoparticles released into agricultural environments undergo processes such as aggregation, dissolution, sedimentation, transformation, and adsorption onto soil particles. Environmental factors including pH, temperature, organic matter content, and ionic strength strongly influence nanoparticle mobility and stability. Metallic nanoparticles may transform into ionic forms or react with organic compounds, altering their toxicity and bioavailability. Some nanoparticles persist in soil and aquatic environments for extended periods, increasing the possibility of long-term ecological exposure. Research indicated that accumulation of engineered nanoparticles in agricultural soils may affect nutrient cycling and groundwater quality. Airborne nanoparticles generated during spraying operations may disperse over large distances and affect non-target ecosystems. Biodegradable nanomaterials exhibit lower environmental persistence and reduced ecological risks compared with non-degradable metallic nanoparticles. Understanding environmental transport and transformation pathways is critical for predicting ecological impacts and designing safer nanotechnology applications.
E. Risk Assessment and Biosafety Evaluation
Risk assessment and biosafety evaluation are essential components for safe implementation of nanotechnology in agriculture and plant disease management (Kumari et.al., 2023). Traditional toxicological assessment methods are often inadequate for evaluating nanomaterials because nanoparticles possess unique properties that differ significantly from bulk materials. Comprehensive risk assessment requires evaluation of nanoparticle toxicity, exposure pathways, environmental persistence, bioaccumulation potential, and effects on non-target organisms. International organizations including the Food and Agriculture Organization and Organisation for Economic Co-operation and Development have emphasized the need for standardized protocols for nanoparticle characterization and safety testing. Biosafety evaluation involves laboratory, greenhouse, and field studies to determine safe concentration ranges and ecological compatibility. Risk management strategies focus on controlled application methods, development of biodegradable nanomaterials, and reduction of environmental release during agricultural use. Life cycle assessment approaches are increasingly utilized to evaluate environmental impacts associated with nanoparticle production, application, and disposal. Effective regulatory frameworks and scientific monitoring systems are necessary for balancing agricultural benefits of nanotechnology with environmental and human safety considerations.
Conclusion
Nanotechnology has emerged as an advanced and efficient approach for improving plant disease diagnosis and management in modern agriculture. Nano-enabled tools such as nanosensors, nano-biosensors, nanopesticides, and controlled delivery systems provide rapid pathogen detection, enhanced antimicrobial activity, and reduced dependence on conventional agrochemicals. Metal nanoparticles, carbon-based nanomaterials, polymeric nanoparticles, and silica-based nanocarriers have demonstrated significant potential for suppressing fungal, bacterial, and viral pathogens through multiple mechanisms including reactive oxygen species generation, membrane disruption, and modulation of pathogen metabolism. Nanotechnology also supports precision agriculture through integration with artificial intelligence and smart monitoring systems. Despite these advantages, concerns related to nanotoxicity, environmental persistence, bioaccumulation, and ecological safety require comprehensive risk assessment and regulatory evaluation. Future research should focus on eco-friendly nanoparticle synthesis, long-term biosafety studies, and large-scale field applications to ensure sustainable and safe agricultural development.
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