Nanobiotechnology Applications in Enhancing Crop Disease Resistance and Postharvest Quality: A Review

Abstract:

Nanobiotechnology is an interdisciplinary field that combinesirg nanotechnology and
biotechnology, and showsing great potential in agriculture. Nanomaterials such askike
nanoparticles, nanoemulsions, and nanocomposites can improve plant disease resistance and
postharvest quality owingéue to their unique preperties-at-the-nanoscale properties. Nanoparticles
of metals, such as-Hke silver, copper, and zinc, exhibit antimicrobial effects against various plant
pathogens. Nanoemulsions and nanoencapsulation enable the controlled release of pesticides and
agrochemicals, thereby reducing their environmental impact. Nanosensors allow for early
detection of plant stress and diseases. Nanocoatings on fruits and seeds minimize postharvest
losses. However, research on plant and environmental nanotoxicitiesy is limited. This review
summarizes the current research on nanobiotechnology applications in crop protection and quality,
and discussestng benefits, challenges, and future prospects. Nanobiotechnology has the potential
to revolutionize agriculture through eco-friendly and sustainable approaches to improve global
food security.
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Introduction

Nanobiotechnology is an emerging interdisciplinary field that-combininges the principles
of nanotechnology and biotechnology. It involves the application of nanostructures, nanodevices,
and nanomaterials to solve problems in life sciences, including agriculture and food production
[1]. Nanotechnology deals with materials and structures at the nanoscale, typically ranging from 1
nm to 100 nmpanemeters. OnAt this scale, materials exhibit unique physical, chemical, and
biological properties that differ from their bulk counterparts [2]. These nanoscale properties have
opened up-new avenues for developing innovative solutions to various challenges in agriculture,
such as crop protection, nutrient management, and postharvest quality enhancement.

Agriculture faces numerous challenges,—including increasing food demand, limited
resources, environmental degradation, and climate change [3]. Crop diseases cause significant
yield losses worldwide, thereby threatening global food security. Conventional methods of disease
control rely heavily+eky on chemical pesticides, which have adverse effects on human health and
the environment [4]. Moreover, postharvest losses due to spoilage and deterioration of agricultural
produce further-exacerbate thise problem. Therefore, there is an urgent need for sustainable and
eco-friendly approaches to enhance crop disease resistance and improve the postharvest quality.

Nanobiotechnology offers promising solutions forte addressing these challenges.
Nanomaterials, such as nanoparticles, nanoemulsions, and nanocomposites, have been explored
for their-potential applications in agriculture [5]. These nanomaterials possess unique properties
such as a high surface--area--to--volume ratio, enhanced reactivity, and targeted delivery, making
them suitable for various agricultural applications [6]. Nanoparticles suchef-metals astike silver,
copper, and zinc have shown antimicrobial effects against a wide range of plant pathogens [7].
Nanoemulsions and nanoencapsulation techniques enable the controlled release of pesticides and
agrochemicals, thereby minimizing their environmental impact [8]. Nanosensors allow early
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detection of plant stress and diseases_and; facilitateing timely interventions [9]. Furthermore,
nanocoatings on fruits and seeds have shown potential forin reducing postharvest losses and
extending shelf life [10].

Despite the promising applications of nanobiotechnology in agriculture, there are concerns
regarding the potential risks and unintended consequences of the use ofusirg nanomaterials. The
toxicity of nanomaterials to plants, beneficial microorganisms, and the environment is not fully
understood [11]. There are knowledge gaps regardingis the fate, transport, and accumulation of
nanomaterials in the-agroecosystems [12]. Therefore, a comprehensive understanding of the
benefits and risks associated with nanobiotechnology applications in agriculture is crucial for their
responsible and sustainable utilization.

Table 1: Efficacy of silver nanoparticles against plant pathogens

Plant Disease Pathogen AgNP Concentration | Efficacy

Rice Blast Magnaporthe oryzae | 50 ppm 85% disease reduction

Wheat | Leaf Rust Puccinia triticina 100 ppm 75% disease reduction

Tomato | Early Blight Alternaria solani 150 ppm 90% disease reduction

Citrus | Canker Xanthomonas citri 200 ppm 80% disease reduction

Rice Bacterial Leaf Blight | Xanthomonas 100 ppm 70% disease reduction
oryzae

This review aims to provide an overview of the current state of research on
nanobiotechnology applications forin enhancing crop disease resistance and postharvest quality.
wil-diseuss-Tthe potential benefits, challenges, and future prospects of using nanomaterials in
agriculture will be discussed. Thise review will-also highlights the need for further research to
address the knowledge gaps and ensure the safe and effective implementation of
nanobiotechnology in agricultural practices.

2. Nanomaterials for Crop Disease Management
2.1 Metal Nanoparticles

2.1.1 Silver Nanoparticles: Silver nanoparticles (AgNPs) have gained significant attention owing
tofer their antimicrobial properties against a wide range of plant pathogens. AgNPs interact with
the cell membranes of microorganisms, disrupting their integrity, and leading to cell death [13].
Several studies have demonstrated the efficacy of AgNPs against fungal diseases such as rice blast,
wheat leaf rust, and tomato early blight [14-16]. AgNPs have also shown potential in controlling
bacterial diseases, such as—tke citrus canker and bacterial leaf blight inef rice [17,18]. The
application of AgNPs can reduce the use of chemical fungicides and; minimizeing their
environmental impacts.

2.1.2 Copper Nanoparticles: Copper nanoparticles (CuNPs) have alse-shown promising results
in the controlting of plant diseases. CUNPs exhibit antimicrobial activity by generating reactive



oxygen species and disrupting cellular processes in pathogens [19]. Studies have reported the
effectiveness of CuNPs against fungal diseases, such as—tike Fusarium wilt of tomato and
anthracnose of chili pepper [20,21]. CuNPs have also been explored for their antibacterial
properties against Xanthomonas campestris in cabbage and Pseudomonas syringae in beans
[22,23]. However, the phytotoxicity of CuNPs at higher concentrations needs to be considered
whenwhie developing application strategies.

2.1.3 Zinc Oxide Nanoparticles: Zinc oxide nanoparticles (ZnONPs) possess antimicrobial
properties and have been investigated for their potential in crop disease management. ZnO_NPs
can disrupt the cell membrane of pathogens and induce oxidative stress, leading to cell death [24].
The efficacy of ZnONPs has been demonstrated against powdery mildew inef cucumber and
downy mildew inef grapes [25,26]. ZnONPs have also shown antifungal activity against Botrytis
cinerea, a major postharvest pathogen inef fruits and vegetables [27]. The application of ZnO NPs
can provide a sustainable alternative to chemical fungicides foria managing crop diseases.

2.2 Nanoemulsions and Nanoencapsulation

2.2.1 Nanoemulsions: Nanoemulsions are thermodynamically stable dispersions of two
immiscible liquids with droplet sizes ranging from 20 to 200 nm [28]. They have been explored
for the-controlled release and targeted delivery of pesticides and agrochemicals. Nanoemulsions
enhance the solubility, stability, and bioavailability of the active ingredients, thereby reducing their
environmental impact [29]. Studies have reported the effectiveness of nanoemulsions containing
essential oils such astike neem and eucalyptus against fungal diseases such as rice blast and wheat
leaf rust [30,31]. Nanoemulsions can also be used as carriers for biopesticides to; improveing their
efficacy and stability [32].

2.2.2 Nanoencapsulation: Nanoencapsulation involves the entrapment of active ingredients
within nanocarriers, such as polymeric nanoparticles, liposomes, and cyclodextrins [33].
Nanoencapsulation protects the-active ingredients from degradation, enhances their stability, and
enables controlled release [34]. Nanoencapsulated pesticides have shown improved efficacy
against various crop diseases compared withte conventional formulations. For example,
nanoencapsulated azadirachtin exhibited higher antifungal activity against Aspergillus niger
thaneempared-te free azadirachtin [35]. Nanoencapsulation of essential oils, such as-ke cinnamon
and thyme, has also demonstrated enhanced antimicrobial properties against plant pathogens [36].

3. Nanotechnology for Postharvest Quality Enhancement

3.1 Nanocoatings: Nanocoatings are thin layers of nanomaterials applied to the surface of fruits,
vegetables, and other agricultural productse to extend their shelf life and maintain their quality
[37]. These coatings act as barriers against moisture loss, gas exchange, and microbial growth,
thereby reducing postharvest losses [38]. Nanocoatings based on chitosan, a natural biopolymer,
have shown promising results in preserving the quality of various fruits, such as-ke strawberries,
grapes, and apples [39-41]. Chitosan nanocoatings exhibit antimicrobial properties and can delay
ripening and senescence processes-in fruits [42].

Figure 1: Schematic representation of nanocoating on fruits
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3.2 Nanosensors: Nanosensors are miniaturized devices that can detect and quantify various
parameters related to fruit quality; such as ripeness, freshness, and spoilage [43]. These sensors
utilize nanomaterials, such as-tike carbon nanotubes, graphene, and metal oxides to enhance their
sensitivity and selectivity [44]. Nanosensors can be integrated into packaging materials or attached
directly to the fruit surface to monitor quality attributes in real-time [45]. For example, a
colorimetric nanosensor based on gold nanoparticles washas-been developed to detect ethylene, a
ripening hormone, in climacteric fruits [46]. Nanosensors can provide valuable information for
optimizing storage conditions and predicting the shelf life of agricultural productse.

3.3 Nanomaterial-Based Packaging: Nanomaterial-based packaging incorporates nanoparticles
or nanofibers into traditional packaging materials to impart enhanced properties, such as
antimicrobial activity, gas barrier, and mechanical strength [47]. These nanocomposites can be
designed to release antimicrobial agents in a controlled manner, preventing microbial growth, and
extending the shelf life of packaged products [48]. Nanocomposites based on clay, silica, and metal
oxide nanoparticles have shown promising results in improving the barrier properties and
mechanical strength of packaging films [49-51]. Nanomaterial-based packaging can
reducecentribute-to-reducing food waste and ensureing food safety throughout the supply chain.

Challenges and Future Prospects: Despite the promising applications of nanobiotechnology in
enhancing crop disease resistance and postharvest quality, several challenges need to be addressed
for their widespread adoption. One of the major concerns is the potential toxicity of nanomaterials
to plants, beneficial microorganisms, and the environment [52]. The fate and behavior of
nanomaterials in the-agroecosystems, including their uptake, translocation, and accumulation in
plants, require further investigation [53]. Long-term studies are needed to assess the ecological
impact of nanomaterials and their potential entry into the food chain [54].

Table 2: Applications of nanomaterials in postharvest quality enhancement

Nanomaterial Application Effect




Chitosan nanocoating Fruit preservation Antimicrobial activity, delayed
ripening

Carbon nanotube sensor Ethylene detection Real-time monitoring of fruit ripeness
Silver nanoparticle | Antimicrobial packaging Controlled release of antimicrobial
packaging agents

Clay nanocomposite Gas barrier packaging Reduced oxygen permeability

Silica nanocomposite Mechanical strength | Improved  tensile  strength  and

enhancement durability

Another challenge is the scalability and cost-effectiveness of nanobiotechnology
appheations-in agriculture. The synthesis of nanomaterials often involves complex and expensive
processes, which may limit their large-scale production and application [55]. Therefore, research
efforts should focus on developing cost-effective and environmentally friendly methods for
nanomaterial synthesis, such as green synthesis using plant extracts [56].

Table 3: Common nanoparticles used for crop disease management

Nanoparticle | Composition | Size Range (nm) | Target Pathogens
Silver Ag 10-100 Bacteria, Fungi
Copper Cu 20-200 Fungi, Viruses
Chitosan Polysaccharide | 50-500 Bacteria, Fungi
ZnO Zinc Oxide 10-100 Fungi

Regulatory aspects and safety assessments are crucial tofer the respensible-deployment of
nanobiotechnology in agriculture. Standardized protocols and guidelines for the
evaluatingevaluation ef-nanomaterial safety and efficacy mustreed—to be established [57].
Collaborative efforts among researchers, industry, and regulatory bodies are essential to address
the-knowledge gaps and ensure the safe and sustainable use of nanomaterials in agricultural
practices.

Future research should also explore the synergistic effects of nanomaterials with other
sustainable approaches; such as biopesticides, plant growth-promoting rhizobacteria, and
integrated pest management [58]. The combination of nanobiotechnology with these-eco-friendly
strategies can provide a comprehensive and sustainable solution for crop protection and quality
enhancement.

Table 4: Comparison of nanoemulsions and conventional emulsions

Property Nanoemulsion | Conventional Emulsion




Droplet size 20-200 nm >500 nm
Stability High Low to moderate
Bioavailability | Enhanced Limited
Penetration Deep Superficial

Moreover, the development of smart and responsive nanomaterials that can adapt to
environmental conditions and deliver targeted functions holds great promise for the future of
nanobiotechnology in agriculture [59]. For example, stimuli-responsive nanocarriers that release

active ingredients in response to specific triggers

such as-tike pH, temperature, or light, can enable

precision agriculture and reduce the environmental footprint [60].

Table 5: Nanocarrier systems for bioactive compound delivery

Nanocarrier | Composition | Size Range (nm) | Encapsulation Efficiency (%)
Liposomes Phospholipids | 50-200 60-95
PLGA NPs PLGA polymer | 100-500 50-90
Chitosan NPs | Chitosan 50-300 70-95

Nanomaterials for Crop Disease Resistance

Nanomaterials possesshave unique physicochemical properties that can be exploited for
crop disease management. The high surface-to-volume ratio and reactivity of nanomaterials
enables them to interact with pathogens and host plants at the molecular level. Various types of
nanomaterials, including metallic—ranoparticles, carbon-based—nanematerials, and polymeric
nanoparticles, have been investigated for their antimicrobial activity against plant pathogens.

Metallic Nanoparticles

Metallic nanoparticles; such as silver, copper, and zinc oxide nanoparticles; have
demonstrated strong antimicrobial properties against a wide range of plant pathogens, including
bacteria, fungi, and viruses. The mechanisms of action involve the disruption of pathogen cell
membranes, interference with metabolic processes, and generation of reactive oxygen species. For
example, silver nanoparticles have been shown to effectively control bacterial leaf blight in rice,
and fungal diseases in tomato and cucumber. Copper nanoparticles have-exhibited antifungal
activity against Fusarium wilt in tomatoes and powdery mildew in wheat.

Carbon-Based Nanomaterials

Carbon-based nanomaterials; such as carbon nanotubes and graphene oxide; have also
shown potential for crop disease management. These nanomaterials can interact with pathogenic
cells and disrupt thet—cellular processes. Carbon nanotubes have been reported to inhibit the



growth of fungal pathogens, such as-tike Fusarium oxysporum and Botrytis cinerea. Graphene
oxide has demonstrated antibacterial activity against Xanthomonas oryzae pv. oryzae, which is the
causative agent of bacterial leaf blight in rice.

Table 6: Examples of nanosensors for crop disease detection

Nanosensor Detection Mechanism | Target Pathogen/Biomarker | Sensitivity
Gold NPs Colorimetric Fungi (Botrytis cinerea) 1073 CFU/mL
Carbon nanotubes | Electrochemical Bacteria (Xanthomonas spp.) 1072 CFU/mL
Quantum dots Fluorescence Virus (Cucumber mosaic virus) | 10 pg/mL

Polymeric Nanoparticles

Polymeric nanoparticles, including chitosan and poly(lactic-co-glycolic acid) (PLGA)
naneparticles, have been explored as delivery vehicles for antimicrobial agents and plant defense
elicitors. These nanoparticles can encapsulate and protect the-active ingredients from degradation,
allowing controlled release and targeted delivery to the-infection sites. Chitosan nanoparticles
loaded with copper ions have-showedr enhanced antifungal activity against Fusarium solani in
potatoes. PLGA nanoparticles encapsulating salicylic acid, a plant defense hormone, have been
demonstrated to induce systemic resistance against bacterial leaf spots in tomatoes.

Table 7: Nanomaterials for postharvest quality preservation

Nanomaterial Function Application Method | Target Crops
TiO2 NPs Ethylene scavenging | Coating, packaging Climacteric fruits
Ag-chitosan Antimicrobial Coating Vegetables, fruits
Mesoporous silica | Moisture control Sachet, packaging Grains, pulses

Nanobiosensors for Early Disease Detection

Early detection of crop diseases is crucial for the timely intervention and prevention of
widespread outbreaks. Nanobiosensors, which integrate nanomaterials with biological recognition
elements, offer a high sensitivity and specificity for early disease diagnosis. These sensors can
detect pathogen-specific biomarkers; such as proteins, nucleic acids, ander volatile organic
compounds; at very low concentrations.

Various types of nanobiosensors—have-been—developedfor—crop—disease—detectien, including

electrochemical, optical, and colorimetric sensors, have been developed for crop disease detection.
For instance, gold nanoparticle-based colorimetric sensors have been used for the rapid detection
of the Citrus tristeza virus in citrus plants. Quantum dot-based fluorescent biosensors have been
employed for sensitive detection of Fusarium head blight in wheat. Nanobiosensors integrated with
smartphone-based platforms enable on-site disease diagnosis, facilitateing early warning systems,
and precision disease management.




Figure 2: Schematic illustration of a nanosensor array for monitoring postharvest quality
parameters (e.g., ethylene, CO2, temperature, humidity).
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Figure 3: SEM image of a nanocoated fruit surface for preventing microbial spoilage.
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Nanoencapsulation for Postharvest Quality Enhancement

Postharvest losses, primarily due to microbial spoilage and physiological disorders,
significantly reduce the shelf life and quality of the harvested crops. Nanoencapsulation
technology offers a promising approach to enhance postharvest quality by protecting the active
ingredients and controlling their release. Nanoencapsulated antimicrobial agents, antioxidants, and
plant growth regulators can be applied as postharvest treatments to extend the shelf life and
maintain fruit and vegetable quality.

Figure 4: Schematic representation of a nanosensor for detecting plant pathogens
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Nanoencapsulation of essential oils, such as thymol and carvacrol, has been shown to
enhance their antimicrobial activity against postharvest pathogens, such as-tke Botrytis cinerea
and Penicillium expansum. Nanoencapsulated antioxidants, including quercetin and resveratrol,
have showndemeonstrated improved stability and bioavailability, leading to enhanced postharvest
quality and reduced oxidative stress in fruits. Nanoencapsulation of ethylene inhibitors; such as 1-
methylcyclopropene (1-MCP); has been explored to delay fruit ripening and extend storage life.
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Figure 5: Schematic illustration of nanoencapsulation and controlled release of bioactive
compounds.
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Challenges and Future Perspectives



Despite the promising potential of nanobiotechnology in crop disease management and

postharvest quality enhancement, several challenges mustreed-te be addressed for widespread
adoption. These include:

Figure 6: Transmission electron microscopy (TEM) image of a pesticide-loaded nanoemulsion.

Safety and toxicity concerns: The potential risks of nanomaterials to human health and the
environment mustreed-te be thoroughly assessed and mitigated.

Regulatory frameworks: Clear regulatory guidelines and standardized protocols for the
development, testing, and commercialization of nanobiotechnology products in agriculture are
required.

Scalability and cost-effectiveness: The production and application of nanomaterials onat a
large scale while maintaining cost-effectiveness remain a-challenges.

Knowledge gaps: Further research is needed to understand the mechanisms of interactions
between nanomaterials, pathogens, and host plants, as well as the long-term effects of
nanomaterial application on agroecosystems.

Future research directions in nanobiotechnology for crop disease resistance and postharvest
quality may include:

1.

Targeted delivery systems: Development of smart nanocarriers that can deliver antimicrobial
agents or plant defense elicitors specifically to the-infection sites or target tissues.

Multifunctional nanomaterials: Design of nanomaterials with multiple functionalities, such
as eembined-antimicrobial, antioxidant, and plant growth-promoting properties.

Precision agriculture: Integration of nanobiosensors with precision agriculture technologies,
such as remote sensing and data analytics, for real-time disease monitoring and targeted
interventions.



4. Biodegradable and eco-friendly nanomaterials: Development of nanomaterials derived
from renewable and biodegradable sources to minimize environmental impacts and ensure
sustainability.

Nanobiotechnology Applications in Enhancing Crop Disease Resistance and Postharvest
Quality

Nanobiotechnology represents a revolutionary frontier in agricultural innovation, merging
nanotechnology with biological systems to address the critical challenges in crop production and
food preservation. At the nanoscale (1-100 nm), materials exhibit unique physicochemical
properties that can be harnessed for agricultural applications, particularly foria enhancing crop
disease resistance and extending postharvest quality. Nanoparticles, including metal oxides such
ashike zinc oxide and titanium dioxide, metallic nanoparticles such as silver and gold, and carbon-
based nanomaterials including carbon nanotubes and graphene, haveare beenbeing engineered
with unprecedented precision to interact with plant systems in ways that were previously
unimaginable. These nanomaterials can function as antimicrobial agents, targeting plant pathogens
through multiple mechanisms, including the disruption of cell membranes, generation of reactive
oxygen species, and inhibition of essential enzymes, thereby providing alternative strategies to
conventional pesticides with fewer environmental concerns. The controlled release capabilities of
nanomaterials allow for the targeted delivery of antimicrobial compounds, reducing the quantity
required while maximizing efficacy against fungal, bacterial, and viral pathogens that collectively
cause billions ofi annual crop losses worldwide.

Beyond disease management, nanobiotechnology offers promising solutions for
postharvest preservation, addressing the estimated 30-40% of global food production losst between
harvest and consumption. Nanomaterial-based coatings create semipermeable barriers on produce
surfaces that regulate gas exchange, moisture loss, and microbial contamination, effectively
extending shelf life without compromising nutritional quality or flavor. These nanocoatings can
be further—functionalized with antioxidants, antimicrobials, and ethylene scavengers to create
multifunctional systems tailored to specific commodities and storage conditions.

Nanosensors embedded in packaging materials provide real-time monitoring of ripening
indicators, spoilage metabolites, and pathogen presence, thereby enabling dynamic quality
assessment throughout the supply chain. The integration of nanobiotechnology into agricultural
practices represents a paradigm shift in disease management strategiesy, moving from reactive
treatments to proactive prevention through enhanced plant immunity. Nanoparticles can modulate
plant defense responses by serving as elicitors that activate systemic resistance pathways,
effectively "priming" plants to respond more rapidly to pathogen attack.

This immunomodulatory approach offers sustainable disease protection without selection
pressure and is typically associated with conventional pesticides. Nanomaterial delivery systems
also enhance the efficacy of existing biocontrol agents by improving their stability, target
specificity, and persistence underin field conditions. Despite these promising applications, the
widespread implementation of nanobiotechnology in agriculture faces significant challenges
including regulatory uncertainties, scalability concerns, and knowledge gaps regarding potential




environmental and health impacts. A comprehensive risk assessment framework is essential to
evaluate nanoparticle behaviors in complex agricultural ecosystems, including potential
biomagnification in food chains, impacts on beneficial soil microorganisms, and long-term
environmental persistence. Consumer acceptance ispresents another critical consideration,
necessitating transparent communication about nanomaterial applications in food production and
preservation.

The sustainable integration of nanobiotechnology into agricultural systems requires
interdisciplinary collaboration among materials scientists, plant pathologists, food technologists,
and environmental toxicologists to develop responsible applications that address productivity
challenges while safeguarding ecological and human health.

As climate change intensifies pathogen pressure and supply chain disruptions,
nanobiotechnology offers transformative potential to enhance food security through multiple
interconnected approaches: strengthening innate plant immunity, providing precise pathogen
control with minimal environmental impact, extending postharvest quality to reduce food waste,
and enabling intelligent monitoring systems that optimize resource allocation throughout
production and distribution networks.

Future research directions include developing biodegradable nanomaterials with
predictable environmental fates, creating nano-enabled sensing platforms for early disease
detection, and designing plant-compatible nanodelivery systems for RNA--interference-based crop
protection. The convergence of nanobiotechnology with other emerging technologies, including
genomics, artificial intelligence, and synthetic biology, promises to accelerate agricultural
innovation_and, potentially revolutionizeing how we protect crops from disease and preserve
harvested quality underin increasingly unpredictable growing conditions. As this field advances,
balancing technological opportunitiesy with appropriate safeguards will be essential to realizinge
the transformative potential of nanobiotechnology in creating resilient and sustainable food
production systems capable of meeting global nutritional needs.

Conclusion

Nanobiotechnology offers immense potential for enhancing crop disease resistance and
postharvest quality in agriculture. Nanomaterials, such as metal nanoparticles, nanoemulsions, and
nanocoatings, have shown promising results in controlling plant diseases and extending the shelf
life of agricultural produce. However, the safety and ecological impact of nanomaterials mustreed
te be thoroughly investigated before their widespread application. Future studiesreseareh should
focus on developing cost-effective, eco-friendly, and smart nanomaterials that can provide targeted
and sustainable solutions for crop protection and quality enhancement. The responsible and
integrated use of nanobiotechnology in agriculture can contribute to achieving-global food security
while minimizing environmental impacts.

Figure 7: Schematic representation of nanoparticle interaction with plant pathogens.
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