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PREFACE
Agriculture remains the backbone of food security and rural livelihoods, yet
it faces persistent challenges from pests, diseases, and weeds that
significantly reduce crop productivity and quality. In this context,
Rogarakshak: Integrated Strategies for Crop Protection is envisioned as a
comprehensive and practical guide that emphasizes a holistic approach to
safeguarding crops while promoting sustainable agricultural practices.

The term Rogarakshak—meaning “protector from diseases”—aptly reflects
the core objective of this work: to equip learners, practitioners, and
stakeholders with integrated knowledge and strategies for effective crop
protection. This book brings together the principles of Integrated Pest
Management (IPM), disease management, weed control, biological control,
and the judicious use of chemical measures, highlighting their
complementary roles in achieving eco-friendly and economically viable
farming systems.

This preface sets the tone for an interdisciplinary understanding of crop
protection by blending traditional wisdom with modern scientific
advancements. Special emphasis is placed on preventive measures, early
diagnosis of crop disorders, and decision-making based on field-level
observations, weather patterns, and technological tools. The integrated
strategies discussed herein aim not only to reduce crop losses but also to
minimize environmental impact, preserve biodiversity, and ensure the safety
of farmers and consumers.

Rogarakshak: Integrated Strategies for Crop Protection is designed to serve
as a valuable resource for students of agriculture, extension workers,
researchers, and progressive farmers. It aspires to foster awareness,
innovation, and responsible practices that contribute to resilient agricultural
systems and sustainable food production. Through this work, we hope to
inspire a proactive and informed approach to protecting crops—ensuring
healthier harvests today and a secure agricultural future for generations to
come.
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CHAPTER -6

NANOFUNGICIDES: FORMULATION AND DELIVERY
MECHANISMS

Dr. R VIDHYA
Associate Professor, Department of Biochemistry, VISTAS, Tamilnadu, India

Abstract

Nanofungicides represent a cutting-edge advancement in plant disease
management, utilizing nanotechnology to improve the formulation,
efficiency, and targeted delivery of antifungal agents. Unlike conventional
fungicides, nanofungicides enhance solubility, stability, and controlled
release, resulting in reduced dosage, minimized environmental
contamination, and improved pathogen specificity. Common formulations
include nanoparticles of metals (e.g., silver, copper), nanoemulsions, and
polymer-based nanocarriers, which are designed to penetrate fungal
structures or plant tissues effectively. Delivery mechanisms involve foliar
sprays, seed treatments, or soil applications that ensure precise targeting and
sustained action. The integration of nanofungicides into crop protection
strategies offers a promising route toward sustainable agriculture with
reduced chemical inputs and improved plant health outcomes.

Keywords: Nanofungicides, Targeted delivery, Nano formulation, Plant
disease management, Controlled release

1. Introduction

Overview of fungicides and their role in Agriculture: Fungicides are
chemical or biological agents used to control fungal pathogens that cause
diseases in crops, leading to significant yield losses. They play a crucial role
in agriculture by protecting plants from infections like blights, rusts, and
mildews, ensuring healthy growth and maximizing productivity. Fungicides
can be categorized into systemic, contact, and protectant types, each with
specific modes of action. Their application is essential for managing crop
diseases, especially in high-value crops like fruits, vegetables, and cereals.
However, reliance on fungicides also raises concerns about environmental
impact, resistance development, and human health risks.

Limitations of conventional fungicides: Conventional fungicides face
several limitations that hinder their effectiveness and sustainability. Over
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time, many plant pathogens develop resistance to these chemicals, reducing
their efficacy and requiring higher doses or more frequent applications. This
not only increases production costs but also contributes to environmental
pollution, affecting soil health and non-target organisms, including beneficial
insects and aquatic life. Additionally, the persistence of chemical residues in
food products raises concerns about human health. Regulatory restrictions on
certain fungicides due to their toxicological profiles further complicate their
use, driving the need for alternative, more sustainable disease management
strategies

Introduction to nanotechnology in Agriculture: Nanotechnology in

agriculture represents a transformative approach to improving crop

protection, nutrient delivery, and environmental sustainability. By
manipulating materials at the nanoscale, researchers can develop innovative
solutions such as nanofertilizers, nanopesticides, and nanofungicides. These
nano-based tools offer enhanced efficiency and targeted delivery, reducing
the amount of chemicals needed while minimizing environmental impact.

Nanotechnology also enables the creation of smart systems that can respond

to environmental stimuli, optimizing the timing and release of active

ingredients. As global agriculture faces challenges like climate change and
pest resistance, nanotechnology presents promising avenues for more
sustainable and effective farming practices.

Definition of Nanofungicides: Nanofungicides: Fungicides formulated

using nanotechnology, involving the use of nanomaterials or nanoparticles

to enhance the delivery and effectiveness of the active ingredients.

Nanocarriers: Tiny particles, often ranging from 1 to 100 nanometers in

size, that encapsulate or bind to fungicides to improve their stability,

delivery, and controlled release.

Significance of Nanofungicides

1. Enhanced Efficacy: Increased surface area of nanoparticles allows for
better interaction with target pathogens, potentially improving fungicide
effectiveness even at lower doses.

2. Targeted Delivery: Nanofungicides can be designed for targeted
delivery, reducing off-target effects and minimizing damage to beneficial
organisms.

3. Controlled Release: Nanotechnology enables controlled and sustained
release of fungicides, ensuring prolonged protection and reducing the
need for frequent applications.
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Reduced Environmental Impact: Lower dosages and targeted delivery
reduce environmental contamination and the potential for harmful
residues.

Overcoming Resistance: Nanofungicides may help in managing
resistance by providing new modes of action or enhancing the
effectiveness of existing fungicidal compounds.

Improved Stability: Encapsulation of fungicides within nanoparticles
can protect them from degradation due to environmental factors like UV
light or pH changes.

Integration with Precision Agriculture: Nanofungicides can be
combined with precision agriculture techniques for more accurate and
efficient disease management, contributing to sustainable farming
practices.

2. Formulation Strategies
2.1. Nanocarriers in Fungicide Delivery
2.1.1 Types of Nanocarriers

Liposomes:
> Spherical vesicles with a lipid bilayer, capable of
encapsulating both hydrophilic and hydrophobic fungicides.
> Advantages: Biocompatibility, ability to merge with plant cell
membranes for better delivery.
> Applications: Used for the controlled release of fungicides,
improving stability and reducing toxicity.
Nanoparticles:
> Solid colloidal particles, typically made from materials like
metals (e.g., silver, zinc oxide), polymers, or silica.
> Advantages: High surface area-to-volume ratio, potential for
surface modification to enhance targeting.
> Applications: Enhance fungicide uptake by pathogens,
provide slow release, and increase penetration through plant
cuticles.
Nanoemulsions:
> Fine oil-in-water or water-in-oil emulsions with droplet sizes
in the nanometer range.
> Advantages: Increased solubility of hydrophobic fungicides,
improved stability, and controlled release.
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» Applications: Used to improve the dispersion of fungicides in
aqueous environments, enhancing bioavailability and
efficacy.

2.1.2 Functionalization of Nanocarriers for Fungicide Delivery
Surface Modification:
> Functionalizing the surface of nanocarriers with ligands,
antibodies, or peptides to target specific pathogens or plant
tissues.
> Improves specificity, reduces off-target effects, and enhances
the interaction with fungal pathogens.
Controlled Release Mechanisms:
> Incorporation of stimuli-responsive materials that release
fungicides in response to environmental triggers (e.g., pH,
temperature).
> Provides a sustained and controlled release, reducing the
frequency of fungicide applications.
2.2. Synthesis of Nanofungicides
2.2.1 Physical Methods
Milling:
» Mechanical reduction of particle size using high-energy ball
mills or similar equipment.
» Produces nanoparticles with uniform size distribution,
suitable for enhancing fungicide solubility and bioavailability.
High-Pressure Homogenization:
> Forcing a fungicide solution through a narrow gap at high
pressure to create nanoscale droplets or particles.
> Often used to produce nanoemulsions or to reduce the size of
particles in suspensions.
2.2.2 Chemical Methods
Sol-Gel:
> A process that involves the transition of a system from a
liquid "sol" (colloidal solution) into a solid "gel" phase.
> Used for synthesizing metal oxide nanoparticles that can be
loaded with fungicides, offering high surface area and
stability.
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Co-Precipitation:
> Simultaneous precipitation of multiple components from a
solution, leading to the formation of composite nanoparticles.
> Allows for the incorporation of fungicides into the matrix of
nanoparticles, enhancing protection and controlled release.

2.2.3 Biological Methods
Biosynthesis Using Microorganisms:

» Utilizing bacteria, fungi, or yeast to produce nanoparticles
through biological processes.

> Provides an eco-friendly synthesis method, reducing the need
for harsh chemicals or energy-intensive processes.

Biosynthesis Using Plants:

> Employing plant extracts as reducing agents to synthesize
nanoparticles from metal salts.

> Offers a green alternative for nanoparticle production, with
the added benefit of plant-derived bioactive compounds that
may enhance fungicidal activity.

2.3. Encapsulation Techniques
2.3.1 Lipid-Based Systems
Liposomes:

> Encapsulation of fungicides within lipid bilayers, offering
protection and controlled release.

» Can be engineered to fuse with plant cell membranes,
enhancing the delivery of active ingredients directly to target
sites.

Solid Lipid Nanoparticles (SLNs):

» Fungicides encapsulated within solid lipid matrices, providing
controlled release and improved stability.

> Useful for delivering hydrophobic fungicides in a controlled
manner.

2.3.2 Polymer-Based Systems
Polymeric Nanoparticles:
> Encapsulation of fungicides within biodegradable polymers
like PLGA (poly(lactic-co-glycolic acid)).
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» Offers controlled release, protection from degradation, and

reduced environmental impact.
Nanogels:

» Cross-linked polymer networks that can swell in response to
environmental conditions, releasing the encapsulated
fungicide.

> Useful for stimuli-responsive release based on pH or
temperature changes.

2.3.3 Hybrid Systems
Inorganic-Organic Hybrids:

> Combining organic polymers with inorganic nanoparticles
(e.g., silica, metal oxides) for enhanced stability and
controlled release.

> Can offer the benefits of both organic and inorganic systems,
such as biocompatibility and high mechanical strength.

Multilayered Nanocarriers:

> Encapsulation of fungicides within multiple layers of different
materials (e.g., lipid-polymer combinations) to achieve
sequential release profiles.

> Provides enhanced protection and allows for the release of
multiple active ingredients in a controlled manner.

3. 3. Delivery Mechanisms

3.1. Targeted Delivery

3.1.1 Passive vs. Active Targeting
Passive Targeting:

> Relies on the natural distribution of nanofungicides through
the plant's vascular system or the external environment.

» Mechanism: Nanofungicides are absorbed by plant tissues
through natural processes, such as diffusion or root uptake,
and may accumulate in specific areas based on size, charge,
and hydrophobicity.

> Applications: Often used for broad-spectrum applications
where targeted delivery is less critical.

Active Targeting:

> Involves the modification of nanofungicides to specifically
bind to target sites, such as fungal pathogens or specific plant
tissues.

63



Rogarakshak: Integrated Strategies for Crop Protection
ISBN: 978-81-997363-1-3

> Mechanism: Surface modifications, such as the attachment of
ligands, antibodies, or peptides, enable nanofungicides to
selectively bind to specific receptors on fungal cells or plant
tissues.

> Applications: Enhances the precision of fungicide
application, reducing off-target effects and improving efficacy
against specific pathogens.

3.1.2 Surface Modifications and Ligand Attachment
Surface Modifications:
> Techniques to alter the surface properties of nanocarriers,
such as coating with polymers, lipids, or surfactants, to
improve stability, biocompatibility, and targeting ability.
> Examples: Coating nanoparticles with polyethylene glycol
(PEG) to reduce immune recognition or adding chitosan to
enhance adhesion to plant surfaces.
Ligand Attachment:
> Attaching specific molecules, such as antibodies, peptides, or
small molecules, to the surface of nanocarriers to enhance
their affinity for target sites.
> Examples: Functionalizing nanocarriers with lectins that bind
to fungal cell wall components, or using peptides that target
specific plant receptors to enhance uptake in infected tissues.
> Benefits: Increases the specificity of fungicide delivery,
reduces required dosage, and minimizes harm to beneficial
organisms.
3.2. Controlled Release
3.2.1 Stimuli-Responsive Release
pH - Responsive Systems:
> Designed to release fungicides in response to pH changes in
the environment, such as acidic conditions in infected tissues.
> Mechanism: Nanocarriers are engineered to degrade or swell
in response to specific pH levels, releasing the encapsulated
fungicide.
> Applications: Targeted release in acidic environments, such
as fungal infection sites, minimizing damage to healthy plant
tissues.
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Temperature-Responsive Systems:

> Release fungicides in response to temperature fluctuations,
often triggered by the microenvironment around infection
sites.

> Mechanism: Nanocarriers may contain materials that undergo
phase transitions or structural changes at specific
temperatures, triggering the release of fungicides.

> Applications: Useful in climates where temperature
variations are significant, ensuring fungicide release when
conditions are optimal for pathogen growth.

Enzyme-Responsive Systems:
> Release fungicides in response to the presence of specific
enzymes produced by fungal pathogens or the plant during
infection.
> Mechanism: Nanocarriers are designed with enzyme-
cleavable linkages that degrade in the presence of specific
enzymes, releasing the fungicide directly at the infection site.
> Applications: Targeted release in the presence of fungal
enzymes, improving specificity and reducing the impact on
non-target organisms.
3.2.2 Sustained Release Mechanisms
Diffusion-Controlled Release:
> Fungicides are gradually released from nanocarriers as they
diffuse through the carrier matrix over time.
> Mechanism: Nanocarriers are designed with porous or
degradable materials that allow the slow release of fungicides,
maintaining effective concentrations over an extended period.
> Applications: Reduces the frequency of fungicide
applications, providing prolonged protection against
pathogens.
Degradation-Controlled Release:
> Release of fungicides is controlled by the degradation rate of
the nanocarrier material.
> Mechanism: Biodegradable polymers or other materials
slowly break down in the plant environment, releasing the
fungicide as the carrier degrades.
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> Applications: Ensures a consistent release rate, tailored to the
lifecycle of the pathogen or the duration of the crop growth
cycle.

Osmosis-Controlled Release:

> Utilizes osmotic pressure differences to regulate the release of
fungicides from nanocarriers.

> Mechanism: Nanocarriers are designed with semi-permeable
membranes that allow water to enter, creating pressure that
gradually pushes the fungicide out.

> Applications: Suitable for controlled delivery in soil or
hydroponic systems, where water availability is consistent.

3.3. Uptake and Translocation in Plants
3.3.1 Interaction with Plant Surfaces
Cuticular Penetration:

> Understanding how nanofungicides penetrate the waxy cuticle
of leaves or stems, which acts as a barrier to pathogen entry
and chemical absorption.

> Mechanism: Nanocarriers can be designed to enhance
penetration through cuticular cracks, stomata, or by
interacting with surface lipids.

> Applications: Improving the uptake of fungicides in aerial
parts of plants, ensuring effective delivery to target tissues.

Root Uptake:

> The process by which nanofungicides are absorbed through
the roots and transported via the xylem or phloem to other
parts of the plant.

» Mechanism: Nanocarriers can enhance root absorption by
interacting with root exudates or modifying the rhizosphere
environment.

> Applications: Effective for soil-applied fungicides targeting
root-borne pathogens or systemic diseases.

3.3.2 Movement within Plant Tissues
Xylem Translocation:

» The movement of nanofungicides through the xylem,
facilitating upward transport from roots to leaves and other
aerial parts.
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Mechanism: Nanocarriers designed to remain stable in the
xylem sap, ensuring consistent delivery to target sites.
Applications: Important for systemic control of foliar
pathogens and diseases affecting the upper parts of plants.

Phloem Translocation:

>

>

>

Movement of nanofungicides through the phloem, enabling
downward transport to roots and other storage tissues.
Mechanism: Nanocarriers can be engineered to move with
the flow of phloem sap, ensuring delivery to sites of active
growth or pathogen colonization.

Applications: Targeting phloem-associated pathogens or
delivering fungicides to developing tissues.

3.3.3 Effect on Systemic Resistance
Induction of Systemic Acquired Resistance (SAR):

>

How nanofungicides may enhance a plant's natural defense
mechanisms, leading to broad-spectrum resistance against
various pathogens.

Mechanism: Nanocarriers can be designed to deliver elicitors
or signaling molecules that trigger SAR pathways, boosting
the plant's immune response.

Applications: Reducing the need for repeated fungicide
applications by enhancing the plant's inherent ability to resist
infection.

Priming of Defense Responses:

>

>

Nanofungicides may "prime" plant tissues, making them more
responsive to subsequent pathogen attacks.

Mechanism: Low doses of fungicides or associated
compounds delivered by nanocarriers may activate defense
genes, preparing the plant for faster and stronger responses to
infection.

Applications: Enhancing the effectiveness of fungicides and
reducing overall chemical inputs in integrated pest
management (IPM) strategies.

4. Efficacy and Safety Considerations
4.1. Efficacy against Plant Pathogens
Comparative Studies with Conventional Fungicides

67



Rogarakshak: Integrated Strategies for Crop Protection
ISBN: 978-81-997363-1-3

Comparative efficacy studies involve evaluating novel fungicides or
biopesticides against standard chemical fungicides such as mancozeb,
carbendazim, chlorothalonil, or metalaxyl. Parameters assessed include
disease incidence reduction, severity index, yield improvement, and
phytotoxicity.

1. Disease Suppression

In field and greenhouse trials, natural products like neem-based
formulations, Bacillus subtilis, Trichoderma spp., and essential oil-
based fungicides have shown comparable or even superior control over
certain pathogens such as Alfernaria solani (early blight in tomato),
Sclerotinia sclerotiorum (stem rot in sunflower), and Fusarium
oxysporum (wilt diseases).

2. Yield and Quality Improvement

Although conventional fungicides often show rapid disease suppression,
prolonged usage can lead to residue accumulation and resistance
development. In contrast, bio-fungicides, though slower in action, tend
to improve soil health, enhance systemic resistance, and lead to better
fruit or grain quality in the long term.

3. Resistance Management

Many conventional fungicides have a single-site mode of action, making

them prone to resistance development. Alternative fungicides, especially

microbial-based ones, typically operate through multiple mechanisms

(e.g., competition, antibiosis, induced resistance), reducing the likelihood

of resistance development.

Spectrum of activity

The term "spectrum of activity" refers to the range of pathogens a

fungicide can effectively control. A broad-spectrum fungicide is effective

against multiple classes of fungi—oomycetes, ascomycetes, and
basidiomycetes—while narrow-spectrum fungicides target specific
groups.

1. Broad-Spectrum Fungicides

o Conventional Examples: Mancozeb and chlorothalonil are widely
used for their broad-spectrum activity against foliar pathogens.

e Alternative Examples: Extracts of Azadirachta indica, Allium
sativum, and essential oils (e.g., thyme, clove) have shown inhibitory
effects on a wide array of pathogens, including Botrytis cinerea,
Pythium spp., and Rhizoctonia solani.
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2. Target-Specific Activity
Some alternative fungicides exhibit high efficacy against specific
pathogens:
> Pseudomonas fluorescens is highly effective against Fusarium and
Rhizoctonia species.
> Trichoderma harzianum is particularly active against soil-borne
pathogens like Sclerotium rolfsii.
3. Synergistic Effects
Recent studies also show that combining bio-fungicides with low doses
of conventional fungicides can lead to synergistic effects, improving
disease control and reducing chemical inputs.
4.2. Environmental and Health Impacts
Toxicity to Non-Target Organisms
Fungicides—whether synthetic or nano-based—can impact a variety of
non-target organisms, including beneficial soil microbes, pollinators,
aquatic life, and even vertebrates.
> Pollinators and Beneficial Insects: Some fungicides may negatively
affect the behavior, reproduction, or survival of bees and natural
enemies like ladybird beetles or parasitoids. Nanoparticles such as
silver or zinc oxide, though effective against pathogens, have been
shown to induce oxidative stress in insects.
> Soil Microorganisms: Trichoderma, Rhizobium, and mycorrhizal
fungi are crucial for soil health. Overuse of chemical fungicides or
high doses of nanomaterials can disrupt microbial diversity, enzyme
activity, and nutrient cycling.
> Aquatic Ecosystems: Runoff containing fungicides or nanoparticles
can contaminate water bodies, posing risks to fish, amphibians, and
plankton. Persistence of certain compounds like chlorothalonil or
nano-copper in aquatic habitats leads to bioaccumulation and trophic-
level transfer.
> Human Exposure: Applicators and farm workers may be exposed to
fungicides through dermal contact or inhalation. Although
nanomaterials are used at lower dosages, their small size allows
deeper tissue penetration, raising concerns of cytotoxicity and
genotoxicity.
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Degradation and persistence in the environment
The fate of fungicides in the environment is influenced by their chemical
structure, formulation, and application method.
> Degradability: Many conventional fungicides have long half-lives
and break down slowly in soil or water, resulting in persistent
residues. In contrast, bio-fungicides degrade more readily but may
have shorter protective periods.
> Nano-formulations: These are designed to enhance stability and
control release, but their persistence may increase depending on their
coating and reactivity. Nanoparticles can bind to soil components or
accumulate in plant tissues, where their breakdown mechanisms are
still not fully understood.
> Environmental Accumulation: Repeated applications without
proper rotation or degradation can lead to fungicide buildup in soil,
reducing microbial diversity and potentially affecting subsequent
crop growth.
> Volatilization and Leaching: Some fungicides volatilize into the
atmosphere or leach into groundwater. This not only reduces their
effectiveness but also contributes to broader environmental
contamination.
4.3. Regulatory Aspects
Current regulations for nanomaterials in agriculture
India: The Central Insecticides Board and Registration Committee
(CIBRC) has started considering guidelines for nano-formulations.
However, specific criteria for registration and risk assessment are still
evolving.
European Union: The EU requires explicit labeling and safety
documentation for nano-enabled pesticides under REACH (Registration,
Evaluation, Authorisation and Restriction of Chemicals). The EFSA
(European Food Safety Authority) provides guidance for the risk
assessment of nanomaterials in food and agriculture.
United States: The EPA has issued specific guidelines for the registration
of nanopesticides, emphasizing environmental fate and human exposure.
Nanomaterial-containing products undergo case-by-case evaluation based
on their unique properties.
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International Harmonization: Organizations like OECD are working
toward harmonizing nanomaterial risk assessment and data-sharing
protocols.
> Risk assessment and safety evaluation.
Risk assessment of fungicides and nano-formulations involves several key
steps:
Hazard Identification: Determining potential toxic effects on human and
environmental health.
Exposure Assessment: Evaluating routes and levels of exposure for
applicators, consumers, and ecosystems.
Dose-Response Assessment: Establishing the relationship between
exposure level and adverse effects.
Risk Characterization: Integrating hazard and exposure data to estimate
the probability and severity of risk.
5. Future Perspectives
As the demand for sustainable and effective plant disease management
continues to grow, nanotechnology offers promising avenues for innovation.
The future of nanofungicides lies in developing smart, efficient, and
environmentally benign products that align with the principles of precision
agriculture and integrated disease management.
5.1 Advances in Nanofungicide Research
Emerging Nanomaterials for Fungicide Delivery
Recent years have witnessed rapid development in the synthesis of novel
nanomaterials for controlled and targeted fungicide delivery. These include:

» Metallic nanoparticles (silver, copper, zinc oxide) with intrinsic
antifungal properties.

» Polymeric nanoparticles, liposomes, and nanogels for encapsulating
active ingredients.

» Clay-based nanocarriers like halloysite and montmorillonite for slow-
release formulations.

» Such materials enhance fungicide stability, bioavailability, and
uptake, while reducing application frequency and environmental
load.

Integrating Nanotechnology with Precision Agriculture
Nanotechnology holds great promise in advancing precision agriculture by
enabling:
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» Smart delivery systems, such as stimuli-responsive nanoparticles that
release fungicides in response to pH, temperature, or pathogen
presence.

» Nano-enabled sensors that detect early disease outbreaks or monitor
environmental parameters.

» Site-specific application, minimizing off-target impacts and
optimizing input use through variable rate technologies.

This integration can significantly improve the timing, dosage, and
localization of fungicide application, resulting in higher efficiency and
reduced waste.

5.2 Challenges and Opportunities

Technical Challenges in Large-Scale Production

Despite laboratory-scale success, scaling up the production of
nanofungicides remains challenging due to:

» High cost of raw materials and synthesis.

» Difficulties in ensuring uniform particle size and stability.

» Lack of robust protocols for formulation and storage under field
conditions.

Public Perception and Acceptance
There is growing public concern about the safety of nanomaterials in food
and agriculture. Key issues include:

» Perceived risks of nanoparticles entering the food chain.

» Lack of transparent labeling and regulatory clarity.

» Mistrust due to limited communication from industry and
researchers.

> Building trust through education, transparent risk assessments, and
stakeholder engagement is essential.

Bridging the Gap between Research and Commercialization

While academic research has generated a wealth of nanofungicide
technologies, only a few have reached the market. This is due to regulatory
uncertainty, limited field validation, and insufficient industry partnerships.
Strengthening interdisciplinary collaboration and promoting public-private
investment can accelerate the transition from lab-scale innovation to field-
ready solutions.

6. Conclusion

The development of nanofungicides represents a significant advancement in
sustainable plant disease management. These innovative formulations offer
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enhanced efficacy, targeted delivery, and reduced environmental impact
compared to conventional fungicides. Throughout this chapter, the
comparative performance of nanofungicides, their broad-spectrum activity,
and lower toxicity to non-target organisms have been emphasized,
highlighting their potential for integrated disease management systems.
Nanomaterials such as silver, copper, zinc oxide, and biodegradable
polymers are paving the way for more precise and controlled fungicide
applications. While concerns remain regarding environmental persistence,
safety, and public perception, ongoing research and regulatory development
are gradually addressing these challenges. Integration with precision
agriculture tools further enhances the appeal of nanofungicides by enabling
site-specific, real-time disease control.

In summary, nanofungicides hold tremendous promise in transforming
agricultural practices. By improving disease control efficiency while
minimizing ecological and health risks, they can contribute to more resilient
and environmentally conscious farming systems. With continued
interdisciplinary research, thoughtful regulation, and informed public
dialogue, nanotechnology can be harnessed to secure the future of plant
protection and global food security.
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