Available online at

ISSN (E): 2583 - 1933

http://currentagriculturetrends.vitalbiotech.org/

.0 Current
¢ | Agriculture
i Trends:
e-Newsletter

Qe

)

A
(L&
K

Curr. Agri.Tren.:e- Newsletter, (2026) 5(8), 15-18

Article ID: 698

Advanced Nanoparticle-Based Strategies for Plant Viral Disease
Management: Mechanisms and Innovations for Crop Protection

Sanjay Kumar Yadav'
Gagan Kumar?, Vivek Singh’
Jitendra Kumar'
Vaibhav Singh®
Ankita Bharti'

Research Scholar, Department of
plant pathology, Acharya Narendra
Deva University of agriculture and

technology, kumarganj, Ayodhya
2 Assistant professor, Department of
plant pathology, Acharya Narendra
Deva University of agriculture and

technology, kumarganj, Ayodhya
3Research Scholar, Department of
vegetable Science, Acharya
Narendra Deva University of
Agriculture and technology,
kumarganj, Ayodhya

Open Access

*Corresponding Author

Sanjay Kumar Yadav*

Article History

Received: 27.07.2026
Revised: 02.08.2026
Accepted: 07.08.2026

This article is published under the
terms of the Creative Commons
Attribution License 4.0.

INTRODUCTION

Plant diseases are the most serious threats to global
agriculture, causing severe losses in crop yield, quality and
economic value. More than one thousand plant viruses have
been identified, infecting crops - cereals, vegetables, fruits and
ornamentals. They are transmitted through insects such as
whiteflies, thrips, aphids, and mites as well as vegetative
propagation, nematodes, infected seeds and mechanical
transmission. So, viral disease management highly depends on
preventive measures such as using disease-free seed &
vegetative propagation material, resistant varieties, vector
control and integrated disease management.

In recent years, Nanotechnology has opened new
opportunities for sustainable and efficient management of viral
disecases of plants. Nanotechnology has physicochemical
properties, including ultra-small size, large surface area, and
high reactivity, which have emerged as tools for crop
protection. Metallic nanoparticles (copper, silver, zinc oxide
and iron oxide), silica nanoparticles, carbon nanoparticles, and
polymeric and lipid-based nanoparticles have antiviral
properties to inhibit virus replication, disrupting virus particles
and also enhance the plant innate immunity and improve the
target delivery of antiviral compounds, RNAi molecules and
plant elicitors. Nanotechnology enables nanoparticle-based
biosensors for rapid detection of plant viruses, supporting
diagnosis and timely disease management.

Types of Nano-particles

1. Metallic nanoparticles
Metal oxide nanoparticles
Silica nanoparticles
Carbon-based nanomaterials
Polymeric nanoparticles

AN

Lipid-based nanoparticles
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Mechanism of nanoparticles-mediated plant
viral disease management

1. Direct Antiviral Activity

2. Enhancement of Plant Innate
Immunity

3. Induction of Plant Defense Responses

4. Nanocarrier-Based Delivery Systems

5. RNA Interference (RNAi)-Based
Protection

6. Nanoparticle-Based Virus Detection

7. CRISPR/Cas Delivery Using
Nanotechnology

8. Nanoparticle-Based Biosensors for
Early Virus Detection

Challenges
Future aspects

Plant viruses quietly collision a huge share of
the world's food supply. They're responsible
for roughly half of all developing plant
diseases and cost agriculture more than $30
billion every year, striking staple crops like
rice, wheat, and maize the hardest (Sahu et al.,
2025). Farmers and researchers have relied on
lab-based tools such as ELISA and PCR to
vicious circle infections. These tests are
accurate, but they're slow, expensive, and
secured to a laboratory — by the time results
come back, the virus has often already spread.
Add in the disordered reality of mixed
infections and always evolving viral strains,
and it's clear the old toolkit isn't keeping up
(Xie et al., 2025)

This is where nanotechnology comes
in. A review by (Mishra et al. 2025) and
colleagues lays out how the field of
"nanophytovirology" is reshaping both how we
spot plant viruses and how we fight them,
using materials engineered at the scale of
particles of a metre. Below is a plain-language
walkthrough of what that review covers.

Smarter, Faster Ways to Detect Viruses

The most exciting nanotechnology work is
happening in biosensors small, often portable
devices that can flag an infection in minutes
rather than days. A few standouts:
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1. Electrochemical sensors: Made with
gold nanoparticles, carbon nanotubes,
or quantum dots dramatically improve
how well a sensor can pick up a weak
viral signal. One approach using
molecularly  imprinted
detected bean pod mottle virus at just
41 picograms per ml in about two
minutes, which is an unexpected level
of sensitivity for something this fast
(Vasquez-Gutierrez et al., 2025).

2. CRISPR-based tools: particularly
CRISPR-Casl2a, have been paired
with nanomaterials to create tests that
are both highly specific and visually
clear, no specialized lab equipment
required. These systems have detected
viruses like rumor mill red blotch
virus down to almost impossibly low
concentrations, and full results in
around 30 minutes.

3. Lateral flow strips: like in concept to
a home pregnancy test or a rapid
COVID test, have been elevated with
nanoparticles so they can fastening
viruses like banana bract mosaic virus
with high accuracy, right in the field.

4. Multiplex platforms for example
Luminex Xmas allow labs to screen
for up to 50 different viral targets in a
single run, which is a major efficiency
win for large-scale crop monitoring
(Carrillo-Lopez et al., 2024). Looking
ahead, researchers are combining these
sensors with smartphones and machine
learning so a farmer could, in concept,
test a leaf and get an on-the-spot
analysis. Portable sequencing devices
have previously had some success
detecting cassava mosaic viruses in
the field, although they still take time
and require trained users (Analytical
Methods, 2025).

polymers

Nanoparticles as Treatment

Detection is only half the story
nanotechnology is also opening new doors for
actually managing infections once they're
found.
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RNA interference (RNAI) is one of the most
promising approaches. It works by using
double-stranded RNA to stillness the genes a
virus needs to replicate. The fastener is that
naked dsRNA  breaks down  almost
immediately once it's uncovered to sunlight,
enzymes, or the elements. Wrapping it inside
nanocarriers things like chitosan particles,
layered double hydroxides, or metal-oxide
nanoparticles protects the RNA long enough
for it to actually reach plant cells and do its
job, while also improving how precisely it
targets the virus (Dutta et al., 2022).

Nanoparticles also fight viruses
straight. Silver and gold nanoparticles, for
example, can physically bind to a virus's outer
shell and stop it from ever entering a plant cell,
silver nanoparticles have shown real
effectiveness against bean yellow mosaic virus
in broad bean plants. Other particles work
more like a inoculation accessary: zinc oxide
and silica nanoparticles trigger a plant's own
immune response through salicylic acid
signalling, essentially priming its defences
before infection even takes hold. In pepper
plants, zinc oxide treatment significantly
reduced disease severity from pepper huasteco
yellow vein virus. Copper oxide nanoparticles
made through green synthesis with desert
shrub extracts cut alfalfa mosaic virus levels in
tobacco plants by 97%, while also increasing
the plant's antioxidant defenses (Plant Nano
Biology, 2025).

There's also a total angle worth noting:
creating a litre of silver nanoparticle solution
runs about 50 cents, compared to $100-500
per litre for many commercial antiviral
products. That price gap alone could make
nanotechnology good-looking for large-scale
farming, presumptuous the other flat race
below get resolved (Plants, 2025).

What's Standing in the Way

As hopeful as the lab results are, the review is
candid about how far this field still has to go
before it reaches everyday farms.

Technical issues top the list. Sensors that
perform beautifully in a controlled lab often
behave inconsistently once exposed to real-
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world heat, humidity, and dust. Batch-to-batch
variability in manufacturing and "biofouling"
where biological gunk builds up on a sensor
and throws off its readings remain determined
headaches (Sahu et al, 2025). On the
treatment side, getting nanocarriers through a
plant's tough cell wall and allocating them
systemically through the plant is still not fully
understood.

Cost and scale are the next barrier. What
works in a small lab batch doesn't always
translate to the volumes agriculture actually
needs, and most published studies stop at
proof-of-concept rather than testing under
disordered, real farm conditions.

Regulation and safety add another layer of
complexity. Rules leading nanomaterials in
agriculture differ across the EU, US, and India,
and there's no unified safety-testing standard
until now. Legitimate questions remain about
what happens when nanoparticles are released
into soil and water over time how they reduce,
whether they build up in the food chain, and
what effect that has on organisms that were
never the future target (Mishra et al., 2025).
Carbon-based nanoparticles in particular have
raised concerns about oxidative stress and
cellular damage that need more study.

Finally, there's the practical matter of getting
these innovations out of university labs and
into farmers' hands intellectual property,
manufacturing partnerships, and investment in
translational research all drop behind the pace
of scientific discovery.

Where the Field Is Headed

The review points to five directions likely to
define the next wave of research:

1. All-in-one platforms that both detect and
luxury a virus using the same nanocarrier
system, paired with IoT sensors and Al for
real-time crop monitoring basically giving
farmers a live dashboard of field health.

2. Smarter carrier design, including particles
that respond to specific triggers (like pH or
temperature) to release their antiviral cargo
exactly when and where it's needed, and more
specific CRISPR delivery systems.
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3. Green, biodegradable nanomaterials
produced from plant extracts or microbes,
which sidestep many of the toxicity concerns
tied to conventional chemical synthesis.

4. Harmonized regulations and shared testing
standards across countries, so a validated
product in one region isn't stuck in limbo
elsewhere.

5. Real field trials, done in partnership with
farmers and extension services, plus honest
cost-benefit analysis because a technology
only matters if growers can actually afford and
trust it.

The Bottom Line

Nanotechnology isn't a silver bullet for plant
viruses, but it is a sincerely different kind of
tool — one that can detect infections in
minutes instead of days and fight them through
mechanisms conventional pesticides can't
touch. Electrochemical and CRISPR-based
sensors are already be similar to PCR-level
accuracy while working far faster, and
nanoparticle treatments are showing real
antiviral effects across multiple crops and
virus categories (Mishra et al., 2025; Vasquez-
Gutierrez et al., 2025).

The gap left to close isn't scientific
interest — it's engineering these solutions to
survive a real field, manufacturing them
economically enough to matter, and building
the regulatory trust needed for farmers to
actually adopt them. If those pieces come
together, nanotechnology could become a core
part of how the world protects its food supply
from one of agriculture's most persistent and
least visible threats.
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