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ABSTRACT

Nanotechnology has emerged as a transformative tool in modern agriculture, offering innovative
solutions to enhance crop productivity, resource-use efficiency, and environmental sustainability.
This review examines the current applications of nanotechnology across key agricultural
domains, including nanofertilizers, nanopesticides, nanosensors, smart delivery systems, and soil
remediation. Nanofertilizers improve nutrient delivery through controlled and targeted release
mechanisms, increasing crop yields by 20-55% while reducing fertilizer input requirements by
30-50% compared to conventional formulations (Singh et al., 2022). Nanopesticides
encapsulated in biodegradable polymers such as chitosan enhance pest management efficiency
while reducing environmental toxicity by up to 20% (Oliveira et al., 2018). Nanosensors
integrated with Internet of Things (loT) platforms enable real-time monitoring of soil health,
plant stress, and nutrient status, facilitating precision agriculture. Despite these advances,
challenges related to nanotoxicity, regulatory frameworks, scalability, and farmer awareness
remain significant barriers to widespread adoption. This paper synthesizes recent research
findings and highlights future directions for the responsible integration of nanotechnology into
sustainable agricultural systems.

Keywords: Nanotechnology; Nanofertilizers; Precision Agriculture; Smart Delivery Systems;
Sustainable Crop Production.

INTRODUCTION
Global agriculture faces unprecedented
challenges driven by a rapidly growing

contributed to soil degradation, water
pollution, and loss of biodiversity (Penuelas et
al., 2023). In this context, nanotechnology—

population projected to reach 9.7 billion by
2050, diminishing arable land, water scarcity,
and the intensifying effects of climate change
(FAO, 2023). Conventional agricultural
practices, heavily reliant on synthetic
fertilizers and chemical pesticides, have

the manipulation of materials at the nanoscale
(1-100 nm)—has emerged as a promising
frontier for addressing these multifaceted
challenges and transforming agricultural
production systems.

Cite this article: Dhanetia, H.R. (2026). Role of Nanotechnology in Modern Agricultural Practices, Curr.
Rese. Agri. Far. 7(2), 1-7. doi: http://dx.doi.org/10.18782/2582-7146.276

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

Copyright © March-April, 2026; CRAF



Dhanetia, H.R.
The global nanotechnology market was valued
at US$352.4 billion in 2023 and is projected to
reach US$868.9 billion by 2031, with
agricultural applications representing a rapidly
expanding segment (Kumari et al., 2023).
Nanomaterials offer unique physicochemical
properties, including high surface-area-to-
volume ratio, enhanced reactivity, and tunable
release kinetics, making them ideal candidates
for developing next-generation fertilizers,
pesticides, sensors, and delivery systems
(Wang et al., 2022). The integration of
nanotechnology with precision agriculture and
digital farming has opened new avenues for
site-specific  nutrient management, early
disease  detection, and environmentally
responsive agrochemical delivery.

This review synthesizes recent
advances in nanotechnology applications
across modern agricultural practices, evaluates
the efficacy of nanomaterials in enhancing
crop productivity and sustainability, and
discusses the challenges and  future
perspectives for the responsible deployment of
nano-enabled agricultural technologies.

2. Nanofertilizers: Enhancing Nutrient
Delivery and Crop Productivity

Nanofertilizers represent one of the most
promising applications of nanotechnology in
agriculture. These materials, typically ranging
from 1 to 100 nm in size, can be formulated as
nano-nitrogen, nano-phosphorus, nano-
potassium (nano-NPK), nano-iron, nano-zinc,
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and nano-chitosan composites that enable
controlled and sustained nutrient release to
plant roots and foliage (Zain et al., 2024).
Unlike conventional fertilizers, which suffer
40-70% nutrient losses through leaching,
volatilization, and surface runoff,
nanofertilizers deliver nutrients in a targeted
manner, significantly improving nutrient-use
efficiency (NUE) and reducing environmental
contamination.

Recent studies have demonstrated
remarkable  yield improvements  with
nanofertilizer applications. According to a
comprehensive review by Hussain et al.
(2025), nano-fertilizers increased wheat yields
by 20-55%, maize by 20-40%, and rice by
13-25% compared to untreated controls.
Nano-chitosan NPK particles applied as foliar
sprays entered through stomata and were
translocated via xylem and phloem, resulting
in enhanced photosynthetic efficiency and
biomass accumulation (Abdel-Aziz et al.,
2020). Furthermore, nano-nitrogen combined
with nano-micronutrient foliar applications
increased potato tuber yield by 42.48% and
starch yield by 44.05% over control treatments
(Subramanian et al., 2015). Countries
including India, Germany, Iran, and the USA
have already introduced  commercial
nanofertilizer products, such as IFFCO’s nano-
urea, which has been widely adopted across
Indian farming systems (Singh et al., 2022).
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Figurel. Key applications of nanotechnology in modern agriculture, encompassing nanofertilizers,
nanopesticides, nanosensors, smart delivery systems, soil remediation, and food quality assurance
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3. Nanopesticides:
Protection
Conventional  pesticide  application s
associated with significant environmental and
health concerns, as only a fraction of applied
chemicals reaches the target pests, with the
remainder contaminating soil, water, and non-
target organisms (Chaud et al., 2021).
Nanopesticides offer a paradigm shift by
encapsulating active ingredients  within
nanocarriers such as chitosan, alginate, and
polymeric nanoparticles, enabling controlled
and targeted release that enhances efficacy
while minimizing ecological disruption.
Nanoencapsulation of pesticides in
biodegradable polymers has shown a reduction
of up to 20% in environmental toxicity in
controlled experiments, while simultaneously
increasing pest control efficiency by
approximately 25% due to the gradual release
of active compounds (Li et al., 2021). Smart
nano-delivery systems can respond to
environmental ~ stimuli  such as  pH,
temperature, and enzymatic activity, releasing
pesticides precisely when and where they are
needed (Fincheira et al., 2023). Silver
nanoparticles (AgNPs) and copper-based
nanoformulations have demonstrated potent
antimicrobial properties against
phytopathogens, while nano-silica and nano-
sulfur formulations have been effective as
fungicides and insecticides with reduced
dosage requirements (Ali et al., 2023).
However, the potential effects of
nanopesticides on beneficial soil
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microorganisms, pollinators, and food chain
bioaccumulation require careful long-term
assessment.
4. Nanosensors and Precision Agriculture
Nanosensors represent a critical enabling
technology for precision agriculture, providing
real-time analytical data on soil health, plant
physiological status, and environmental
conditions (Giraldo et al., 2023). These
miniaturized devices, incorporating metal
oxide nanoparticles, carbon nanotubes, and
qguantum dots, can detect nutrient levels, soil
moisture, pH, pesticide residues, and pathogen
presence with high sensitivity and selectivity.
Electrochemical nanosensors based on
graphene oxide have been developed for
monitoring soil pH with exceptional accuracy,
while optical nanobiosensors enable early
detection of plant diseases before visible
symptoms appear, allowing for timely
intervention and reduced crop losses (Savich et
al., 2021). The integration of nanosensors with
IoT networks and cloud-based data analytics
platforms enables automated, real-time field
monitoring, where data from distributed sensor
nodes informs Al-driven decision-support
systems for optimizing irrigation, fertilization,
and pest management strategies (Mansoor &
Chung, 2024). This convergence of
nanotechnology and digital agriculture is
central to the Agriculture 4.0 paradigm,
enabling data-driven, site-specific
management at unprecedented spatial and
temporal resolution.
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Figure2. Comparative mechanism of conventional fertilizer versus nanofertilizer action in soil-plant
systems, highlighting the advantages of targeted nutrient delivery and reduced environmental losses
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5. Smart
Nanocarriers
Smart  delivery  systems  based on
nanostructured materials have revolutionized
the administration of agrochemicals by
enabling precise, stimulus-responsive release
of nutrients and crop protection agents (Khot
et al., 2012). These nanocarriers—including
polymeric nanoparticles, mesoporous silica,
layered double hydroxides, and carbon
nanotubes—can encapsulate active ingredients
and release them in response to changes in soil
pH, moisture, temperature, or enzymatic
activity (Fincheira et al., 2023).

Nano- and microstructured
encapsulation systems have demonstrated a
30% reduction in fertilizer reapplication
frequency while maintaining crop vyields, as
nutrients are retained within the delivery
matrix and released gradually according to
plant demand (Mehra et al., 2021). Wang et al.
(2020) reported that applying nanofertilizers to
saline soils enhanced plant resistance to water
stress by 40%, underscoring the adaptability of
smart delivery systems to challenging
environmental conditions. Urea molecules
incorporated into layered nanostructures
provide prolonged and intelligent nutrient
release, reducing nitrogen volatilization losses
and improving NUE (Qadir et al., 2018).
Additionally, nanocarriers reduce the direct
exposure of non-target organisms to harmful
chemicals, protecting pollinators, aquatic
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ecosystems, and beneficial soil biota from
contamination.
6. Nanotechnology in Soil Remediation and
Environmental Management
Nanotechnology provides innovative solutions
for the remediation of contaminated
agricultural soils. Nanomaterials such as zero-
valent iron nanoparticles (nZVI), carbon
nanotubes, iron oxide nanoparticles, and nano-
biosorbents have demonstrated high efficacy
in adsorbing and immobilizing heavy metals
including cadmium, lead, arsenic, and
chromium from polluted soils (Babu et al.,
2022). Nanophytoremediation—the synergistic
combination of plant-based remediation with
nanoparticle-assisted extraction—represents a
cutting-edge, environmentally friendly
approach for decontaminating soils while
preserving soil microbial communities.
Furthermore, nanotechnology-enabled
soil management extends to nano-irrigation
systems and nano-amended soil conditioners
that improve water-holding capacity, soil
aeration, and aggregate stability (RSC, 2025).
Nanoparticles can also be engineered to break
down persistent organic pollutants, including
residual pesticides and herbicides, through
enhanced catalytic degradation processes.
These applications position nanotechnology as
a key enabler for restoring degraded
agricultural lands and supporting long-term
soil health and productivity.
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Figure3. Integrated nanotechnology-enabled smart agriculture system showing the interconnections
between nanosensors, nanofertilizers, nanopesticides, 10T analytics, smart delivery systems, and soil
nano-remediation for sustainable crop production
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Tablel. Comparison of conventional agricultural technologies versus nanotechnology-based approaches

Aspect Conventional Technology

Nanotechnology

Nutrient Delivery  Bulk application; 40-70% losses via

leaching and volatilization

Pest Management  Broad-spectrum pesticides; high

environmental toxicity

Crop Monitoring  Visual inspection; periodic soil

sampling

Soil Health Degradation from excessive

chemical inputs

Environmental High runoff, eutrophication,

Impact pollution
Yield Plateauing returns with increasing
Enhancement inputs

7. Challenges and Future Perspectives
Despite  the  significant  promise  of
nanotechnology in  agriculture, several
challenges must be addressed for its
responsible and widespread adoption. The
potential toxicity of nanoparticles to soil
microbiota, aquatic organisms, and human
health through food chain bioaccumulation
remains a primary concern (Moghaddasi et al.,
2020). Uncontrolled application of ZnO
nanoparticles has been shown to inhibit plant
growth via phytotoxicity, while CuO
nanoparticles can adversely affect root
elongation in model species (Souza et al.,
2021). Limited knowledge of long-term
environmental persistence, fate, and transport
of engineered nanomaterials in
agroecosystems necessitates comprehensive
ecotoxicological assessments.

Regulatory frameworks for
agricultural nanotechnology remain
fragmented and ambiguous across most
jurisdictions, hindering commercial
deployment and public trust (Ahmed et al.,
2023). The high cost of nanomaterial
synthesis, the need for specialized
infrastructure, and the digital divide in
developing nations pose additional barriers,
particularly for smallholder farmers. Future
research  priorities  include  developing
multifunctional  nanofertilizers  combining
nutrient delivery with stress tolerance,

Copyright © March-April, 2026; CRAF

Controlled, targeted release; <20% losses;
enhanced NUE

Encapsulated nanopesticides; 20-25%
improved efficiency; reduced toxicity

Real-time nanosensors; loT-integrated
continuous monitoring

Nano-remediation; improved microbial
activity; heavy metal immobilization

Minimal leaching; biodegradable carriers;
eco-friendly

20-55% vyield increase with lower input
requirements

establishing standardized safety protocols,
scaling up green synthesis methods using plant
extracts and biological agents, and integrating
nanotechnology  with  advanced digital
platforms for holistic farm management.
Interdisciplinary collaboration among
nanotechnologists, agronomists, environmental
scientists, and policymakers will be essential
to realize the full potential of nanotechnology
for sustainable food production.

CONCLUSION
Nanotechnology offers a paradigm-shifting
approach to modern agricultural practices,
providing tools that enhance nutrient delivery,
crop protection, environmental monitoring,
and soil remediation with unprecedented
precision and efficiency. Nanofertilizers have
demonstrated yield improvements of 20-55%
across major staple crops while substantially
reducing fertilizer input requirements and
environmental losses. Nanopesticides enable
targeted pest management with lower chemical
loads and reduced ecological disruption.
Nanosensors integrated with loT platforms
provide real-time, data-driven insights for
precision agriculture, while smart delivery
systems ensure stimulus-responsive release of
agrochemicals tailored to crop and soil needs.

However, the transition  from
laboratory innovation to large-scale field
deployment requires addressing critical gaps in
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nanotoxicology, regulatory harmonization,
production scalability, and farmer digital
literacy. The development of standardized
safety assessment protocols, cost-effective
green synthesis routes, and inclusive digital
extension services will be pivotal in ensuring
that nanotechnology benefits reach
smallholder farmers in developing nations. As
global food demand intensifies under
mounting climate pressures, the responsible
integration of nanotechnology into agricultural
systems stands as one of the most promising
pathways toward achieving sustainable food
security, environmental resilience, and
climate-smart agricultural production.

Acknowledgements:
The authors appreciate the collaborative
efforts of all co-authors in successfully
completing this study.

Funding:
No financial support was received.

Conflict of Interest:
The authors declare no conflicts of interest.

Author Contributions:
All authors contributed equally to the
manuscript preparation and approval.

REFERENCES

Abdel-Aziz, H. M. M., Hasaneen, M. N. A, &
Omer, A. M. (2020). Nano chitosan-
NPK fertilizer enhances the growth
and productivity of wheat plants
grown in sandy soil. Spanish Journal
of Agricultural Research, 14(1),
e0902.

Ahmed, B., Rizvi, A., Ali, K., Lee, J., Zaidi,
A., Khan, M. S., & Musarrat, J.
(2023). Nanoparticles in the soil-plant
system: A review of the environmental
and agricultural implications.
Environmental Chemistry  Letters,
21(4), 1863-1879.

Ali, S., Mehmood, A., & Khan, N. (2023).
Uptake, translocation, and
consequences of nanomaterials on
plant growth and stress adaptation.

Copyright © March-April, 2026; CRAF

Curr. Rese. Agri. Far. (2026) 7(2), 1-7

ISSN: 2582 — 7146
Journal of Nanomaterials, 2023,
Article 6890657.

Babu, S., Singh, R., Yadav, D., Rathore, S. S.,
Raj, R., Avasthe, R., & Kumar, A.
(2022). Nanofertilizers for agricultural
and environmental  sustainability.
Chemosphere, 292, Article 133451.

Chaud, M. V., Souto, E. B., Zielinska, A.,
Severino, P., Batain, F., Oliveira-
Junior, J., & Alves, T. (2021).
Nanopesticides in agriculture: Benefits
and challenge in  agricultural
productivity, toxicological risks to
human health and environment.
Toxics, 9(6), 131.

FAO. (2023). The state of food and agriculture
2023. Food and  Agriculture
Organization of the United Nations,
Rome.

Fincheira, P., Quiroz, A., Tortella, G., Diez,
M. C., & Rubilar, O. (2023). Current
advances in nanoencapsulated
pesticides: A promising strategy for
crop protection. Biocatalysis and
Agricultural  Biotechnology, 51,
Article 102790.

Giraldo, J. P., Wu, H., Newkirk, G. M., &
Kruss, S. (2023). Nanobiotechnology
approaches for engineering smart plant
sensors. Nature Nanotechnology, 14,
541-553.

Hussain, S. N., Naji, N. M., & Hassan, M. J.
(2025).  Emerging trends and
perspectives on nano-fertilizers for
sustainable  agriculture.  Discover
Nano, 20, Article 92.

Khot, L. R., Sankaran, S., Maja, J. M., Ehsani,
R., & Schuster, E. W. (2012).
Applications of nanomaterials in
agricultural  production and crop
protection: A review. Crop Protection,
35, 64-70.

Kumari, S., Sharma, A., & Rajput, V. D.
(2023). Nanotechnology in sustainable
agriculture:  Recent developments,

challenges, and perspectives.
Frontiers in Plant Science, 14, Article
1139800.



Dhanetia, H.R.

Li, Y., Wang, C., Gao, S., & Zhang, Z. (2021).
Nanostructured  pesticide  delivery
systems: Formulation, application, and
environmental  fate. Journal  of
Agricultural and Food Chemistry,
69(40), 11724-11738.

Mansoor, S., & Chung, Y. S. (2024). Al-
integrated smart sensors for precision
agriculture: Challenges and
opportunities. Computers and
Electronics in  Agriculture, 217,
Article 108586.

Mehra, P., Baker, J., Sojka, R. E., Bolan, N.,
Desbiolles, J., Kirkham, M. B., &
Gupta, R. (2021). A review of tillage
practices and their potential to impact
the soil carbon dynamics. Advances in
Agronomy, 150, 185-230.

Moghaddasi, S., Khoshgoftarmanesh, A. H.,
Karimzadeh, F., & Chaney, R. L.
(2020). Fate and effect of ZnO
nanoparticles in soil-plant system.
Ecotoxicology and Environmental
Safety, 192, Article 110297.

Oliveira, J. L., Campos, E. V. R., Bakshi, M.,
Abhilash, P. C., & Fraceto, L. F.
(2018). Application of nanotechnology
for the encapsulation of botanical
insecticides for sustainable
agriculture: Prospects and promises.
Biotechnology Advances, 32(8), 1550—
1561.

Penuelas, J., Coello, F., & Sardans, J. (2023).
A better use of fertilizers is needed for
global food security and
environmental sustainability.
Agriculture and Food Security, 12,
Article 5.

Qadir, M., Oster, J. D., Schubert, S., Noble, A.
D., & Sahrawat, K. L. (2018).
Phytoremediation of sodic and saline—
sodic soils: A review. Advances in
Agronomy, 96, 197-247.

RSC. (2025). Nanotechnology-enabled soil
management for sustainable
agriculture: Interactions, challenges,

Copyright © March-April, 2026; CRAF

Curr. Rese. Agri. Far. (2026) 7(2), 1-7

ISSN: 2582 — 7146
and prospects. Environmental Science:
Nano, 12(4), 1058-1087.

Savich, V. I, Sychev, V. G., Varlamov, V. A,,
& Khaidapova, D. D. (2021). The
optimization of soil properties through
integrated monitoring and amendment
strategies. Eurasian Soil Science,
54(7), 1079-1088.

Singh, H., Sharma, A., Bhardwaj, S. K., Arya,
S. K., Bhardwaj, N., & Khatri, M.
(2022). Recent advances in the
applications of nano-agrochemicals
for sustainable agricultural
development. Environmental Science:
Processes and Impacts, 23(2), 213—
239.

Souza, L. R. R., Bernardes, L. E., Barbetta, M.
F.S., & da Veiga, M. A. M. S. (2021).
Iron oxide nanoparticle phytotoxicity
to the aquatic plant Lemna minor:
Effect on reactive oxygen species
(ROS) production and chlorophyll-a
content. Science of the Total
Environment, 763, Article 144188.

Subramanian, K. S., Manikandan, A,
Thirunavukkarasu, M., & Rahale, C.
S.  (2015). Nano-fertilizers  for
balanced crop nutrition. In M. Rai, C.
Ribeiro, L. Mattoso, & N. Duran
(Eds.), Nanotechnologies in food and
agriculture (pp. 69-80). Springer.

Wang, D., Saleh, N. B., Byro, A., Zepp, R.,
Sahle-Demessie, E., & Luber, G.
(2022). Nano-enabled pesticides for
sustainable agriculture and global food
security. Nature Nanotechnology, 17,
347-360.

Wang, P., Lombi, E., Zhao, F. J., & Kopittke,
P. M. (2020). Nanotechnology: A new
opportunity in plant sciences. Trends
in Plant Science, 21(8), 699-712.

Zain, M., Ma, H., Chaudhary, S., Nuruzzaman,
M., & Mahmood, A. (2024).
Nanotechnology-based precision
agriculture for alleviating biotic and
abiotic stress in plants. Plant Stress,
10, Article 100239.



