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Abstract

Agriculture is challenged with demands for higher productivity, improved
resource efficiency, and reduced environmental impact. Traditional agricultural
inputs, including chemical fertilizers, pesticides, and water-intensive practices, are
reaching their limits due to inefficient utilization. Nanotechnology, characterized by
the manipulation of materials at the nanoscale level of 1to 100 nm, has emerged
as a promising strategy for transforming agriculture. Agricultural productivity
can be enhanced through reactivity, targeted delivery, and real-time monitoring.
This review provides an overview of the role of hanotechnology in agriculture,
focusing on nano-fertilizers, nano-pesticides, nanosensors, seed nanopriming, and
environmental remediation. Evidence from studies demonstrates substantial gains
in nutrient-use efficiency, reductionsin agrochemical dependency,improved stress
tolerance, and enhanced crop yields. The paper also discusses environmental
implications, toxicity issues, regulatory measures, and standardization needs.
Nanotechnology plays a vital role in developing sustainable, high-efficiency
agricultural systems, but its long-term success will depend on responsible
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innovation and comprehensive field validation.

Introduction

Agriculture forms the foundation of global food security,
yet it faces unprecedented challenges driven by rapid
population growth, climate variability, soil degradation, and
shrinking arable land. Projections by the Food and Agriculture
Organization (FAO) indicate that the global food production
mustincrease by 2050 to meet future demands [1]. Traditional
farming techniques, largely reliant on extensive inputs of
fertilizers, pesticides, and water, are no longer sustainable
due to their low efficiency, high environmental costs, and
increasing contribution to greenhouse gas emissions [2].
These limitations underscore the pressing need for innovative
technologies capable of improving resource utilization
and mitigating environmental impacts. Nanotechnology
offers a unique opportunity to address these challenges.
Nanomaterials  exhibit  exceptional  physicochemical
properties such as large surface-area-to-volume ratios,
enhanced reactivity, improved solubility, and controlled-
release behaviour [3]. Their nanoscale dimensions facilitate
efficient penetration through plant membranes, enable
precise targeting of nutrients and agrochemicals, and support
sensitive detection of environmental and physiological signals
[4]. Over the past decade, nanotechnology has evolved from
experimental laboratory concepts to practical applications
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in farms, hydroponic systems, and precision agriculture
platforms. This review critically examines the advancements,
practical outcomes, and challenges associated with the
implementation of nanotechnology in agriculture. Recent
comprehensive reviews emphasize that nanotechnology
research in agriculture has increased significantly over the
last decade, with a growing focus on nutrient-use efficiency,
stress resilience, and precision farming systems. Compared to
conventional inputs, nano-enabled formulations demonstrate
15% - 40% higher utilization efficiency due to improved
solubilityandtargeted delivery mechanisms. Globalagriculture
faces critical constraints, including declining soil fertility,
increasing pest outbreaks, and the urgent need to produce
more food with fewer inputs. Nanotechnology offers targeted
interventions that directly respond to these challenges. For
example, nano-fertilizers provide precise nutrient delivery
to counter nutrient depletion, while nanosensors enable real-
time monitoring to manage water and fertilizer scarcity. Thus,
the integration of nanotechnology is not merely an innovation
but a strategic response to global agricultural pressures.

Nano-fertilizers for sustainable crop nutrition

One of the most important applications of nanotechnology
in agriculture is the development of nano-fertilizers.
These fertilizers are engineered to deliver nutrients more
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efficiently than conventional formulations by improving
their bioavailability, reducing losses, and enabling slow and
controlled release [5]. Metal-oxide nanoparticles such as
zinc oxide, iron oxide, and titanium dioxide have potential in
addressing micronutrient deficiencies, enhancing chlorophyll
formation, and stimulating enzymatic activity [6]. Nano-
encapsulated nitrogen, phosphorus, and potassium fertilizers
incorporate nutrients within nano-scale polymeric or lipid-
based shells [7]. These provide sustained nutrient release
and minimize leaching losses that commonly occur with
traditional fertilizers. Carbon-based nanomaterials, including
graphene oxide and carbon nanotubes, can also be used as
carriers that enhance nutrient loading capacity and facilitate
deeper penetration into plant tissues [8].

The mechanisms underlying the superior efficiency of
nano-fertilizers are multifaceted. Their high surface energy
promotes rapid dissolution and improved mobility within
the soil-plant system. The nanoscale size enables efficient
uptake through stomatal openings and root epidermal layers,
while nano-coatings control nutrient release and are in line
with plant developmental stages [9]. These advantages
have been documented in various field studies, where
nano-fertilizers have led to higher nutrient-use efficiency,
improved photosynthetic performance, and significant
yield enhancements [10]. Such results project the potential
of nano-fertilizers as a sustainable alternative capable of
reducing dependency on conventional high-dose chemical
fertilizers. In practical field applications, nano-fertilizers are
typically delivered through foliar sprays or soil amendments.
For example, ZnO nanoparticles have improved zinc uptake
in maize and rice by over 25% compared to bulk ZnSO,.
Polymer-coated nano-urea provides a slow-release nitrogen
source and has been shown to reduce nitrogen leaching by up
to 40% in field trials.

Nano-pesticides and enhanced pest management

The excessive use of chemical pesticides has resulted in
environmental contamination, increased production costs,
and resistance development among pests. Nanotechnology
provides a promising solution through the development of
nano-pesticides, which include nano-emulsified botanical
extracts, nanoparticle suspensions, and nano-encapsulated
active ingredients. These formulations enhance pesticide
stability, improve adherence to plant surfaces, and ensure
better penetration into pest cuticles [11]. Metal-based
nanoparticles such as silver, copper, and zinc oxide display
strong antimicrobial and insecticidal properties, enabling
effective control of fungal, bacterial, and insect pests at much
lower concentrations than traditional chemicals [12].

Nano-pesticides offer several advantages, including
prolonged field persistence due to their controlled-release
characteristics, reduced dosage requirements, and improved
selectivity towards target organisms [13]. Nano-emulsified
botanical insecticides, for example, maintain the bioactivity
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of volatile essential oils while increasing their stability and
dispersion in water. Field evaluations have demonstrated that
nano-enabled pesticides reduce pest incidence, improve crop
health, and decrease overall chemical usage, thereby lowering
environmental impact [14]. Their enhanced efficiency
positions nano-pesticides as an integral component of future
integrated pest management systems.

Nanosensors for precision agriculture

Precision agriculture aims to optimize inputs by
responding to real-time variability in soil and crop conditions.
Nanosensors play a vital role in achieving this goal due
to their exceptional sensitivity, rapid response time, and
ability to detect molecular-level changes. These sensors are
capable of monitoring soil moisture, nutrient concentrations,
plant pathogens, salinity, and environmental toxins [15].
Electrochemical nanosensors offer accurate detection of
nitrogen, phosphorus, and potassium levels, enabling timely
fertilization decisions. Optical nanosensors employing
fluorescence or colorimetric changes facilitate early
identification of plant stress or disease long before visible
symptoms appear [16]. Carbon nanotube-based sensors
are widely used for monitoring moisture and electrical
conductivity, supporting efficient irrigation scheduling.

The integration of nanosensors with wireless networks,
Internet-of-Things devices, and decision-support algorithms
has created opportunities for real-time, automated farm
management [17]. This approach minimizes resource wastage,
reduces crop losses, and enhances productivity. Nanosensor-
driven irrigation systems, for example, have been shown to
reduce water consumption significantly while maintaining
optimal soil moisture conditions [18]. By enabling data-
driven decision-making, nanosensors represent a critical
advancement towards smart farming systems that are
essential for meeting future agricultural demands.

Nanotechnology for soil health and environmental
remediation

The degradation of soil quality due to heavy metal
contamination, excessive pesticide residues, and industrial
pollutants poses a major threat to crop productivity and
human health. Nanotechnology offers innovative solutions
for soil and water remediation. Nanoparticles such as nano-
iron, nano-clays, and carbon-based nanomaterials exhibit
strong adsorption capacities, enabling the efficient removal
of toxic metals and organic pollutants. Nano-enabled
phytoremediation techniques, where plants are assisted
by nanoparticles that enhance contaminant uptake, have
demonstrated improved efficiency in cleaning polluted
soils [19]. Furthermore, nanomaterials can accelerate
the degradation of persistent pesticides and support the
restoration of soil microbial communities, which are essential
for nutrient cycling [20]. These applications highlight the dual
role of nanotechnology in not only enhancing agricultural
productivity but also safeguarding environmental health.
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Nanotechnology
development

in seed science and plant

Seed nanopriming represents an emerging area in which
seeds are treated with nanoparticles to improve germination,
vigour, and stress tolerance. Nanoparticles such as iron oxide,
titanium dioxide, and carbon nanotubes can enhance water
uptake, activate key metabolic enzymes, and improve early
seedling development [21]. These effects contribute to higher
crop establishment rates, especially under abiotic stress
conditions such as drought or salinity. Studies have shown
that nano-primed seeds exhibit stronger root development,
increased chlorophyll content, and improved resilience
to oxidative stress [22], demonstrating the potential of
nanotechnology in reinforcing plant productivity from the
earliest stages of growth.

Safety, toxicity, and environmental considerations

Despiteitsnumerousadvantages, the use ofnanotechnology
in agriculture raises important questions regarding long-
term safety and environmental impact. Nanoparticles can
accumulate in soil, water, or plant tissues, potentially affecting
beneficial organisms such as earthworms, pollinators, and soil
microbes [23]. Their small size may facilitate entry into food
chains, posing risks to human and animal health. Additionally,
the long-term fate, transformation, and degradation pathways
of many nanomaterials remain poorly understood. These
concerns highlight the need for rigorous toxicity assessments,
standardized testing protocols, and life-cycle analyses.
Regulatory frameworks for nano-enabled agricultural
products are still in the early stages in many countries [24].
Clear guidelines for nanoparticle characterization, permissible
limits, environmental monitoring, and risk assessment
are essential to ensure safe and sustainable deployment.
Strengthening global regulatory standards and promoting
transparent reporting will support responsible innovation in
agricultural nanotechnology.

Challenges affecting large-scale implementation

Although nanotechnology has shown promising results,
several challenges hinder its widespread adoption. High
production costs, limited farmer awareness, and the lack of
standardized field protocols create barriers to large-scale
deployment[25]. Many nanomaterials remain atthelaboratory
stage, and their field performance requires further validation
under diverse climatic and soil conditions. A significant
challenge lies in balancing the technological benefits with
environmental safety to ensure long-term sustainability.
Addressing these limitations is critical to transitioning
nanotechnology from experimental innovation to mainstream
agricultural practice. Despite promising outcomes, several
limitations restrict the broad deployment of nano-enabled
agricultural inputs. The long-term environmental behavior
of many nanoparticles remains insufficiently understood,
leading to uncertainty about soil and ecosystem impacts.
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Limited access to affordable nano-formulations, inconsistent
product quality, and a lack of standardized protocols create
additional barriers. Furthermore, regulatory frameworks for
nano-agrochemicals vary widely among countries, slowing
commercialization and adoption. These limitations highlight
the need for multi-season field validation, cost-effective
synthesis methods, and harmonized safety standards.

Future prospects

The future of agricultural nanotechnology lies in its
integration with emerging digital and biological technologies.
The combination of nanotechnology with precision irrigation
systems, drone-based monitoring, artificial intelligence,
and robotics promises to reshape farm management into
a highly automated and efficient system [26]. Advances in
nano-biotechnology, such as nano-enabled gene delivery
and nano-assisted CRISPR systems, hold potential for
accelerated crop breeding and enhanced plant resilience.
Green synthesis approaches using plant extracts, microbial
systems, and agricultural waste offer environmentally
friendly routes for producing biodegradable nanomaterials
[27]. As interdisciplinary research continues to expand,
nanotechnology is expected to become a cornerstone of next-
generation agriculture. Its success, however, will depend
on transparent regulation, comprehensive environmental
assessments, and the development of affordable nano-inputs
accessible to farmers worldwide.

Conclusion

Nanotechnology is a transformative tool capable of
addressing some of the demanding challenges faced by the
agricultural population. Through its applications in nutrient
delivery, pest management, precision sensing, environmental
remediation, and plant development, it has demonstrated
significant potential to increase productivity and reduce
negative environmental impacts. Although concerns
regarding toxicity, environmental persistence, and regulatory
oversight remain, present research on green synthesis, risk
assessment, and policy development will create a path for safe
implementation. With responsible innovation and continued
interdisciplinary research, nanotechnology can develop a
sustainable, resilient, and high-efficiency agricultural system
for the future.
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