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Abstract: Nanotechnology is transforming modern agriculture by enhancing nutrient uptake, improving pest and disease
management, and contributing to sustainable agricultural practices. However, the environmental risks and regulatory challenges
associated with nanomaterials must be addressed to ensure their safe application. This paper reviews the interactions between
nanomaterials and plants, their application in nutrient and pest management, and discusses the challenges and future directions in the

field.
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1. Introduction to Nanomaterials

1.1 Definition and Characteristics

Nanomaterials are materials with at least one dimension
between 1 to 100 nanometers. Due to their small size, they
possess unique physical, chemical, and biological properties
that differ significantly from their bulk counterparts. These
properties, such as high surface area-to-volume ratio and
enhanced reactivity, make them highly useful in a variety of
applications, including agriculture (1, 2). Nanomaterials can
exist in various forms, including nanoparticles, nanofibers,
and nanotubes. Their surface can be engineered to improve
their interaction with plant tissues, facilitating their uptake
and transport within plants. The ability to control their
release and reactivity offers significant potential for
improving agricultural productivity (3).

1.2 Types of Nanomaterials

Common nanomaterials used in agriculture include metal-
based nanoparticles (e.g., silver, zinc oxide), carbon-based
nanomaterials (e.g., carbon nanotubes), and natural
biopolymers (e.g., chitosan nanoparticles) (4, 5). Metal-
based nanoparticles are particularly useful for their
antimicrobial properties, while carbon-based nanomaterials
can enhance plant nutrient uptake and water retention (6).
Biodegradable nanomaterials, such as chitosan, are favored
for their ability to boost plant immunity without leaving
toxic residues in the environment (7).

2. Plant Growth and Development
2.1 Key Processes in Plant Growth

Plant growth involves several physiological processes,
including nutrient uptake, photosynthesis, and hormone
regulation. Nanomaterials can influence these processes by
improving the efficiency of nutrient absorption and
stimulating photosynthetic activity. They can also modulate
plant hormone levels, influencing root and shoot growth and
overall plant development (8).

2.2 Factors Affecting Plant Development

Plant development is influenced by external factors such as
soil quality, water availability, and nutrient levels.
Nanomaterials can interact with these factors to enhance
plant resilience under stressful conditions like drought or
poor soil quality. By improving water retention and nutrient
bioavailability, nanomaterials offer new ways to support
plant growth in challenging environments (9).

3. Interactions between Nanomaterials and
Plants

3.1 Uptake Mechanisms

Nanomaterials enter plants primarily through root absorption
or foliar uptake. In root uptake, nanomaterials travel through
the “apoplastic” or “symplastic pathways”, entering through
the cell walls or plasma membranes. The apoplastic route
allows nanoparticles to move through the intercellular
spaces until they reach the Casparian strip, while the
symplastic route involves nanoparticle movement through
cell membranes and plasmodesmata (10). Nanomaterials are
also absorbed via stomatal openings on leaves or through
cuticular pores during foliar application. The uptake
efficiency is influenced by nanoparticle size, surface charge,
and plant species (11).

3.2 Transport and Distribution in Plants

Once inside the plant, nanomaterials are transported through
the xylem and phloem. Xylem transport involves upward
movement with water through transpiration, while the
phloem transports nutrients and nanoparticles in both
directions to various plant tissues. Nanomaterials can
accumulate in specific tissues, depending on their properties,
and may undergo biotransformation, affecting their
reactivity and impact within the plant (12).
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4. Applications of Nanomaterials in

Agriculture
4.1 Enhanced Nutrient Uptake

Nanofertilizers utilize nanoparticles to deliver nutrients like
nitrogen, phosphorus, and potassium more efficiently than
traditional fertilizers. They allow for controlled release,
preventing nutrient loss due to leaching or soil fixation,
thereby improving nutrient-use efficiency. Zinc oxide and
iron nanoparticles, for example, enhance zinc and iron
uptake, promoting better metabolic function and
photosynthesis (13). Carbon-based nanomaterials, such as
carbon nanotubes, can also improve soil water retention,
facilitating better nutrient absorption by plants under water-
limited conditions. These nanomaterials contribute to
precision agriculture, where nutrients are delivered in
precise amounts, reducing waste and environmental impact
(14).

4.2 Pest and Disease Management

Nanopesticides use nanoparticles to deliver active
ingredients more effectively, reducing the overall quantity of
chemicals needed. “Silver nanoparticles” are widely used
for their antimicrobial properties, helping prevent bacterial
and fungal infections in crops. “Zinc oxide” and “titanium
dioxide nanoparticles” have been found to control pests by
inducing oxidative stress in harmful insects (15). Moreover,
nanomaterials like “chitosan nanoparticles” enhance plant
immunity by triggering systemic acquired resistance, a
natural defense mechanism against pathogens. This reduces
reliance on chemical pesticides and minimizes
environmental contamination (16).

5. Challenges and Future Directions
5.1 Environmental Impact and Safety Concerns

The environmental impact of nanomaterials remains a
significant concern. Metal-based nanoparticles, such as
silver and zinc oxide, can accumulate in soil and water,
potentially disrupting microbial ecosystems and reducing
soil fertility (17). Additionally, nanoparticles may pose risks
to non-target organisms, including beneficial insects and
aquatic species. Their long-term ecological effects are not
fully understood, necessitating further research (18). There
are also concerns regarding human health, particularly if
nanoparticles enter the food chain. Long-term exposure to
nanomaterials through contaminated water or food may have
unknown toxicological consequences. Rigorous safety
testing and assessment of the potential risks of chronic
exposure are crucial (19).

5.2 Regulatory Frameworks and Guidelines

To ensure the safe use of nanomaterials in agriculture,
comprehensive regulatory frameworks are essential. Current
regulations for agrochemicals often do not account for the
unique properties of nanomaterials, such as their size and

human health (21). Public awareness and transparency in
communicating the risks and benefits of nanotechnology in
agriculture will also be important for gaining consumer and
industry trust. Future research should focus on developing
biodegradable nanomaterials and improving biosensors for
precision agriculture, ensuring that the benefits of
nanotechnology are maximized while minimizing the risks
(22).
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