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NANOTECHNOLOGY AND ITS ROLE IN SEED TECHNOLOGY

TJ. ANITHA ROSE *, B. RUPESH KUMAR REDDY, S. VASUNDHARA AND G. NARASIMHA

Department of Seed Science and Technology, S.V. Agricultural College, ANGRAU, Tirupati-517 502.

Date of Receipt: 06-10-2025

ABSTRACT
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Nanotechnology, an emerging field of material science, deals with materials smaller than 100 nanometres and has
wide applications in plant and animal research. In agriculture, particularly in seed science, nanoparticles are used to enhance
germination, seed vigour and tolerance to environmental stresses. Their effects, however, can be beneficial or harmful,
depending on factors such as composition, size, shape, surface modification, concentration, plant species and environment.
Studies highlight that nanoparticle size and concentration are crucial in determining their biological impact. This review
discusses the role of nanoparticles in seed technology and their potential benefits for sustainable agriculture.
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INTRODUCTION

Nanotechnology refers to the branch of science and
engineering devoted to designing, producing and using
structures, devices and systems by manipulating atoms
and molecules at nanoscale. “Nano” means one-billionth
(10-9), thus nanotechnology deals with materials measured
in a billionth of a meter. Nanoparticles are atomic or
molecular aggregates with at least one dimension between
1 and 100 nm (Roco, 2003). Nanoparticles have a small
size and a high surface-to-volume ratio, which confer
to them remarkable chemical and physical properties in
comparison to their bulk counterparts (Roduner, 2006).
Due to their unique properties nanoparticles are suitable
for use in different fields, such as life science, electronics
and chemical engineering (Jeevanandam et al., 2018).

National nanotechnology initiative is U.S government
research and development initiative, has given the definition
of nanotechnology as “Understanding and control of matter
at dimensions between approx. 1 and 100 nanometers.
Nanoparticles are widelyused in different aspects of daily life
activities and have a significant effect on society, economy
and the environment (Nel et al., 2006). Nanotechnology
has generated various types of nanoparticles (NPs) with
differences in size, shape, surface charge and surface
chemistry (Albanese et al., 2012).

Nanotechnology has recently attracted significant
interest in plant science due to its potential to develop
compact, efficient systems for enhancing seed
germination, growth and protection against biotic and
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abiotic stresses. Seeds, often described as nature’s nano-
gift, can have their full potential harnessed through
nanotechnology. Various seed quality enhancement
techniques exist, each offering distinct benefits, but
nanoparticle treatments are particularly promising.
Such treatments can accelerate germination, increase
seedling strength, vigour and improve overall seed
quality. Metal-based nanoparticles are widely applied in
these contexts (Zhu and Nguguna, 2014). Consequently,
many researchers are exploring the use of metal oxide
nanoparticles and carbon nanotubes to penetrate the seed
coat and promote germination.

Composition of nanoparticle

Nanoparticles consist of three layers: the surface
layer, the shell layer, and the core. The surface layer
usually consists of a variety of molecules such as metal
ion, surfactants and polymers. Nanoparticles may
contain a single material or consist of a combination of
several materials. Nanoparticles can exist as suspensions,
colloids, or dispersed aerosols depending on their
chemical and electromagnetic properties.

CLASSIFICATION OF NANOPARTICLES (NPs)

Nanoparticles are broadly divided into various
categories depending on their morphology, size and
chemical properties. Based on physical and chemical
characteristics, some of the well-known classes of
nanoparticles are given as below.

1.CARBON-BASED NANOPARTICLES
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Fullerenes and carbon nanotubes (CNTs) represent
two major classes of carbon-based NPs. Fullerenes
contain nanomaterial that are made of allotropic forms
of carbon. Carbon nano tubes (CNTs) are elongated,
tubular structure, 1-2 nm in diameter (Ibrahim, 2013).

2. METAL NANOPARTICLES

Metal nanoparticles are usually defined as particles
of metal atoms with diameters between 1 nm and about
a few hundreds of nanometres. Purely made of metal
precursors. Types of metal nanoparticles:

a)Metal organic Frameworks (MOF)
b)Metal Nanoparticle

c)Metal Sulfide Nanoparticle

d)Metal oxide Nanoparticle

e)Doped Metal/Metal Oxide Nanoparticle
3. CERAMICS NANOPARTICLES

These are inorganic, non-metallic solids that can
exist in either amorphous or crystalline forms. They
are widely used because of their favourable properties,
including chemical inertness, high thermal stability and
durability.

4. SEMICONDUCTOR NANOPARTICLES

Semiconductor materials have unique physical
properties and possess properties between metals and
non-metals. Semiconductor nanoparticles possess wide
bandgaps and therefore showed significant alteration in
their properties. These are the fluorescent materials.

5. POLYMERIC NANOPARTICLES

These nanomaterials (NMs) are primarily derived
from organic matter, excluding carbon-based and
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inorganic nanomaterials. By leveraging non-covalent
(weak) interactions for self-assembly and molecular
design, organic nanomaterials can be structured into
desired forms such as dendrimers, micelles, liposomes
and polymer nanoparticles.

Eg: Chitosan nanoparticles
6. LIPID-BASED NANOPARTICLES

Generally, a lipid nanoparticles is characteristically
spherical with diameter ranging from 10 to 1000 nm.
Like polymeric nanoparticles, lipid nanoparticles
possess a solid core made of lipid and a matrix contains
soluble lipophilic molecules. Characteristically spherical
and contain lipid moieties. Effectively used in many
biomedical applications.

APPROACHES FOR SYNTHESIS OF
NANOPARTICLES

a) Top-down approach

This method involves breaking down materials into
their basic building blocks. It often relies on chemical or
thermal techniques such as milling, grinding, or cutting.
The process is energy-intensive and generally more
expensive compared to bottom-up approaches.

b) Bottom-up approach

This approach involves constructing complex
systems by assembling simple, atomic-level components.
It enables the production of nanostructures with fewer
defects and a more uniform chemical composition,
enhancing their performance and reliability.

SYNTHESIS OF NANOPARTICLES
1) Physical method

The synthesis of nanoparticles often requires
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significant time and energy, typically involving high
temperatures and pressures. Common techniques
include laser ablation, ultrasonication, photoirradiation,
radiolysis, solvated metal atom deposition and
vaporization. These methods, while effective, can be
resource-intensive and may limit large-scale or cost-
effective production.

2) Chemical Synthesis Method

This is a straightforward method for synthesizing
nanoparticles, based on a bottom-up approach. It requires
relatively low energy, cost-effective and is suitable for
both in vivo and in vitro applications, offering versatile
uses. However, when performed at low temperatures,
the use of toxic and stabilizing agents can pose
environmental and health hazards, making the process
potentially harmful.

3) Biological methods

Green synthesis techniques typically employ non-
toxic chemicals, benign solvents, and biological extracts
or systems. These approaches are considered safe,
environmentally friendly and sustainable alternative
to conventional physical and chemical methods for
nanoparticle fabrication. They are particularly well-
suited for in vivo applications, drug delivery and the
development of bioactive agents. Additionally, green
synthesis is easy to perform, efficient, eco-friendly and
requires less energy, making it a preferred method for
sustainable nanotechnology applications.

UPTAKE AND TRANSLOCATION OF
NANOPARTICLES IN PLANTS THORUGH
ROOTS AND LEAF SURFACE

The interaction between nanoparticles and plants
is affected by factors such as particle size, shape,
and surface characteristics. The way plants absorb

nanoparticles depends largely on the method of exposure.
In roots, nanoparticles are taken up primarily via two
pathways: the apoplastic pathway, which involves
movement through cell walls and intercellular spaces
whereas symplastic pathway involves transport through
the cytoplasm of connected cells via plasmodesmata.
Many types of nanoparticles reach the endodermis, the
symplastic pathway allowing the entry of nanoparticles
through the plasma membrane, this pathway is more
important than the apoplastic pathway (Qian et al.,
2013). Different types of nanomaterials such as Au, Ag,
A1203, C602, Cu, CdS, FezO3, Fe, SiOz, TiOz, ZII, Zl’lO,
ZnSe reports their impact on plant physiology and the
development of plants (Singla et al., 2019). The cell
wall of the plant is a complex matrix, where only a few
materials pass through the plant cell (Deng ef al., 2014).

Most of the nanoparticles bind to the carrier protein
via ion channels endocytosis, form new pores and enter
plant cell. After entering they are transported from one
cell to the other via plasmadesmata. Entry depends on
the size of the nanoparticles. Small sized nanoparticles
enters easily through the cell wall. Hydrophobicity and
chemical inertness of the leaf cuticle prevents their entry.
Newly grown leaves in plants and undeveloped cuticles
in flowers may have a higher probability of nanoparticles
entering the leaves and developing from its effects
(Honour et al., 2009). There are two routes for the uptake
of nanoparticle solution through the cuticle layers, non-
polar solutes enter through lipophilic pathway and polar
solutes through aqueous pores.

The stomatal pathway is a confirmed route for the
uptake of foliar-applied nanoparticles (NPs), allowing
them to move from leaf surfaces to other plant tissues (A.
Avellan et al., 2021). Upon contact, nanoparticles adhere
tothe plantsurface through electrostatic, hydrophobic, and
van der waals interactions. Their uptake is influenced by
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particle polarity: both positively and negatively charged
nanoparticles can be absorbed by leaves and translocated
to roots, whereas root uptake occurs predominantly
for negatively charged nanoparticles. The most direct
evidence comes from Avellan et al. (2017), who exposed
Arabidopsis to both positively and negatively charged
gold nanoparticles (~12 nm) and found that “positively
charged NPs induced a higher mucilage production
and adsorbed to it, which prevented translocation into
the root tissue,” while negatively charged NPs “did not
adsorb to the mucilage and were able to translocate into
the apoplast”.

IMPACT OF NANOTECHNOLOGY IN SEED
TECHNOLOGY

Nanotechnology plays a significant role in
advancing seed technology by enhancing germination
and promoting vigorous seedling growth. The core
claims about nano-priming enhancing germination and
enzyme activation are well-supported. Mahakham et
al. (2017) demonstrated that silver nanoparticles at
5-10 ppm significantly improved rice seed germination
and enhanced o-amylase activity, directly confirming
key mechanistic claims. Nano fertilizers enable precise
and efficient delivery of essential nutrients, improving
seedling nutrition and overall growth. Nano pesticides
target specific pathogens and pests, reducing chemical
use and environmental impact. Siddaiah et al. (2018)
showed that the treatment of millet seeds with chitosan
nano-particles resulted in alteration of the innate immune
system of the plants and increased resistance against
pathogens. Moreover, nanoparticles can serve as carriers
for gene delivery, supporting crop improvement and
stress tolerance. Collectively, these applications result in
higher yields, enhanced resistance to biotic and abiotic
stresses, and promote sustainable agricultural practices,
positioning nanotechnology as a transformative tool in
modern seed science.

NANOPARTICLES IN IMPROVING SEED
GERMINATION, QUALITY AND YIELD

Nanoparticles can exert both stimulatory and
inhibitory effects on seed germination. Their positive
effects are primarily due to enhanced activities of
a-amylase and protease enzymes, increased protein
synthesis and improved water absorption within the seed
all of which promote early and uniform germination.
Conversely, nanoparticles can also trigger the formation

of reactive oxygen species (ROS), leading to oxidative
stress that damages DNA, proteins and cell membranes
(Moore, 2006). The presence of nanoparticles in the
growth medium can alter water balance through the seed
coat, thereby affecting germination. Multiple studies
confirm that size, concentration, and nanoparticle type
significantly affect germination outcomes across various
plant species (K. Adhikari et al., 2021). Furthermore,
nanoparticles can help break seed dormancy, act as nano-
fertilizers or pesticides, and enhance enzymatic activity.
As they degrade in soil, nanoparticles release ions that
plants absorb as nutrients, contributing to growth and
productivity.

POTENTIALRISKS/BIOSAFETY CONCERNS
1. CYTOTOXICITY OF NANOPARTICLES

Pesticides and fertilizers in nano formulations,
when air borne - deposit on above ground plant parts
- plugging of the stomata which hinders the gaseous
exchange and create toxic barrier on the stigma
preventing the penetration of the pollen tube. It may also
enter the vascular system and hinder the translocation
process, preventing the fertilization and seed formation.
M. Kumari et al., 2012 documented cellular-level effects
including chromosomal aberrations and micronucleus
formation. M. Thiruvengadam et al., 2024 confirms
nanoparticles induce cytotoxicity through ROS
generation leading to cell death.

2. POTENTIAL RISKS OF NANOTECHNOLOGY

Chemical hazards on edible plants after treatment
with high concentration. Nanomaterial generated free
radicals in living tissue leading to DNA damage. The
nanotoxicity studies in agriculture are very limited
and it causes a potential risk to plant, animal microbes
and even humans. There are some negative effects of
Nanomaterials on biological systems and the environment
caused by nanoparticles. Nano materials are able to cross
biological membranes and access cells tissues and organs
that larger sized particles normally cannot. Therefore,
nanotechnology should be carefully evaluated before
increasing the use of the nano agro materials.

CHALLENGES IN NANOTECHNOLOGY

Despite its potential, nanotechnology in seed
science faces several challenges. The major concern is
the toxicity of nanoparticles, which can negatively affect
seed germination, plant growth, and soil microorganisms.
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Lack of standardized methods for nanoparticle synthesis,
application and dosage limits consistent results.
Environmental accumulation and bioaccumulation pose
ecological risks. Limited understanding of nanoparticle
interactions within plant systems further complicates their
safe use. Additionally, high production costs, regulatory
issues, and insufficient safety guidelines hinder large-
scale application. Addressing these challenges through
detailed risk assessment and sustainable practices is
crucial for the safe integration of nanotechnology in
seed science. Producing nanomaterials in large volumes
while maintaining consistent quality and affordable
cost remains a major challenge. The gap between
basic research and application is another challenge in
nanotechnology like several technologies.

The interaction between nanoparticles and plant cells
plays a crucial role in advancing plant nanotechnology.
Engineered nanoparticles are increasingly applied to
improve crop productivity by enhancing seed germination,
vigour, and resistance to both biotic and abiotic stresses.
These particles can accumulate in various plant parts such
as roots, stems, and leaves, influencing physiological
processes like growth, respiration, transpiration, and
biomass formation. Beneficial effects are generally
observed at lower nanoparticles concentrations, which
differ among crops. Nonetheless, careful consideration
of biosafety and environmental impacts is essential, as
nanomaterials and nano waste may pose future risks to
agricultural ecosystems.
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