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Impact of Nanoparticles on Seed Germination and Biomass Production
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Abstract

The widespread application of nanoparticles (NPs) in various industries, including agriculture, raises concerns about their unintended
impacts on the environment, particularly on plants. Seed germination and biomass production are critical parameters in evaluating
plant health and productivity, making them ideal indicators to assess NP exposure effects. While certain nanoparticles can enhance
germination rates and promote plant growth at low concentrations, others may induce phytotoxicity, impairing germination and
biomass accumulation. The response varies depending on nanoparticle type, size, concentration, and plant species. Understanding
the intricate interactions between NPs and plants is crucial for developing sustainable agricultural practices and for environmental
risk assessment. This paper reviews the current knowledge on the impact of nanoparticles on seed germination and biomass
production, discusses underlying mechanisms, and highlights key factors influencing plant responses. It also outlines potential
agricultural applications of nanoparticles, while emphasizing the need for cautious deployment to prevent ecological risks. The
findings call for further long-term studies and the development of standardized methodologies to fully understand the ecological
consequences of nanoparticles. Emphasis is placed on bridging the knowledge gap to ensure that nanotechnology contributes
positively to agricultural sustainability without compromising environmental integrity.
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I.INTRODUCTION 2. NANOPARTICLES: PROPERTIES AND ENVIRONMENTAL
Nanotechnology has revolutionized multiple sectors RELEVANCE
by introducing novel materials with enhanced properties. Nanoparticles  exhibit  distinctive  physicochemical
Nanoparticles (NPs), typically ranging from 1 to 100 properties that differentiate them from their bulk counterparts.
nanometers, exhibit unique characteristics such as high surface ~ Key attributes such as size, shape, surface charge, chemical
area, reactivity, and tunable functionalities. Their applications ~ composition, and solubility determine their behavior in
span from medical devices and electronics to environmental biological and environmental systems. Common nanoparticles
remediation and agriculture. However, with increased studied in plant research include metal-based (e.g., silver
production and usage, concerns arise about their release into (AgNPs), zinc oxide (ZnO NPs), titanium dioxide (TiO; NPs)) and

carbon-based nanoparticles (e.g., carbon nanotubes, graphene
oxide) (Verma et al.,, 2020). These particles can undergo
transformations in natural environments, influenced by factors
like pH, ionic strength, and organic matter content. Their high
surface area enhances their reactivity, allowing them to interact
intimately with cellular structures in plants. The small size of
nanoparticles enables them to penetrate plant cell walls and
membranes, potentially reaching organelles such as chloroplasts
and mitochondria. This capacity for internalization raises
concerns about their toxicity but also presents opportunities
for targeted delivery of nutrients or pesticides. In agricultural
contexts, nanoparticles are being explored for applications like
nano-fertilizers and nano-pesticides. However, their persistence

natural ecosystems, particularly soil and water bodies. Plants,
being primary producers, are often the first biological systems
to encounter NPs, making them vulnerable to unintended
effects (Pandey et al.,, 2018). Seed germination is a crucial
physiological process that determines plant establishment,
while biomass production reflects the overall growth and
health status of the plant. Alterations in these processes due to
nanoparticle exposure can have cascading effects on ecosystem
stability and agricultural productivity. Investigating the impact
of NPs on seed germination and biomass is therefore essential
to evaluate the ecological safety of nanomaterials (Maity et al.,
2016). This paper aims to provide a comprehensive analysis

of current research findings, exploring both the beneficial and and bioaccumulation in soils could impact soil microbiota and
adverse effects of nanoparticles on plant systems. It also seeks plant health over time (Baker et al., 2017). Thus, understanding
to identify key mechanisms of action and factors that modulate  the environmental relevance of nanoparticles—including their
plant responses, ultimately guiding the responsible application mobility, transformation, and potential for trophic transfer—
of nanotechnology in agriculture to enhance productivity is critical for assessing their risks and benefits. Sustainable
without compromising environmental health. use requires balancing their technological advantages with a
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thorough evaluation of environmental and biological safety
(Zzhang et al., 2020).

3.EFFECTS OF NANOPARTICLES ON SEED GERMINATION
Seed germination is a sensitive indicator of environmental
stress and is highly responsive to nanoparticle exposure. Various
studies have demonstrated that the impact of nanoparticles on
germination is both concentration- and material-dependent.
Low concentrations of certain nanoparticles, such as ZnO and
TiO,, have been found to stimulate germination by enhancing
water uptake, breaking dormancy, or facilitating nutrient
availability. However, at higher concentrations, nanoparticles
may exert toxic effects, leading to delayed germination, reduced
germination rates, or complete inhibition. The mechanisms
behind these effects include oxidative stress induced by reactive
oxygen species (ROS), physical blockage of water channels,
and alterations in hormonal signaling pathways essential
for germination (Guo et al., 2022). Plant species also differ
significantly in their sensitivity to nanoparticle exposure; for
instance, studies show that monocots and dicots can respond
differently to the same nanoparticle type and concentration.
Furthermore, the method of nanoparticle application—such as
seed priming, soil mixing, or foliar spraying—affects the degree
of impact on germination. Understanding these interactions
is critical for developing guidelines for safe nanoparticle use
in agriculture. More detailed studies at the molecular level
are necessary to unravel how nanoparticles modulate gene
expression and metabolic activities during the early stages of
plant life, potentially opening pathways for enhancing seed
vigor under controlled conditions (Wohimuth et al., 2022).

4. EFFECTS OF NANOPARTICLES ON BIOMASS
PRODUCTION

Nanoparticle exposure significantly influences plant
biomass production, an essential metric for evaluating overall
plant growth and productivity. Depending on the type,
concentration, and physicochemical properties of nanoparticles,
as well as the plant species involved, biomass production
can either be enhanced or suppressed (Syed et al., 2019). At
low, optimal concentrations, nanoparticles like ZnO, Fes;Q0,,
and TiO, can improve biomass accumulation by promoting
photosynthetic efficiency, enhancing nutrient absorption,
and stimulating cell division. However, excessive nanoparticle
concentrations often lead to phytotoxic effects, such as
oxidative stress, membrane damage, and disrupted metabolic
functions, ultimately reducing biomass (Razak et al., 2023).
Root systems, being the first point of contact with soil-applied
nanoparticles, are particularly susceptible. Adverse effects can
manifest as reduced root length, poor branching, and impaired
nutrient uptake, leading to stunted shoot development
and decreased total biomass. Furthermore, nanoparticles
can interfere with chlorophyll synthesis and photosynthetic
processes, diminishing energy production needed for plant
growth. Plant species and developmental stages also modulate
sensitivity to nanoparticle exposure. Understanding these
interactions is crucial for assessing the practical viability of
nanoparticles in agriculture. Future research must focus on
elucidating dose-response relationships, identifying thresholds
for beneficial versus harmful effects, and investigating the
long-term impacts of chronic low-dose nanoparticle exposure
on biomass production across multiple growth cycles and in
realistic environmental conditions (Khalaki et al., 2020).
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5. FACTORS INFLUENCING NANOPARTICLE EFFECTS

Several critical factors influence how nanoparticles affect
seed germination and biomass production. Concentration is
one of the most significant variables; while low doses may
be beneficial, higher concentrations often induce toxicity.
Particle size also plays a key role, with smaller nanoparticles
typically penetrating tissues more easily and exerting stronger
biological effects. The method and duration of exposure—
whether nanoparticles are applied through soil, hydroponics,
or seed priming—alter their bioavailability and subsequent
plant response (Rahman et al., 2020). Environmental conditions
such as soil pH, organic matter content, and moisture levels
further modulate nanoparticle behavior, affecting aggregation,
dissolution, and mobility. The surface functionalization of
nanoparticles can modify their reactivity and interaction with
biological membranes, influencing their toxicity or beneficial
properties. Moreover, plant species-specific traits, including
seed coat permeability, root exudate composition, and intrinsic
antioxidant capacities, significantly impact nanoparticle uptake
and sensitivity. Genetic variability among cultivars may lead to
divergent responses even within a single species. Finally, co-
existing soil microorganisms may mediate nanoparticle effects
by altering their chemical state or competing for nanoparticle
binding sites. These complex interactions underscore the need
for a holistic approach when assessing nanoparticle impacts.
Standardizing experimental conditions and including a broader
range of environmental variables in future studies are crucial
steps toward accurately predicting nanoparticle behavior in real-
world agricultural settings (Maroufpoor et al., 2019).

6. MECHANISTIC INSIGHTS

The mechanisms through which nanoparticles affect
seed germination and biomass production are multifaceted
and involve a combination of physical, chemical, and biological
processes. One key mechanism is the induction of oxidative
stress via the generation of reactive oxygen species (ROS),
leading to cellular damage, lipid peroxidation, and DNA
fragmentation. Nanoparticles can physically interact with cell
walls and membranes, disrupting their integrity and altering
membrane permeability, which affects water uptake essential
for germination. Certain nanoparticles also interfere with the
balance of phytohormones such as abscisic acid, gibberellins,
and auxins, critical regulators of germination and growth
(Khalaki et al., 2020). At the molecular level, nanoparticles may
influence the expression of genes involved in stress responses,
antioxidant enzyme production, and metabolic pathways. Some
nanoparticles, particularly metal-based ones, can catalyze redox
reactions that either supply essential micronutrients at low doses
or cause metal toxicity at high concentrations. On the other hand,
beneficial effects observed at low nanoparticle concentrations
are often attributed to enhanced nutrient availability, stimulation
of stress defense pathways, or modulation of secondary
metabolite production. Recent studies using transcriptomics and
proteomics have revealed complex regulatory networks altered
by nanoparticle exposure. Gaining deeper insights into these
mechanistic processes will enable the design of safer and more
effective nanomaterials tailored to support plant development
while minimizing ecological risks (Mazhar et al., 2022).

7. APPLICATIONS AND RISKS

Nanoparticles offer promising applications in agriculture,
including their use as nano-fertilizers, nano-pesticides, and
carriers for targeted delivery of agrochemicals. By enhancing
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nutrient uptake efficiency and reducing the need for excessive
chemical inputs, nanotechnology can contribute to sustainable
farming practices. For instance, zinc oxide nanoparticles have
been shown to improve crop yield and quality when applied
judiciously. However, alongside these opportunities, there are
significant risks. Accumulation of nanoparticles in soil and water
can lead to unintended phytotoxicity, disruption of beneficial
soil microorganisms, and potential bioaccumulation through
food chains. Some nanoparticles persist in the environment,
raising concerns about their long-term ecological impacts and
human health risks through consumption of contaminated crops
(Mena et al., 2016). Furthermore, non-target effects could affect
biodiversity and soil health. Addressing these challenges requires
rigorous environmental risk assessments, life cycle analyses, and
the development of biodegradable or environmentally benign
nanoparticle formulations. Regulatory frameworks must also
evolve to keep pace with rapid technological advancements. Public
perception and acceptance of nanotechnology in agriculture will
depend on transparent communication of both benefits and
risks. Ultimately, the responsible integration of nanoparticles into
agricultural systems must prioritize ecological balance, long-term
sustainability, and food safety to ensure that nanotechnology
fulfills its potential without compromising environmental and
human health (Xin et al., 2020).

8. FUTURE DIRECTIONS

Future research on the impact of nanoparticles on seed
germination and biomass production must address several critical
gaps. First, most current studies are short-term and conducted
under controlled laboratory conditions, which do not accurately
represent field environments. Long-term, multi-season studies
that consider natural variations in soil chemistry, climate, and
microbial communities are needed. Second, there is a need for
standardized testing protocols to ensure comparability across
studies, particularly regarding nanoparticle characterization,
dosage, and exposure methods. Investigating the effects of chronic,
low-dose nanoparticle exposure will provide more realistic insights
into potential environmental accumulation and biological impacts
(Awasthi et al., 2017). Additionally, research should explore the
use of “green” or plant-derived nanoparticles, which may offer
reduced toxicity profiles. Advances in omics technologies—such
as genomics, proteomics, and metabolomics—can help unravel
the molecular responses of plants to nanoparticle exposure,
identifying biomarkers of nanoparticle stress or resilience.
Studies should also examine nanoparticle interactions with soil
microbiota and their indirect effects on plant health. Developing
predictive models that integrate physical, chemical, and biological
parameters will aid in risk assessment and guide the safe design
of agricultural nanotechnologies. Collaboration among material
scientists, ecologists, agronomists, and policymakers will be
essential to ensure that the future development and application
of nanoparticles align with sustainable agricultural goals (Miguel
etal., 2023).

9. CONCLUSION

The use of nanoparticles in agriculture presents both
exciting opportunities and substantial challenges. Their unique
physicochemical properties enable innovative applications that
can enhance seed germination, boost biomass production, and
improve overall crop performance when used appropriately.
However, the same properties that make nanoparticles effective
can also lead to unintended toxicological effects, depending
on concentration, particle characteristics, plant species, and
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environmental conditions. Current research highlights a dual
nature of nanoparticle interactions with plants: beneficial
at low concentrations but harmful when thresholds are
exceeded. A thorough understanding of the mechanisms
underlying these effects is essential to predict outcomes
and develop safe application strategies. Future studies
must prioritize long-term ecological evaluations, consider
nanoparticle transformations in complex environments,
and move towards designing biodegradable, low-risk
nanomaterials. Policymakers, researchers, and industry
stakeholders must collaborate to develop robust regulatory
guidelines that safeguard environmental and human health.
Overall, while nanoparticles hold promise for advancing
agricultural productivity, their integration into farming
systems must be approached cautiously and scientifically,
balancing technological innovation with sustainability and
environmental stewardship.
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