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Abstract 

As agriculture stands at the crossroads of 

innovation and necessity, the integration of 

nanotechnology into seed science unveils a 

transformative frontier. Seed priming, a pivotal 

technique to accelerate germination and 

enhance crop resilience, finds an extraordinary 

ally in nanoparticles—tiny yet powerful agents 

that revolutionize early plant development. 

These nanoscale materials, with their 

unparalleled surface reactivity and 

bioavailability, initiate a cascade of 

physiological enhancements within seeds, 

sparking faster metabolic activation, improved 

nutrient assimilation, and robust antioxidant 

defences. From metal-based oxides to 

carbonaceous nanostructures, each type of 

nanoparticle plays a unique role in modulating 

hormonal balance, boosting enzymatic 

activities, and strengthening tolerance against 

abiotic stresses like drought, salinity, and 

thermal extremes. Their ability to fine-tune 

cellular signalling pathways and augment water  

 

uptake transforms even marginal seeds into 

vigorous seedlings primed for optimal  

performance. But the marvel of nanoparticles 

lies not just in their power, but in their 

precision. When applied judiciously, they offer 

a sustainable, eco-conscious solution that 

minimizes chemical load while maximizing 

crop potential—paving the way for a greener, 

more resilient agricultural future. This 

compelling synthesis invites a deeper 

exploration into the nano-enabled revolution 

that’s quietly reshaping the very roots of global 

food security. 

1. Introduction 

Seed priming is an essential pre-sowing 

technique that enhances seed germination, 

seedling vigour, and overall crop performance 

by partially hydrating seeds to activate 

metabolic processes without triggering radical 

emergence. Conventional priming methods, 

such as hydro priming, osmo-priming, bio 

priming, and halo priming, have been widely 
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used to improve seedling establishment and 

stress tolerance in various crops. However, 

these approaches often face limitations, 

including loss of priming effects over time, 

inconsistent results across different species, 

and limited protection against extreme 

environmental stresses (Farooq et al., 2019; 

Ashraf and Foolad, 2005). As agricultural 

challenges continue to grow due to climate 

change, soil degradation, and water scarcity, 

there is an urgent need to develop more 

effective seed priming strategies that ensure 

better stress resilience, improved nutrient 

uptake, and enhanced germination efficiency. 

Nanotechnology has emerged as a promising 

solution to these challenges, offering novel 

approaches to seed enhancement through 

nanoparticle (NP)-mediated priming. Unlike 

conventional priming agents, nanoparticles 

possess unique physicochemical properties—

small size, high surface area, and controlled 

release capability—which allow them to 

interact with seeds at a molecular level, 

influencing physiological and biochemical 

pathways (Singh et al., 2021). These 

interactions lead to improved water absorption, 

enhanced enzymatic activity, better nutrient 

assimilation, and increased stress tolerance, 

ultimately resulting in faster and more uniform 

germination. Research has demonstrated that 

metallic nanoparticles (ZnO, TiO₂, Ag, FeO₃), 

carbon-based nanomaterials (carbon nanotubes, 

graphene oxide), and polymer-based Nano 

composites can significantly boost seed 

germination rates, promote early seedling 

development, and induce beneficial stress 

responses (Raliya et al., 2018; Luyckx et al., 

2017). Despite the promising applications of 

nanoparticles in seed priming, several 

challenges remain, including potential toxicity, 

regulatory concerns, and environmental 

implications. While low concentrations of 

nanoparticles have shown beneficial effects on 

seed physiology, excessive exposure can lead 

to oxidative stress, altered gene expression, and 

phytotoxicity (Khodakovskaya et al., 2012). 

Additionally, the long-term ecological impact 

of widespread nanoparticle use in agriculture is 

still under investigation. Therefore, a 

comprehensive understanding of nanoparticle 

interactions with seeds, optimal dosages, and 

their mechanisms of action is critical for 

ensuring safe and effective applications. This 

article explores the role of nanoparticles in 

seed priming, focusing on their mechanisms of 

action, physiological and biochemical impacts, 

stress mitigation potential, and associated risks. 

By integrating insights from recent research, 

this work aims to provide a scientific 

foundation for the future development of Nano-
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based seed priming strategies that can enhance 

crop productivity in a sustainable manner. 

2. Mechanism of Nanoparticle-Based Seed 

Priming  

Nanoparticles (NPs) have gained significant 

attention in seed priming due to their unique 

physicochemical properties, which enable them 

to interact at the molecular level with seed 

structures, enhancing germination, seedling 

vigour, and stress resilience. The effectiveness 

of NP-based priming depends on multiple 

factors, including the type of nanoparticle, its 

concentration, seed permeability, and 

physiological response of the plant (Raliya et 

al., 2018). Unlike conventional priming agents, 

NPs offer controlled and sustained release of 

essential nutrients, improved water absorption, 

enzymatic activation, and oxidative stress 

modulation, making them a powerful tool for 

seed enhancement (Luyckx et al., 2017). 

2.1 Types of Nanoparticles Used in Seed 

Priming 

The selection of nanoparticles for seed priming 

is based on their bioavailability, solubility, and 

interaction with biological molecules. Several 

categories of NPs have shown promising 

effects on seed physiology: 

2.1.1 Metal and Metal Oxide Nanoparticles 

Metal-based NPs, including zinc oxide (ZnO), 

titanium dioxide (TiO₂), silver (Ag), iron oxide 

(Fe₂O₃), and copper oxide (CuO), play a crucial 

role in stimulating germination and enhancing 

seedling growth. ZnO NPs, for example, have 

been shown to improve water uptake, enhance 

α-amylase activity, and accelerate starch 

hydrolysis, which directly supports early seed 

metabolism (Mahakham et al., 2017). 

Similarly, TiO₂ NPs increase chlorophyll 

synthesis and photosynthetic efficiency, 

leading to higher seedling vigour (Zheng et al., 

2005). Silver nanoparticles (AgNPs) exhibit 

antimicrobial properties, reducing fungal and 

bacterial infections that can hinder germination 

(Chakraborty et al., 2021). 

2.1.2 Carbon-Based Nanomaterials 

Carbon-based nanomaterials such as carbon 

nanotubes (CNTs) and graphene oxide (GO) 

have also been explored for seed priming. 

CNTs have been found to penetrate seed coats, 

facilitating water uptake and ion transport, 

thereby accelerating germination and root 

elongation (Khodakovskaya et al., 2012). 

Graphene oxide, on the other hand, has been 

reported to modulate oxidative stress 

responses, enhance antioxidant enzyme 

activity, and promote nutrient absorption, 
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further supporting seedling establishment 

(Anjum et al., 2016). 

 

2.1.3 Polymeric and Bio-Nanoparticles 

Polymer-based nanoparticles, particularly those 

derived from chitosan and biodegradable 

polymers, offer slow and controlled release of 

nutrients and bioactive compounds. Chitosan 

nanoparticles have been shown to boost seed 

immunity, enhance drought tolerance, and 

regulate hormonal pathways during 

germination (Ibrahim et al., 2020). Bio-

nanoparticles synthesized from plant extracts 

or microbial sources also present a sustainable 

alternative, with potential benefits in pathogen 

resistance and improved metabolic activity. 

2.2 Mode of Action: How Nanoparticles 

Enhance Seed Priming 

The mechanism by which nanoparticles 

influence seed priming is complex and involves 

physical, chemical, and biological interactions. 

These effects occur through multiple pathways, 

including enhanced water absorption, 

enzymatic activation, oxidative stress 

regulation, and phytohormonal modulation 

(Raliya et al., 2018). 

2.2.1 Improved Water Uptake and Seed 

Hydration 

One of the most critical steps in germination is 

water uptake (imbibition), which activates 

metabolic processes necessary for embryo 

growth. Nanoparticles, particularly hydrophilic 

metal oxides (ZnO, TiO₂) and carbon 

nanotubes, have been found to increase seed 

coat permeability, allowing for faster water 

absorption and uniform hydration (Mahakham 

et al., 2017). This effect leads to earlier 

activation of metabolic pathways and shorter 

germination time compared to non-treated 

seeds. 

2.2.2 Enzymatic Activation and Metabolic 

Enhancement 

Nanoparticle-mediated priming significantly 

influences enzyme activity within seeds. 

Studies have shown that ZnO and Fe₂O₃ 

nanoparticles stimulate α-amylase activity, 

which is essential for breaking down starch 

into simpler sugars to fuel embryonic growth 

(Mahakham et al., 2017). Similarly, TiO₂ NPs 

have been reported to enhance peroxidase and 

catalase activity, reducing the damage caused 

by reactive oxygen species (ROS) and 

supporting early seedling development (Zheng 

et al., 2005). 

2.2.3 Modulation of Oxidative Stress and 

Antioxidant Defence 
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Seed germination is often accompanied by 

oxidative stress due to ROS accumulation, 

which, if left unchecked, can damage proteins, 

lipids, and DNA. Nanoparticles such as Fe₂O₃, 

graphene oxide, and chitosan NPs have been 

shown to regulate oxidative stress by 

enhancing the production of antioxidant 

enzymes (superoxide dismutase, catalase, 

peroxidase), thereby ensuring a balanced redox 

state and reducing cellular damage (Anjum et 

al., 2016). This mechanism is particularly 

beneficial under abiotic stress conditions such 

as drought and salinity, where ROS levels tend 

to rise significantly. 

2.2.4 Phytohormonal Interactions and Gene 

Expression Modulation 

Phytohormones, including gibberellins (GAs), 

abscisic acid (ABA), auxins, and cytokinins, 

play a crucial role in germination and early 

seedling growth. Nanoparticles influence these 

hormonal pathways by either enhancing the 

synthesis of growth-promoting hormones or 

down regulating growth inhibitors. For 

example, ZnO and AgNPs have been found to 

upregulate gibberellin biosynthesis, leading to 

faster germination and shoot elongation 

(Raliya et al., 2018). In contrast, TiO₂ NPs 

have been shown to reduce ABA levels, which 

otherwise inhibits germination under stress 

conditions (Zheng et al., 2005). 

2.3 Physiochemical Effects on Seed Coating 

and Permeability 

In addition to their biochemical influences, 

nanoparticles also induce physical 

modifications in seed structure. Nano-coating 

with metal oxide or polymeric nanoparticles 

forms a protective layer that enhances seed 

longevity, improves resistance against 

microbial infections, and prevents moisture 

loss (Ibrahim et al., 2020). This Nano-

layering technique is particularly valuable for 

seed storage and transportation, ensuring that 

primed seeds maintain their viability for 

extended periods. 

3. Impact of Nanoparticles on Germination 

and Seedling Development 

Nanoparticles (NPs) influence seed 

germination and seedling development through 

multiple physiological and biochemical 

pathways, resulting in faster and more uniform 

germination, enhanced vigour, and improved 

stress adaptation. Their small size and high 

reactivity enable them to interact with seed 

coats, cellular membranes, and metabolic 

pathways, triggering key molecular responses 

(Mahakham et al., 2017). Unlike conventional 

seed treatments, NP-based priming provides 

controlled nutrient release, oxidative stress 

regulation, and phytohormonal modulation, 
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ensuring robust seedling establishment in 

diverse agricultural settings (Raliya et al., 

2018). 

3.1 Influence on Germination Rate and 

Seedling Vigor 

Seed germination involves a series of 

biochemical and physiological events, 

including water imbibition, metabolic 

activation, and radicle emergence. NP priming 

accelerates these processes by modifying seed 

coat permeability and enhancing cellular 

metabolism (Singh et al., 2021). Studies have 

shown that seeds treated with ZnO, TiO₂, and 

Fe₂O₃ nanoparticles exhibit higher germination 

percentages, shorter germination times, and 

more uniform seedling growth compared to 

untreated seeds (Mahakham et al., 2017; 

Zheng et al., 2005). 

The mechanisms through which NPs enhance 

germination include: 

 Increased water absorption – Metal 

oxide NPs alter seed surface properties, 

allowing faster and uniform hydration 

(Luyckx et al., 2017). 

 Enzymatic stimulation – ZnO and 

Fe₂O₃ NPs boost α-amylase and 

catalase activity, accelerating starch 

breakdown for energy supply 

(Mahakham et al., 2017). 

 Improved cellular respiration – NP-

primed seeds demonstrate higher ATP 

production, facilitating rapid cell 

division and elongation (Zheng et al., 

2005). 

 Additionally, NP-primed seedlings 

exhibit greater biomass accumulation, 

longer root-shoot length, and increased 

chlorophyll content, all of which 

contribute to improved early-stage 

vigor (Ibrahim et al., 2020). 

3.2 Enhanced Nutrient Uptake and Seed 

Metabolism 

NPs act as micronutrient carriers, improving 

the bioavailability of essential elements like 

zinc (Zn), iron (Fe), and titanium (Ti), which 

are crucial for enzyme activation, chlorophyll 

synthesis, and stress tolerance (Raliya et al., 

2018). Their ability to penetrate seed tissues 

and facilitate ion transport makes them more 

efficient than conventional fertilizers in 

nutrient delivery. 

Key metabolic benefits of NP priming include: 

 Efficient nutrient assimilation – Metal 

oxide NPs release nutrients in a slow, 

bioavailable form, ensuring steady 

uptake (Singh et al., 2021). 

 Improved membrane permeability – 

Carbon-based nanomaterials enhance 
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ion transport and macronutrient uptake, 

critical for seedling growth 

(Khodakovskaya et al., 2012). 

 Hormonal regulation – NP-treated 

seeds exhibit higher auxin and 

gibberellin levels, promoting root 

elongation and shoot growth (Zheng et 

al., 2005). 

 Seeds primed with ZnO and Fe₂O₃ NPs 

have been shown to develop stronger 

root systems and higher nutrient-use 

efficiency, ultimately leading to better 

crop establishment (Luyckx et al., 

2017). 

3.3 Role in Stress Tolerance and Abiotic 

Stress Adaptation 

One of the most promising applications of NP 

priming is its ability to enhance stress 

resilience in germinating seeds. By influencing 

osmotic regulation, oxidative stress balance, 

and hormonal pathways, NPs help seeds 

overcome drought, salinity, temperature 

extremes, and heavy metal toxicity (Anjum et 

al., 2016). 

3.3.1 Drought Stress Resistance 

Drought reduces water availability, delaying 

germination and causing oxidative damage. 

NP-primed seeds show better osmotic 

adjustment and higher water retention, leading 

to improved survival under dry conditions. Iron 

oxide (Fe₂O₃) NPs increase proline 

accumulation, a key osmolyte that protects 

cells from dehydration (Anjum et al., 2016). 

Chitosan-based NPs strengthen cell walls, 

reducing water loss (Ibrahim et al., 2020). 

Carbon nanotubes (CNTs) enhance water 

uptake efficiency, allowing seedlings to grow 

despite moisture limitations (Khodakovskaya 

et al., 2012). 

3.3.2 Salinity Stress Mitigation 

High salt concentrations cause ion toxicity and 

osmotic stress, reducing seed viability. NP 

priming counteracts these effects by: 

 Maintaining ion homeostasis – ZnO 

NPs regulate Na⁺/K⁺ transporters, 

preventing sodium toxicity 

(Mahakham et al., 2017). 

 Enhancing antioxidant enzyme 

activity – TiO₂ NPs boost superoxide 

dismutase (SOD) and catalase (CAT) 

levels, reducing oxidative damage 

(Zheng et al., 2005). 

3.3.3 Temperature Stress Protection 

Extreme temperatures disrupt metabolic 

reactions and enzyme stability, slowing down 

germination. NP priming helps mitigate 

thermal stress by: 
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 Stabilizing heat-shock proteins – TiO₂ 

and Fe₂O₃ NPs prevent protein 

denaturation under heat stress (Singh et 

al., 2021). 

 Modulating hormonal responses – 

Silver nanoparticles (AgNPs) regulate 

gibberellin production, ensuring 

germination even at low temperatures 

(Chakraborty et al., 2021). 

3.3.4 Heavy Metal Detoxification 

Nanoparticles protect seeds from heavy metal 

toxicity by binding to harmful ions and 

preventing their interaction with cellular 

proteins. Graphene oxide NPs have been found 

to immobilize lead (Pb), cadmium (Cd), and 

arsenic (As), preventing seedling damage in 

contaminated soils (Luyckx et al., 2017). 

4. Physiological and Biochemical Responses 

Induced by Nanoparticles in Seed Priming 

Nanoparticles (NPs) play a crucial role in 

modulating physiological and biochemical 

responses during seed priming, resulting in 

enhanced metabolic activity, improved stress 

tolerance, and overall seedling vigour. Their 

interaction with seeds triggers molecular and 

cellular-level modifications, leading to 

improved water uptake, enzymatic activation, 

hormone regulation, oxidative stress 

management, and photosynthetic efficiency 

(Mahakham et al., 2017). These changes 

collectively contribute to faster germination, 

stronger seedlings, and better adaptation to 

environmental stresses. 

4.1 Oxidative Stress Regulation and 

Antioxidant Defence Mechanisms 

Oxidative stress occurs when there is an 

imbalance between reactive oxygen species 

(ROS) production and antioxidant defence 

systems, leading to cellular damage. During 

seed germination, ROS are naturally generated 

as by-products of metabolism, but excessive 

accumulation can hinder growth by damaging 

proteins, lipids, and DNA. Nanoparticles 

influence oxidative stress regulation in two 

ways: 

1. By enhancing antioxidant enzyme 

activity, reducing oxidative stress-

related damage. 

2. By directly interacting with ROS, 

neutralizing their harmful effects. 

4.1.1 Activation of Antioxidant Enzyme 

NP-primed seeds show increased activity of 

key antioxidant enzymes, such as: 

Superoxide Dismutase (SOD): Converts 

superoxide radicals (O₂⁻) into hydrogen 

peroxide (H₂O₂), preventing cellular toxicity 

(Zheng et al., 2005). 



 

 

 
   
 

105 
 

 

 

 

 

BioThink E – Magazine, Vol. -2, Issue -2, July 2025 

ISSN No. – 3048- 7943 

www.biothink.in 

 

Catalase (CAT): Breaks down hydrogen 

peroxide into water and oxygen, minimizing 

oxidative stress (Mahakham et al., 2017). 

Peroxidase (POD): Detoxifies ROS and 

supports cell wall strengthening (Singh et al., 

2021). 

Metal oxide NPs, particularly ZnO and TiO₂, 

have been found to significantly enhance SOD 

and CAT activity, leading to improved seedling 

survival under oxidative stress conditions 

(Raliya et al., 2018). 

4.1.2 Direct ROS Scavenging by 

Nanoparticles 

Apart from enzyme activation, certain 

nanoparticles directly scavenge ROS, reducing 

oxidative stress in germinating seeds. 

Iron oxide (Fe₂O₃) and cerium oxide (CeO₂) 

nanoparticles mimic catalase-like and 

peroxidase-like activity, neutralizing ROS 

before they cause damage (Ibrahim et al., 

2020). 

Graphene oxide (GO) NPs have antioxidant 

properties, binding to ROS molecules and 

preventing oxidative stress-related cellular 

damage (Anjum et al., 2016). 

These mechanisms ensure that NP-primed 

seeds experience lower oxidative damage, 

leading to better cellular integrity and 

metabolic stability during germination. 

4.2 Phytohormonal Modulation and Gene 

Expression Regulation 

Plant hormones, or phytohormones, are 

essential signalling molecules that regulate 

seed germination, growth, and stress 

adaptation. Nanoparticles influence hormonal 

balance and gene expression, leading to 

optimal seedling development. 

4.2.1 Enhanced Gibberellin (GA) and Auxin 

(IAA) Biosynthesis 

Gibberellins (GA): GA plays a key role in 

breaking seed dormancy and promoting radicle 

emergence. 

ZnO and AgNPs stimulate GA biosynthesis, 

leading to faster germination and shoot 

elongation (Chakraborty et al., 2021). 

TiO₂ NPs enhance GA-related gene 

expression, improving seedling vigour (Singh 

et al., 2021). 

Auxins (IAA): Auxins control root elongation, 

cell expansion, and overall seedling 

architecture. 

ZnO NPs upregulate auxin biosynthesis genes, 

resulting in stronger root systems and better 

nutrient uptake (Mahakham et al., 2017). 
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CNTs increase auxin transport efficiency, 

promoting better root-shoot balance in 

developing seedlings (Khodakovskaya et al., 

2012). 

4.2.2 Abscisic Acid (ABA) Regulation and 

Stress Adaptation 

Abscisic acid (ABA) is known as the stress 

hormone, regulating seed dormancy and 

drought response. NP priming has been 

observed to: 

Reduce ABA levels in normal germination 

conditions, ensuring faster germination. 

Maintain optimal ABA levels under stress 

conditions (e.g., drought or salinity), protecting 

seeds from premature dehydration. Studies 

show that TiO₂ and Fe₂O₃ NPs lower ABA 

concentrations, facilitating germination even 

under unfavourable conditions (Raliya et al., 

2018). 

4.3 Photosynthetic Efficiency and 

Chlorophyll Biosynthesis 

Once seedlings emerge, their ability to capture 

light and synthesize energy through 

photosynthesis becomes crucial for further 

growth. Nanoparticles enhance chlorophyll 

production, optimize light absorption, and 

improve electron transport efficiency, leading 

to higher photosynthetic rates. 

4.3.1 Increased Chlorophyll Content and 

Photosynthetic Pigment Stability 

TiO₂ and Fe₂O₃ NPs enhance chlorophyll 

biosynthesis, leading to greener, healthier 

seedlings with higher photosynthetic efficiency 

(Zheng et al., 2005). 

Ag and ZnO NPs prevent chlorophyll 

degradation under stress conditions, allowing 

plants to maintain higher energy production 

levels (Mahakham et al., 2017). 

4.3.2 Improvement in Photosynthetic 

Electron Transport and Carbon Fixation 

TiO₂ NPs enhance electron transport chain 

efficiency, ensuring faster ATP and NADPH 

production, crucial for energy transfer (Singh 

et al., 2021). CNTs improve CO₂ assimilation, 

boosting carbon fixation rates, leading to 

higher biomass accumulation in seedlings 

(Khodakovskaya et al., 2012). By enhancing 

photosynthetic processes, NP-primed seedlings 

show higher survival rates, better drought 

resilience, and faster vegetative growth 

compared to non-treated seeds. 

4.4 Metabolic Pathway Modifications and 

Enhanced Protein Synthesis 

Nanoparticles influence seed metabolism at 

multiple levels, altering carbohydrate 

breakdown, amino acid biosynthesis, and 
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protein translation, resulting in better nutrient 

utilization and faster growth rates. 

4.4.1 Enhanced Sugar Metabolism and 

Energy Utilization 

ZnO NPs activate starch hydrolysis genes, 

ensuring higher glucose availability for ATP 

production (Mahakham et al., 2017). Fe₂O₃ 

and TiO₂ NPs stimulate glycolysis and the 

citric acid cycle, boosting energy efficiency in 

germinating seeds (Singh et al., 2021). 

4.4.2 Increased Protein Synthesis and 

Cellular Development 

CNTs and polymeric nanoparticles facilitate 

amino acid uptake, ensuring faster protein 

synthesis for rapid cell division 

(Khodakovskaya et al., 2012). ZnO NPs 

enhance ribosomal activity, improving the 

translation of growth-related proteins (Raliya 

et al., 2018). By modifying key metabolic 

pathways, NP priming ensures seeds can 

rapidly synthesize essential biomolecules, 

promoting robust early growth. 

5. Potential Risks and Challenges of 

Nanoparticle Use in Seed Priming 

While nanoparticle (NP)-based seed priming 

has shown promising results in enhancing seed 

germination, seedling vigour, and stress 

resistance, its widespread adoption raises 

several scientific, environmental, and 

regulatory concerns. The Nano toxicity risks, 

environmental fate of nanoparticles, regulatory 

uncertainties, and large-scale feasibility issues 

must be critically evaluated to ensure their safe 

and sustainable use in agriculture (Singh et al., 

2021). 

This section explores five major challenges 

associated with NP-based seed priming: 

1. Toxicity risks and phytotoxicity 

concerns. 

2. Environmental impact and soil 

microbiome alterations. 

3. Regulatory and commercialization 

hurdles. 

4. Cost, large-scale production, and 

technical limitations. 

 

5.1 Toxicological Concerns and Potential 

Phytotoxicity 

One of the most pressing concerns with NP-

based seed priming is potential toxicity to 

seeds, seedlings, and plant systems when 

nanoparticles are applied In excessive 

concentrations. While low-dose NPs have been 

reported to enhance metabolic activity and 

seedling vigour, high doses may cause 

oxidative stress, cellular damage, and 

metabolic imbalances (Mahakham et al., 

2017). 
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5.1.1 Nanoparticle Accumulation and 

Cytotoxic Effects in Seeds 

Once nanoparticles interact with seeds, they 

can penetrate seed coats, enter internal tissues, 

and accumulate in embryonic cells, influencing 

physiological processes. High NP 

concentrations may lead to cytotoxicity due to: 

Excessive ROS generation, causing oxidative 

damage to membranes and DNA (Zheng et al., 

2005). Altered membrane permeability, leading 

to ion imbalance and metabolic disruptions 

(Singh et al., 2021). Gene expression 

modifications, which can result in abnormal 

seedling growth patterns (Ibrahim et al., 

2020). 

For example, studies have found that ZnO and 

TiO₂ nanoparticles at high doses inhibit 

germination by disrupting redox homeostasis, 

while Fe₂O₃ NPs, when applied in excess, 

interfere with iron metabolism in plants, 

leading to nutrient imbalances (Chakraborty 

et al., 2021). 

5.1.2 Effects on Root Architecture and 

Nutrient Transport 

While moderate NP exposure can stimulate 

root elongation, excessive accumulation may 

cause abnormal root architecture, reduced root 

biomass, and inefficient nutrient uptake. 

Key risks include: Hyper-branching of roots 

due to over activation of auxin pathways by 

ZnO NPs, leading to poor shoot development 

(Mahakham et al., 2017). Interference with 

phosphorus uptake, as some NPs bind to 

phosphate ions in soil, making them less 

bioavailable (Singh et al., 2021). 

5.2 Environmental Implications and Soil 

Microbiome Disruptions 

Unlike traditional organic seed priming agents, 

nanoparticles do not degrade easily, which 

raises concerns about their long-term 

accumulation in soil and water systems. Their 

interactions with soil microbiota, nutrient 

cycles, and ecological processes must be 

carefully assessed (Anjum et al., 2016). 

5.2.1 Effects on Soil Microbial Communities 

and Nutrient Cycling 

Soil microbial communities play an essential 

role in nitrogen fixation, organic matter 

decomposition, and plant-microbe interactions.  

However, high concentrations of NPs may 

disrupt microbial diversity, leading to 

unintended consequences: Silver nanoparticles 

(AgNPs) have antimicrobial properties, which 

can inhibit beneficial nitrogen-fixing bacteria 

like Rhizobium (Raliya et al., 2018). Metal 

oxide NPs (CuO, ZnO) may reduce soil 

enzyme activity, slowing down phosphate 
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solubilisation and organic matter breakdown 

(Mahakham et al., 2017). Carbon-based NPs 

(graphene oxide, CNTs) may alter microbial 

respiration, leading to shifts in microbial 

populations (Singh et al., 2021). 

5.2.2 Bioaccumulation and Nanoparticle 

Persistence in the Environment 

One of the biggest risks of agricultural NP use 

is their potential bioaccumulation in soil and 

water ecosystems, leading to unintended 

consequences such as: 

Long-term persistence in soil, affecting 

subsequent crop cycles and soil fertility. 

Leaching into groundwater systems, posing 

risks to aquatic ecosystems and human health 

(Chakraborty et al., 2021). Trophic transfer 

risks, as NPs accumulate in plants and may be 

consumed by herbivores and humans (Ibrahim 

et al., 2020). To mitigate these risks, 

researchers are exploring biodegradable NPs 

and natural polymer-based Nano carriers, 

which degrade into non-toxic by-products over 

time. 

5.3 Regulatory and Commercialization 

Challenges 

5.3.1 Lack of Global Regulatory 

Frameworks for Agricultural 

Nanotechnology 

The absence of standardized regulations for NP 

use in agriculture remains a significant barrier 

to commercial adoption.  

Key challenges include: No globally 

recognized safety thresholds for NP exposure 

in crops. Inconsistent national regulations, 

leading to fragmented policies and uncertainty 

(Singh et al., 2021). Lack of comprehensive 

long-term toxicity data, preventing widespread 

acceptance by policymakers (Mahakham et 

al., 2017). Without well-defined guidelines, 

farmers and agricultural companies remain 

hesitant to invest in NP-based seed priming 

technologies due to concerns over legal 

restrictions and market acceptability. 

5.3.2 High Production Costs and Scalability 

Limitations 

Despite their benefits, nanoparticle synthesis, 

functionalization, and large-scale application 

remain costly and technically challenging. 

Production of high-purity nanoparticles 

requires advanced facilities, making costs 

higher than conventional seed treatments 

(Chakraborty et al., 2021). Scaling up NP-

based priming while maintaining uniform seed 

coating is complex, requiring precision 

engineering (Raliya et al., 2018). Lack of 

awareness and acceptance among farmers 

further limits large-scale adoption. 
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6. Future Perspectives and Innovations in 

Nanoparticle-Based Seed Priming 

Nanoparticle-based seed priming (NPSP) has 

emerged as a frontier technology at the 

intersection of nanoscience and plant 

physiology, with a growing body of evidence 

supporting its multifaceted benefits. However, 

to transition this technology from experimental 

setups to real-world agricultural systems, future 

strategies must go beyond the lab—

emphasizing sustainable innovation, 

interdisciplinary integration, and farmer-centric 

implementation. 

6.1 Development of Biodegradable and 

Green Nanoparticles 

One of the most promising areas of innovation 

is the design of green, biodegradable, and 

biosynthesized nanoparticles. These particles, 

derived from plant extracts, microbial 

metabolites, or biodegradable polymers, reduce 

environmental concerns while retaining 

functional benefits. 

Green synthesis using plant-derived 

phytochemicals (e.g., flavonoids, terpenoids) 

ensures environmentally safe NP fabrication 

(Iravani, 2011). 

Polysaccharide-based nanoparticles, such as 

those from chitosan, alginate, or cellulose, 

offer controlled release and are fully 

biodegradable (Siddiqi and Husen, 2017). 

These particles may be functionalized for dual 

purposes—delivering micronutrients and 

stimulating seed immune responses 

simultaneously. 

This direction aligns with the global shift 

toward eco-conscious agro-inputs, and such 

green nanoparticles could soon become 

mainstream in sustainable seed technologies. 

 

6.2 Smart Priming: Controlled Release and 

Stimuli-Responsive Systems 

A future-forward innovation involves the use 

of smart nanoparticle systems—materials 

engineered to respond to specific 

environmental or physiological cues to deliver 

nutrients or signals at optimal times. pH-

responsive NPs can release bioactive molecules 

once inside the seed’s acidic endosperm or 

rhizosphere. Moisture-triggered release 

systems can synchronize with seed imbibition, 

ensuring priming agents act at the right 

developmental phase. Magnetic or light-

responsive nanoparticles can be externally 

controlled, enabling precision activation post-

sowing . Such approaches can significantly 

improve efficiency, reduce dosage, and 

minimize environmental footprint, especially in 

precision agriculture. 
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6.3 Integration with Omics and AI-Driven 

Agritech 

Another ground-breaking direction is the 

integration of Nano priming with modern        

“omics” technologies — genomics, 

transcriptomics, metabolomics—and AI-based 

data analytics. Transcriptomic profiling of NP-

primed seeds can identify molecular pathways 

activated during enhanced germination and 

stress resistance (Mahakham et al., 2017). 

Metabolomics can reveal shifts in metabolic 

fingerprints, identifying how NPs alter amino 

acid, sugar, and phytohormone profiles during 

seedling emergence. Using machine learning 

models, we can predict the ideal NP 

formulation for specific seed types, soil 

conditions, and climates, optimizing field 

outcomes (Singh et al., 2021). 

6.4 Field Trials, Farmer Participation, and 

Policy Integration 

Lab-scale successes must be translated into 

scalable, field-tested protocols. This requires 

structured collaborations between research 

institutes, seed companies, and local farming 

communities. Long-term multi-location field 

trials are essential to verify NP safety, efficacy, 

and adaptability under different soil and 

climate conditions. Farmer education and 

participatory approaches ensure that adoption 

is practical, need-based, and locally optimized. 

Regulatory bodies must develop clear 

frameworks for Nano agriculture—including 

NP classification, permissible exposure limits, 

labelling norms, and biosafety assessment 

protocols (Raliya et al., 2018). Involving 

policy-makers, industry stakeholders, and 

farmer cooperatives is key to ensuring holistic 

and ethical scaling of the technology. 

6.5 Combining Nano priming with Climate 

Resilience and Bio fortification Goals 

Seed priming with nanoparticles offers unique 

opportunities to align with larger sustainability 

goals, such as: 

Improving climate resilience by priming seeds 

against salinity, drought, and temperature 

extremes using stress-modulating NPs. Bio 

fortification at the seed stage, where NPs (e.g., 

Zn, Fe, Se) deliver micronutrients directly into 

developing seedlings, reducing human 

malnutrition risks. Reducing agrochemical 

usage, as NP-primed seeds require less 

fertilizer or pesticide inputs downstream. These 

combined benefits position NPSP as a catalyst 

for next-gen sustainable agriculture, 

particularly in resource-scarce or climate-

vulnerable regions. 
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6.6 Summary and Way Forward 

In the coming years, the evolution of NPSP 

will be defined by interdisciplinary 

innovation—merging nanotechnology, plant 

science, materials chemistry, AI, and policy 

frameworks. A few key action points emerge: 

Focus on biodegradable, safe, and green NPs 

for widespread adoption. Develop controlled 

release and stimuli-responsive systems for 

smarter priming. Utilize omics and AI to 

personalize Nano priming strategies. Foster 

farmer engagement and policy clarity for 

responsible scaling. Align Nano priming 

innovations with global food security and 

sustainability goals. As the agricultural sector 

embraces nanotech-enhanced seed treatments, 

we must ensure that science remains anchored 

in ethics, environment, and equity. 

7. Conclusion 

The integration of nanotechnology into seed 

priming marks a transformative step in modern 

agricultural science, offering unprecedented 

control over early seed physiology and opening 

avenues for more resilient, resource-efficient 

crops. Throughout this article, we have 

explored how nanoparticles—when judiciously 

engineered and applied—can enhance 

germination, optimize metabolic functions, 

improve stress tolerance, and modulate plant 

hormonal balance, all from the foundational 

moment of seed activation. The physiology of 

seeds primed with nanoparticles reveals a 

striking coordination of water uptake 

dynamics, enzymatic acceleration, redox 

homeostasis, and gene expression tuning, 

creating a more synchronized and robust 

emergence of seedlings. The size, surface 

charge, and chemical composition of 

nanoparticles allow them to interface 

intimately with the seed microenvironment—

entering through micropyles, interacting with 

cellular membranes, and even influencing 

epigenetic responses in certain cases 

(Mahakham et al., 2017; Xu et al., 2018). 

However, despite the compelling potential, the 

deployment of Nano priming technologies is 

not without caveats. A careful, science-backed 

evaluation of biosafety, environmental fate, 

and long-term ecosystem impact remains 

crucial. This is especially important as the 

technology scales up toward field-level 

applications, where complexity rises due to 

heterogeneous soils, climates, and farming 

systems. Researchers and developers must 

commit to eco-conscious innovations—

developing green, biodegradable nanoparticles 

that harmonize efficacy with sustainability. 

Looking ahead, the future of nanoparticle-

based seed priming lies in synergy with digital 
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agriculture—where omics-based diagnostics, 

AI-led formulation design, and responsive 

Nano carriers will allow for highly 

personalized and precise seed treatments. Such 

innovations can play a pivotal role in 

addressing global agricultural challenges: 

climate resilience, food security, soil 

degradation, and micronutrient deficiencies, all 

starting from the seed itself. To truly fulfil this 

potential, a multi-stakeholder approach is 

essential. Scientists, agronomists, 

policymakers, and farmers must collaborate to 

transform Nano priming from a lab-proven 

concept into a globally accessible, sustainable 

agricultural practice. Moreover, regulatory 

frameworks need to evolve concurrently to 

address Nano toxicology, application 

guidelines, and ethical considerations—

ensuring that innovation does not outpace 

safety. In conclusion, nanoparticle-based seed 

priming offers not just a technological edge, 

but a philosophical shift in how we treat the 

very first step of plant life. By empowering 

seeds with nanoscale interventions, we are, in 

essence, sowing the future of intelligent, 

resilient, and sustainable agriculture. 
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