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Abstract 

Seed priming has emerged as a promising pre-

sowing technique to improve seed germination, 

vigor, and stress tolerance in crops. Recent 

advances in nanotechnology have introduced 

nanoparticle-based seed priming as a novel 

approach to enhance seed performance by 

modulating physiological, biochemical, and 

molecular processes. Nanoparticles such as zinc 

oxide, titanium dioxide, silver, and carbon-based 

nanomaterials have demonstrated potential in 

improving germination rate, nutrient uptake, 

disease resistance, and resilience to abiotic 

stresses including drought, salinity, and 

temperature extremes. Despite these advantages, 

concerns regarding nanoparticle toxicity, safe 

concentration thresholds, scalability, and 

environmental impacts remain significant 

challenges for large-scale adoption. Moreover, 

the mechanisms underlying nanoparticle–seed 

interactions are still not fully understood, 

requiring integrative research combining 

nanoscience, plant physiology, and soil ecology. 

Looking ahead, the development of eco-friendly, 

biodegradable, and cost-effective nanomaterials, 

along with clear regulatory guidelines, will be  

 

crucial for harnessing the full potential of 

nanoparticle-based seed priming in sustainable 

agriculture. 
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Introduction 

 Seed priming is a widely recognized 

agronomic technique that enhances seed vigor, 

accelerates germination, and ensures better crop 

establishment. Traditionally, methods such as 

hydropriming, osmopriming, and biopriming 

have been employed to address challenges like 

uneven germination and poor seedling growth 

under suboptimal conditions. However, these 

conventional approaches often face limitations, 

particularly when dealing with extreme 

environmental stresses, nutrient deficiencies, and 

the demand for enhanced crop productivity in a 

sustainable manner. The need for more efficient, 

precise, and adaptable techniques has led to the 

exploration of advanced technologies, including 

nanotechnology, which has emerged as a 

promising innovation in modern agriculture. 
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Nanotechnology, characterized by its ability to 

manipulate materials at the atomic or molecular 

scale, has revolutionized various fields, 

including medicine, energy, and environmental 

science. Its application in agriculture has paved 

the way for significant advancements in crop 

management, with seed priming being one of the 

areas witnessing transformative innovations. 

Nanopriming, a technique involving the use of 

nanoparticles to treat seeds before sowing, offers 

a novel solution to the limitations of 

conventional priming methods. The unique 

physicochemical properties of nanoparticles, 

such as their high surface area-to-volume ratio, 

enhanced reactivity, and ability to penetrate 

biological barriers, make them ideal candidates 

for improving seed performance. 

 Nanoparticles used in seed priming can 

deliver nutrients, bioactive compounds, or 

stress-mitigating agents more effectively than 

traditional methods. Their small size enables 

them to interact directly with the seed's cellular 

components, modulating physiological and 

biochemical processes critical for germination 

and early growth. For instance, metallic 

nanoparticles like zinc oxide (ZnO) and iron 

oxide (FeO) have been shown to enhance 

enzymatic activities, boost antioxidant defenses, 

and improve photosynthetic efficiency. 

Similarly, polymeric nanoparticles, such as 

chitosan-based carriers, facilitate the slow and 

controlled release of nutrients, ensuring their 

sustained availability during critical growth 

phases. These attributes not only improve seed 

germination and vigor but also enhance the 

seedling's ability to withstand biotic and abiotic 

stresses. 

 The potential of nanopriming extends 

beyond improving germination and growth. It 

offers a sustainable approach to addressing 

global agricultural challenges, such as climate 

change, soil degradation, and resource 

inefficiency. By enabling the precise delivery of 

nutrients and reducing the reliance on chemical 

fertilizers and pesticides, nanopriming 

contributes to eco-friendly farming practices. 

Furthermore, the antimicrobial properties of 

certain nanoparticles, such as silver and copper, 

provide seeds with protection against pathogens, 

reducing losses due to diseases.   

   Despite its immense 

potential, the adoption of nanopriming is not 

without challenges. Concerns regarding 

nanoparticle toxicity, environmental impact, and 

cost-effectiveness must be addressed to ensure 

safe and sustainable implementation. Research 

efforts are currently focused on optimizing 

nanoparticle synthesis, understanding their 

interactions with seeds and soil ecosystems, and 

developing guidelines for their use in 

agriculture. As advancements in nanotechnology 

continue, the integration of nanopriming into 

mainstream agricultural practices could 

revolutionize seed management, paving the way 

for resilient and productive farming systems. 

      

  Nanopriming represents a 

significant step forward in the evolution of seed 
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treatment technologies. It bridges the gap 

between traditional priming methods and the 

demands of modern agriculture, offering a 

tailored, efficient, and sustainable solution to 

enhance crop performance in an era of growing 

global food security challenges. 

Types of Nanoparticles 

Nanoparticles are materials with dimensions in 

the range of 1–100 nm. Based on their 

composition, they are classified into: 

1. Metallic Nanoparticles: Metallic 

nanoparticles are among the most researched for 

their unique properties and effectiveness in 

enhancing seed quality and growth. These 

particles play significant roles in seed priming 

by improving enzymatic activity, modulating 

stress responses, and boosting overall seed 

performance. 

a. Zinc Oxide (ZnO) Nanoparticles: 

Zinc is an essential micronutrient 

that plays a pivotal role in 

enzymatic functions and metabolic 

processes. ZnO nanoparticles, due 

to their high bioavailability, are 

effective in enhancing seed 

germination and early seedling 

vigor. These nanoparticles increase 

amylase activity, facilitating faster 

starch breakdown into sugars, 

which are critical for germination. 

ZnO also improves antioxidant 

activity, reducing oxidative stress 

during germination and early 

seedling establishment. 

Additionally, ZnO nanoparticles 

help improve resistance against 

abiotic stresses such as salinity and 

drought. 

 

b. Silver (Ag) Nanoparticles: Silver 

nanoparticles are renowned for their 

antimicrobial properties. When 

used in seed priming, they protect 

seeds from fungal and bacterial 

pathogens, ensuring healthier 

germination. Ag nanoparticles also 

promote metabolic activity by 

enhancing mitochondrial function, 

leading to improved energy 

production during germination. 

They act as growth regulators, 

influencing hormone signaling 

pathways essential for early growth 

stages. 

 

c.Gold (Au) Nanoparticles: Although 

less commonly used compared to 

other metallic nanoparticles, gold 

nanoparticles have shown potential 

in enhancing seed germination. Au 

nanoparticles can interact with 

cellular components, promoting 

gene expression related to 

germination and stress responses. 

They also exhibit antioxidant 

properties, protecting seeds from 

reactive oxygen species (ROS) 

damage. 
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d. Iron Oxide (FeO) Nanoparticles: 

Iron is critical for chlorophyll 

synthesis and electron transport in 

plants. FeO nanoparticles improve 

the bioavailability of iron, leading 

to enhanced photosynthetic 

efficiency. Their role in seed 

priming is particularly prominent in 

addressing iron deficiencies, which 

can hinder seedling development. 

Additionally, these nanoparticles 

help mitigate oxidative stress by 

supporting the antioxidant defense 

system. 

 

2. Non-Metallic Nanoparticles: Non-metallic 

nanoparticles, especially those based on carbon, 

have gained attention for their role in improving 

water absorption and nutrient delivery during 

seed priming. 

a) Carbon-Based Nanoparticles (Carbon 

Nanotubes and Fullerenes): Carbon 

nanotubes (CNTs) and fullerenes are 

two prominent examples of carbon-

based nanoparticles used in seed 

priming. These materials enhance 

water uptake by creating 

microchannels in seed coats, 

facilitating faster and more uniform 

germination. Additionally, they 

improve nutrient delivery by acting as 

carriers for essential elements and 

bioactive compounds. Studies have 

shown that CNTs can penetrate seed 

coats and interact with plant cells, 

promoting root and shoot 

development. Fullerenes, with their 

antioxidant properties, protect seeds 

from oxidative stress and improve 

cellular metabolism during 

germination. 

 

3. Polymeric Nanoparticles: Polymeric 

nanoparticles are biodegradable, 

environmentally friendly, and versatile, making 

them ideal for seed priming applications. 

a) Chitosan Nanoparticles: Chitosan is 

a natural polymer derived from chitin, 

commonly found in crustacean shells. 

Chitosan nanoparticles have gained 

prominence due to their dual role as 

nutrient carriers and plant growth 

promoters. These nanoparticles 

encapsulate bioactive molecules, 

including hormones, nutrients, and 

antimicrobial agents, allowing for their 

slow and controlled release. Chitosan 

also induces systemic resistance in 

plants, enhancing their ability to combat 

pathogens and abiotic stresses. 

Furthermore, it improves seed hydration 

and stimulates metabolic activity, 

leading to better germination and 

seedling establishment. 

b) Poly(lactic-co-glycolic acid) 

(PLGA) Nanoparticles: PLGA 

nanoparticles, another polymer-based 
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option, are effective in delivering 

micronutrients and bio-stimulants. Their 

biocompatibility and biodegradability 

ensure minimal environmental impact 

while promoting sustainable agricultural 

practices. 

 

4. Silica Nanoparticles : Silica nanoparticles 

(SiNPs) are nanomaterials composed of silicon 

dioxide (SiO₂) with dimensions typically ranging 

between 1 and 100 nanometers. Their unique 

physical and chemical properties, such as a large 

surface area, tunable pore size, and excellent 

biocompatibility, make them highly valuable 

across diverse fields, including agriculture. In 

the context of seed priming, silica nanoparticles 

offer innovative solutions for improving seed 

performance, enhancing plant health, and 

addressing agricultural challenges 

 

Mechanisms of Action : Nanoparticles (NPs) 

function as powerful tools in agricultural 

applications, particularly in seed priming, by 

leveraging their unique physicochemical 

properties to enhance seed performance, nutrient 

delivery, and stress resilience. Their mechanisms 

of action can be broadly categorized into 

physical, biochemical, and physiological 

pathways. Below is a detailed explanation of 

how nanoparticles interact with seeds, plants, 

and their environments. 

1. Physical Interactions : Nanoparticles 

influence the physical properties of seeds and 

plants, enabling better water and nutrient 

absorption and improved stress resistance. 

 Seed Coat Penetration: Due to their 

nanoscale size, nanoparticles can 

penetrate seed coats, improving the 

permeability and facilitating the uptake 

of water and nutrients. This accelerates 

germination and ensures uniform 

seedling growth. 

 Barrier Formation: Some 

nanoparticles, like silica or chitosan, 

form a protective coating on seeds, 

acting as a physical barrier against 

pathogens and environmental stresses. 

 Surface Area Enhancement: The large 

surface area-to-volume ratio of 

nanoparticles allows for better adhesion 

to seed surfaces, enabling more efficient 

delivery of nutrients and bioactive 

molecules. 

2. Biochemical Interactions : Nanoparticles 

influence metabolic pathways and enzymatic 

activities critical for seed germination and early 

growth. 

 Enzymatic Activation: Nanoparticles 

like zinc oxide (ZnO) and iron oxide 

(FeO) enhance the activity of enzymes 

such as amylase, protease, and catalase. 

For instance: 

 Amylase Activation: Breaks 

down starch into simpler sugars, 
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providing energy for 

germination. 

 Catalase and Peroxidase 

Activation: Neutralize reactive 

oxygen species (ROS), reducing 

oxidative stress during 

germination. 

 Hormonal Modulation: Nanoparticles 

can influence phytohormone levels, such 

as auxins, gibberellins, and cytokinins, 

which are critical for growth regulation. 

For example: 

 Gold (Au) nanoparticles are 

known to modulate auxin 

pathways, promoting root and 

shoot elongation. 

 Antioxidant Defense: Nanoparticles 

enhance the plant's antioxidant defense 

mechanisms by stimulating the 

production of key enzymes that protect 

against oxidative stress. This is 

particularly important under conditions 

of drought, salinity, or heat stress. 

3. Physiological Interactions : Nanoparticles 

improve physiological processes that are 

essential for plant development, including 

nutrient uptake, photosynthesis, and stress 

adaptation. 

 Nutrient Uptake and Transport: 

 Nanoparticles increase the 

bioavailability of essential 

nutrients by delivering them in a 

soluble and easily absorbable 

form. 

 For instance, iron oxide 

nanoparticles improve iron 

transport, aiding in chlorophyll 

synthesis and enhancing 

photosynthesis. 

 Controlled Release Mechanism: 

 Nanoparticles like polymeric or 

silica-based NPs act as carriers 

for fertilizers, nutrients, or 

pesticides, ensuring their slow 

and controlled release. This 

reduces nutrient wastage and 

environmental pollution while 

maintaining a consistent supply 

to the plant. 

 Photosynthesis Enhancement: 

Nanoparticles, particularly metallic 

ones, enhance chlorophyll synthesis and 

light capture. For example, titanium 

dioxide (TiO₂) nanoparticles improve 

photosynthetic efficiency by boosting 

the plant's ability to absorb light and 

convert it into chemical energy. 

4. Stress Modulation : Nanoparticles play a 

significant role in enhancing plant tolerance to 

both biotic (pathogen-induced) and abiotic 

(environmental) stresses. 

 Abiotic Stress Alleviation: 

 Drought Stress: Silica 

nanoparticles improve water 
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retention and reduce 

transpiration, helping plants 

cope with limited water 

availability. 

 Salinity Stress: Nanoparticles 

regulate ionic balance by 

preventing excessive sodium ion 

uptake and maintaining 

potassium levels in plant cells. 

 Thermal Stress: Nanoparticles 

stimulate the production of heat-

shock proteins, which protect 

cellular structures under high-

temperature conditions. 

 Biotic Stress Resistance: 

 Nanoparticles like silver (Ag) 

and copper oxide (CuO) exhibit 

strong antimicrobial properties, 

disrupting the cell membranes 

and metabolic pathways of 

pathogens. 

 Chitosan nanoparticles induce 

systemic resistance in plants, 

enhancing their ability to defend 

against fungal and bacterial 

infections. 

5. Gene Expression Modulation : 

Nanoparticles can influence gene expression 

related to growth, stress response, and 

metabolism. 

 Upregulation of Growth-Related 

Genes: Nanoparticles can activate genes 

responsible for cell division, elongation, 

and differentiation, leading to faster and 

healthier plant growth. 

 Stress Response Genes: Under stress 

conditions, nanoparticles trigger the 

expression of genes encoding 

antioxidant enzymes, osmoprotectants, 

and heat-shock proteins, improving the 

plant's ability to adapt and survive. 

6. Antimicrobial Mechanisms: Nanoparticles 

protect seeds and plants by targeting pathogens 

through multiple pathways: 

 Physical Damage: Nanoparticles 

disrupt microbial cell walls and 

membranes, leading to leakage of 

intracellular components. 

 Oxidative Damage: Nanoparticles 

generate ROS that damage microbial 

DNA, proteins, and lipids. 

 Metabolic Disruption: Nanoparticles 

interfere with microbial enzymatic 

systems, inhibiting their ability to infect 

seeds and plants. 

7. Enhanced Water Dynamics : Nanoparticles, 

especially hydrophilic ones like silica, improve 

water dynamics in the soil-plant system: 

 Water Absorption: Enhance the seed's 

ability to absorb water by creating a 

hydrated microenvironment. 
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 Water Retention: Help in retaining 

moisture around the seed or root zone, 

ensuring continuous water availability.  

The mechanisms of action of nanoparticles are 

multifaceted, encompassing physical, 

biochemical, and physiological interactions that 

enhance seed germination, plant growth, and 

stress resilience. These unique capabilities make 

nanoparticles a transformative tool in sustainable 

and precision agriculture. However, 

understanding and optimizing these 

mechanisms, while addressing safety and 

environmental concerns, are critical for their 

successful application. 

Advantages of Nanoparticle-Based Seed 

Priming 

1. Targeted Delivery : Nanoparticles enable the 

precise and efficient delivery of nutrients, 

bioactive molecules, and growth enhancers 

directly to the seed. 

 Mechanism: Nanoparticles can 

penetrate seed coats and interact with 

cellular structures, ensuring that the 

encapsulated molecules reach the 

specific target sites within the seed. 

 Impact: 

 Minimizes wastage of nutrients 

and bioactive compounds. 

 Improves the effectiveness of 

fertilizers, hormones, and stress-

protective agents. 

 Reduces the requirement for 

higher doses of agrochemicals, 

making the process cost-

effective. 

 Example: Polymeric nanoparticles like 

chitosan can carry growth regulators or 

pesticides to seeds, releasing them in a 

controlled manner for maximum 

efficacy. 

 

2. Enhanced Bioavailability : Nanoparticles 

improve the solubility, absorption, and mobility 

of nutrients and other compounds, ensuring they 

are readily available for uptake by seeds. 

 Mechanism: 

 Nanoparticles have a high 

surface area-to-volume ratio, 

increasing their reactivity and 

solubility in water. 

 Their small size enables them to 

overcome physical barriers, 

such as the seed coat, and 

transport nutrients directly to the 

embryo. 

 Impact: 

 Ensures a steady supply of 

essential nutrients, even in 

nutrient-deficient soils. 

 Boosts metabolic activities 

during germination, such as 

enzymatic breakdown of stored 

food reserves. 

Example: Zinc oxide (ZnO) nanoparticles 

improve the bioavailability of zinc, a critical 
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micronutrient for enzyme activation and 

seedling vigor. 

 

3. Stress Mitigation : Nanoparticles provide 

seeds with enhanced protection against both 

biotic (pathogens) and abiotic (environmental) 

stresses, ensuring better seedling establishment 

under challenging conditions. 

 Abiotic Stress: 

 Drought: Silica nanoparticles 

retain water around seeds, 

improving hydration and 

reducing water stress. 

 Salinity: Nanoparticles regulate 

ion uptake, preventing toxic 

sodium ion accumulation while 

ensuring potassium availability. 

 Oxidative Stress: Nanoparticles 

stimulate the production of 

antioxidant enzymes like 

superoxide dismutase and 

catalase, reducing damage from 

reactive oxygen species (ROS). 

 Biotic Stress: 

 Nanoparticles like silver and 

copper oxide exhibit 

antimicrobial properties, 

protecting seeds from fungal 

and bacterial infections. 

 Chitosan nanoparticles induce 

systemic resistance in plants, 

improving their ability to 

combat diseases. 

 Impact: 

 Enhances seed resilience under 

unfavorable conditions. 

 Reduces germination failures 

due to environmental and 

pathogen-induced stresses. 

Example: Seeds primed with iron oxide (FeO) 

nanoparticles exhibit improved germination and 

vigor even under saline conditions. 

 

4. Sustainability: Nanoparticle-based seed 

priming promotes eco-friendly and sustainable 

agricultural practices by reducing dependence on 

conventional inputs like fertilizers and 

pesticides. 

 Mechanism: 

 Nanoparticles deliver nutrients 

and bioactive molecules in a 

controlled manner, minimizing 

leaching and volatilization. 

 Their slow-release properties 

ensure prolonged nutrient 

availability, reducing the need 

for repeated applications. 

 Impact: 

 Reduces environmental 

pollution caused by excessive 

fertilizer and pesticide use. 

 Conserves resources, including 

water and energy, by improving 

input-use efficiency. 

 Example: Polymeric nanoparticles 

encapsulating nitrogen fertilizers release 

them gradually, reducing nitrogen runoff 

and environmental contamination. 
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5. Improved Germination: Nanoparticles 

significantly enhance the germination process, 

ensuring faster, more uniform seedling 

emergence. 

 Mechanism: 

 Nanoparticles improve water 

absorption and enzymatic 

activity, breaking down stored 

reserves like starch into sugars. 

 They activate growth hormones 

and other signaling molecules 

necessary for early growth. 

 Protective coatings formed by 

nanoparticles prevent microbial 

infections, safeguarding seeds 

during germination. 

 Impact: 

 Ensures higher germination 

rates, particularly under 

suboptimal conditions. 

 Promotes uniform growth, 

critical for achieving consistent 

crop stands. 

Example: Seeds primed with carbon nanotubes 

(CNTs) exhibit faster water uptake and 

metabolic activation, leading to quicker 

germination. 

 

Challenges and Concerns of Nanoparticle-

Based Seed Priming 

1. Toxicity Issues: While nanoparticles (NPs) 

offer numerous benefits, their misuse or 

excessive application can lead to toxicity, 

affecting plants, the environment, and human 

health. 

 Cellular Damage: At high 

concentrations, nanoparticles may 

interfere with cellular functions in plants 

by generating reactive oxygen species 

(ROS). This can lead to oxidative stress, 

disrupting membrane integrity, enzyme 

activity, and DNA structure, ultimately 

hampering seed germination and plant 

growth. 

 Bioaccumulation in Tissues: 

Nanoparticles can accumulate in plant 

tissues, particularly in roots, shoots, and 

fruits. When these plants are consumed, 

the residual nanoparticles may pose 

health risks to humans and animals. 

Studies on the long-term effects of such 

accumulation are limited, raising 

concerns about food safety. 

2. Environmental Impact The uncontrolled use 

of nanoparticles can have unintended 

consequences on soil, water, and ecosystems. 

 Leaching into Soil and Water: 

Nanoparticles can leach into the soil and 

water bodies, affecting microbial 

diversity and aquatic ecosystems. For 

example, nanoparticles like silver (Ag) 

and zinc oxide (ZnO), known for their 

antimicrobial properties, may harm 

beneficial soil microbes essential for 

nutrient cycling and soil health. 

 Persistence in the Environment: Some 

nanoparticles are not biodegradable, 
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leading to their accumulation in the 

environment. This persistence can alter 

the natural balance of ecosystems, 

potentially causing long-term ecological 

damage. 

 

3. Regulatory and Ethical Issues: The rapid 

development of nanotechnology in agriculture 

has outpaced the establishment of 

comprehensive guidelines and ethical 

considerations. 

 Lack of Standardized Guidelines: 

Currently, there are no universally 

accepted standards for the safe 

application of nanoparticles in 

agriculture. Variations in nanoparticle 

composition, size, and dosage make it 

challenging to develop standardized 

safety protocols. This lack of regulation 

increases the risk of improper use, 

raising concerns about safety and 

efficacy. 

 Ethical Concerns: The long-term 

implications of nanotechnology on food 

safety, biodiversity, and public health 

remain uncertain. Ethical questions arise 

about the potential unintended 

consequences of introducing 

nanoparticles into the food chain and the 

environment. Additionally, public 

acceptance of nanotechnology in 

agriculture may be hindered by a lack of 

awareness and understanding. 

 

4. Economic Feasibility : The high production 

cost of nanoparticles poses a significant barrier 

to their widespread adoption, particularly in 

developing regions. 

 Synthesis and Scalability: The 

production of nanoparticles often 

requires sophisticated equipment and 

expensive raw materials, making the 

process cost-prohibitive for large-scale 

agricultural applications. 

 Accessibility in Developing Regions: 

Farmers in developing countries may 

find it challenging to afford 

nanoparticle-based products, limiting 

their ability to benefit from this 

advanced technology. Developing cost-

effective synthesis methods is crucial to 

make nanoparticles accessible to all. 

 

Future Perspectives for Nanoparticle-Based 

Seed Priming 

1. Green Synthesis of Nanoparticles 

 Eco-Friendly Alternatives: Green 

synthesis uses plant extracts, microbial 

systems, and other natural resources to 

produce nanoparticles, reducing 

environmental impact and production 

costs. 

 Advantages: 

o Eliminates the need for toxic 

chemicals. 

o Produces nanoparticles with 

high biocompatibility. 
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Example: Extracts from neem or tea leaves have 

been used to synthesize silver nanoparticles with 

antimicrobial properties. 

 

2. Integration with Smart Agriculture 

 Real-Time Monitoring: Combining 

nanoparticles with Internet of Things 

(IoT) technologies can enable real-time 

monitoring of seed performance and 

field conditions. Sensors integrated with 

nanotechnology can track seed 

germination, nutrient availability, and 

stress factors, ensuring timely 

interventions. 

 Precision Farming:This integration 

allows for precise application of 

nanoparticle-based treatments, reducing 

waste and maximizing efficiency. 

Example: Smart sensors using 

nanotechnology can detect water stress in 

plants and trigger irrigation systems 

automatically. 

 

3. Nanobiotechnology 

 Bioengineered Nanoparticles: 

Advances in nanobiotechnology could 

lead to the creation of bioengineered 

nanoparticles tailored for specific 

agricultural needs, such as slow nutrient 

release or targeted pathogen 

suppression. 

 Advantages: 

o Higher efficiency in nutrient 

delivery. 

o Reduced environmental impact 

due to improved 

biodegradability. 

Example: Bio-nanoparticles developed from 

bacterial systems can act as carriers for 

micronutrients, improving seed health 

sustainably. 

 

4. Regulatory Framework Development 

 Establishing Safety Standards: 

Developing clear guidelines for 

nanoparticle synthesis, application, and 

disposal is critical to address safety 

concerns. Regulatory frameworks 

should account for: 

o Dosage limits to prevent 

toxicity. 

o Environmental monitoring to 

detect nanoparticle residues. 

o Risk assessment protocols for 

food safety. 

 Global Collaboration: International 

collaboration between governments, 

scientists, and regulatory bodies is 

essential to ensure the safe and equitable 

use of nanotechnology in agriculture. 

 

Conclusion 

Nanoparticles have revolutionized the field of 

seed priming, offering novel solutions to 

enhance seed performance and agricultural 

productivity. While the advantages of 

nanoparticle-based seed priming are evident, 

addressing challenges like toxicity and 
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environmental safety is crucial for its sustainable 

adoption. With advancements in nanotechnology 

and biotechnology, the future of nano-priming 

holds immense potential for transforming 

agriculture into a more resilient and efficient 

system. 
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