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review 
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Shudhanshu Chaturvedi and Brijesh Kumar Pandey 

 
Abstract 
Nano-fertilizers, a rapidly evolving field of nanotechnology in agriculture, hold promise for addressing 
global challenges in sustainable food production. This comprehensive review highlights the recent 
developments and potential benefits of nano-fertilizers in enhancing nutrient efficiency and crop 
productivity. Nano-fertilizers encompass a diverse range of engineered nanomaterials designed to 
encapsulate, deliver, and release nutrients in a controlled manner. This controlled release mechanism 
offers several advantages, including reduced nutrient loss due to leaching and volatilization, minimized 
environmental impact, and improved nutrient uptake by plants. In this review, we delve into the various 
types of nano-fertilizers, including nanocomposites, nano capsules, and nanocoated fertilizers, 
elaborating on their synthesis methods and physicochemical properties. We explore the mechanisms 
behind the controlled release of nutrients facilitated by nanomaterials, emphasizing their role in 
optimizing nutrient availability in soil and promoting plant growth. Furthermore, we discuss the 
interactions between nano-fertilizers and plant root systems, shedding light on how nanotechnology can 
enhance nutrient uptake efficiency through improved root adhesion and elongation. The influence of 
nano-fertilizers on soil properties and microbial communities is also addressed, emphasizing the potential 
benefits for soil health and fertility. We review recent studies that investigate the effects of nano-
fertilizers on crop yield, nutritional quality, and stress tolerance. These studies collectively underscore the 
substantial potential of nano-fertilizers in mitigating nutrient deficiencies and bolstering global food 
security. However, the review also critically examines the challenges and concerns associated with the 
widespread adoption of nano-fertilizers, including potential environmental risks and regulatory 
considerations. The interactions of nanoparticles with the soil ecosystem and potential long-term effects 
on ecosystems are important areas of concern that warrant further research. In conclusion, nano-
fertilizers represent a cutting-edge approach to revolutionize conventional agricultural practices by 
addressing nutrient inefficiencies and minimizing environmental impacts. While substantial progress has 
been made, continued interdisciplinary research efforts are necessary to unlock the full potential of nano-
fertilizers, ensuring their safe and effective integration into modern agriculture. 
 
Keywords: Nano-fertilizers, nutrient efficiency, controlled release, crop productivity, nanomaterials, 
sustainable agriculture 

 
Introduction 
In the quest to address the complex challenges of modern agriculture, nanotechnology has 
emerged as a transformative force with the potential to revolutionize traditional farming 
practices. Nano-fertilizers, a groundbreaking innovation at the intersection of nanotechnology 
and agriculture, hold the promise of elevating nutrient management strategies to new heights 
(Raliya et al., 2017, Feregrino et al., 2018) [8, 2]. By leveraging the unique properties of 
nanomaterials, these novel fertilizers offer the prospect of enhanced nutrient delivery, 
improved plant uptake, and sustainable agricultural productivity. In the face of mounting 
global challenges such as population growth, dwindling arable land, and changing climatic 
conditions, the need to ensure food security while minimizing the environmental impact of 
agriculture has never been more pressing. One transformative avenue that holds promise in 
addressing these challenges is the integration of nanotechnology into agriculture, particularly 
in the form of nano-fertilizers. These innovative materials have garnered significant attention 
for their potential to revolutionize nutrient management, enhance crop productivity, and 
contribute to sustainable agricultural practices. Nano-fertilizers, a subfield of nanotechnology 
in agriculture, hold promise for revolutionizing nutrient management and crop yield 
enhancement. This review comprehensively explores the latest advancements in nano-
fertilizers, focusing on their potential to improve nutrient utilization efficiency and overall 
crop productivity. 

www.thepharmajournal.com


 
 

~ 1297 ~ 

The Pharma Innovation Journal https://www.thepharmajournal.com 
The synthesis, mechanisms, effects on soil health, and 

implications for sustainable agriculture are critically 

examined. 

 

Role of nano fertilizer in crop growth: Nano-fertilizers are 

a relatively new category of fertilizers that use 

nanotechnology to enhance nutrient delivery and absorption 

in plants. They have the potential to revolutionize agricultural 

practices. Here are some of the key roles of nano-fertilizers in 

crop growth: 

A. Improved Nutrient Uptake Efficiency: Nano-fertilizers 

can increase the efficiency of nutrient uptake by plants 

(Juthery et al., 2021) [1]. They can be designed to release 

nutrients slowly over time, ensuring that plants receive a 

steady supply of essential elements. 

B. Reduced Nutrient Losses: Traditional fertilizers often 

lead to nutrient runoff, which can contribute to 

environmental pollution. Nano-fertilizers can be 

engineered to minimize nutrient leaching, making them 

more environmentally friendly (Preetha et al., 2017) [7]. 

C. Precision Targeting: Nano-fertilizers can be designed to 

release nutrients directly to the plant's roots, reducing 

wastage and ensuring that the nutrients are delivered 

where they are needed most. 

D. Enhanced Nutrient Bioavailability: The small size of 

nanoparticles allows for better absorption of nutrients by 

plant roots (Lowry et al., 2019) [4]. This increases the 

bioavailability of nutrients and can lead to improved 

plant growth. 

E. Enhanced Water Use Efficiency: Nano-fertilizers can 

be engineered to improve water retention in the soil, 

helping plants to better withstand drought conditions. 

This is especially important in regions where water is a 

limiting factor for crop production. 

F. Improved Soil Health: Some nano-fertilizers can 

enhance soil structure and microbial activity. This leads 

to healthier soil, which in turn supports better plant 

growth and productivity. 

G. Reduced Environmental Impact: By improving 

nutrient efficiency and reducing nutrient runoff, nano-

fertilizers can help mitigate the environmental impact 

associated with conventional fertilizer use. 

H. Customized Nutrient Formulations: Nano-fertilizers 

can be tailored to specific crop requirements and soil 

conditions. This customization allows for a more precise 

and efficient delivery of nutrients. 

I. Reduced Fertilizer Application Rates: Because of their 

enhanced efficiency, nano-fertilizers may require lower 

application rates compared to traditional fertilizers. This 

can lead to cost savings for farmers. 

J. Enhanced Disease and Stress Resistance: Some nano-

fertilizers can be engineered to carry beneficial 

compounds, such as plant growth regulators or disease-

fighting substances. This can help plants to better 

withstand environmental stresses and pest pressures. 

K. Facilitation of Controlled-Release Fertilizers: 

Nanostructures can be used as carriers for controlled-

release formulations, allowing for a gradual and sustained 

release of nutrients over time (Guo et al., 2018) [3]. 

L. Compatibility with Other Agricultural Inputs: Nano-

fertilizers can be used in conjunction with other 

agricultural inputs, such as pesticides or biofertilizers, to 

create synergistic effects that promote overall plant health 

and productivity. 

 

It's important to note that while nano-fertilizers hold 

significant promise for agriculture, further research is needed 

to understand their long-term impacts on soil health, plant 

growth, and the environment. Additionally, appropriate safety 

measures should be taken during the production and 

application of nano-fertilizers to ensure their responsible use 

in agriculture. 

 

Significance of nano fertilizer in modern agriculture: 

 Nano-fertilizers have gained significant attention in modern 

agriculture due to their potential to address some of the key 

challenges facing the agricultural sector. Here are some of the 

significant advantages and contributions of nano-fertilizers in 

modern agriculture: 

A. Enhanced Nutrient Efficiency: Nano-fertilizers are 

designed to improve the efficiency of nutrient delivery to 

plants. Their nanoscale particles allow for better nutrient 

uptake, reducing wastage and the amount of fertilizer 

required for the same level of crop productivity. This 

leads to cost savings for farmers. 

B. Controlled Nutrient Release: Nano-fertilizers can be 

engineered for controlled and sustained nutrient release. 

This ensures that plants receive a steady supply of 

nutrients over an extended period, reducing the need for 

frequent applications and minimizing nutrient runoff. 

C. Improved Nutrient Bioavailability: Nano-fertilizers 

enhance the solubility and bioavailability of nutrients in 

the soil. This means that plants can access essential 

nutrients more easily, leading to improved plant growth 

and higher crop yields. 

D. Reduced Environmental Impact: By improving 

nutrient uptake efficiency and reducing nutrient runoff, 

nano-fertilizers can help mitigate the negative 

environmental impacts associated with conventional 

fertilizers. This includes reducing water pollution and 

decreasing greenhouse gas emissions. 

E. Customization for Specific Crops: Nano-fertilizers can 

be tailored to meet the specific nutrient requirements of 

different crops and soil conditions (Mikula et al., 2020) 

[5]. This level of customization can lead to optimized 

nutrient management practices and increased crop 

quality. 

F. Enhanced Soil Health: Some nano-fertilizers contain 

components that can improve soil health, such as organic 

matter or beneficial microorganisms. Healthy soils 

support better nutrient retention, root growth, and overall 

plant health. 

G. Drought Tolerance: Nano-fertilizers can be engineered 

to improve water retention in the soil, helping plants 

better withstand drought conditions. This is especially 

important in regions prone to water scarcity. 

H. Compatibility with Other Inputs: Nano-fertilizers can 

be used in conjunction with other agricultural inputs, 

such as pesticides, herbicides, or biofertilizers, to create 

synergistic effects that promote overall plant health and 

productivity. 

I. Precision Agriculture: Nano-fertilizers can be applied 

with precision, allowing for targeted nutrient delivery to 

specific areas of a field or to individual plants. This 

aligns with the principles of precision agriculture, 

optimizing resource use. 
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J. Sustainable Agriculture Practices: The efficient use of 

nano-fertilizers supports sustainable agriculture by 

reducing the need for excessive fertilizer application, 

which can lead to soil degradation and water pollution. 

Sustainable practices are critical for long-term food 

security and environmental preservation. 

K. Food Security: Modern agriculture faces the challenge 

of feeding a growing global population. Nano-fertilizers 

can help increase crop yields, ensuring a more secure 

food supply for a world with increasing demands. 

L. Research and Innovation: The development and 

adoption of nano-fertilizers drive innovation in 

agriculture, pushing the boundaries of what is possible in 

terms of nutrient management and sustainable crop 

production. 

 

While nano-fertilizers offer promising benefits, it's important 

to conduct rigorous research and safety assessments to ensure 

their responsible use in modern agriculture. Addressing 

potential environmental and health concerns associated with 

nanoparticles is essential for their long-term sustainability. 

Additionally, farmer education and training on the proper 

application and management of nano-fertilizers are critical for 

realizing their full potential in modern agriculture. 

 

Current Status of Nano Fertilizers 

Nano-fertilizers represent a cutting-edge application of 

nanotechnology in agriculture, capitalizing on the unique 

properties of nanomaterials to enhance nutrient delivery and 

utilization by plants. As of the present, research and 

development efforts have led to substantial progress in the 

field of nano-fertilizers, encompassing both fundamental 

understanding and practical applications. Various types of 

nano-fertilizers, including nanocomposites, nano capsules, 

and nanocoated fertilizers, have been engineered to 

encapsulate, protect, and deliver nutrients in a controlled 

manner (Sarkar et al., 2021) [9] One of the key breakthroughs 

in nano-fertilizer research is the controlled release 

mechanism, which allows nutrients to be gradually released to 

plants over time. This mechanism not only improves the 

efficiency of nutrient uptake by plants but also reduces 

nutrient losses through leaching and volatilization, thus 

minimizing their impact on the environment. By tailoring the 

physicochemical properties of nanoparticles, researchers have 

successfully manipulated the release kinetics of nutrients, 

offering a versatile tool for nutrient management strategies. 

Nano-fertilizers have shown considerable promise in 

enhancing plant growth, increasing crop yield, and improving 

the nutritional quality of harvested produce. Preliminary 

studies across a range of crops and environmental conditions 

have demonstrated the potential of these novel materials to 

address nutrient deficiencies and mitigate yield limitations. 

Additionally, nano-fertilizers have been explored for their 

potential to enhance stress tolerance in plants, enabling them 

to withstand abiotic and biotic stressors such as drought, 

salinity, and pests. However, while the potential benefits of 

nano-fertilizers are evident, their adoption and widespread use 

are not without challenges. As with any emerging technology, 

concerns related to environmental impact, long-term effects 

on soil ecosystems, and potential health implications must be 

thoroughly evaluated. Regulatory frameworks and guidelines 

for the responsible development and deployment of nano-

fertilizers need to be established to ensure their safe 

integration into agricultural practices. 

 

Nano-Fertilizer Types and Synthesis Methods 

Various nano-fertilizer categories, including nanocomposites, 

nano capsules, and nanocoated fertilizers, are discussed in 

terms of their composition and synthesis techniques. 

Nanomaterials offer distinct advantages for controlled nutrient 

delivery, contributing to efficient nutrient utilization by 

plants. 

 

Controlled Nutrient Release Mechanisms 

The review elucidates the mechanisms by which nano-

fertilizers facilitate controlled nutrient release. Nanoparticles 

act as carriers, protecting nutrients from leaching and 

volatilization. Controlled release not only ensures nutrient 

availability but also minimizes environmental contamination, 

supporting sustainable agricultural practices. 

 

Enhanced Nutrient Uptake and Root Interactions 

Nano-fertilizer interactions with plant root systems play a 

crucial role in nutrient uptake enhancement. Surface 

modifications of nanoparticles can improve root adhesion, 

elongation, and overall nutrient absorption. The review 

outlines these mechanisms and their contributions to 

increased crop productivity. 

 

Influence on Soil Properties and Microbial Communities 

Nano-fertilizers' effects on soil properties and microbial 

communities are explored. Studies suggest potential benefits 

for soil health and fertility, indicating that nano-fertilizers 

may contribute to more sustainable agricultural systems. 

 

Nano Fertilizers: A Breakthrough in Nutrient 

Management 

Nano-fertilizers are a class of engineered materials designed 

to optimize the utilization of nutrients by plants. At the 

nanoscale, materials exhibit distinct physical, chemical, and 

biological properties that can be harnessed to overcome 

limitations of conventional fertilizers. Traditional fertilizers 

often suffer from inefficiencies in nutrient delivery, resulting 

in suboptimal plant uptake and environmental pollution due to 

runoff and leaching. Nano-fertilizers aim to address these 

challenges through innovative approaches. 

 

A. Harnessing Nanomaterials for Enhanced Nutrient 

Efficiency 

At the heart of nano-fertilizers' efficacy lies their ability to 

encapsulate and control the release of nutrients. 

Nanomaterials provide a versatile platform for this purpose, 

allowing the design of tailored delivery systems. These 

systems ensure nutrients are gradually released in response to 

plant demands, minimizing wastage and nutrient losses. This 

controlled release mechanism not only enhances nutrient 

availability but also mitigates the adverse environmental 

impact associated with excessive fertilizer application. 

 

B. Potential Benefits and Applications 

The potential benefits of nano-fertilizers extend beyond 

nutrient delivery precision. Research indicates that these 

materials can influence root morphology, fostering stronger 

root systems that facilitate improved nutrient uptake 

(Mohapatra et al., 2023) [6] Furthermore, nano-fertilizers may 

contribute to enhanced stress tolerance in plants, enabling 
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them to withstand challenging environmental conditions such 

as drought, salinity, and nutrient deficiency. 

 

C. Current Landscape and Future Prospects 

The field of nano-fertilizers is rapidly evolving, with 

researchers exploring various nanomaterials, formulations, 

and application methods. Preliminary studies have 

demonstrated their effectiveness across a range of crops, soils, 

and environmental contexts. However, challenges related to 

safety, environmental impact, and scalability must be 

systematically addressed to ensure the responsible 

development and adoption of nano-fertilizers. 

 

Barriers to extensive use of fertilizers in traditional 

agriculture 

The extensive use of fertilizers in traditional agriculture faces 

several barriers. These challenges can vary depending on 

factors such as region, economic conditions, and agricultural 

practices. Here are some common barriers to the widespread 

use of fertilizers in traditional agriculture. 

A. Financial Constraints: Many small-scale farmers in 

traditional agriculture have limited financial resources. 

They may not have the capital to invest in fertilizers, 

especially if they perceive the costs as prohibitive. 

B. Lack of Knowledge and Education: Some farmers may 

not fully understand the benefits of using fertilizers or 

may lack knowledge about proper application techniques. 

Access to agricultural extension services and education is 

crucial to overcome this barrier. 

C. Inadequate Access and Availability: In some regions, 

farmers may face challenges in accessing fertilizers due 

to logistical issues, lack of distribution networks, or 

limited availability in local markets. 

D. Infrastructure and Transportation: Poor infrastructure 

and transportation networks can hinder the timely 

delivery and distribution of fertilizers to remote or rural 

areas, making them less accessible to farmers. 

E. Market Dynamics and Price Fluctuations: The prices 

of fertilizers can be subject to market fluctuations, 

making it difficult for farmers to plan and budget for their 

use. Additionally, price volatility can discourage some 

farmers from investing in fertilizers. 

F. Inefficient Subsidy Programs: In regions where 

governments provide fertilizer subsidies, ineffective 

distribution mechanisms, corruption, or mismanagement 

can result in limited access for farmers who need them 

most. 

G. Environmental Concerns: Overuse or improper 

application of fertilizers can lead to environmental issues 

such as nutrient runoff, water pollution, and soil 

degradation. Farmers may be hesitant to use fertilizers 

due to concerns about their environmental impact. 

H. Risk Aversion: Some farmers may be risk-averse and 

may be hesitant to invest in fertilizers if they are 

uncertain about the potential return on investment or if 

they fear crop failure. 

I. Cultural and Traditional Practices: Traditional 

farming practices and cultural beliefs may be resistant to 

the adoption of modern agricultural inputs like fertilizers. 

Convincing farmers to change long-standing practices 

can be challenging. 

J. Land Tenure and Ownership: In areas where land 

ownership is insecure or fragmented, farmers may be less 

inclined to invest in inputs like fertilizers, as they may 

not fully benefit from the resulting increase in yields. 

K. Climate Variability and Unpredictable Weather: 

Unpredictable weather patterns and climate variability 

can impact the effectiveness of fertilizers. In regions 

prone to droughts or floods, farmers may be hesitant to 

invest in inputs that may not yield consistent returns. 

L. Lack of Credit and Access to Finance: Some farmers 

may lack access to credit or financing options to purchase 

fertilizers. This can be a significant barrier, especially for 

smallholder farmers. 

 

Addressing these barriers requires a multi-faceted approach 

that includes targeted education and extension services, 

improved market access, better infrastructure, and effective 

policy interventions. Tailoring strategies to the specific needs 

and conditions of different regions is crucial for successful 

adoption of fertilizers in traditional agriculture. 

 

Limitations of Nano fertilizers 

A. Cost: They can be more expensive to produce than 

conventional fertilizers, limiting accessibility for small-

scale farmers. 

B. Regulatory Challenges: Limited regulations and 

standards exist for production and use, requiring clear 

guidelines for safety and environmental compliance. 

C. Environmental Persistence: Long-term behavior of 

nanoparticles in the environment is not well understood, 

raising concerns about potential accumulation and 

impacts on soil and water quality. 

D. Ecotoxicity Concerns: Certain nanoparticles may pose 

risks to non-target organisms, including beneficial soil 

microorganisms and aquatic life. 

E. Nano-waste Disposal: Proper disposal of nanoparticles 

and packaging materials is a concern, with inadequate 

waste management potentially leading to environmental 

contamination. 

 

Impacts on Sustainable Agriculture 

A. Improved Nutrient Efficiency: Enhances nutrient 

uptake efficiency, reducing overall fertilizer needs and 

promoting more sustainable nutrient management. 

B. Reduced Environmental Impact: Mitigates nutrient 

runoff, lowering the risk of water pollution and 

contributing to a more environmentally sustainable 

agriculture. 

C. Precision Farming: Allows for precise application, 

aligning with the principles of precision agriculture and 

optimizing resource use. 

D. Enhanced Soil Health: Improves soil structure and 

microbial activity, crucial for nutrient retention and 

overall ecosystem functioning. 

E. Water Conservation: Nano-fertilizers designed to 

improve water retention contribute to water conservation 

efforts, especially in regions prone to drought. 

F. Reduced Greenhouse Gas Emissions: By improving 

nutrient uptake, nano-fertilizers can potentially reduce the 

need for excessive fertilizer application, lowering 

emissions of greenhouse gases. 

G. Food Security: Enhanced nutrient efficiency and crop 

yields contribute to food security by ensuring a reliable 

and abundant food supply for a growing global 

population. 
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Remember, while nano fertilizers offer potential benefits, 

ongoing research on their long-term impacts and safety 

considerations is crucial. Implementing responsible use 

practices, clear regulatory frameworks, and farmer education 

are essential for sustainable integration. 

 

H. Effects on Crop Yield, Nutritional Quality, and Stress 

Tolerance 

Recent research investigating the impact of nano-fertilizers on 

crop yield, nutritional content, and stress tolerance is 

presented. Results indicate potential yield increases and 

enhanced nutritional quality, contributing to improved food 

security. 

 

I. Challenges and Considerations 

The review also addresses challenges associated with nano-

fertilizer implementation, including potential environmental 

risks due to nanoparticle accumulation in soils. Regulatory 

aspects and ethical considerations are discussed, underscoring 

the importance of responsible development and deployment. 

 

Conclusion 

Nano-fertilizers present a promising avenue for addressing 

nutrient inefficiencies and promoting sustainable agriculture. 

While their potential is evident, interdisciplinary efforts are 

required to ensure safe and effective integration into existing 

agricultural practices. Continued research is crucial to fully 

realize the benefits of nano-fertilizers for enhanced nutrient 

efficiency and crop productivity. The status of nano-fertilizers 

reflects a dynamic landscape of innovation, research, and 

development aimed at addressing critical agricultural 

challenges. The growing body of knowledge surrounding 

these materials underscores their potential to transform 

nutrient management and enhance crop productivity in ways 

that are ecologically and economically advantageous. 

However, further research, interdisciplinary collaboration, and 

a balanced approach to their implementation are essential to 

fully unlock the potential of nano-fertilizers in achieving 

sustainable and resilient agricultural systems. In summary, 

nano-fertilizers represent a groundbreaking advancement in 

nutrient management strategies for modern agriculture. By 

capitalizing on the unique properties of nanomaterials, these 

fertilizers have the potential to enhance nutrient delivery 

precision, increase plant uptake efficiency, and contribute to 

sustainable farming practices. As research and development 

efforts continue, the responsible integration of nano-fertilizers 

into agricultural systems has the capacity to shape a more 

resilient and productive future for global food production. 
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