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ABSTRACT 

Nano-biofertilizers are an emerging innovation that integrates nanotechnology with 

beneficial microorganisms to enhance nutrient use efficiency and crop productivity. 

Conventional fertilizers suffer from significant nutrient losses, leading to environmental 

pollution and soil degradation. Nano-biofertilizers overcome these limitations through 

controlled nutrient release and improved microbial activity in the rhizosphere. They enhance 

nutrient uptake, reduce chemical fertilizer dependency and support sustainable agricultural 

practices. Despite challenges such as cost and limited awareness, nano-biofertilizers offer a 

promising approach for achieving efficient and environmentally sustainable agriculture. 

 

INTRODUCTION  
 

he growing global population and 

increasing food demand have 

intensified the use of chemical 

fertilizers in agriculture. However, their low 

nutrient use efficiency and associated 

environmental problems, such as soil 

degradation, water pollution and greenhouse 

gas emissions, pose serious sustainability 

concerns (FAO, 2019). In India, excessive 

fertilizer use and imbalanced nutrient 
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application have further aggravated soil health 

issues. To address these challenges sustainable 

nutrient management approaches are essential. 

Nano-biofertilizers have emerged as a 

promising solution by combining 

nanotechnology with biological systems. This 

integrated approach improves nutrient 

delivery, enhances microbial activity and 

reduces environmental impacts, making it a 

viable alternative for sustainable agriculture. 

Concept and evolution of Nano-

biofertilizers 

The development of fertilizers has progressed 

from traditional organic manures to chemical 

fertilizers and later to biofertilizers. While 

chemical fertilizers significantly increased 

crop yields, their excessive use led to 

environmental degradation and reduced soil 

health (Lal, 2015). Biofertilizers introduced a 

biological approach to nutrient management 

but faced limitations such as low stability and 

inconsistent performance. The advent of 

nanotechnology marked a new phase in 

fertilizer development by enabling controlled 

and efficient nutrient delivery systems (Rai et 

al., 2015). Nano-biofertilizers represent the 

latest advancement, integrating nanomaterials 

with beneficial microorganisms to enhance 

nutrient efficiency and sustainability. 

Mechanism of action of Nano-biofertilizers 

The effectiveness of nano-biofertilizers lies in 

their multifaceted mechanism of action, which 

integrates physical, chemical and biological 

processes. 

1) Controlled and Targeted Nutrient 

Release 

Nanoparticles act as smart carriers that release 

nutrients gradually through mechanisms such 

as diffusion, ion exchange and polymer 

degradation. This controlled release ensures 

that nutrients are supplied in synchronization 

with crop demand, thereby minimizing losses 

and improving efficiency (Kah et al., 2018).  

2) Enhanced Microbial Activity and 

Rhizosphere Interaction 

The microbial component plays a central role 

in nutrient mobilization. Plant Growth 

Promoting Rhizobacteria (PGPR) enhance 

plant growth through biological nitrogen 

fixation, solubilization of insoluble 

phosphates, production of phytohormones 

such as indole acetic acid (IAA), siderophore 

production for iron chelation.  

3) Improved Nutrient Uptake and 

Translocation 

Due to their nanoscale size, these particles can 

easily penetrate plant tissues through root 

epidermis or leaf stomata. Once inside, 

nutrients are transported via apoplastic and 

symplastic pathways ensuring efficient 

distribution within the plant (Verma et al., 

2021). 

4) Stress Tolerance and Physiological 

Enhancement 

Nano-biofertilizers enhance plant tolerance to 

abiotic stresses by activating antioxidant 

defense systems. They reduce oxidative stress 

by scavenging reactive oxygen species (ROS), 

thereby protecting cellular structures and 

improving plant resilience under adverse 

conditions (Kumar et al., 2024). 

Advantages of Nano-biofertilizers 

Nano-biofertilizers offer multiple advantages 

that make them a superior alternative to 

conventional fertilizers. 

1. Higher Nutrient Use Efficiency (NUE) 

Nano-biofertilizers significantly improve NUE 

by ensuring controlled nutrient release and 

minimizing losses. Studies indicate an increase 

in NUE by 30–70%, which enhances fertilizer 
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effectiveness and reduces wastage 

(Subramanian et al., 2015). 

2. Reduction in Chemical Fertilizer 

Dependency 

They enable a reduction of 20–50% in 

chemical fertilizer application without 

compromising yield. This not only lowers 

input costs but also reduces environmental 

pollution (FAO, 2019). 

3. Enhanced Crop Productivity 

Improved nutrient availability, better root 

development and increased photosynthetic 

efficiency lead to higher crop yields, typically 

ranging from 10–45% depending on crop and 

conditions (Kumar et al., 2024). 

4. Improved Soil Health and Fertility 

Nano-biofertilizers enhance soil organic 

carbon, microbial diversity and enzymatic 

activity. They help restore soil structure and 

fertility, which are often degraded due to 

excessive chemical inputs (Lal, 2015). 

5. Environmental Sustainability 

They help in reduced nitrate leaching and 

groundwater contamination, lower greenhouse 

gas emissions and prevention of eutrophication 

in aquatic systems. These benefits contribute 

to overall environmental protection and 

ecological balance. 

Challenges and limitations 

• The synthesis of nanoparticles and 

encapsulation processes involve advanced 

technologies, making them more expensive 

than conventional fertilizers. 

• Large-scale production and distribution 

networks are still underdeveloped, 

restricting accessibility to farmers. 

• Variability in formulations, particle size 

and microbial composition affects 

consistency and field performance. 

• Production requires precise control of 

parameters such as pH, temperature and 

reaction time which necessitate skilled 

labour and infrastructure. 

• Potential nanotoxicity and long-term 

environmental impacts remain 

insufficiently studied, raising concerns 

about safe usage (Rai et al., 2015). 

• Limited knowledge and training among 

farmers hinder adoption, especially in 

developing regions. 

Future Prospects 

The future of nano-biofertilizers lies in 

technological innovation and policy support: 

• Development of cost-effective and 

biodegradable nano-carriers  

• Integration with precision agriculture and 

AI-based nutrient management  

• Large-scale field trials for validation  

• Strengthening regulatory frameworks and 

farmer awareness  

With increasing research and government 

support, nano-biofertilizers are expected to 

play a crucial role in transforming agriculture, 

especially in developing countries like India. 

CONCLUSION 

Nano-biofertilizers offer a promising and 

sustainable alternative to conventional 

fertilizers by improving nutrient use 

efficiency, enhancing crop productivity and 

reducing environmental impacts. Their ability 

to integrate nanotechnology with biological 

processes makes them highly effective in 

addressing current agricultural challenges. 

http://www.vigyanvarta.in/


 

       
 

   
 
 

 
 

137 | P a g e  

Vigyan Varta an International E-Magazine for Science Enthusiasts 

 

www.vigyanvarta.in 

         E-ISSN: 2582-9467 
Popular Article 

 Thakur et al. (2026) Vol. 7, Issue 5 

May 2026 

Although issues such as cost, standardization 

and awareness remain but continued research 

and policy support can facilitate their wider 

adoption. Overall, nano-biofertilizers have 

strong potential to contribute to sustainable 

agriculture and future food security. 
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