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░ 1. Introduction 

Agriculture remains the backbone of human civilization, providing essential food, fiber, and energy resources. 

However, the increasing global demand for food production has led to the intensive use of chemical fertilizers, 

which, despite their effectiveness in enhancing crop yields, pose significant environmental and economic 

challenges. Traditional fertilizers are often characterized by low Nutrient Use Efficiency (NUE), with only a 

fraction of the applied nutrients being absorbed by plants, while the remainder is lost to the environment [1]. These 

inefficiencies not only increase production costs for farmers but also contribute to environmental pollution, 

including nitrate contamination of groundwater, emission of nitrous oxide—a potent greenhouse gas—and 

degradation of soil health [2]. 

In response to these challenges, the integration of nanotechnology into agriculture has gained considerable 

attention. Nanotechnology involves the manipulation of materials at the nanoscale (1–100 nm), where unique 

physical, chemical, and biological properties emerge. These properties can be harnessed to design advanced 

agricultural inputs, including nano-fertilizers, nano-pesticides, and nano-sensors [3]. Among these, nano-fertilizers 

have shown particular promise due to their ability to improve nutrient delivery efficiency and reduce environmental 

impacts. 

The concept of nano-fertilizers represents a paradigm shift from conventional fertilization practices toward 

precision agriculture. By enabling controlled and targeted nutrient release, nano-fertilizers can synchronize nutrient 
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availability with plant demand, thereby minimizing losses and maximizing uptake efficiency [4]. Moreover, their 

interaction with plant physiological processes at the cellular and molecular levels opens new possibilities for 

enhancing plant growth, stress tolerance, and productivity. Consequently, the development and application of 

nano-fertilizers are considered critical components of future sustainable agricultural systems. 

1.1. Study Objectives 

The main objectives of this study are: 

1) To review the recent advances in nano-fertilizer technologies. 

2) To classify different types of nano-fertilizers based on structure and function. 

3) To analyse synthesis methods and their environmental implications. 

4) To investigate mechanisms of nutrient delivery and plant interaction. 

5) To evaluate agricultural applications and performance benefits. 

6) To identify challenges and propose future research directions. 

░ 2. Literature Review 

Nano-fertilizers can be broadly classified based on their composition, structure, and mode of nutrient delivery. This 

classification provides a useful framework for understanding their diverse applications (Figure 1). 

The first category includes nanoscale nutrient materials, where essential plant nutrients are synthesized directly in 

nanoparticle form. Examples of such materials include nano-sized zinc oxide (ZnO), iron oxide (Fe₂O₃), and 

hydroxyapatite nanoparticles. Due to their extremely small size and high surface area, these nanoparticles exhibit 

enhanced solubility and reactivity, which facilitate improved nutrient uptake by plants [5-6]. The increased surface 

interaction between nanoparticles and plant roots allows for more efficient nutrient transfer, thereby enhancing 

plant growth and productivity. 

 

Figure 1. Classification of nano-fertilizers based on composition, structure, and nutrient delivery mechanisms, 

including nanoscale materials, nano-encapsulated systems, and nano-enabled fertilizers. 

The second category comprises nano-encapsulated fertilizers, in which nutrients are encapsulated within 

nanostructured carriers such as polymeric nanoparticles, liposomes, or nanoclays. This encapsulation enables 

controlled and sustained release of nutrients over time, reducing losses due to leaching and volatilization [7]. Such 
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systems can be engineered to respond to environmental stimuli, such as pH, temperature, or moisture, thereby 

providing a smart delivery mechanism that aligns with plant nutrient requirements. 

The third category involves nano-enabled fertilizers, which are conventional fertilizers modified with 

nanomaterials to improve their performance. This includes coating fertilizer granules with nanoparticles or 

incorporating nanomaterials that enhance nutrient retention and availability in soil [8]. These modifications can 

significantly improve the efficiency of traditional fertilizers while maintaining their cost-effectiveness. 

░ 3. Methodology 

The synthesis of nano-fertilizers is a critical factor that determines their physicochemical properties, functionality, 

and environmental compatibility. Various synthesis methods have been developed, broadly categorized into 

physical, chemical, and biological approaches (Figure 2). 

Physical methods, often referred to as top-down approaches, involve the breakdown of bulk materials into 

nanoscale particles through mechanical processes such as milling, grinding, or high-energy ball milling. While 

these methods are relatively simple and scalable, they often lack precise control over particle size distribution and 

morphology, which can affect the performance of the resulting nano-fertilizers [9]. 

Chemical methods, on the other hand, provide greater control over nanoparticle synthesis. Techniques such as 

sol-gel processing, precipitation, hydrothermal synthesis, and chemical vapor deposition are widely used to produce 

nanoparticles with well-defined sizes, shapes, and compositions. These methods allow for the fine-tuning of 

nanoparticle properties, making them suitable for specific agricultural applications [10]. However, they often 

involve the use of hazardous chemicals and require careful handling and waste management. 

Biological or green synthesis methods have emerged as environmentally friendly alternatives. These approaches 

utilize plant extracts, microorganisms, or biomolecules as reducing and stabilizing agents to synthesize 

nanoparticles. Green synthesis is considered sustainable due to its low energy requirements, minimal use of toxic 

chemicals, and production of biocompatible materials [11]. Furthermore, biologically synthesized nanoparticles 

often exhibit enhanced interactions with plant systems, making them particularly attractive for agricultural 

applications. 

 

Figure 2. Nano-fertilizer synthesis pathways, including physical, chemical, and biological methods for producing 

nanoparticles with controlled properties. 



 

Asian Journal of Applied Science and Technology (AJAST) 

    Volume 10, Issue 1, Pages 201-209, January-March 2026 

ISSN: 2456-883X                                                                                                   

 
204 

░ 4. Results and Discussion 

4.1. Mechanisms of Action 

The effectiveness of nano-fertilizers is largely attributed to their unique mechanisms of action, which differ 

significantly from those of conventional fertilizers. One of the primary mechanisms is enhanced nutrient uptake. 

Due to their nanoscale size, nanoparticles can penetrate plant tissues through root epidermal cells or enter through 

stomatal openings in leaves. This facilitates direct delivery of nutrients to plant cells, bypassing some of the 

limitations associated with bulk fertilizers [12]. 

Another important mechanism is controlled nutrient release. Nano-encapsulation techniques allow nutrients to be 

released gradually over time, ensuring a continuous supply that matches plant growth stages. This controlled release 

reduces nutrient losses and improves overall nutrient use efficiency [7]. Additionally, the high surface area of 

nanoparticles enhances their interaction with soil particles and plant roots, further improving nutrient availability 

(Figure 3). 

Nano-fertilizers also influence plant physiological processes. Studies have shown that nanoparticles can enhance 

enzyme activity, increase photosynthetic efficiency, and regulate plant hormone levels [13]. These effects 

contribute to improved plant growth, higher yields, and enhanced stress tolerance. Furthermore, nanoparticles can 

interact with soil microorganisms, influencing nutrient cycling and soil fertility (Figure 4). 

 

Figure 3. Uptake and translocation of nano-fertilizers in plants, illustrating absorption through roots and leaves and 

transport within plant tissues. 

 

Figure 4. Comparison of conventional and nano-fertilizers in terms of nutrient efficiency, environmental impact, 

and delivery mechanisms. 
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4.2. Applications in Agriculture 

Nano-fertilizers have been successfully applied across a wide range of agricultural systems, demonstrating their 

versatility and effectiveness. In crop production, they have been used to enhance the growth and yield of cereals 

such as rice, wheat, and maize, as well as vegetables and fruits [14]. The improved nutrient delivery provided by 

nano-fertilizers results in higher productivity and better crop quality (Figure 5). 

In precision agriculture, nano-fertilizers play a crucial role in optimizing resource use. By delivering nutrients in a 

targeted and controlled manner, they reduce the need for excessive fertilizer application, thereby minimizing 

environmental impact and production costs [15]. The integration of nano-fertilizers with advanced technologies 

such as sensors and smart irrigation systems further enhances their efficiency. 

Nano-fertilizers also contribute to stress tolerance in plants. They have been shown to improve plant resilience to 

abiotic stresses such as drought, salinity, and heavy metal contamination by enhancing antioxidant defense systems 

and maintaining cellular homeostasis [16]. Additionally, their application can improve soil health by enhancing 

microbial activity and nutrient retention, leading to long-term improvements in soil fertility. 

 

Figure 5. Applications of nano-fertilizers in agriculture, including improved nutrient use efficiency, enhanced crop 

growth and yield, stress tolerance, and support for precision farming practices. 

4.3. Advantages 

The advantages of nano-fertilizers over conventional fertilizers are significant and multifaceted. One of the most 

notable benefits is their higher nutrient use efficiency, which reduces the amount of fertilizer required to achieve 

optimal crop yields [3]. This not only lowers production costs but also minimizes environmental pollution. Another 

major advantage is their ability to provide controlled and sustained nutrient release, ensuring that plants receive 

nutrients in a timely and efficient manner [7]. This reduces the frequency of fertilizer application and improves 

overall crop management. Furthermore, nano-fertilizers enable targeted nutrient delivery, which enhances plant 

growth and productivity. Their compatibility with sustainable agricultural practices makes them an attractive option 

for addressing the challenges of modern agriculture. 

4.4. Challenges and Limitations 

Despite their promising potential, nano-fertilizers face several challenges that must be addressed before widespread 

adoption can be achieved. One of the primary concerns is the high cost of production, which can limit their 

accessibility, particularly in developing countries [9]. 



 

Asian Journal of Applied Science and Technology (AJAST) 

    Volume 10, Issue 1, Pages 201-209, January-March 2026 

ISSN: 2456-883X                                                                                                   

 
206 

Toxicity and environmental safety are also critical issues. The long-term effects of nanoparticles on soil 

ecosystems, water systems, and human health are not yet fully understood [17]. There is a need for comprehensive 

risk assessment and regulatory frameworks to ensure safe use. 

Additionally, the lack of standardized guidelines and limited field-scale studies hinder the commercialization of 

nano-fertilizers. Addressing these challenges will require coordinated efforts from researchers, policymakers, and 

industry stakeholders. 

4.5. Environmental and Health Implications 

The environmental and health implications of nano-fertilizers are complex and require careful consideration. While 

they have the potential to reduce environmental pollution by improving nutrient efficiency, their interactions with 

ecosystems are not fully understood. Nanoparticles may affect soil microbial communities, potentially disrupting 

nutrient cycling processes [17]. 

There is also a risk of nanoparticle accumulation in water bodies due to runoff, which could impact aquatic 

organisms. Furthermore, the potential entry of nanoparticles into the food chain raises concerns about human 

health. Therefore, it is essential to conduct thorough toxicity studies and develop appropriate safety guidelines. 

░ 5. Conclusion and Future Recommendations 

Nano-fertilizers represent a transformative innovation in agricultural science, offering a sustainable solution to the 

challenges associated with conventional fertilizers. By improving nutrient use efficiency, reducing environmental 

impact, and enhancing crop productivity, they hold great promise for the future of agriculture. However, addressing 

the challenges related to cost, safety, and regulation will be essential for their successful adoption. 

The future of nano-fertilizers lies in the development of smart and sustainable systems capable of responding to 

environmental cues such as soil moisture and nutrient levels to optimize nutrient delivery. Advances in 

nanotechnology, combined with integration into biotechnology and the use of biodegradable materials, are 

expected to significantly enhance their efficiency and sustainability. However, for their safe and effective 

implementation, the establishment of regulatory frameworks and international standards remains essential. Future 

efforts should therefore focus on developing cost-effective synthesis methods, conducting large-scale field 

validations, performing long-term environmental and toxicity assessments, integrating nano-fertilizers with 

precision agriculture technologies, designing biodegradable nano-carriers, and establishing globally accepted 

regulatory guidelines. 
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