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Abstract

Modern agriculture is increasingly challenged by soil degradation, reduced crop productivity, and the growing global demand for high-quality, nutrient-rich, and safe food. In recent years, nanofertilizers have emerged as a promising innovation in sustainable farming, offering enhanced nutrient delivery, reduced environmental impact, and potential improvements in food quality. This review paper aims to explore the current scientific understanding of how nanofertilizers influence various dimensions of food quality, including nutritional composition, sensory characteristics (such as taste, texture, and appearance), and overall safety for human consumption.
Nanomaterials used in fertilizer formulations possess unique physicochemical properties, including high surface-area-to-volume ratio and controlled-release capabilities. These characteristics allow for more efficient absorption of essential macro- and micronutrients by crops, leading to increased concentrations of beneficial compounds such as vitamins, minerals, amino acids, and antioxidants in edible plant parts. In some studies, nanofertilizers have also been shown to enhance shelf life and reduce the accumulation of potentially harmful substances like heavy metals and pesticide residues.
However, while the advantages are noteworthy, concerns remain regarding the possible toxicity of nanoparticles, their bioaccumulation, and long-term impacts on human health and ecosystems. The lack of standardized testing protocols and regulatory oversight further complicates the evaluation of risks versus benefits.
A balanced and science-based approach is essential for assessing the viability of nanofertilizers in food production. Further interdisciplinary research is needed to develop safe application strategies, understand the interactions between nanomaterials and plant systems, and ensure that advances in agricultural nanotechnology contribute positively to both food security and public health.
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Introduction

Ensuring sufficient, safe, and nutritious food for a growing global population remains one of the most pressing challenges of the 21st century. The United Nations projects that the world’s population will reach nearly 10 billion by 2050, which will place unprecedented demands on agricultural systems to produce more food while using fewer resources and minimizing environmental impact (FAO, 2018; Aijaz et al., 2025). Simultaneously, climate change, soil degradation, loss of biodiversity, and resource scarcity further intensify the pressure on food production systems. In this context, innovative agricultural technologies are essential to improve productivity, nutritional quality, and food safety, while maintaining long-term sustainability. Among these innovations, nanotechnology—and particularly nanofertilizers—has emerged as a promising approach to enhance crop yields, optimize nutrient use efficiency, and reduce environmental footprint across the entire food production chain (Saurabh et al., 2024; Easwaran et al., 2024). 
Fertilizers play a central role in modern agriculture by supplying essential macro- and micronutrients required for plant growth and development (Stojanova, 2024). However, conventional fertilizers are often characterized by low nutrient use efficiency, with significant losses through leaching, volatilization, and runoff, which contribute to environmental problems such as eutrophication, greenhouse gas emissions, and soil degradation (Mejias et al., 2021; Majid et al., 2023). Nanofertilizers, developed through nanotechnology, are designed with particle sizes typically below 100 nanometers, enabling unique physicochemical properties such as high surface area, increased reactivity, and controlled release of nutrients. These features allow for more precise nutrient delivery, reduced losses, and improved uptake by plants, leading to enhanced productivity with lower application rates (John et al., 2021; Beegum and David, 2022). Importantly, the benefits of nanofertilizers extend beyond the farm gate, influencing post-harvest quality, shelf-life, and even the nutritional composition of food products (Wangdi, 2019).
The quality and safety of food are increasingly recognized as critical components of food security. Consumers today demand not only adequate food quantity but also products that are rich in essential nutrients, free from harmful contaminants, and produced in an environmentally responsible manner. Nanofertilizers can contribute to these goals by improving the nutritional profile of crops, such as increasing the concentration of vitamins, minerals, and antioxidants, while reducing the accumulation of toxic elements like heavy metals and pesticide residues (Arora et al., 2024; Rana et al., 2024). Moreover, by promoting plant health and resistance to biotic and abiotic stresses, nanofertilizers indirectly enhance food safety by reducing the need for excessive chemical pesticides (Kekeli et al., 2025). In addition, their role in maintaining soil fertility and preventing nutrient depletion supports the sustainability of agricultural systems, ensuring continued food production without compromising ecosystem health (Ayenew et al., 2025).
The potential applications of nanofertilizers are not limited to horticulture but span across cereals, pulses, oilseeds, fruits, vegetables, and other food commodities. In staple crops such as rice, wheat, and maize, nanofertilizers have been shown to improve yield stability and nutrient content, contributing to both food quantity and quality (Rajput et al., 2021). In perishable produce such as fruits and leafy vegetables, they can enhance post-harvest physiology, reduce spoilage, and extend storage life, which is crucial for reducing food waste (Nongbet et al., 2022). Furthermore, in functional and fortified foods—products designed to offer health benefits beyond basic nutrition—nanofertilizers can play an indirect but important role by enriching crops with bioactive compounds that serve as functional ingredients (Rico et al., 2011).
However, while the advantages of nanofertilizers are promising, their adoption also raises important considerations regarding safety, regulatory frameworks, and public perception. The introduction of nanomaterials into agricultural systems has prompted discussions on their potential effects on human health, soil microbiota, and ecological balance (Liu et al., 2021). Although current studies suggest that many nanofertilizers are safe when properly designed and applied, more research is needed to fully understand their long-term environmental fate, interactions with food matrices, and potential bioaccumulation in the food chain (Nongbet et al., 2022). Transparency in production processes, rigorous risk assessments, and clear communication with consumers will be critical in building trust and ensuring responsible use of nanotechnology in food systems (Ayenew et al., 2025; Arora et al., 2024; Atanda et al., 2025). 
Overall, the role of nanofertilizers in modern agriculture extends beyond yield enhancement; they represent a transformative tool in improving the quality, safety, and sustainability of the food supply. The challenge ahead lies in optimizing their use through interdisciplinary research, effective policy frameworks, and stakeholder engagement to ensure that the benefits of nanotechnology in agriculture are realized while safeguarding human and environmental health. This review aims to synthesize current knowledge on the applications, benefits, and potential risks of nanofertilizers, with a focus on their influence on food quality, safety, and sustainability, providing a comprehensive understanding of their role in shaping the future of global food production. 


Definition and Classification of Nanofertilizers

Nanofertilizers are a new generation of nutrient delivery systems designed to improve the efficiency of nutrient uptake by plants while reducing environmental losses. They are formulated using nanomaterials—particles with at least one dimension between 1 and 100 nanometres—that exhibit unique physicochemical properties such as increased surface-area-to-volume ratio, enhanced reactivity, and tailored release behaviour compared to their bulk counterparts (Kah et al., 2018). These properties enable the controlled, targeted, and sustained delivery of essential macro- and micronutrients to crops, addressing key limitations associated with conventional fertilizers.
Nanofertilizers can be broadly classified into three main categories based on their composition and delivery approach: (1) nanoscale nutrient fertilizers, where the nutrient itself is in nanoparticulate form (e.g., nano-zinc oxide, nano-iron oxide); (2) nanostructured fertilizers, in which nutrients are embedded or coated within a nanoporous matrix or encapsulated in nanomaterials such as nanoclays or polymeric nanogels; and (3) nanoscale additives, where nanoparticles act as carriers to improve nutrient solubility, stability, and bioavailability without themselves being the nutrient (Liu et al., 2021). Each category offers specific advantages in terms of nutrient release kinetics, interaction with plant tissues, and adaptability to various cropping systems.

Synthesis Methods and Material Types

The synthesis of nanofertilizers employs physical, chemical, and biological methods, each with implications for particle size, morphology, and nutrient release behaviour. Physical methods—including high-energy ball milling, laser ablation, and physical vapour deposition—enable precise control over particle size distribution but can be energy-intensive. Chemical synthesis, such as sol–gel processing, co-precipitation, and microemulsion techniques, allows for the formation of uniform nanoparticles with tailored surface chemistry. Biological synthesis methods, which utilise plant extracts, microbes, or enzymes, are increasingly favoured due to their eco-friendly and low-toxicity profiles, making them particularly suitable for agricultural applications (Parisi et al., 2015).
Common nanomaterials used in fertilizer formulations include metal and metal oxide nanoparticles (e.g., ZnO, Fe₂O₃, CuO), nanoclays (e.g., montmorillonite), silica nanoparticles, and carbon-based nanomaterials such as carbon nanotubes and graphene derivatives. In addition, biodegradable polymeric nanocarriers—such as chitosan and polylactic acid nanoparticles—are utilised for encapsulating nutrients to provide controlled release and biodegradability, reducing environmental persistence.

Mechanisms of Nutrient Release and Uptake

The functionality of nanofertilizers lies in their ability to modulate nutrient release in response to environmental and physiological triggers. Controlled-release behaviour can be achieved through diffusion mechanisms (nutrients slowly migrate out of nanopores or polymeric coatings), degradation mechanisms (biodegradable carriers gradually release encapsulated nutrients), or stimuli-responsive release (changes in soil pH, temperature, or moisture trigger nutrient discharge) (Rana et al., 2021).
[image: C:\Users\User\AppData\Local\Packages\Microsoft.Windows.Photos_8wekyb3d8bbwe\TempState\ShareServiceTempFolder\ChatGPT Image Aug 12, 2025, 04_42_43 PM.jpeg]The nanoscale size of these fertilizers allows for enhanced penetration through plant cuticles and cell walls, facilitating both foliar uptake—through stomatal or cuticular entry—and root uptake, where nanoparticles traverse the root epidermis and cortex via apoplastic or symplastic pathways (Raliya et al., 2016). Once inside the plant, nanoparticles can release nutrients in close proximity to metabolic sites, improving nutrient-use efficiency (NUE) and supporting metabolic processes essential for plant growth and reproduction (Fig. 1). 
Fig. 1: The role of nanofertilizers in improving food quality (Source: M. Stojanova)


Influence on Nutrient Bioavailability in Food Crops

One of the most significant contributions of nanofertilizers is their ability to enhance nutrient bioavailability in edible parts of crops. Studies have shown that the application of nano-zinc oxide, nano-iron, and nano-silica can substantially increase the accumulation of essential micronutrients in grains, fruits, and vegetables (Kumar et al., 2023). For instance, nano-zinc application in cereals has been associated with higher grain zinc concentration, improving dietary zinc intake and helping address micronutrient deficiencies in human populations (Shebl et al., 2019).
The improved bioavailability is attributed to the higher solubility of nutrients in nano-form, reduced fixation in the soil, and enhanced transport within plant vascular systems. In addition, nanofertilizers can improve the synthesis of bioactive compounds—such as vitamins, amino acids, and antioxidants—in edible plant tissues, directly influencing the nutritional quality of food (Rana et al., 2021; Atanda et al., 2025).
From a food security perspective, these improvements hold promise for biofortification strategies aimed at combating “hidden hunger,” a form of malnutrition caused by insufficient intake of essential micronutrients despite adequate caloric consumption.


Nanofertilizers and Crop Productivity

Yield Improvements in Staple Food Crops

Nanofertilizers have demonstrated considerable potential to improve crop productivity across a range of staple food crops, including cereals, legumes, and oilseeds. Unlike conventional fertilizers, which often suffer from nutrient losses through leaching, volatilization, and fixation, nanofertilizers enable more precise nutrient delivery and synchronisation with plant demand, resulting in improved nutrient-use efficiency and higher yields (Kumar et al., 2022). In wheat, for example, foliar application of nano-zinc oxide has been reported to increase both grain yield and zinc concentration in the edible portions, addressing nutritional deficiencies while maintaining productivity (Shaban et al., 2019). Similarly, rice yields have been enhanced through the application of nano-iron and nano-silica formulations, which not only improved plant biomass but also promoted stronger root systems and increased panicle formation (Du et al., 2019).
Field studies indicate that such improvements are not solely due to increased nutrient availability but also result from the nanoparticles’ ability to enhance physiological processes such as photosynthesis, enzyme activity, and hormonal regulation (Kumar et al., 2022). By promoting efficient nutrient translocation and reducing metabolic stress, nanofertilizers support higher harvest indices, thereby improving the economic viability of farming systems.

Enhanced Nutrient Use Efficiency

A major limitation of conventional fertilizers is their low nutrient-use efficiency (NUE), with nitrogen fertilizers typically exhibiting NUE values of only 30–50%, phosphorus fertilizers 10–25%, and potassium fertilizers around 40–50% (Dimkpa and Bindraban, 2016). The remainder is lost to the environment, contributing to pollution and greenhouse gas emissions. Nanofertilizers can substantially increase NUE by providing slow and controlled nutrient release, matching plant requirements across different growth stages (Kah et al., 2018).
For instance, urea-loaded hydroxyapatite nanoparticles have been shown to release nitrogen over an extended period, thereby reducing volatilization losses and sustaining plant growth for longer durations compared to bulk urea (Upadhyay, et al., 2023). Similarly, nano-phosphorus formulations can overcome phosphorus fixation in soils, increasing its availability for root uptake and supporting early seedling development (Conley et al., 2009).

Case Studies from Cereals, Pulses, Oilseeds, and Vegetables

Evidence from multiple crop categories supports the broad applicability of nanofertilizers. In cereals, nano-iron oxide has been linked to increased chlorophyll content and photosynthetic rates in maize, leading to improved kernel filling and grain weight. In pulses such as chickpea, nano-zinc application has been associated with higher seed protein content and yield, which are critical for addressing dietary protein deficiencies.
For oilseed crops, nano-boron and nano-zinc treatments in sunflower have resulted in improved seed set, oil content, and overall yield. Similarly, in vegetables like tomato and spinach, nano-silica has been shown to enhance disease resistance, reduce abiotic stress impacts, and increase the accumulation of bioactive compounds important for human nutrition (Kashez and Asiamah, 2013). 

Impact on Plant Metabolism and Growth Patterns

The beneficial effects of nanofertilizers extend beyond mere nutrient provision to the modulation of plant metabolic and physiological pathways. Nanoparticles can influence enzyme activities involved in nitrogen assimilation, photosynthesis, and antioxidant defence systems, thereby improving plant resilience under both optimal and stress conditions (Parisi et al., 2015).
Moreover, nano formulations can stimulate the production of phytohormones such as auxins and cytokinins, which regulate cell division, elongation, and differentiation, leading to more robust vegetative and reproductive growth. Enhanced root architecture resulting from nanofertilizer application allows for greater soil exploration, water uptake, and nutrient acquisition, further contributing to yield stability and productivity in challenging environments.




Effects on Food Quality

Nutritional Composition (Vitamins, Minerals, Amino Acids, Antioxidants)

One of the most significant contributions of nanofertilizers to the agri-food sector is their potential to enhance the nutritional quality of crops (Fig. 2). Nanofertilizers can increase the concentration of essential micronutrients such as iron (Fe), zinc (Zn), selenium (Se), and copper (Cu) in edible plant parts, addressing widespread micronutrient deficiencies, particularly in developing regions. For instance, zinc oxide nanoparticles applied as a foliar spray in wheat have been shown to increase grain zinc content while maintaining or improving overall yield (Kashez and Asiamah, 2013; Stojanova et al., 2025).
In addition to minerals, nanofertilizers can influence the biosynthesis of vitamins and amino acids by enhancing enzymatic activity and photosynthetic performance. Studies on nano-silica and nano-titanium dioxide applications have demonstrated increased vitamin C levels in fruits such as tomatoes and strawberries, as well as elevated amino acid profiles that improve the protein quality of pulses. Furthermore, the application of nano-selenium has been reported to stimulate the synthesis of antioxidants such as glutathione and phenolic compounds, which contribute to the health-promoting properties of foods (Walia et al., 2019).

Sensory Characteristics (Taste, Texture, Appearance)

Beyond nutritional content, nanofertilizers can indirectly influence the sensory attributes of food crops. Improved nutrient balance and availability can lead to enhanced flavour profiles, more uniform coloration, and better textural properties in fruits and vegetables (Parisi et al., 2015). For example, the use of nano-calcium carbonate in strawberries and apples has been linked to firmer texture and improved skin integrity, reducing bruising during transport (Islam et al, 2024).
Similarly, in leafy vegetables, nano-iron and nano-magnesium treatments have been associated with more intense green coloration due to elevated chlorophyll levels, which can increase consumer appeal and market value. Taste improvements may result from enhanced carbohydrate accumulation in fruits and roots, driven by improved photosynthetic [image: https://www.researchgate.net/profile/Hanuman-Jatav/publication/358770277/figure/fig3/AS:1126246729678850@1645529553520/mpact-of-the-use-of-nanofertilizers-in-agriculture_W640.jpg]efficiency and sugar metabolism (Islam et al, 2024). 
Fig. 2: Influence of nanofertilizers in the agricultural production (Sharma et al., 2022)


Post-Harvest Shelf Life and Storage Stability

Another notable advantage of nanofertilizers is their potential to extend the post-harvest shelf life of produce. Nutrient-balanced crops tend to have stronger cell walls, reduced water loss, and lower susceptibility to microbial spoilage. For example, nano-silica and nano-calcium applications in tomatoes and peppers have been shown to delay ripening and reduce post-harvest decay by strengthening epidermal tissues and reducing ethylene production (Kekeli et al., 2025).
In addition, nanofertilizers can indirectly reduce oxidative stress in harvested produce, preserving bioactive compounds and preventing nutrient degradation during storage. By enhancing antioxidant enzyme activities, such as catalase and peroxidase, nanofertilizers help maintain nutritional and sensory quality for extended periods, which is particularly important for perishable products intended for export (Kekeli et al., 2025).




Food Safety Implications

Reduction in Pesticide and Herbicide Residues

The application of nanofertilizers can indirectly contribute to reduced pesticide and herbicide residues in food crops. By enhancing plant nutrition and improving overall plant health, crops become more resilient to pests and diseases, which can lower the need for chemical crop protection products. For example, nano-silica applications have been linked to increased mechanical strength of plant tissues, reducing the vulnerability of leaves and fruits to insect damage and fungal infections. This structural reinforcement decreases the necessity for repeated pesticide applications, leading to lower residue levels in the harvested produce (Rajput et al., 2021).
Furthermore, certain nanomaterials possess inherent antimicrobial properties. For instance, nano-silver and nano-copper, when used in controlled concentrations, can suppress plant pathogens, reducing reliance on synthetic fungicides. Although these antimicrobial effects are not the primary function of nanofertilizers, they provide an added advantage in integrated pest management strategies (Anushi et al., 2023). 

Minimization of Heavy Metal Accumulation in Edible Parts

Soil contamination with heavy metals such as cadmium (Cd), lead (Pb), and arsenic (As) poses significant risks to food safety and human health. Nanofertilizers can mitigate these risks by modulating nutrient uptake pathways and competing with heavy metals for binding sites on plant root membranes. For example, nano-iron oxide has been reported to reduce cadmium uptake in rice by altering root membrane transport mechanisms and improving iron status, which suppresses Cd translocation to edible parts.
Additionally, nano-silica has been found to immobilize toxic metals in the rhizosphere, preventing their accumulation in plant tissues. These interactions not only improve food safety but also help rehabilitate contaminated soils, creating safer production environments over the long term (El-Ramady et al., 2018).

Toxicological Concerns and Nanoparticle Residues in Food

While nanofertilizers present opportunities for safer food production, concerns remain regarding the potential accumulation of nanoparticles in edible plant parts and their implications for human health. The small size and high reactivity of nanoparticles raise questions about their bioavailability, potential toxicity, and interactions with human tissues upon ingestion (Parisi et al., 2015).
Studies on certain nanoparticle formulations, such as zinc oxide and titanium dioxide, indicate that most of the applied material remains in the soil or is metabolically transformed within the plant before harvest. However, variations in crop species, nanoparticle type, and environmental conditions can influence their fate. There is still limited consensus on safe thresholds for nanoparticle residues in food, and the absence of standardized detection and quantification methods complicates risk assessment.
This knowledge gap underscores the importance of long-term toxicological studies, including assessments of chronic exposure to low nanoparticle concentrations. Establishing regulatory frameworks to monitor nanoparticle residues in agricultural produce will be essential to ensure consumer safety and build public trust in nanotechnology-based agriculture (Manzoor et al., 2024).


Integration with Precision Agriculture

Smart Fertilizers and Controlled Release Systems

The concept of precision agriculture revolves around applying the right input, at the right place, in the right amount, and at the right time. Nanofertilizers, due to their controlled release properties and targeted delivery, fit naturally into this approach. By engineering nutrient carriers that respond to environmental stimuli such as moisture, pH, or temperature, nanofertilizers can deliver nutrients only when crops require them, reducing wastage and improving uptake efficiency. For instance, polymer-coated nanoparticles containing nitrogen or phosphorus can be tailored to degrade at specific soil moisture levels, ensuring nutrient release coincides with peak plant demand.
This approach reduces the frequency of applications and minimises nutrient losses through leaching or volatilisation, aligning closely with sustainable precision farming practices. Furthermore, integrating nanofertilizers with existing precision agriculture equipment, such as GPS-guided applicators, enables site-specific nutrient management, where application rates can be adjusted according to variability in soil fertility across a field (Mali et al., 2020). 


Use with Nanosensors for Nutrient Monitoring

Nanosensors offer the potential to revolutionise nutrient monitoring by detecting nutrient concentrations in soil and plants in real time. When combined with nanofertilizers, this enables a feedback-controlled fertilization system. For example, nanosensors embedded in the root zone can measure nitrate or phosphate levels and signal the release of nutrients from nanocarriers when deficiencies are detected (Rana et al., 2021). 
This integration improves nutrient use efficiency and reduces the risk of over-fertilisation, which can lead to soil and water pollution. In crops destined for food markets, maintaining optimal nutrient balance is critical not only for yield but also for nutritional quality, as imbalances can affect vitamin, mineral, and antioxidant content in edible parts (Alam, 2024).

Site-Specific Nutrient Delivery

One of the strengths of nanofertilizers is their adaptability to site-specific nutrient requirements. Fields often display variability in soil nutrient status, organic matter content, and moisture availability. By coupling nanofertilizers with precision agriculture technologies such as remote sensing, drones, and GIS-based soil mapping, it is possible to match the nutrient formulation and release rate to the needs of different zones within a field (Liu et al., 2021).
This targeted approach ensures that areas with nutrient deficiencies receive higher application rates, while areas with sufficient nutrient levels receive less, thereby preventing nutrient overload and optimising input efficiency. The result is not only improved crop performance and food quality but also a significant reduction in environmental impact.


Challenges and Risks

Production Costs and Scalability

One of the most significant barriers to the widespread adoption of nanofertilizers is the high cost of production compared to conventional fertilizers. The synthesis of nanomaterials often requires advanced technologies, specialized equipment, and stringent quality control measures, all of which contribute to increased production costs (Zhu et al, 2022). Although large-scale manufacturing could eventually lower costs through economies of scale, the current market for nanofertilizers remains limited, restricting incentives for large-scale investment.
Furthermore, the diversity of nanofertilizer formulations — including nano-oxides, nano-chelated nutrients, and polymer-coated nanoparticles — poses challenges for standardizing production processes (Suppan et al, 2017). Without consistent and cost-effective synthesis methods, the availability of high-quality nanofertilizers for commercial agriculture, especially in developing countries, will remain a challenge.

Potential Ecotoxicity and Bioaccumulation Risks

While nanofertilizers can significantly reduce nutrient losses and enhance food quality, there is ongoing concern regarding their potential ecotoxicological impacts. Nanoparticles, due to their high reactivity and small size, can interact with non-target soil organisms, aquatic species, and even enter the food chain. Some studies have shown that excessive concentrations of certain nanoparticles, such as nano-copper or nano-zinc, may negatively affect microbial diversity and enzymatic activity in the soil (Du et al., 2019).
Another concern is bioaccumulation — the potential for nanoparticles to persist in plant tissues and be transferred to consumers. While many formulations are designed to degrade or dissolve in the soil-plant system, the long-term fate of these materials under different environmental conditions remains poorly understood (Liu et al., 2021). For crops intended for direct human consumption, ensuring that nanofertilizer residues do not exceed safe thresholds is essential to protect public health.

Lack of Standardized Testing and Regulatory Frameworks

Currently, there is no universally accepted regulatory framework governing the production, testing, and application of nanofertilizers in agriculture. This regulatory gap complicates the commercialization process and creates uncertainty for manufacturers and farmers alike. Standardized testing protocols are needed to assess both agronomic performance and potential environmental and health risks associated with nanofertilizer use (Manzoor et al., 2024).
Moreover, the absence of specific labeling requirements for nanotechnology-based agricultural inputs means that end-users may not be fully aware of the type and quantity of nanoparticles they are applying. Establishing clear guidelines for safe handling, storage, and application is crucial for building trust among stakeholders and facilitating broader adoption (Ardali et al., 2024).

Public Perception and Market Acceptance

Public perception plays a significant role in determining the adoption of new agricultural technologies. Nanotechnology, while offering clear benefits, is sometimes met with skepticism due to concerns about its safety and the potential for unforeseen long-term effects. Misinformation and lack of transparent communication can further hinder acceptance among consumers, particularly when nanotechnology is directly linked to food production (Stojanova et al., 2025a). 
To address these concerns, clear communication of scientific evidence, coupled with farmer training programs and consumer education initiatives, will be necessary to promote informed decision-making and public confidence in nanofertilizers (Kalwani et al., 2021).


Future Research and Policy Directions

Long-Term Ecological Studies

Although short-term studies consistently highlight the agronomic and nutritional benefits of nanofertilizers, there is a pressing need for long-term, field-based investigations to assess their cumulative ecological impacts. Research should evaluate the persistence, transformation, and degradation of nanoparticles in soil–plant–water systems over multiple cropping cycles (Shebl et al, 2019). Such studies should also focus on different climatic zones and soil types to determine the variability in nanoparticle behavior and bioavailability.
Moreover, long-term monitoring can help identify subtle changes in soil microbial diversity and function, which may not be apparent in short-term experiments but could influence nutrient cycling and overall soil fertility (Dubey and Mailapalli, 2016).

Development of Safety Guidelines

Establishing science-based safety guidelines is essential to ensure that nanofertilizer use does not pose risks to environmental or human health. Safety protocols should include permissible concentration thresholds, application frequency limits, and clear procedures for storage and handling (Khan et al., 2021). Importantly, such guidelines must be adapted to specific nanomaterial types, as their physicochemical properties can greatly influence their environmental interactions and toxicity profiles (Zhang et al., 2020).
Collaboration between research institutions, regulatory agencies, and industry stakeholders is crucial for developing harmonized international safety standards that can facilitate both domestic and cross-border trade in nanofertilizers.

International Cooperation and Technology Transfer

Given the uneven distribution of nanotechnology research capabilities worldwide, international cooperation will be vital for scaling up nanofertilizer adoption. Technology transfer programs should prioritize developing countries, where nutrient use efficiency is often low and conventional fertilizer overuse has led to severe soil degradation (Rana et al., 2024).
Public–private partnerships can help bridge the gap between laboratory innovation and field application by supporting pilot projects, farmer demonstration programs, and local production facilities that reduce dependency on imports.

Education and Farmer Training Programs

Effective deployment of nanofertilizers depends not only on their technical performance but also on user knowledge. Comprehensive training programs should be established to educate farmers on proper application rates, timing, and integration with precision agriculture tools (Sharma and Kumar, 2024). These programs should also address misconceptions about nanotechnology and emphasize its role in improving food quality and environmental sustainability.
Moreover, training initiatives should be coupled with consumer awareness campaigns to improve public perception and market acceptance of nano-enabled food production systems.


Conclusion

Nanofertilizers represent a transformative innovation in sustainable agriculture, offering the potential to simultaneously enhance crop productivity, improve food quality, and reduce the environmental footprint of nutrient management. Their unique nanoscale properties — including high surface area, controlled nutrient release, and targeted delivery — enable plants to access essential nutrients more efficiently than with conventional fertilizers. This improved nutrient use efficiency not only boosts yields but also enhances the nutritional composition of food crops, contributing to higher levels of vitamins, minerals, amino acids, and antioxidants that benefit human health.
Furthermore, nanofertilizers have shown promise in reducing pesticide and herbicide residues, lowering the risk of heavy metal accumulation in edible plant parts, and extending the post-harvest shelf life of produce. These benefits align with global priorities for producing safer, more nutritious food in an era of population growth and environmental constraints.
From an environmental perspective, nanofertilizers can improve soil structure, stimulate beneficial microbial communities, and minimize nutrient losses through leaching and volatilization. They also offer potential water-saving benefits by enhancing soil moisture retention, which is particularly relevant in regions facing water scarcity.
However, despite these advantages, significant challenges remain. The high production costs, lack of standardized safety testing, potential ecotoxicity, and uncertainties surrounding long-term impacts on ecosystems and human health require urgent attention. Equally important is the need for robust regulatory frameworks and transparent labeling to ensure safe and responsible adoption. Public perception and market acceptance will also play a decisive role in determining the pace and scale of nanofertilizer integration into agricultural systems.
Future research must prioritize long-term, multidisciplinary studies that address environmental fate, bioaccumulation risks, and potential unintended effects on non-target organisms. International cooperation and technology transfer will be critical for making nanofertilizers accessible to farmers in developing regions, where they could have the greatest impact on food security and soil restoration. Farmer education, public awareness, and stakeholder engagement will be essential for building trust and facilitating informed adoption.
In conclusion, while nanofertilizers are not a universal solution, they represent a powerful tool within the broader framework of precision and sustainable agriculture. When developed, regulated, and applied responsibly, they hold the promise of producing healthier food, restoring degraded soils, and reducing the environmental costs of farming – ultimately contributing to a more resilient and food-secure future.
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