


Nano Fertilizer in modern Agriculture: A sustainable approach for enhanced crop productivity and soil health: A brief review


ABSTRACT
A more innovative fertilizer strategy is needed to enhance the productivity of agricultural systems while remaining more environmentally sustainable than conventional synthetic fertilizers. This article reviews recent advancements in nanofertilizers (NFs) and highlights their potential benefits in modern agriculture. Nanofertilizers can significantly contribute to sustainable farming by improving nutrient use efficiency (NUE) in both field and greenhouse crops. Unlike synthetic fertilizers, which release nutrients within 4 to 10 days, NFs can provide a slow and steady nutrient supply over 40-50 days, either when applied alone or in combination with organic or inorganic fertilizers. In addition to enhancing nutrient availability, NFs also strengthen plant tolerance to various biotic and abiotic stresses. Their precise nutrient delivery minimizes environmental losses, enhances crop growth, and reduces the ecological footprint of agriculture. The use of engineered nanomaterials (ENMs) offers opportunities to replace or reduce conventional fertilizers and pesticides, thereby lowering environmental contamination. Controlled-release or slow-release nano-nitrogen fertilizers, in particular, have shown the potential to improve yields while reducing agro-environmental constraints. Nanofertilizers, whether applied to soil or foliage represent one of the most promising engineered materials for future agricultural use. This article highlights the potential of nano-enabled fertilizers (n-NFs) as an innovative approach to improving NUE and reducing nutrient losses, thereby supporting sustainable agriculture. The targeted delivery and controlled release of nutrients through nanoscale active substances can significantly enhance agricultural efficiency. Additionally, the synthesis, mode of action, and various types of nanofertilizers are examined, including those formulated with nanoparticles of essential macro- and micronutrients (such as N, P, K, Fe, and Mn). 
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INTRODUCTION
Climate change, global warming, urbanization, and industrialization that was boosted in the 20th century can become a threat on food security and agricultural sustainability nowadays (Hossain et al., 2022). Since last 100 years, it seems that earths average temperature has been raised by around 1oC that estimated to increase more in upcoming years (Rohde et al., 2013). This shift in temperature can impact agricultural practices from crop rotation to harvesting. Water scarcity, uncertain weather, poverty, crop failure, and food crisis are problems led by climate change that forced people to migrate towards urban areas (Scheffran, 2020). This leads to the expansion of urban areas by transforming agricultural land into commercial land. Degradation of arable land can lose the crop production, soil fertility which farmers can cover by excessive use of synthetic fertilizers that provide short term solutions but not ecologically sustainable for long term. To feed around 8.3 billion population of world which is estimated to increase to 9.6 billion by 2050 and reach up to 11 billion by 2100 A.D., the focus needs to be shift on productivity, sustainability, efficiency of inputs and resource conservation (Diatta et al., 2020; FAO, F., 2017; Seleiman et al., 2020b). However, dependence on chemical fertilizers is hugely contributing to a 50-55% increase in crop output. The efficiency of these fertilizers is less i.e. 30-40%, 15-20%, 50-55%, and 2-5% in nitrogen, phosphorus, potassium and micronutrients respectively (Adhikari et al., 2019; Babu et al., 2022). Unregulated utilisation of inorganic chemical fertilizers impacts soil physical properties such as structure, nutrient cycles, microbial diversity, crops, and food chains, may cause heritable changes in future generations (Rai et al., 2015). The degraded arable land, less agricultural land, enhanced productivity, and sustainability can be achieved by increasing the efficiency of fertilizers with the adoption of nano fertilizers. There are growing concerns regarding their long-term environmental impact, specifically the accumulation of nanoparticles in various ecosystems and the subsequent implications for flora and fauna. Potential health risks for both consumers and farm workers also warrant in-depth research, with questions arising about the bioaccumulation of nanoparticles in plants and their subsequent effects when consumed (Mahesha et al .,2023). 
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Fig 1: Efficiency of fertilizers with the adoption of nano fertilizers

Nano fertilizers are the kind of fertilizers used in agriculture having particle size less than 1-100 nanometers that provide nutrients with small particles. Nano fertilizers have prominent key players for future agriculture practices and tackling global food demand (Feregrino-Perez et al., 2018). Nano fertilizers attract the attention of researchers by their potential for enhancing output and efficiency of inputs (Van Eerd et al., 2017) by covering more surface area of crops due to small particle size. The nutrient uptake of plants will increase that provide high output even with less fertilizers. The presence of essential elements at nano size enhances plant growth and yield (Dimkpa and Bindraban, 2016). The possibility of the emergence of nanoparticle-resistant pests, mirroring the historical challenges with pesticide-resistant strains, adds another layer of complexity to the narrative Policymakers face the intricate task of creating dynamic regulatory frameworks (Mahesha et al .,2023).  According to nutrient needs by crops, Nano fertilizers can be classified into three i.e., Macro-nano fertilizers, micro-nano fertilizers, and Nano-particulates fertilizers (Gulaiya et al., 2025; Chhipa and Joshi, 2016). The common quality of Nano fertilizers is (a) increasing crop health by providing suitable nutrients, (b) sustainable and profitable alternative, (c) high output per unit application of fertilizers, (d) less contamination to soil and ecology (Guru et al., 2015). Nano fertilizers should be effective and have potential to solve different agricultural problems and have numerous benefits in agricultural ecology.                                                             
Classification of nano fertilizers
Nano-fertilizers can be grouped into different types based on how they work, what nutrients they contain, or how consistent they are. Some of the most important types are nanocomposites, nanocoated fertilizers, and nanoscale nutrient particles (which are further divided into macro and micronutrient based). Another way to group them is by their function, such as controlled-release, targeted delivery, and plant growth-stimulating fertilizers. The function, efficiency, and application of nano fertilizers should be understood by categorizing nano fertilizers, based on their composition, mode of nutrient delivery, and physical properties, into three categories: nutrient-based, action-based, and consistency-based.
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Fig 2: Classification of nano fertilizers



Nutrient-based NFs
Most of the time, "nutrient-based NFs" means "nutrient-based nanofertilizers." These are a sort of advanced agricultural input that uses nanomaterials to deliver key plant nutrients more efficiently and with less environmental impact than regular fertilizers. Nanofertilizers are a potential technology for sustainable farming since they can help plants take in more nutrients, boost crop yields, and cut down on problems that come with using too much chemical fertilizers, like nutrient runoff and soil pollution. Nutrient-based NFs show an innovative development in sustainable agriculture, formulated to enhance nutrient availability, uptake, and utilization in plants (Saraiva et al., 2022). However, improvement in nutrient uptake efficiency, these NFs boost productivity, yield, and quality of the crop (Mim et al., 2025). Nanoporous zeolite fertilizers have a significant role in crop fertility and development (Sharma et al., 2022; Kalia et al., 2019).    These innovative materials increase the solubility, stability, and controlled release of essential nutrients in the soil, thereby enhancing nutrient availability and absorption. Inorganic NFs consisting of metals, non-metals, and metalloids nanoparticles act as carriers, sometimes direct source of nutrients such as nitrogen, phosphorus, and potassium, can enhance nutrient use efficiency (NUE) and contributes to higher productivity (Krishnani et al., 2022; Kalia et al., 2019). Nitrogen-based NFs, for instance, foster slow and prolong nitrogen release, and reduce losses like leaching, eutrophication, and greenhouse gases emission (Mejias et al., 2021). Overall, in modern farming systems, crop yield, resource efficiency, and environmental stability should be enhanced by nutrient-based NFs.  Among these, nanotechnology-based phosphorus fertilizers show huge ability to enhance solubility, uptake, and utilization of phosphorus by reducing soil fixation through controlled release of nutrients (Elemike et al., 2019; Hamed et al.,2025). On-field trials of nano diammonium phosphate (Nano-DAP) on wheat demonstrated increased in yield by 34.8% and about 40% higher nitrogen and phosphorus uptake, even in low application rate (Reddy et al., 2025). Apart from nutrient use efficiency and crop performance, these nano formulations are also beneficial for soil revival and long-term fertility restoration, ultimately, towards sustainability (Singh et al., 2024).  
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Fig 3: Nutrient-based NFs


Action-based NFs
Action-based NFs (ABNF) show a magnificent advancement in precision agriculture, functioning through vibrant mechanisms that increase crop growth, nutrient uptake, and soil health. The NFs aligned to demand based nutrient supply approach at critical growth stages, provide fertilisers according to need across the lifecycle (Sivarethinamohan et al., 2021). Consequently, it allows efficient nutrient absorption, enhances productivity, and overall physiological performance (Okey- onyesolu et al., 2021). Regulation on timing and efficiency of nutrient uptake, action-based NFs optimize plant metabolic processes such as photosynthesis, respiration, and so on. The hydrophilic surface characteristics of ABNF encourage water retention and discourage water loss, provide strength to plant under adverse stress conditions like drought and high temperature (Jakhar et al., 2022). For instance, urea is coated with nanoparticles of other elements such as iron, sulfur, boron, copper, zinc, magnesium etc., which reduce nutrients and water loss effectively (Mondal et al., 2011; Aslani et al., 2014).  Carbon-based NFs, especially carbon nanotubes (CNTs), are the major advancement in ABNF with its remarkable physicochemical properties that encourage plant-nanoparticle interaction. These CNT-based NFs have high surface area, physical resistance, and chemical stability that can improve nutrient uptake, translocation, and overall growth (Singh et al., 2015; Safdar et al., 2022). Apart from this, CNTs also support root development and water movement by enhancing soil carbon content, nutrient availability, and soil moisture improvement without any phytotoxic effects (Majeed et al., 2015). Further, CNTs act as carriers for nutrients, improving physiological performance and productivity, penetrating plant tissue and translocating to roots, leaves, and stems (Naz et al., 2021). Likewise, Chitosan-based NFs use natural biopolymers chitosan, inferred from chitin, known for its biocompatibility, biodegradability, and controlled release of nutrients (Yadav et al., 2023). Its formation includes dispersing fertilizers in nanoparticles suspension, made uniform nutrients distribution (Corradini et al., 2010). Chitosan’s molecular structure allows adjustment to maintain slow release of nutrients, herbicides, and growth regulators (Mujtaba et al., 2020).  A study on potassium-chitosan NFs shows slow-release potassium, improve its efficiency, and enhance biomass by 51%, with improvement in soil porosity, conductivity, and soil pulverization, ultimately improves growth and nutrient absorption (Kubavat et al., 2020). 
Consistency-based NFs
Consistency-based NFs show an advanced way to sustainable nutrient management, aimed to gradually deliver nutrients over time according to plant demand. These nano-based formulations maintain consistent nutrient availability, enhancing nutrient use efficiency, and reduces environmental losses, which are major constraints of conventional fertilizers (Liu et al., 2015; Khalid et al., 2022). Further, surface coated NFs and nanocarrier based NFs are two categorizations of consistency-based NFs. Surface coated NFs encapsulated nanoparticles with synthetic polymers like polyethylene glycol or polyvinyl alcohol, or with biological material like chitosan, lignin, and alginate (Vejan et al., 2021). These coatings help in slow and controlled nutrient release, reducing nutrient losses through leaching, volatilization, and others. Biologically derived coatings also encourage microbial activities in the rhizosphere, ultimately, enhance soil fertility and nutrient uptake (Mujtaba et al., 2021).  Nanocarrier based NFs incorporate carriers such as clay composites, mesoporous silica nanoparticles (MSN), nanocellulose, that offer large surface area and flexible pore structures for efficient nutrient capacity and sustained release (Kong et al., 2021). This technique enhances nutrient solubility, uptake efficiency, and crop productivity with reduction in fertilizer use and environmental risks (Tyagi et al., 2022). Combinedly, consistency-based NFs are promising innovation for precision agriculture, promoting efficient nutrients utilization, promoting soil health, and long-term agricultural sustainability (Azeem et al., 2014; Mejias et al., 2021). 
Mechanism of nutrient delivery and plant uptake (Root and foliar pathways)
The mechanism of nutrient uptake is complex and involves the interaction of soil, roots, and aerial plant structure. The efficiency of this mechanism affects productivity, biomass, and tolerance ability of crops. Two pathways involve nutrient uptake, i.e., root absorption and foliar absorption, regulated by physiological and environmental factors that modulate nutrient movement and utilization within plants (Fernandez et al., 2017).In root pathways, mass flow, diffusion, and root interception helps to move ions and molecules from soil solutions that begin nutrient uptake. Membrane bound transport protein promotes selective ion absorption, allowing entry of essential nutrients such as nitrogen, phosphorus, and potassium into plant systems (Wang et al., 2021). These absorbed nutrients are transported to the aerial part of the plant via xylem and perform various metabolic functions. Root absorption efficiency depends on soil characteristics, morphology, and availability of nutrients in soluble form (Holz et al., 2024). Other factors such as soil moisture, pH, and microbial activities also influence the efficiency and mobility of nutrients, focusing on the interconnectedness with rhizosphere habitat and plant physiology (Ahsan et al., 2016). Foliar application is the alternative way of nutrient delivery to plant, complementing root absorption by supporting absorption through leaves. Leaves cuticles, composed of cutin polymers layered with wax, are hydrophobic in nature, which affects wettability and permeability (Trivedi et al., 2025). It forms the first and most important hindrance to nutrient penetration. Permeability of leaf cuticles differs with composition, such as wax composition, and environmental factors like humidity (Seufert et al., 2022; Riederer et al., 2001). At high humidity, expansion of aqueous and increasing entry to hydrophilic solutes such as calcium and potassium increase cuticle hydration, whereas less humidity supports lipophilic complexes like urea (Fernandez et al., 2017). Apart from this, stomatal opening is a secondary pathway of nutrient absorption to encourage solute diffusion into substomatal cavity, mainly when surfactants or humid conditions sustain leaf funnel through stomata (Fernandez et al., 2021). The efficiency of foliar application is encouraged by adjuvant and nutrient formulations (Omran et al., 2021). Surfactants, nano carriers, and humectants enhance adhesion, spreading, and retention through modification in droplet nature on the leaf surface (Fincheira et al., 2023; Hagedorn et al., 2017). Surfactants reduce surface tension, allow droplets to spread uniformly, facilitates cuticles penetration, whereas humectants lower the drying of droplets that promote longer nutrient absorption. On other hand, nano carriers increase adhesion and work as reservoirs to control release of nutrients, helps in consistent nutrient accessibility and minimize nutrients loss (Pimentel et al., 2023; Guijarro et al., 2024). Environmental factors such as temperature, relative humidity and droplets drying rate affect the efficiency of nutrients absorption, moderate temperature and high humidity delays crystallization and extended diffusion time helps foliar absorption optimally (Fernandez et al., 2013). Novel nano-biosensors can detect plant pathogens, pollutants, and other stressors at extremely low concentrations, allowing for early intervention (Das et al.,2024). The current development in nanotechnology has developed nanofertilizers as an innovative measure to enhance nutrient uptake efficiency. The nano-sized particle covers more surface area effectively on leaves surface and helps easier penetration through stomata and cuticular pores (Saurabh et al., 2024). Nanomaterials like carbon nanotubes and graphene offer unique properties such as high sensitivity, fast response time, and low power consumption, making them ideal for developing wireless sensor networks that can be deployed in the field for extended periods (Das et al.,2024). Their controlled-release properties make synchronization of nutrient supply with crop demand possible, consequently minimizing nutrients losses such as volatilization and leaching (Lawrencia et al., 2021). Nano-functionalized hydrogels and nanoclays show promise as slow-release fertilizer carriers and water retention agents (Das et al.,2024). NFs also carry micronutrients like iron and zinc depicts increased efficiency even at lower doses, promoting sustainable management practices with minimal environmental damage (Ding et al., 2023; Dhiman et al., 2025). By leveraging nanoscale sensors, nanoparticles, and nanomaterials, it is now possible to continuously track key soil parameters such as moisture, nutrient levels, pH, and microbial activity at an unprecedented level of spatial and temporal resolution (Das et al.,2024).Overall, the mechanism of nutrient supply and absorption is a dynamic, multi-tiered process that combines foliar and root uptake pathways. The understanding of these mechanisms enables strategies of advanced fertilizations like foliar spray and nanofertilizer system that encourage balance fertilization, nutrients efficiency, crop productivity, environmental health, supporting future of sustainable and precision agriculture. 
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Fig 4: Mechanism of nutrient delivery and plant uptake (Root and foliar pathways)





CONTRIBUTION OF NFs TO CLIMATE-SMART AGRICULTURE
Accelerating climate change causes dual challenges in agriculture of ensuring food security for growing population with minimal ecological footprint (Yadav et al., 2023). Conventional inorganic fertilizers enhance crop productivity but have poor nutrient use efficiency, for instance, average only 40% nitrogen is utilized by plants and remaining losses due to varied processes such as leaching and volatilization (Anas et al., 2020). These inefficiencies cause environmental degradation to contribute to soil fertility loss, water bodies eutrophication, and greenhouse gases emission like nitrous oxide. Consequently, there is shift in policy emphasis towards adopting cutting-edge technologies that encourage nutrient efficiency, reducing environmental damages, and resilient against climate change (Nilwala kottegoda et al., 2023).  As nanotechnology emerged as revolutionary approach in sustainable nutrient management through the development of NFs in which fertilizer material produced at nanoscale enhancing solubility, reactivity, and slow released properties (Goyal et al., 2025). These nano formulations tailoring nutrient release according to plant demands by continuous and precise nutrients delivery, significantly encourage crop productivity and environmental sustainability (Jiwan chahande et al., 2023). NFs application aligned with three pillars of climate smart agriculture (CSA) i.e., productivity enhancement, increasing resilience, and minimizing greenhouse gas emissions (Yadav et al., 2023)
Enhancing nutrient use efficiency and reduced input waste
Optimized use of fertilizer is the core of CSA, and NFs improve nutrient use efficiency through controlled and continuous nutrient supply (Mejias et al., 2021). Nanoscales particles of NFs enhance binding to soil particles, ultimately reduce losses from leaching, runoff, and gaseous emissions while sustaining nutrient flow to rhizosphere (Beig et al., 2022). Studies show that nano nitrogen composition in grassland ecosystem enhances nitrogen uptake efficiency while reducing nitrous oxide and ammonia volatilization with sustaining biological yield (Mejias et al., 2021). By encouraging nutrients absorption and minimizing fertilizers waste, NFs contribute directly to sustainable intensification of agricultural systems (Goyal et al., 2025).
Encouraged crop productivity under abiotic stress
Abiotic factors like drought, flood, salinity, and heat stress significantly affect global crop productivity. NFs overcome these stresses by strengthening plant physiological and biochemical properties, including better chlorophyll content, osmotic balance, and antioxidant enzymes functioning (Raza et al., 2023). Application of nano-silica in water scares condition improved root morphology and water use efficiency that show around 20% wheat yield increment (Ahmadian et al., 2021). Similarly, zinc and silicon NFs enhance maize production under saline conditions by improving ionic balance and mitigating oxidative damages (Shoukat et al., 2024). These studies combinedly depict the ability of NFs to sustain crop yield under environmental stress and strengthen resistance against climate change. 
Greenhouse gas emissions reduction
A core objective of CSA is greenhouse gas emissions reduction related to fertilizer applications.  Conventional nitrogen fertilizers promote nitrification, and denitrification processes cause nitrous oxide emissions (Saraiva et al., 2023). Controlled nitrogen availability and rhizospheres' microbial activity modulation by NFs lead to emission reduction. Additionally, NFs reduce the total energy indirectly for nutrient production, transportation, and application by improving nutrient uptake efficiency, thus reducing overall carbon footprint (Raza et al., 2023). Combinedly, this framework established NFs as a prominent component in developing low emissions and climate resilient agricultural systems (Goyal et al., 2025).
Soil health restoration and nutrient retention
The focus of sustainable soil management under CSA is to sustain soil fertility and efficient nutrient management. NFs that use encapsulation and nano coating supply nutrients effectively and slowly, which minimizes the risk of toxicity and prevents excess nutrients from buildup (Verma et al., 2022). This controlled release mechanism reduces other losses and deterioration of soil habitat such as reducing runoff and leaching losses, lowering eutrophication in aquatic ecosystems. Moreover, nano silicon and nano iron fertilizers show enhancement in soil enzymatic activity and microbial diversity, thus encouraging nutrient cycling and carbon sequestration (Saraiva et al., 2023). Ultimately, results of improvement in soil structure and organic matter parallel with CSA’s objectives of long-term soil health restoration (Nilwala Kottegoda et al., 2023). Numerous issues include the lack of appropriate seeders for small and medium-sized farmers, agricultural leftovers that compete with livestock feed for CA, burning of these residues, which destroys soil organic matter, a lack of labor, and a general bias in favor of traditional tillage (Gulaiya et al., 2025).
ENVIRONMENTAL AND SAFETY IMPLICATIONS
Ecotoxicology and Long-Term Effects on Soil Microbiota, Groundwater, and Plant Systems
NFs are encapsulated or coated nutrients that release essential nutrients slowly to meet plant demand at varied growth phases (Stojanova et al., 2025; Kekeli et al., 2025).  Apart from their efficiency, their ecotoxicology effect on soil ecosystems remains a major concern (Nongbet et al., 2022). The nanoscale dimensions of nanoparticles allow it to penetrate deep into the soil system and react with biological structure creates the ability for unpredictable environmental consequences (Khan et al., 2021; Basavegowda et al.,2021). Some studies depict that nanoparticles like nano-zinc oxide and nano-titanium oxide can harm soil microorganisms, hamper nutrient cycling processes, and enzymatic activities (Gao and jiang et al., 2017; Misra et al., 2012; Schwirn et al., 2014; Navarro et al., 2008; Sun et al., 2007). These nanoparticles further penetrate deep into soil and enter groundwater, potentially disturbing the ecological balance in corresponding environment (Belal et al., 2023; Rashid et al., 2021). Further, recent studies show that bio-based NFs can sustain microbial population and soil processes. Information regarding prolonged exposure is scarce, regular monitoring is necessary to detect changes in microbial diversity, nanoparticles deposition, and movement towards water bodies (Zafar et al., 2024).
Nanoparticle Accumulation and Food Chain Risk
Nanoparticles, due to their nanoscale size, can penetrate the biological system more deeply, increasing the likelihood of their entry and persistence within living organisms and the surrounding ecosystem (Kumar et al., 2022). NFs remain in food chain for long-term due to accumulation of NFs on plant tissue and transfer to human or animals through consumption (Razauddin et al., 2023). Some studies on animals noted that nanoparticle interaction can cause biological stress, show its ability to exert harmful effects once they enter high trophic levels (Liu et al., 2010). Because of varied nanoparticles have distinct physiochemical properties that affects their nature and deposition pathways, establishing universal safety guidelines remains challenging and requires further research focused on food-chain transfer and long-term ecological risks (Garg et al., 2023).
Regulatory Framework and Risk Assessment Guidelines
The lack of assessment methods of bulk fertilizers do not efficiently account for the different environmental fate and uptake properties of nanoscale material; that pose risk assessment challenge (Damalas and Eleftherohotinos, 2011). Additionally, biosolids utilization in agriculture makes assessment further challenging, with the introduction of nano-sized metallic particles such as Ag, TiO2, and ZnO into soil (Judy et al., 2015; Chen et al., 2015). The understanding gap of temporal change in nanoparticles also makes assessment complex. This temporal shift matters due to their interaction with introduced nanomaterials may alter the overall ecological and human health risk (Lavicoli et al., 2017). Therefore, an efficient regulatory approach is required for risk identification with less toxic, biodegradable, and environmentally friendly NFs for exposure reduction (Prasad and Mahawer et al., 2023). Global organization such as FAO recognizing that materials ranging 1-100nm need specific safety assessment due to their distinct properties, whereas India has developed regulatory guidelines for nano-agricultural inputs and food products that aligned with international standards (FAO/WHO, 2010; Adholeya and Singh, 2020). 
Need for life cycle assessment (LCA) and sustainable Nano agriculture practices
Life cycle assessment (LCA) is important for determining the environmental consequences of nanomaterials by quantifying materials, energy utilization, and emission related to their whole lifecycle (Salieri et al., 2018). These nanomaterials’ production methods like vapor deposition, carbonization, and liquid-phase synthesis needs energy inputs and release pollutants into air, water, and soil shows the require for comprehensive environmental assessment (Pallas et al., 2020). Existing research focus on the functional importance of nanofertilizers neglecting determination of environmental implications across all life cycle stages, bolstering the importance of applying tools like LCA to assess their overall sustainability (Hischier and Walser et al., 2012). Therefore, LCA gives a systematic way to determine environmental burdens and ensure that nanoparticle handling aligned with sustainability goals (Martins et al., 2017). In agriculture, NFs encourage controlled nutrients release and improved efficiency relative to conventional fertilizers, but their overuse, environmental damages, and worker exposure due to its high reactivity depict the need of life cycle-based risk evaluation (Zahra et al., 2022; Bernela et al., 2023). Further, nano biofertilizers research is needed for safer and more sustainable substitutes to chemical NFs in agriculture (Seleiman et al., 2020).
FUTURE PROSPECTS
Integration with precision agriculture and decision support tools
[bookmark: _GoBack]NFs are associated with precision farming enabling precise, efficient, and consistent nutrient supply that benefits data-driven field management systems (Priya et al., 2025). Their ability with precision farming tools such as GIS, Sensors, and IoT increases efficiency and site-specific nutrients application (Chivenge et al., 2021). Smart nanocarriers release nutrients against environmental stress such as pH, temperature, ultimately, encourage efficiency and reducing environmental loss (Khot et al., 2012). The advanced nano sensors capture real-time nitrate variability by using variable rate technology to facilitate nitrogen management and reduce input use (Patel et al., 2019). A study noted that precision agriculture relied on tools like GIS, Sensors, VRT, and GPS, to reduce resource loss, encourage efficiency, and support sustainable agriculture, which directly aligns with the controlled release characteristics of NFs (Raj et al., 2025). Additionally, nanoscale properties encourage responsiveness and efficiency, strengthening their role in precision-based interventions (Kah et al., 2018). However, high initial cost, lack of digital infrastructure, and socioeconomic barrier, are some adoption challenges that limit access to small and marginal farmers (Lal, 2020; Wolfert et al., 2017). Despite challenges, integration of precision farming and nanotechnology encourages climate resilient and environmentally responsible farming systems (Priya et al., 2025).
Potential role in circular economy and organic farming systems
Smart bioformulations combine nanoparticles with biofertilizers by decreasing biofertilizers size to 1-100 nm and coated with preferable nanomaterials (Thirugnanasambandan, 2018). Nanoparticles like silicon, zinc, and copper, mostly added to form these nano biofertilizers (Hasan et al., 2018). Their nano scale characteristics encourage nutrient absorption and availability, reducing dependence on inorganic fertilizers, promoting both cost effectiveness and environmental sustainability (Eliaspour et al., 2020). Through activating soil microbial communities, nano biofertilizers enhance nitrogen fixation, phosphorus solubilization, and hormone synthesis (Garg et al., 2023). Bioformulations include plant growth promoting microorganisms that enhance soil health and crop productivity by encouraging soil structure and stimulating physiological pathways (Gehlot et al., 2024). The beneficial interaction between nanoparticles and biofertilizers also provides resistance against abiotic and biotic stress, lower chemical toxicity, and contributes to bioremediation processes (Gehlot et al., 2024). Though, nano particle integration, decreased shelf life, and human exposure concerns, limits their adoption (Chandervanshi et al., 2025). Thus, integrated knowledge of nanotechnology and agricultural science is important for efficient and safe application of bioformulations (Chandervanshi et al., 2025).
Policy support, farmer adoption and socioeconomic considerations 
Policy support, farmer adoption, and socioeconomic consideration have pivotal role in successful adoption of nanotechnology, whereas environmental risk, high investment, lack of research, and technological limitations, also provide hinderance into it (Nisha et al., 2025). Nano particle based nanofertilizers having metallic oxides, polymer carriers, or carbon nanomaterials may remain in soil systems, which may enter food chains and become a threat to human or animal health (Dimkpa and Bindraban, 2017). A standard regulatory framework on NFs is absent, whereas regulatory bodies of America and Europe have begun developing frameworks for nano agrochemicals (EFSA, 2022). Manufacturing cost remains high due to high purity materials requirement, specialized equipment, and effective quality control, that make it more expensive than conventional fertilizers (DeRose et al., 2010). Majority of NFs experiments conducted under controlled conditions, but real field performance is affected by soil type, climate, genotypes, and management (Ghormade et al., 2011; Li et al., 2022). To encourage farmers for its adoption, there is a need for public private partnerships that promote effective extension services, establishing experimental plots, and sharing initial investments (Cheng et al., 2022). Promotion of nano urea and nano DAP, adding into supply chain, and drone-based applications, is expanding through policy, nationally (GOI, 2025). Additionally, national level schemes launched in 2024 providing subsidies and experimental projects on NFs across major agricultural states (Ministry of Agriculture, 2024).
CONCLUSION
NFs provide a better substitute for traditional fertilizers by encouraging nutrient supply, enhancing soil vitality, and minimizing environmental footprints. Their interactions with precision agriculture and climate-adaptive strategies provide them as key materials for future agriculture systems. However, toxicity, microbiota disturbance, and regulatory frameworks remain a limitation that needs to be addressed. By reducing fertilizer costs and minimizing emission-related risks, various types of nanofertilizers can significantly improve crop productivity. Due to their higher solubility, reactivity, and capacity to move through plant cuticles, nanofertilizers enable precise nutrient delivery and gradual release. In addition, they can boost plant growth, yield, quality, and nutrient use efficiency by alleviating abiotic stresses and limiting heavy metal toxicity. Collaborative efforts will be essential, bringing together expertise from multiple disciplines to ensure that as we harness the potential of nanotechnology, we also safeguard the delicate balance of our ecosystems. By embracing the advantages of nano-fertilizers while carefully addressing their associated challenges, we can move toward a transformed and truly sustainable agricultural future. Nano-fertilizers provide a promising route for sustainable agriculture by enhancing nutrient use efficiency, increasing crop productivity (with reported yield gains of 10-80%), and lowering environmental contamination relative to traditional fertilizers. Functioning as intelligent delivery systems, they release nutrients in a controlled manner; however, their application must be carefully regulated. 
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