


Next-Generation Farming: The Role of Nanotechnology in Agricultural Sustainability


ABSTRACT 
[bookmark: _GoBack]
	Nanotechnology offers promising solutions for improving agricultural productivity and sustainability through precise nutrient delivery and crop protection. This review examines recent progress in agricultural nanotechnology, focusing on nano-fertilizers, nano-pesticides, soil and water management, and food packaging. We conducted a systematic literature survey using peer-reviewed research articles, reports, and reviews published in recent years. We compared nano-enabled agricultural inputs with conventional agrochemicals based on efficiency, environmental impact, and performance. The analysis shows that nano-fertilizers significantly improve nutrient use efficiency and crop yield through controlled release mechanisms. Nano-pesticides enhance pest management effectiveness at lower application rates, reducing environmental contamination. Additionally, nanomaterials improve soil moisture retention and extend food shelf life through active packaging technologies. Despite these benefits, concerns about environmental impact, toxicity, and regulations remain significant challenges. Overall, these findings suggest that agricultural nanotechnology has strong potential to support sustainable farming systems, as long as its development and use are guided by careful risk assessment and responsible management practices. 
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1.INTRODUCTION 

Nanotechnology is a multidisciplinary field that combines principles from physics, chemistry, biology, materials science, and engineering to manipulate matter at the atomic and molecular scales. It focuses on designing and creating new materials, structures, and devices that work well at the nanometer level. At this scale, materials often show unique physical, chemical, and biological properties that are quite different from their larger counterparts. This allows for innovative uses in various sectors, such as medicine, manufacturing, energy, materials science, and engineering . A nanometer (nm) is a basic unit of length in the metric system, equivalent to one billionth of a meter. The word “nano” comes from the greek word nanos, meaning “dwarf,” which reflects the tiny dimensions involved. For comparison, a centimeter represents one hundredth of a meter. Materials at the nanometer scale display properties that are not visible at larger sizes. Nanostructures usually range from 1 to 100 nm, where higher surface-to-volume ratios, increased reactivity, and quantum effects control material behavior. These unique features support the wide and rapidly growing applications of nanotechnology (khalil et al., 2025).
While nanotechnology is widely used in food technology and pharmaceuticals, its use in agriculture is relatively new but is growing quickly. Agricultural nanotechnology offers new tools to boost productivity while lowering the environmental impacts of conventional farming. Various nanomaterials are being developed for agricultural purposes, including nano-systems for soil and water cleanup, nano-fertilizers, and nano-pesticides. These innovations aim to reduce excessive chemical inputs, improve nutrient-use efficiency, and sustainably increase crop yield and quality, supporting environmentally friendly agricultural practices (khalil et al., 2025).

Bibliometric analyses show a significant rise in scientific publications related to agricultural nanotechnology. Before 1999, there were about 1,100 publications. However, this has jumped to almost 13,900 publications over the last four years. Despite this increase, agricultural nanotechnology still makes up less than 5% of total nanotechnology-related publications in major fields like energy, power, and materials science. It also remains much lower than publications in nanomedicine. However, this upward trend indicates growing global interest in nanotechnology's potential in agriculture. Recent studies on nanofabricated materials for crop protection, pathogen detection, and pesticide residue monitoring show that, with proper safety measures, nanotechnology can greatly reduce health risks and environmental impacts. These studies also highlight applications in plant, animal, and environmental systems, especially in pest management and agriculture-reliant economies in developing countries In India, nanotechnology is expected to grow in several agricultural areas, including nano-inputs, nano-food systems, nanobiotechnology, and nano-remediation. Over time, it is likely to affect nearly every part of agricultural production, from soil preparation and seed germination to post-harvest processing, food preparation, and even germplasm manipulation. This broad integration highlights the potential of nanotechnology to improve agricultural productivity and sustainability on both small and large scales (khalil et al., 2025).
Nanoparticles also play a crucial role in conserving water by increasing soil water-holding capacity, reducing how often irrigation is needed, and promoting better water use. For plant nutrition, nano-enabled fertilizers represent a significant advancement by boosting nutrient uptake, supporting healthier crop growth, and cutting nutrient losses in an eco-friendly way. Among these innovations, controlled-release nano-fertilizers are especially promising because they provide gradual and sustained nutrient delivery, enhance plant absorption efficiency, and minimize fertilizer waste. This approach reduces nutrient leaching and runoff, contributing to sustainable farming and environmental protection. However, high production costs may limit large-scale use. Advanced nanomaterials, such as mesoporous silica nanoparticles and functionalized carbon nanotubes, show great potential for developing effective controlled-release systems, leading to more resilient and resource-efficient agricultural practices (khalil et al., 2025).


2. MATERIALS AND METHODS

2.1 Enhancing Plant Growth, Productivity, and Protection
Nanotechnology-based strategies have been increasingly explored to improve plant growth, productivity, and protection through approaches such as nano-biofortification and nano-enabled crop management. Engineered nanoparticles, including fullerol, zinc oxide, iron oxide, titanium dioxide, and silica nanoparticles, have been reported to enhance key physiological and biochemical processes in plants. These nanomaterials promote seed germination, root and shoot development, chlorophyll synthesis, and photosynthetic efficiency, ultimately resulting in increased biomass accumulation, higher fruit yield, and improved fruit quality (Khalil et al., 2025).
Nano-biofortification has also emerged as an effective strategy to address micronutrient deficiencies in crops by facilitating nutrient uptake, transport, and utilization at the cellular and subcellular levels. This approach improves the nutritional quality of agricultural produce and contributes to combating malnutrition. In addition, nanoparticles have been shown to strengthen plant defense mechanisms by enhancing resistance to pests and pathogens and increasing tolerance to abiotic stresses such as drought, salinity, and extreme temperatures (Khalil et al., 2025).
To improve application precision and efficiency, nano-enabled agricultural practices are often integrated with precision farming technologies, including autonomous sensors, remote sensing platforms, and global positioning system (GPS)-based monitoring tools. These technologies enable continuous monitoring of soil moisture, nutrient availability, and crop health, allowing site-specific and real-time application of nano-nutrients and nano-protectants. Such integrated approaches minimize input losses, reduce environmental contamination, and support sustainable crop management systems (Khalil et al., 2025).

2.2 Smart Fertilizers
Smart or nano-fertilizers are designed using nanocarriers that encapsulate macro- and micronutrients to enable controlled, slow, and targeted nutrient release. Materials such as chitosan nanoparticles, silicon dioxide nanoparticles, nanoclays, zeolites, and carbon nanotubes are commonly employed due to their high surface area, porosity, and nutrient-holding capacity. These characteristics allow nutrients to be released gradually in response to soil pH, moisture content, temperature, and root exudates, thereby synchronizing nutrient availability with plant demand (Khalil et al., 2025).
Compared with conventional fertilizers, nano-fertilizers significantly improve nutrient-use efficiency by reducing losses through leaching, volatilization, and surface runoff. Enhanced nutrient uptake leads to improved crop growth, higher yields, and increased stress tolerance, while simultaneously minimizing soil degradation and water pollution. Depending on crop type and growth stage, nano-fertilizers can be applied through soil incorporation, foliar spraying, or seed coating . Beyond conventional agriculture, smart fertilizer technologies have also been evaluated for non-traditional and controlled farming systems. Zeolite-based nano-fertilizers, for instance, have demonstrated potential in space and underwater agriculture, where controlled nutrient release is critical for plant growth under microgravity or closed-loop conditions. These applications highlight the versatility of nano-fertilizers in supporting sustainable food production in extreme and resource-limited environments (Khalil et al., 2025).

2.3 Food Packaging
Nanotechnology-based food packaging has gained considerable attention for improving food quality, safety, and shelf life. Nanocomposite materials incorporating nanoclays, silver nanoparticles, zinc oxide nanoparticles, and polymer-based nanomaterials enhance mechanical strength, thermal stability, and resistance to gases, moisture, and ultraviolet (UV) radiation. These properties help reduce oxidation, microbial spoilage, and nutrient degradation during storage and transportation, thereby maintaining food quality (Khalil et al., 2025).
The integration of nanosensors into packaging systems forms the basis of smart packaging technologies, enabling real-time detection of chemical compounds, gases, and pathogenic microorganisms. Such systems provide visual or electronic indicators of food freshness, spoilage, and contamination, improving traceability, quality control, and consumer confidence across the food supply chain (Khalil et al., 2025).
Despite these advantages, concerns remain regarding the potential risks associated with the direct incorporation of nanoparticles into food products. Consequently, current approaches emphasize indirect applications, where nanoparticles are embedded within packaging materials rather than added to food itself. Comprehensive safety evaluations, migration studies, and strict adherence to regulatory guidelines are essential to ensure consumer safety and promote public acceptance of nanotechnology in the food sector (Khalil et al., 2025).
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· Figure 1: - schematic representation of nanotechnology applications in agriculture and allied sectors [11].
A. Nanomaterial Synthesis Routes 
B. Nano–Plant Interaction Pathways
C.  Applications
D. Limitations and Risks
The labeled schematic shows the synthesis, application, and limits of nanotechnology in agriculture and related fields. Nanomaterials are made using biological, chemical, and physical methods. They are applied to plants through soil or leaf pathways, allowing for uptake and internal movement. In agriculture, nanotechnology helps crop production with nano-fertilizers, nano-pesticides, nano-biosensors, seed nano-priming, and nano-biofortification. This improves nutrient use, crop protection, and yield. Related sectors benefit from nano-enabled food packaging and preservation, environmental cleanup, and wood preservation technologies. The schematic also points out important limitations, such as possible toxicity to plants, environmental risks, and health concerns, stressing the need for responsible and regulated use.
Nano-pesticides are special formulations of traditional or new pesticides created using nanomaterials to improve their effectiveness, stability, and environmental safety in farming. These pesticides combine active ingredients with hybrid materials, encapsulate them in tiny matrices, or use smart nanocarriers that react to outside triggers or enzymes. This allows for controlled and targeted release of the active compounds. The pesticides can work exactly where and when needed, which cuts down on unintended effects and chemical waste. The distinct physical and chemical characteristics of nanosized particles, like their small size, high surface area, adjustable shape, and increased reactivity, help enhance the performance of nano-pesticide formulations. Various nanomaterials have been studied for this, including silica nanoparticles, lipid-based carriers, natural and synthetic polymers, ceramics, metal and metal-oxide nanoparticles, and carbon-based materials like carbon nanotubes and graphene. These materials effectively protect active ingredients from breaking down too soon, increase the solubility of pesticides that don’t dissolve well in water, and improve how well they stick to and penetrate plant surfaces and pest exoskeletons. Nano-pesticides present a promising option to address several issues related to conventional insecticides, which include quick breakdown, non-specific toxicity, the need for frequent applications, and environmental harm. By allowing for longer-lasting and trigger-responsive release, nano-pesticides can lower the overall amount of chemicals needed for effective pest control. This, in turn, can reduce production costs over time and decrease ecological risks. Also, these nano-formulations can target specific pests more accurately, which minimizes the negative impact on beneficial creatures like pollinators and soil microbes. In summary, nano-pesticides are crop protection agents where either the active ingredient, the carrier, or both are designed and created at the nanoscale using principles of nanotechnology. This approach leads to better pest control efficiency, longer activity in the field, and better resistance management by lowering the chances of pests becoming resistant. Because of this, nano-pesticides are increasingly seen as an important part of sustainable and precise agriculture, as long as their environmental impact, safety, and regulatory aspects are carefully studied
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Nature is an impressive teacher. The use of nanotechnology in agriculture can be very effective when we carefully replicate and improve natural processes through scientific innovation. One main goal is to improve soil functionality. This allows for better nutrient use, leading to higher crop productivity and better environmental health. Successful nutrient management with nanotechnology relies on two key factors: first, nutrients need to be in plant-friendly forms within the soil; second, how nutrients move from the soil to plants is influenced by processes like ion exchange (e.g., NH₄⁺, H₂PO₄⁻, HPO₄²⁻, PO₄³⁻, Zn²⁺), adsorption and desorption (e.g., phosphorus), and solubility and precipitation reactions (e.g., iron). Nanomaterials can be designed to control these reactions. This way, essential nutrients are released at the right rates and in the right forms to meet plant needs.Clay minerals naturally manage many of these reactions. They can act as effective carriers for delivering nutrients. Nutrient-loaded nanofabricated materials can be used as aqueous suspensions or hydrogels, making them easy to apply, store, and deliver in a controlled way. Zero-valent iron nanoparticles (nZVI) and iron oxide nanoparticles can also help clean up soils contaminated with pesticides, heavy metals, or radionuclides because they have a strong attraction to organic pollutants and metals. Moreover, iron nanoparticles, similar to calcium carbonate nanoparticles, have a great ability to bind to soil. This promotes the creation of both microaggregates and macroaggregates, which improve soil structure, aeration, water retention, and overall fertility [5,12].
Nano fertilizers are plant nutrients either entirely or partially made up or constructed of nanostructured formulation(s) that release active ingredients slowly and in a controlled way into the soil, thus avoiding nutrient loss, eutrophication, and air and water pollution. Due to their large surface area to volume ratio, the performance, effectiveness, availability, and usage of NFs are greater than those of CFs and hence, the former provide a platform for the development of innovative and sustainable nutrient delivery systems. Their structure can also enable effective uptake by crops, soil fertility restoration, ultrahigh adsorption, enhanced photosynthesis, enhanced production, lowered soil toxicity, lowered frequency of application, enhanced plant health, and reduced environmental pollution [6]. Nanotechnology encompasses the synthesis and utilization of devices through management and control of their shape and size at the nanometer level. Nanotechnology has opened the door and made it possible to utilize nanostructured materials as fertilizers, known as "smart fertilizers". Moreover, the formulation of nano fertilizers can make it possible to enhance the efficient nutrient uptake, restore soil fertility, ultra-high absorption, enhanced photosynthesis, enhanced production, diminished soil toxicity, reduced application frequency, enhanced plant health, and minimized environmental pollution [7].

3. results and discussion
3.1 Role of nanotechnology in global development and agriculture
The information gathered from existing literature shows that nanotechnology has become a key tool for tackling some of the most significant global challenges, such as food insecurity, environmental degradation, water scarcity, and climate change. Even with significant advancements in science and technology, millions of people worldwide still lack access to basic needs like clean drinking water, adequate nutrition, healthcare, education, and sustainable livelihoods. Since 2000, the United Nations Millennium Development Goals (MDGs), followed by the Sustainable Development Goals (SDGs), have provided a framework for addressing these interconnected issues. More and more, international agencies, governments, and research institutions see nanotechnology as a technology that can help achieve several SDGs directly and indirectly.

In agriculture, nanotechnology provides new tools to improve crop productivity, increase nutrient use efficiency, reduce environmental pollution, and enhance resilience to climate-related stresses, aiding poverty reduction and rural development. For example, nano-enabled fertilizers and pesticides support SDG 2 (Zero Hunger) by boosting crop yields, nutritional quality, and food security. In addition, nanotechnology in water management helps SDG 6 (Clean Water and Sanitation) through better water treatment and conservation. Moreover, nanotechnology supports the idea of sustainable intensification, which aims to increase agricultural production without significantly raising environmental impact. The precise delivery of agrochemicals through nanocarriers lessens the need for excessive fertilizer and pesticide use, reducing greenhouse gas emissions, minimizing soil and water contamination, and promoting long-term ecosystem health.

However, the literature also highlights the need for responsible, context-specific implementation, especially in developing countries where regulatory frameworks, technical knowledge, and risk assessment abilities are often lacking. Without inclusive governance, capacity building, and fair access, the advantages of agricultural nanotechnology may not be evenly shared, potentially worsening social and economic inequalities. Therefore, while nanotechnology offers great potential for sustainable agriculture and global development, its use must be guided by thorough risk assessment, regulatory oversight, and stakeholder engagement to ensure its benefits are safe and equitable.
3.2 Public perception and Socioeconomic implications
Survey-based studies, particularly from developed nations such as the United States, reveal that public perception of nanotechnology remains cautiously optimistic but heterogeneous when compared to other emerging technologies. Respondents generally perceive nanotechnology as less risky and more beneficial than genetically modified organisms (GMOs), synthetic pesticides, chemical disinfectants, and human genetic modification. However, it is often viewed as more risky and less socially acceptable than renewable energy technologies, vaccination programs, and digital innovations [5].
These perceptions are shaped by factors such as public awareness, trust in regulatory institutions, perceived benefits, and uncertainty regarding long-term impacts. In agriculture, public acceptance plays a particularly critical role because nanomaterials are deliberately introduced into open ecosystems and food production systems. Consumers often express concerns related to food safety, environmental contamination, ethical considerations, and transparency in labeling.
From a socioeconomic perspective, nanotechnology has the potential to improve farmers’ incomes by increasing productivity, reducing input costs, and minimizing crop losses. However, unequal access to nano-enabled technologies, high initial costs, and intellectual property constraints may limit adoption among smallholder farmers. Therefore, inclusive innovation policies, public engagement, and clear risk communication strategies are essential to ensure societal trust and equitable benefits.

3.3 Environmental Fate and Risk Assessment of Nanomaterials
One of the most critical findings highlighted in this study is the limited understanding of the environmental fate, transport, transformation, and persistence of engineered nanoparticles in agroecosystems. Current scientific knowledge regarding nanoparticle behavior in soil and aquatic environments remains fragmented and often inconsistent. Key processes such as aggregation, dissolution, adsorption to soil particles, microbial transformation, and bioaccumulation are strongly influenced by nanoparticle characteristics (size, shape, surface chemistry) and environmental conditions (pH, organic matter, moisture, and temperature).
Experimental studies suggest that some metal-based nanoparticles, including silver and zinc oxide nanoparticles, may persist in soil environments and alter microbial community structure and enzymatic activity. Such changes can indirectly influence nutrient cycling, soil fertility, and ecosystem stability. In contrast, biodegradable nanomaterials such as chitosan-based nanoparticles generally exhibit lower environmental persistence and toxicity.
Due to these uncertainties, predicting long-term environmental consequences associated with large-scale agricultural application of nanomaterials remains challenging. The results strongly indicate that agricultural nanoproducts require a higher level of precaution than industrial or consumer nanomaterials. Comprehensive toxicological studies, long-term field experiments, food-chain transfer assessments, and ecosystem-level risk evaluations are essential to ensure environmental and human safety [5]. Integrating life-cycle assessment (LCA) and standardized testing protocols into nanotechnology research will further strengthen evidence-based regulation.
3.4 Performance of Nano-enabled Agricultural Inputs
Extensive experimental and field-scale studies consistently demonstrate that nanotechnology-based agricultural inputs outperform conventional agrochemicals in terms of efficiency, precision, and sustainability. Nano-fertilizers enhance nutrient uptake efficiency by reducing losses due to leaching, volatilization, and runoff. Nano-pesticides, through controlled-release mechanisms, improve pest management efficacy while significantly lowering application rates and non-target exposure.
Nano-enabled soil conditioners improve soil structure, enhance microbial activity, and increase water-holding capacity, contributing to long-term soil health and productivity. These improvements are particularly important in degraded and marginal soils where conventional inputs often show limited effectiveness.
Table 1. Comparative evaluation of conventional and nano-enabled agricultural inputs
	Parameter
	Conventional Inputs
	Nano-enabled Inputs

	Application rate
	High
	Low

	Nutrient-use efficiency
	Low–moderate
	High

	Environmental contamination
	High
	Reduced

	Controlled release
	Limited
	Advanced

	Target specificity
	Low
	High

	Crop yield and quality
	Moderate
	Enhanced

	Sustainability
	Limited
	High


These results confirm that nano-enabled technologies support precision agriculture by enabling site-specific, demand-driven delivery of nutrients and pesticides. This approach reduces waste, lowers production costs over time, and minimizes environmental impacts. Collectively, these results confirm that nano-enabled technologies support precision agriculture by enabling site-specific and demand-driven input delivery. This not only improves crop performance but also reduces environmental footprints and enhances economic sustainability for farmers.
3.5 Nano-fertilizers and Plant Productivity
Nano-fertilizers represent one of the most promising applications of nanotechnology in modern agriculture. The reviewed studies consistently show that nano-fertilizers improve nutrient-use efficiency by synchronizing nutrient availability with plant physiological demand. Nanocarriers such as chitosan, zeolites, nanoclays, and silica nanoparticles enable slow and controlled nutrient release, leading to enhanced root uptake and reduced nutrient losses.
Beyond yield enhancement, nano-fertilizers also influence plant metabolic processes, enzyme activity, and stress tolerance. Improved micronutrient availability contributes to better photosynthetic efficiency, protein synthesis, and grain quality.
Table 2. Effects of nano-fertilizers on crop performance
	Crop type
	Nano-fertilizer used
	Observed effect

	Cereals
	Nano-N, nano-Zn
	Increased grain yield and protein content

	Legumes
	Nano-Fe, nano-Mn
	Improved nodulation and nitrogen fixation

	Vegetables
	Nano-K, nano-Si
	Enhanced fruit quality and shelf life

	Oilseeds
	Nano-B, nano-Zn
	Increased oil content and seed weight




	
	
	
	
	
	
	



	
	



	


These findings demonstrate that nano-fertilizers contribute not only to increased productivity but also to improved nutritional quality of food crops, thereby supporting both food security and human health [2].

3.6 Nano-pesticides and Crop Protection
Nano-pesticides offer a scientifically advanced alternative to conventional pesticides by improving delivery efficiency and reducing environmental contamination. Encapsulation of active ingredients within nanocarriers protects them from premature degradation caused by light, temperature, and microbial activity. Controlled release mechanisms ensure that pesticides are released in response to specific biological or environmental triggers. As a result, nano-pesticides reduce application frequency, minimize chemical residues in food and soil, and lower the risk of pest resistance development [10], [12]. Additionally, improved target specificity reduces harmful effects on beneficial organisms such as pollinators and soil microbes.
Table 3. Advantages of nano-pesticides over conventional pesticides

	Aspect
	Conventional pesticides
	Nano-pesticides

	Stability
	Low
	High

	Dosage required
	High
	Low

	Target specificity
	Low
	High

	Environmental persistence
	High
	Controlled

	Impact on beneficial organisms
	High
	Reduced


The results indicate that nano-pesticides can significantly improve integrated pest management strategies when combined with precision application technologies.
3.7 Nano-enabled Water and Soil Management
Water scarcity remains a major constraint to global agricultural productivity. Nanotechnology offers innovative solutions for improving soil water retention, irrigation efficiency, and drought resilience. Nanoparticles modify soil physical properties by increasing porosity and aggregate stability, thereby enhancing water-holding capacity. Nano-clays and polymer-based nanocomposites reduce evaporation and deep percolation losses, ensuring efficient utilization of limited water resources. These technologies are particularly valuable in arid and semi-arid regions where water availability is a critical limiting factor [2].
Table 4. Role of nanomaterials in water and soil conservation

	Nanomaterial
	Function
	Benefit

	Nano-clays
	Soil conditioning
	Increased water retention


	Silica nanoparticles
	Root growth stimulation
	Improved water uptake


	Polymer nanocomposites
	Moisture regulation
	Reduced irrigation frequency



	
	



	
	



	
	
	



	
	
	


3.8 Food Packaging and Post-harvest Applications
Nanotechnology-based food packaging has significantly improved food safety, quality, and shelf life. Nanocomposite materials enhance mechanical strength and barrier properties against gases, moisture, and ultraviolet radiation, thereby reducing spoilage and nutrient degradation. The integration of nanosensors into packaging systems enables real-time monitoring of food freshness, microbial contamination, and storage conditions, forming the foundation of intelligent or smart packaging technologies [3], [9]. These innovations reduce post-harvest losses and improve supply chain efficiency.Despite these benefits, concerns regarding nanoparticle migration into food matrices highlight the importance of rigorous safety testing, migration studies, and transparent regulatory oversight.
Table 5. Nano-enabled food packaging technologies and their post-harvest benefits
	Nanotechnology application
	Nanomaterial used
	Functional role
	Post-harvest benefit

	Nanocomposite packaging
	Nanoclays, silica nanoparticles
	Improves mechanical strength and gas barrier properties
	Reduces oxygen and moisture penetration, delays spoilage

	UV-protective packaging
	Titanium dioxide (TiO₂), zinc oxide (ZnO) nanoparticles
	Blocks ultraviolet radiation
	Prevents nutrient degradation and photo-oxidation

	Antimicrobial packaging
	Silver nanoparticles, chitosan nanoparticles
	Inhibits microbial growth
	Enhances food safety and extends shelf life

	Smart packaging systems
	Nanosensors, quantum dots
	Detects gases, pathogens, and freshness indicators
	Real-time monitoring of food quality and storage conditions

	Active packaging
	Encapsulated antioxidants or antimicrobials
	Controlled release of active compounds
	Reduces post-harvest losses and improves supply chain efficiency



3.9 Future Perspectives
Sustainable agriculture must be addressed as a complex and interconnected system in which biological, physical, and socioeconomic components interact. While conventional agricultural intensification has increased productivity, it has also led to soil degradation, biodiversity loss, and environmental pollution. Nanotechnology offers system-wide solutions spanning crop production, post-harvest handling, food processing, and distribution. Future research should prioritize nanotechnology-based biosensors for early pest and disease detection, comprehensive ecosystem-level risk assessments, life-cycle analysis of nanomaterials, and the harmonization of international regulatory frameworks. Public engagement, ethical considerations, and interdisciplinary collaboration will be essential for responsible and socially acceptable adoption [9–24].
4. CONCLUSION
Nanotechnology holds significant promise for transforming agriculture by addressing critical challenges related to food security, environmental sustainability, and climate resilience. The results discussed in this study clearly demonstrate that nano-enabled fertilizers, pesticides, water management systems, and food packaging technologies enhance agricultural efficiency, resource-use optimization, and sustainability.
However, the successful and responsible integration of nanotechnology into agriculture requires robust risk assessment frameworks, evidence-based regulations, and collaboration among scientists, policymakers, industry stakeholders, and farmers. With appropriate safeguards and global cooperation, nanotechnology can play a pivotal role in achieving sustainable agriculture and long-term
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