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Role of Nanotechnology in Enhancing Crop Growth and Sustainability
Abstract

Nanotechnology has emerged as a transformative tool in agriculture, offering innovative solutions to improve crop productivity, resilience, and sustainability. This review explores the multifaceted applications of nanotechnology in crop improvement, including nano-fertilizers, nano-pesticides, nano-sensors, and nanomaterials for enhancing stress tolerance. These advancements enhance nutrient use efficiency, reduce environmental impact, and enable precision farming practices. Despite its potential, challenges such as environmental risks, economic feasibility for small-scale farmers, and regulatory hurdles must be addressed. The integration of nanotechnology with artificial intelligence (AI) and the Internet of Things (IoT) presents exciting prospects for precision agriculture. This article underscores the need for interdisciplinary research and supportive policies to fully harness nanotechnology's potential, ensuring global food security and sustainable agricultural practices.

Keywords: Nanotechnology, Nano-fertilizers, Precision Agriculture, Sustainable Farming, Food Security.

Introduction

Nanotechnology, the study of molecular and atomic matter control, has benefited medicine, energy, and agriculture, among others. It involves working with nanoparticles, which are 1–100 nanometers in size and have unusual physical, chemical, and biological properties (Liu et al., 2021). Nanoparticles' tunable functionalities, increased reactivity, and large surface area-to-volume ratio make them ideal for precise and effective tasks. Modern farmers have improved input efficiency, disease and pest control, and environmental sustainability with nanotechnology. Nanoscale innovations can transform input-intensive agriculture into precise, environmentally friendly farming (War et al., 2020). Nano-fertilizers and nano-pesticides improve nutrient delivery and pest control while reducing environmental impact. Farmers benefit from nano-sensors' real-time soil health, crop growth, and stress data. Crop improvement—altering crop genes and phenotypes to increase yield, quality, and resilience to biotic and abiotic stresses—is the foundation of global food security. In a world with rising populations, changing weather, and less arable land, cutting-edge technology to boost agricultural output is needed more than ever (Al-Rawi et al., 2024). Nanotechnology can help achieve these goals by enabling plant breeding, stress management, and nutrient utilization innovations that will ensure long-term food supply for a growing population (Rana et al., 2021). This review is designed to (1) assess nanotechnology's crop improvement potential, (2) identify its most important applications, and (3) weigh the pros and cons of farming with nanotechnology. By reviewing current and future developments, this article proposes incorporating nanotechnology into agronomic practises to ensure food security for future generations.

Advances in Nano-Materials for Crop Protection

Nanotechnology has made nano-pesticides and nano-herbicides that are safe for the environment and very effective, which has changed the way crops are protected. Nanopesticides can deliver active ingredients more precisely and more easily than regular pesticides, which can pollute and need to be used more often (Elemike et al., 2019). Because they are small, have a lot of surface area, and can hold active ingredients, nanoparticles can be used to kill pests and diseases. Less pesticide use and fewer applications make food safer and better for the environment by lowering the amount of residues left on food. Nanopesticides work against pests for a long time without hurting the environment because they release chemicals slowly over time. Nanoparticles can hold insecticides and fungicides and slowly release them so that they don't break down and need to be used again (Mali et al., 2020). This helps with pest control because better and longer-lasting pest control means less pollution and pesticide use.

Silver nanoparticles are useful nano-pesticides. Their ability to inhibit cereal crop microbial and fungal diseases has led to extensive research. The controlled release of silver nanoparticles ensures that the active ingredient reaches the target pathogen without wasting it, minimizing harm to beneficial insects and soil microbes (Ahmar et al., 2021). Chitosan nano-pesticides are biocompatible and effective in controlling produce pests. Combining multiple active ingredients in a nanoparticle carrier system can boost treatment efficacy. This allows multi-target pest management. Graphene oxide and carbon nanotubes can hold and deliver herbicides, fungicides, and insecticides more efficiently, making them promising nano-pesticides. These materials are malleable and can be engineered to improve environmental safety, targeting, and release rates (Saritha et al., 2022). Nano-pesticides will be crucial to IPM systems in the future. Together with biological controls, crop rotation, and other eco-friendly methods, they can help farmers use less chemical pesticides, which is good for the environment.

Nanotechnology for Soil and Water Management

Nanotechnology could improve soil and water management, two key areas of sustainable agriculture. Given the growing water scarcity and soil degradation crises, nanomaterials can improve crop productivity, soil health, and water use. Watering plants during droughts is a major agricultural challenge. Nanomaterials like hydrogels can solve this problem by absorbing and retaining water. Soiling these hydrogels makes them water reservoirs, ensuring crops receive water even in droughts. This technology saves water, reduces irrigation, and improves water use efficiency (Banerjee et al., 2021). Nanomaterials can also boost soil fertility and prevent erosion. Soil nanoparticles, like clay nanoparticles, improve structure and porosity to retain water and nutrients. These nanomaterials also slow wind and rain erosion of topsoil. Nanotechnology's soil management can revive desertified or salinized soils, improving agricultural sustainability. Water management researchers are developing nano-enabled filtration systems to remove harmful chemicals and pollutants from irrigation water (Naik et al., 2022). These systems use carbon nanotubes and other nanomaterials with good adsorption properties to purify irrigation water and keep harmful chemicals out of crops.

Applications of Nanotechnology in Crop Improvement

Nanotechnology has unlocked a spectrum of possibilities in crop improvement, offering precision tools to enhance productivity, reduce environmental footprints, and ensure resilience against challenges in agriculture. Below are the major applications and their contributions to modern agronomy.

1. Nano-fertilizers

Nano-fertilizers are a new way to farm because they deliver nutrients on a microscopic level. This new kind of fertilizer makes the best use of nutrients while reducing runoff, volatilization, and leaching. Nanotechnology can release nutrients when they are needed by covering plants in nanomaterials. For example, nanoparticles that are loaded with nitrogen release nitrogen at a steady rate that helps plants grow (Singh et al., 2021). This helps plants grow by cutting down on waste, increasing root uptake, and lowering the amount of fertilizer used. Nano-fertilizers allow for systems that deliver multiple nutrients, which makes it easier for farmers to fertilize. Farmers can use both macro- and micronutrients at the same time. Nano-fertilizers are good for the environment. Because they are inefficient and are used too much, conventional fertilizers lead to eutrophication, groundwater contamination, and greenhouse gas emissions. Nanofertilizers improve the accuracy of nutrient delivery, which cuts down on unintended nutrient spread. Less nitrogen runoff means less nitrous oxide emissions, which makes farming better for the environment (Ayub et al., 2022). Research shows that nano-fertilizers boost crop yields by 20–30% compared to regular fertilizers. Precision agriculture, which is good for the environment and makes the best use of resources, can't work without them. Nano-fertilizers also help efforts around the world to lessen the damage that farming does to the environment as the need for food grows. Nanofertilizers could change the way plants are fertilized as scientists get better at making them. Farming in the future might be more sustainable, efficient, and good for the environment.

2. Nano-pesticides

Due to their efficiency and precision, nano-pesticides revolutionize agricultural pest control. Nanopesticides encapsulate active ingredients in nanoparticles to extend pesticide efficacy and reduce application frequency. Pesticides are released slowly and steadily. The pesticide works better and lasts longer between applications due to its controlled release mechanism, reducing reapplications. Nano-pesticides deliver active ingredients precisely, a major benefit. Targeted delivery reduces pesticide waste, off-target effects, and need. Nano-pesticides reduce harm to beneficial insects, soil microbes, and nearby ecosystems, making them safer than conventional chemical pesticides (Biswas & Kumar, 2021). Nano-pesticides control fungal pathogens in wheat and rice using silver nanoparticles, an antimicrobial. These nanoparticles are antimicrobial and safer for animals and plants than conventional antifungals. Biopolymers made from chitosan show promise as nano-pesticides for produce pests. Nano-pesticides are safe for humans and the environment, unlike synthetic chemicals. Case studies on nano-pesticides show that they can reduce pest control active ingredients while increasing efficacy. Thus, farmers save money and reduce pesticide pollution (Fu et al., 2020). In conventional pest management, pesticide resistance is a growing concern, but less chemical use reduces this concern. Finally, nano-pesticides allow farmers to save money, reduce their environmental impact, and improve modern pest management.

3. Nanotechnology in Plant Breeding

Nanotechnology-enabled genetic modification and agricultural improvement are transforming plant breeding. Nanotechnology is essential in plant breeding for transporting genetic material via nanoparticles. Dendrimers and carbon nanotubes precisely deliver DNA and RNA to plant cells. Nanotechnology makes genetic modification less invasive, more targeted, and resource-intensive than Agrobacterium-mediated transformation or gene guns. In hybrid seed production, selective gene editing with nanoparticles precisely inserts desirable traits into the plant's genome, streamlining the process. These include increased yield, nutrient uptake, pest resistance, and drought tolerance (Maithani et al., 2023). Introducing genetic material into chloroplasts with carbon nanotubes has improved photosynthetic efficiency in plants. This could make agriculture more sustainable and efficient if it leads to water- and fertilizer-efficient crops. Nanotechnology can enable gene editing, enabling climate- and food-secure crop varieties. Nanotechnology can change plant genetics to make them more resistant to climate change. Some of these stresses are drought, extreme temperatures, and salinity (Zahedi et al., 2020). Nanotechnology-based plant breeding speeds up crop improvement and uses less time, money, and resources. Thus, nanotechnology may accelerate agricultural innovation, creating more robust, productive, and environmentally friendly food systems.

4. Nano-Sensors

Nanosensors are changing the way we monitor and manage the health of crops and soil because they are so sensitive and give us information in real time. Nanoscale materials, such as zinc oxide or carbon nanotubes, are used in these sensors to pick up on small changes in pH, pathogens, nutrients, and moisture. Nanosensors give farmers real-time information that helps them improve the health of the soil and plants. Nanosensors keep an eye on the nutrients in the soil. Scientists made zinc oxide nano-sensors that can measure the amount of phosphorus in the soil so that fertilizer can be used more accurately. (Guleria et al., 2023) say that this accuracy cuts down on costs, damage to the environment, and wasteful use of fertilizer. Nanosensors can also find pests and plants that need more water early on, so they can be treated quickly. Getting these problems fixed early cuts down on crop loss and increases output. Adding IoT technologies to nanosensors can make them more useful and allow for monitoring from afar. Nanosensors that are linked to IoT platforms let farmers keep an eye on their fields from afar (Pramanik et al., 2020). This lets decisions be made based on data and field conditions be monitored. This integration improves the use of resources, the efficiency of operations, and crop yield, which is good for the environment.

5. Nanomaterials for Stress Tolerance

Drought, high salt levels, and extreme temperatures are all becoming more common because of climate change. However, nanomaterials may help plants deal with these problems. Researchers have found that nanoparticles like silica and titanium dioxide can help plants' bodies work better and survive in harsh environments. Titanium dioxide nanoparticles help drought-stressed plants retain water and increase photosynthetic efficiency, allowing crops to keep producing. Nanoparticles of silica make plant cell walls stronger and better able to handle salt stress and other harsh conditions (Rashid et al., 2017). Nanomaterials with signaling molecules turn on the plant's stress-response systems, which makes it more resilient. Nanomaterials can help plants survive in harsh conditions and keep the quality and yield of crops. Nanomaterials make it easier for things to handle stress, which could help fight climate change and make sure there are enough foods in the future (El-Saadony et al., 2022).

Potential Benefits of Nanotechnology in Agriculture

Nanotechnology offers a transformative approach to agriculture, addressing some of the most pressing challenges in food production while paving the way for a more sustainable and efficient agricultural system. Below are the key benefits that highlight its potential impact on modern farming.

Increased Crop Yield and Quality

Nanotechnology improves crop yield and quality by improving nutrient delivery, pest management, and stress tolerance. By targeting and delivering nutrients, nano-fertilizers boost plant growth and yields. Nano-fertilizers can boost yield by 30% over traditional fertilizers, which can cause nutrient imbalances and waste. There is evidence that nanoparticles increase crop nutrient density (Shende et al., 2023). Iron oxide nanoparticles can increase grain and bean iron content to combat micronutrient deficiencies. Nanotechnology increases food quantity and quality, meeting the growing demand for high-quality food.

Reduced Agricultural Inputs and Costs

Nanotechnology can improve water, pesticide, and fertilizer use, reducing agricultural costs. At lower application rates, nano-fertilizers and nano-pesticides outperform conventional products. Efficiency reduces farmers' financial burden and farming's environmental impact. For instance, nano-encapsulation can target specific pests and reduce waste by controlling pesticide release (Gupta & Malik, 2020). Precision irrigation uses nano-sensors to apply water only where needed to avoid waste. While crop productivity stays the same or rises, these innovations dramatically lower input costs.

Enhanced Resistance to Diseases and Pests

Nanotechnology is essential for crop pest and disease prevention. These issues threaten agricultural output. Nano-pesticides and antimicrobial nanoparticles address these issues. Silver and copper nanoparticles are antimicrobial and can control crop bacterial and fungal infections without harming beneficial organisms (Shang et al., 2019). Nanoparticles also boost plant defences. Nanomaterials that stimulate antioxidant and secondary metabolite production in response to stress can boost plant pest and disease resistance. This two-pronged approach reduces chemical pesticide use and improves crop health, benefiting farmers and the environment.

Contributions to Sustainable and Precision Agriculture

Nanotechnology is ideal for precision and sustainable farming. Precision input application and real-time field condition tracking reduce resource waste and environmental degradation (Das et al., 2024). Nano-sensors help farmers quickly address soil health, nutrient deficiencies, and crop stress. Combining nanotechnology with drones and IoT platforms boosts its benefits. Nano-sensor-equipped drones can precisely map fields and deliver inputs, saving resources and reducing environmental damage (Roychoudhury, 2020). These innovations help create a sustainable agricultural ecosystem by reducing carbon footprints and improving soil health. Future agricultural systems will use nanotechnology to increase yields, lower costs, and protect crops while promoting sustainable farming. These cutting-edge technologies can help farmers feed a growing population and protect our planet's resources.

Challenges and Limitations

Nanotechnology has the potential to completely change agriculture, but there are some problems that need to be fixed before it can be widely used and last for a long time. Concerns about the environment, the economy, rules, and ethics are just some of these problems.

Environmental Concerns and Nanoparticle Toxicity

There is a lot of worry about how nanotechnology will affect farming and the environment. Nanoparticles have some uses, but they can also hurt animals, water, and soil that they are not meant to harm (Bajpai et al., 2020. If zinc oxide and silver nanoparticles are used too much,) they could pollute the soil and water, which would be bad for ecosystems and helpful microbes. The long-term effects of nanoparticles on the environment have also not been studied very well. Because they are small and react quickly, they can build up in living things and hurt them in unpredictable ways (Thakur et al., 2018). These unknowns show how important it is to be careful when using nanoparticles in farming and to do a lot of research.

Economic Feasibility for Small-Scale Farmers

High costs make nanotechnology less useful in farming. Nano-based tools and systems, as well as nanomaterials, need a lot of money to be developed, made, and put together. Small farmers are the backbone of many developing countries' agricultural economies (War et al., 2020), but these technologies may be out of reach for them. This problem is made worse by the lack of affordable options and credit. Nanotechnology could only help large farms without affordable solutions and government grants, making the gap between small and large producers even bigger.
Regulatory and Ethical Challenges

There are no rules about how agricultural nanotechnology can be used. National regulations that are hard to understand make it harder to sell nanoproducts. Al-Rawi et al. (2024) say that the use of nanoparticles in agriculture is fraught with danger because there aren't enough testing, labelling, and oversight rules in place. Nanotechnology used in the wrong way could hurt biodiversity, and GMOs raise moral questions. To resolve these moral dilemmas, R&D must be open and public confidence built through knowledge and instruction (Sheikh Mohamed & Sakthi Kumar, 2019).

Future Prospects

New research is developing more effective, eco-friendly, and economically viable nano-formulations, which bodes well for agricultural nanotechnology. Smart nano-fertilizers, biodegradable nanoparticles, gene editing tools, and post-harvest management systems are coming to agriculture. Nanotechnology, AI, and the IoT may revolutionize precision agriculture (Younas et al., 2020). Nano-sensors and AI can monitor crop and soil health in real time. Targeted irrigation and pest control can be automated using this data. Together, these factors boost productivity, reduce waste, and promote sustainable farming. Nanotechnology solutions may be hard to scale globally, but mass production and government, research, and agribusiness partnerships can make them more affordable and accessible to small farmers (Squire et al., 2023). Nanotechnology could make farming more sustainable, climate-resilient, and food-secure as the world's population grows.

Conclusion

Nanotechnology offers a revolutionary approach to improving crops and solving modern agriculture's complex problems. This review examines how nanotechnology improves agricultural output, quality, and resilience. Nanosensors, pesticides, fertilizers, and stress-tolerant materials are examples. These innovations are essential for agriculture's efficiency, sustainability, and environmental impact. Nanotechnology can improve precision, sustainability, output, and input costs in agriculture. Nanotechnology has already revolutionized agricultural systems and improved world food security by making nutrients easier to use, pest control more precise, and stress-tolerant crops. However, environmental, economic, and regulatory issues must be addressed to maximize its potential. Nanotechnology, agronomy, environmental science, and socioeconomics must collaborate. Lawmakers must set rules to ensure safe, fair, and ethical use of these technologies. Finally, nanotechnology aids sustainable agricultural innovation. Authorities, businesses, and academics must collaborate to integrate it into agriculture. Awareness, inclusive policies, and nanotechnology research can create a resilient and prosperous agricultural future that can meet the needs of a growing global population.
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