Exploring the Synergy of Nanotechnology and Seed Science for Sustainable Crop
Production: A Minireview
Abstract 
Nanotechnology is the art and science of manipulating the matter at nano-scale. Nanotechnology is used in Seed Science for attaining sustainable crop production. There are various types of Nano particles used in seed science which includes carbon nanotubes, quantum dots, magnetic nanoparticles etc., Nano priming of seeds increases germination percentage, seedling growth, vigour and disease resistance. Nano bio-sensors are advanced sensors that integrate biological components with nanoscale materials to monitor, track, and improve various aspects of seed growth and health. Seeds are coated with nanomaterials such as carbon nanotubes, polymers and biocides which improves water retention and nutrient uptake. Emerging research domain includes nano-packaging of seeds, nano-bubble technology for seed invigoration. Hence, with proper knowledge about the pros and cons of Nano-technology, it can be successfully employed in Seed Science and Technology to achieve long-term agricultural productivity. 
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Introduction
Nanotechnology is the art and science of manipulating the matter at nanoscale. Nanoscience and nanotechnology are the study and application of extremely small things conducted at nano-scale which is about 1-100 nm (Poole et al.,2003). Nanotechnology in agriculture refers to the use of nanoscale materials and techniques to improve the efficiency and sustainability of agricultural practices (Binns 2021). It involves the application of nanomaterials, such as nanoparticles, nanocomposites, and nano-sensors, to enhance crop production, pest control, and food quality. In agriculture, nanotechnology can be used for precision farming, where nano-sensors monitor soil health, moisture levels, and nutrient content, enabling more efficient use of resources like water and fertilizers (Bhushan 2017). Nanoparticles are also utilized in the development of controlled-release fertilizers and pesticides, which reduce waste and minimize environmental impact. Additionally, nanotechnology can aid in plant disease detection and the development of nanostructured materials for packaging, enhancing the shelf life of produce. Overall, nanotechnology in agriculture has the potential to address challenges like food security, environmental sustainability, and resource optimization, making agricultural practices more efficient and eco-friendly (Ramsden 2016).
[bookmark: _Hlk197505701]Nano priming of seeds 
	Seed nano-priming is a seed treatment technique that involves exposing seeds to nanoparticles to enhance germination, seedling growth, and stress tolerance. This process utilizes the unique properties of nanoparticles to interact with seed tissues, improving water uptake, activating metabolic pathways, and inducing stress response mechanisms (Nile et al.,2022). Nanoparticles can increase the efficiency of seed hydration and improve the rate of water uptake by seeds. This facilitates quicker germination and better seedling establishment (Abbasi et al.,2021). For example, silica nanoparticles can promote water absorption in seeds, leading to more uniform and faster germination (Afzal et al.,2021). Nanoparticles, such as carbon nanotubes (CNTs), carbon dots and graphene oxide, have been shown to stimulate cellular processes in seeds (Liang et al.,2023), including nutrient uptake and metabolism, leading to better seedling growth (Rhaman et al.,2022). The physical interaction between nanoparticles and seed cell membranes can also enhance the transport of nutrients and growth regulators within the plant (Song et al.,2021). Nano-priming can improve seeds’ resistance to various environmental stresses such as drought, salinity, and extreme temperatures. Nanoparticles like zinc oxide (ZnO) and silver (Ag) have been reported to enhance plants' tolerance to abiotic stresses by stabilizing cellular structures and activating antioxidant mechanisms, which reduce oxidative damage (Thakur et al.,2022). Certain nanoparticles, especially silver and copper nanoparticles, exhibit antimicrobial properties when used in nano-priming, these nanoparticles can help protect seeds from fungal, bacterial, and viral pathogens (Dutta et al.,2021). By preventing seed-borne diseases, Nano- priming enhances seedling health and reduces the need for chemical pesticides, promoting sustainable farming practices. 
Nano biosensors
	Nano bio-sensors are advanced sensors that integrate biological components with nanoscale materials to monitor, track, and improve various aspects of seed growth and health (Johnson et al.,2021). These sensors use the unique properties of nanomaterials, such as their small size, large surface area, and high reactivity, combined with biological molecules (like DNA, enzymes, or antibodies) to interact with the environment and detect specific biological or chemical signals related to seeds (Shaw et al.,2022). Nano-sensors have the ability to detect minute quantities of substances even down to the single molecule level, making them highly effective for monitoring seed- health (Mondal et al.,2022). These sensors can provide continuous, real-time feedback on environmental conditions, enabling farmers to make immediate adjustments to optimize seed growth (Reddy et al.,2022). By integrating Bio-Nano sensors with advanced monitoring systems, farmers can practice precision agriculture (Kaushik et al.,2022). Bio-Nano sensors can help optimize seed performance in various environmental conditions, contributing to more sustainable agricultural practices by reducing waste and improving resource efficiency.
Nano coating of Seeds
	Application of nanoparticles or nanomaterials on seeds to enhance germination, growth, and 
resistance to stress is known as nano coating of seeds (Zaim, et al.,2023). Nanomaterials improve water retention, seed hydration, and nutrient uptake and Controlled release of growth-promoting substances like cytokinin and auxins (Abrahimi et al.,2023).  Nano -particles provide a physical barrier against fungal, bacterial, and viral pathogens. Antimicrobial properties of nanoparticles prevent early seedling diseases (Singh et al.,2021). Controlled release of micro nutrient (eg: Zu, Cu, Fe) improves seedling vigour and health. Coating of metallic nano-particles like  silver (Ag) and zinc Oxide (ZnO) improves seedling growth, enhances stress tolerance and coating with copper nanoparticles gives protection against pathogens, improves seedling vigour (Fiol et al.,2021). Carbon based nanomaterials like carbon nanotubes (CNTs) facilitate nutrient transport, enhance plant metabolism and graphene oxide improves seed hydration and nutrient uptake.
Nanotechnology in seed packaging
	Nanotechnology in Seed Packaging is an emerging field that utilizes the unique properties of nanomaterials to enhance the quality, shelf life, and performance of seeds (Khezerlou et al.,2021). By integrating nanotechnology into seed packaging, significant improvements can be made in preserving seed viability, protecting seeds from external stresses, and facilitating better distribution of nutrients or growth regulators. This approach offers an innovative, sustainable solution to address challenges in agriculture, such as seed degradation, environmental exposure, and pest contamination. Seeds are highly sensitive to environmental factors such as temperature, humidity, light, and oxygen, which can affect their germination and viability (Chausali et al.,2022). Nanotechnology-based seed packaging materials, like nanocomposites, can provide enhanced barrier properties that protect seeds from these factors. For example, packaging materials containing nano-clay or nanocellulose can create a more robust barrier to moisture and oxygen, preventing premature seed deterioration during storage and transport. One of the most notable applications of nanotechnology in seed packaging is the incorporation of nanoparticles with antimicrobial and antifungal properties, such as silver (Ag), copper (Cu), and zinc oxide (ZnO). These nanoparticles can be embedded into packaging materials to prevent microbial contamination, reduce the growth of fungi, and protect seeds from seed-borne diseases (Haris et al.,2023). This extends the shelf life of seeds and helps ensure that seeds remain healthy during storage and handling. Nanotechnology enables the development of packaging materials that can deliver controlled-release fertilizers, growth regulators, or pesticides to seeds (Saritha et al.,2022).  By incorporating nanoparticles into seed packaging, active ingredients can be released gradually over time, ensuring that the seeds receive nutrients or protection precisely when needed, without excessive waste or environmental pollution. This results in more efficient use of resources and promotes sustainable agricultural practices.
Nano bubble
Nanobubbles in Seed Science is an innovative area of research that leverages the unique properties of nanobubbles—extremely small gas bubbles typically less than 200 nano-meters in diameter—in applications related to seed treatment, growth enhancement, and agricultural productivity. Nanobubbles, which exhibit unique physical, chemical, and biological properties compared to larger bubbles, have shown promise in improving seed germination, enhancing plant growth, and providing protection against stressors (Le et al.,2021). Due to their tiny size, nanobubbles have a high surface area-to-volume ratio, which allows for greater interaction with plant surfaces, facilitating   processes like water absorption, nutrient uptake, and gas exchange. Unlike conventional microbubbles, which rapidly dissipate, nanobubbles remain stable for extended periods (Pal et al.,2022). This prolonged stability makes them highly suitable for agricultural applications, as they can provide long-lasting effects on seed and plant health. Nanobubbles typically have a negative charge on their surface, which allows them to interact favourably with positively charged ions, such as calcium and magnesium, found in plant cell walls. This characteristic can aid in the uptake of essential nutrients by seeds and seedlings (Chirwa et al.,2024). Nanobubbles are capable of holding and transferring oxygen at a much higher rate than larger gas bubbles. This feature is particularly beneficial in promoting seed germination and early seedling growth, as it enhances the oxygen availability to seeds during the early stages of growth (Khan et al.,2022). The high surface area and unique properties of nanobubbles might promote the activity of enzymes involved in seed germination, accelerating the metabolic processes that drive germination (Qian et al.,2021). Nanobubbles may assist in the better absorption of nutrients from the soil or water, aiding in seedling development during the early growth stages. Some studies suggest that nanobubbles can help mitigate stress responses in plants by acting as a stress-reducing agent, improving seedling growth even under suboptimal conditions (Oshita et al.,2023).
Future prospects
Nano bio-fortification in seeds is an emerging and innovative approach in agricultural science that utilizes nanotechnology to enhance the nutritional content and overall quality of seeds. This process involves incorporating essential micronutrients, vitamins, and minerals into seeds using nanoparticles, which can improve the nutritional value of crops grown from these seeds (Guillen et al.,2022). By applying nanotechnology, these micronutrients are delivered more efficiently, either by incorporating them into the seed coating, embedding them within the seed itself, or through controlled release mechanisms that ensure the nutrients are available at critical stages of plant growth.
Conclusion
Nanotechnology holds immense potential in revolutionizing seed science and advancing agricultural practices by offering innovative solutions to address global challenges such as food 
security, crop productivity, and sustainability. The application of nanomaterials in seed treatment, bio- fortification, germination enhancement, and stress tolerance offers exciting opportunities for improving seed quality, nutrient uptake, and resistance to diseases and environmental stresses. By utilizing nanoparticles for targeted delivery, controlled release, and efficient nutrient absorption, nanotechnology can enhance crop yields, reduce the environmental impact of farming, and improve the nutritional value of crops. However, the widespread adoption of nanotechnology in seed science requires overcoming several challenges, including safety concerns, environmental impact, regulatory hurdles, and cost- effectiveness. Continued research is essential to understand the long-term effects of nanoparticles on plant systems, ecosystems, and human health. As technology and research advance, nanotechnology has the potential to become a crucial tool in sustainable agriculture, contributing to enhanced food security, healthier crops, and more resilient farming practices. However, a balanced approach to innovation and regulation will be necessary to ensure that nanotechnology is used safely and responsibly for the benefit of both agriculture and society.
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