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Abstract: Smart materials and nanoscale technologies are transforming 

agriculture, by allowing plants to grow food under circumstances that would 

otherwise make it impossible and improving the ability of plants to take in 

nutrients. "For example, it slows down the release of nutrients to be made 

available for the plant and as food storage. "The innovation allows for slow, 

targeted release of nutrients and real time monitoring of plant and soil condition" 

he adds. They can support sustainable yield increases and enhance food security 

under changing climatic conditions. 

In particular, the review synthesizes evidence on how nano-fertilizers and nano-

pesticides have translated from plot-scale experiments to operational farms in 

terms of yield gains, input-use efficiency and reduction in environmental losses 

across different soil and climatic conditions. It highlights examples where 

hydrogels and nanomaterial-based soil amendments have improved water 

productivity and soil health under on-farm conditions, and where nanosensors 

and smart packaging have delivered measurable benefits in product quality and 

shelf-life within real supply chains. By contrasting controlled trials with large-

plot and farmer-managed studies, the review clarifies the extent of performance 

improvement that has been demonstrated in practice and the gaps that remain for 

broad deployment Key work to be done ahead are large scale field trials, 

transparent framework for risk and safety assessment, cohesive regulations 

between countries along with integration of these technologies into digital farm 

management tools so that small and marginal farmers can also take advantage. 

Keywords: Nano Fertilizers; Nano Pesticides; Nanosensors; Hydrogels; Smart 

Packaging; Precision Agriculture; Soil Remediation and Food Security. 

1.Introduction 

Agriculture is simultaneously tasked to feed a population that continues to grow while 

managing climate stress, tight water supplies and rising input costs. To keep up with 

this demand, farms will need to use fertilizers and pesticides more efficiently, weather 

drought and disease better, and shield food quality after harvest. Nanotechnology and 

smart materials are beginning to serve as enabling instruments for these objectives by 
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enhancing the way that inputs are distributed, or crops are monitored or stored 

postharvest [1][2]. 

Bridging the gap between laboratory-based studies and forest management In order to 

better understand and predict future climate change effects, long-term research in 

natural environments is a great necessity Toolkit for Observation of Photosynthesis 

(ToPS) The ToPS (Toolkit for Observation of Photosynthesis) project develops 

software equipment that is able measure photosynthetic parameters such as, quantum 

yield on-line in natural environments. In addition to the technical developments, the 

review addresses safety design, regulations requirements and economic viability as 

well as how these technologies can be connected with digital farming systems. 

Recent studies have demonstrated that nano-fertilizers can enhance nutrient absorption, 

decrease losses and increase yield [1][9]. Smart nanosensors are capable of monitoring 

soil moisture, nutrient level and stress signals on farms, farmers therefore apply water 

and inputs with precision where there is a need [8][15]. In food storage and supply 

chains, nano-engineered films and coatings enhance oxygen and moisture barriers, air 

antimicrobial agents or extend shelf life — reducing waste while increasing availability. 

But the findings differ with different types of soil, climate and crops. Lots of successes 

have come out of controlled trials, but we still need long-term, large-scale field testing. 

Important questions are how much environmental exposure is occurring, what the 

material fate in soil and water might be, at what point food-contact packaging would 

exceed safe limits and exactly how sensor data will fit seamlessly into farm decision 

tools. Transparent standards, cheap production, farmer training and robust extension 

systems are just as important – if not more so for smallholders. 

In this review, we concentrate on sub-micro/nano scale input, carrier and sensing 

devices that can be put into practical use in the short term. It does not delve into 

external subjects such as robotics, gene editing or traditional packaging. The goal is to 

offer researchers, agronomists, policymakers and the sector a structured perspective on 

what is technically feasible, what evidence base is strong and where work needs still to 

be done. 

After the introductory section, different sections have been incorporated in review on 

nano-fertilizers, nano-pesticides, soil remediation, hydrogels for water management, 

smart photo-catalysts, nano-sensors as well as wearables and smart nana-packaging. 

The story is completed with the discussion of safety, regulation, cost, and pathways to 

deployment on-the-field along a proactive roadmap which emphasizes validation, 

harmonized standards and interoperability with digital agriculture to enable a 

widespread responsible use of nano-enabled solutions. 

2. Discussion 

2.1 Nano fertilizers and nutrient efficiency 

The nano-fertilizers can provide nutrients more efficiently due to their high reactive 

surface and method of interacting with roots. Their gradual release also means that 
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plants take them up slowly over time rather than all at once, so growers can often apply 

less of these fertilizers with fewer losses to soil and water. 

Typical nano-fertilizer systems include urea–hydroxyapatite nanohybrids for combined 

nitrogen and phosphorus delivery, zinc oxide (ZnO) and iron oxide (Fe2O3) 

nanoparticles used as micronutrient sources, and polymer- or chitosan-coated 

nanocarriers based on materials such as zeolite, biochar or layered double hydroxides 

that enable slow and targeted nutrient release [1][3][10]. 

State-of-the-art formulations—like polymer-particle, layered materials, and core–

shells—release nutrients step by step according to crop needs. In numerous trials they 

have boosted yields while decreasing runoff and nitrous oxide emissions. 

Nevertheless, the great majority of results derive from controlled experiments. 

Agriculture requires clear guidelines for dosage, toxicity limits and efficacy under 

various soil types, climates, and cropping systems in order to be able to use nano-

fertilizers safely on a large scale. 

Recent advances have, however, moved several formulations closer to operational use. 

Pilot demonstrations in cereal and vegetable systems have shown 8–20% yield 

improvement, 15–30% higher nutrient-use efficiency, and notable reductions in 

fertilizer input and leaching under variable field conditions [3][8][9]. Some commercial 

prototypes are now under evaluation in India, Brazil, and parts of the EU, indicating 

the start of translational progress from research laboratories to farmer-managed trials. 

Continued multi-location validation, economic assessment, and safety certification are 

now the focus to mainstream these products in precision and sustainable agriculture. 

2.2 Nano pesticides and smart delivery 

Something about the new nano-based pesticide formulations helps active compounds 

retain stability, move more effectively through plant tissues and get to pests or 

pathogens better. As they bring ingredients more directly, they frequently perform at 

lower doses than control. 

Prominent nano-pesticide platforms include chitosan- and alginate-based nanoparticles 

encapsulating insecticides, oil-in-water nanoemulsions carrying pyrethroids or 

botanical oils, and polymeric or lipid nano-capsules designed to deliver fungicides and 

herbicides in a controlled manner while improving adhesion and rain fastness on leaves 

[2][4]. 

Encapsulation and smart release systems — activated by pH changes, enzymes or redox 

states of targeted pests — allow pesticides to remain where they are applied and slowly 

escape. This decreases drift and non-target impact, aiding in handling pests in a safer 

and more accurate manner. 

For these products to come into widespread farm use, regulation must spell out how 

nano-pesticides will be measured, tested, and monitored in the environment. 

Standardized acceptance criteria, and better knowledge on the destiny in soil and water 

should generate confidence and lead to a broader market penetration. 
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Recent progress shows that several nano-pesticide formulations have moved beyond 

laboratory research into pilot-scale and field validations. For example, polymer- or 

lipid-based encapsulated pesticides have been successfully tested on cotton, rice, and 

maize farms, demonstrating improved pest suppression, reduced spray frequency, and 

up to 25–40% lower chemical use compared to conventional treatments [11]. 

Collaborative trials between research institutes and agro-industrial partners in India, 

Brazil, and the EU have also shown promising stability under varied climatic 

conditions. These advancements indicate that nano-pesticides are transitioning from 

experimental formulations to operational farm-scale tools, though large-scale adoption 

still depends on harmonized evaluation protocols and eco-safety certification. 

2.3 Soil health and remediation 

Nanomaterials are also being exploited for enhancing soil health by enhancing the 

bioavailability of micronutrients, sequestrating hazardous pollutants, and sustaining 

beneficial microbes. These act as soil amendments or carrier and selective sorbent 

media which help make soils more fertile and resilient. 

Commonly studied materials include nano-sized zero-valent iron and iron oxides for 

immobilizing heavy metals, nano-hydroxyapatite and biochar nanoparticles for 

phosphorus management and contaminant sorption, and carbon-based nanomaterials 

such as graphene oxide that can act as reactive scaffolds for pollutant capture while 

supporting microbial activity. 

Present research integrates nanomaterials with conditioners, and organic carriers to 

enhance soil structure formation, water retention capacity, nutrient cycling as well as 

scavenging of prevailed pollutants. 

But numerous hindrances remain to widespread use. Scaling up applications still 

requires optimization, long term behaviour of the materials in soil require further 

understanding, and growers/regulators will need to be confident that these are safe 

technologies with value for specific soil problems. 

In recent years, significant progress has been made in translating laboratory findings 

into field-level applications. Pilot-scale demonstrations using nano-clays, biochar-

supported nanocomposites, and iron oxide nanostructures have shown measurable 

improvements in soil fertility, microbial activity, and pollutant removal efficiency 

under diverse agro-climatic zones. Collaborative research between agricultural 

institutes and farmers has led to early adoption in reclaimed and nutrient-depleted soils, 

where yield improvements of 10–20% and enhanced carbon sequestration have been 

observed. Further, the development of biodegradable nanocarriers has improved 

environmental safety and paved the way for more sustainable large-scale use of 

nanomaterials in soil rehabilitation. 

2.4 Hydrogels for water-smart farming 

Agricultural hydrogels can retain large amounts of water and slowly release it, which 

helps crops endure dryness and reduces the need for frequent watering. They can also 

be packed with nutrients or healthful compounds, which could make them valuable in 

regions starved of water. 
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Examples range from polyacrylamide- and polyacrylate-based superabsorbent 

hydrogels to biodegradable systems derived from cellulose, starch, chitosan and 

poly(vinyl alcohol), often reinforced with silica or clay nanoparticles to improve water 

retention and mechanical stability in soil [5][12]. 

Current efforts are focusing on biodegradable and stimuli-responsive hydrogels that 

expand, release nutrients and modulate the availability of soil ions in a controlled 

manner. These can be customised to different soil types and crop requirements. 

To become applicable to the field level of agricultural management, they need to be 

economically affordable and gain good compatibility with the local soil and fertilizer 

practices as well as long-term effectiveness for repeated wet–dry cycles. Durable yield 

benefits and good environmental performance will be critical to adoption. 

In recent years, significant progress has been made in translating hydrogel research into 

on-field applications. Pilot-scale demonstrations in semi-arid regions have shown water 

savings of 25–40% and yield improvements of up to 20% in crops such as maize, wheat, 

and cotton when hydrogels were integrated with conventional irrigation systems [16]. 

Advances in biodegradable polymer synthesis have enhanced material stability and soil 

compatibility, while cost reduction through the use of locally available biopolymers has 

improved commercial viability. These developments reflect a shift from laboratory 

formulations to practical, farm-ready hydrogel products that are now being adopted in 

water-stressed regions of India and other developing nations. 

2.5 Nano sensors and agricultural wearables 

Sensors the size of a grain of dust could be fitted in soil, on plants or even sprinkled 

from the air to monitor moisture, nutrient levels, pH and signs of stress as they shift 

without having to rely on broad averages that are available currently. 

Toward that sort of real-time sensing, light and pliable plant-mounted devices built 

from nanomaterials can sample vapours from leaves, sap chemistry, and other 

physiological markers without harming the plant. That knowledge also allows for 

irrigation, fertilizer application and pest control to be better timed. 

In order to scale past these small trials, such systems need to be able to integrate 

seamlessly with IoT networks and digital farm platforms. They also require robust 

field calibration so the data can be reliable across different soils, crops, and farm scales. 

The Smart Packaging security of fruit and vegetable meanwhile, can saves pace and 

prolong guarantee freshness for more than a week. 

Based on nanomaterials, this kind of packaging regulates the humidity right around 

your food from both inside and outside; combining this with air filter functionality that 

slows down any biological activity in your groceries but without destroying their living 

condition is definitely a modern marvel. 

Polymer nanocomposites containing pesticides or biosensors to spot them fast and kill 

pathogenic bacteria present in sleeve materials; nanocomposite films doped with 
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minute amounts of drug you-erythromycin or rifampin to suppress bacteria from films 

- in either case, the aim is quash all before it begins. 

A nanocomposite packaging system can prevent moisture from the air penetrating and 

ensure there is no diffusion of plastics into the fruit. The mechanical properties of 

packaging materials are improved too, indicating that active, instead of static, effects 

on product quality in storage can continue to improve year by year at even higher levels. 

The materials need to get strictly controlled in order for consumers to accept them. 

Polystyrene, even the more bio-friendly versions, is not accepted by nature and solids 

from food surfaces simply won't do when it comes to attracting pests. We must have a 

clear story about solid particles entering into products - just like grain milling machines 

tell what level of purity is needed for flour. 

“Notable progress has been made in translating these nanosensing systems from pilot 

prototypes to practical use. Field trials across precision irrigation projects and smart 

greenhouse management have demonstrated that nanosensors can reduce water usage 

by 15–25% through more responsive irrigation scheduling. Wearable nano-leaf sensors 

and soil nano-probes have successfully captured continuous nutrient and stress data, 

enabling targeted fertilizer and pesticide delivery that improved resource efficiency by 

10–20% in operational farms. Similarly, integration with IoT platforms has allowed 

automated decision-making based on real-time crop physiology data in pilot farms in 

India, Europe, and Japan. These results reveal measurable advances in reliability, 

connectivity, and cost reduction, marking tangible progress from experimental setups 

to scalable applications.” 

3. Safety, risk, and control 

When used in agriculture, understanding the safe sharing of materials is necessary in 

order for their widespread use to bring more benefits than harm. Clearly spoken words, 

findings made by a sense of moral duty, and methods open for everyone to see are 

prerequisites to bring trust to the back of what people do just now. 

Jockeying for standards, the industry, and environmental protection laws can affect 

whether or not regions already producing a crop take a leading calamity in future. In 

order to avert this, take two steps. 

3.1 Growers' training and field trials 

Layering thorough field trials on top of hands-on farmer involvement is needed now. 

Getting out into the grove from start to finish will better follow through on how things 

work and how practical problems will blend in, while also showing that everyone gets 

to share in these new technologies' advantages fairly. 

3.2 Economics and Field Translation of Technology 

Nanotechnology in agriculture depends on economics: how cheap a nano-enhanced 

product can be made, the cost of its carrier materials (not just one but several); and 

whether this form of agriculture yields better or worse than other existing methods 

under real farm conditions. 
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Predictive studies and data from several analyses demonstrate that outcomes differ 

greatly depending on the crop variety, local climate, and specific nanomaterials used. 

This implies that localized trials must be mounted for individual specificity rather than 

try to fit everything together as if one size were fits all. 

This gap can be bridged by working together between government, industry and 

researchers. A joint investment in trials, monitoring for performance and extension 

communication would accelerate the adoption of technology while at the same time 

strategic placement it to create reliable data sets that will inform law making. 

4. Prospects and the Road Map Ahead 

One training program goes forward with a multitude of instruments: Nano fertilizers 

for more efficient delivery of nutrients, hydrogels to preserve water in the soil, 

Nanosensors that fine-tune input use in farming and Nano package anti-virus plan for 

reducing postharvest loss. 

Shared field trials, digital systems that can be transformed into a single interface, 

assessment of risks and safety together – these are all essential for getting nano enabled 

products to market quickly as well improving precision in agriculture where most 

workers hold small holdings 

High-speed technology adoption will come about when farmers are involved from the 

start in developing new means and these, geared to local conditions cannot help but 

succeed. That encompasses soil types, water availability, crop demand and knowledge 

of local markets for storage solutions; it also involves becoming part of communities 

that will provide services you might want now or in the future. 

5. Commentaries 

A combination system for precision and efficient farming can be developed with 

significant additional benefits in terms of nutrient use (which saves resources), helping 

crops remain firm under stress, and prolonging the freshness of already harvested food 

because of the intelligent qualities of materials and the location-based technologies of 

nanotechnology. 

No matter whether area is involved, obtaining solid field evidence, safe materials, clear 

rules, and purchasing patterns that suit various geographies and farming systems are all 

necessary to determine whether these benefits will expand. 

With these components in place, nano-enabled agriculture has the potential to both 

increase food security and lessen the environmental effect of crop delivery and 

production. 
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