


NANO SENSORS FOR REAL-TIME SOIL AND CROP HEALTH MONITORING: A Review 

ABSTRACT
Agriculture is exposed to increased pressure to satisfy the growing food demands around the globe and also handle the decreasing land area, decreased soil fertility, and the effects of climate change. The paper aims to explore the nano sensors for real-time soil and crop health monitoring. Maintaining soil health and sustainable production of crops has thus become a big issue. One of the new opportunities brought out by nanotechnology is nanosensors, which provide transformational possibilities in real-time monitoring of soil and crop health. The devices allow for determining soil parameters (moisture, pH, nutrients, organic matter, salinity, and microbial activity) accurately and give farmers practical information on how to maximise inputs and enhance productivity. Various categories of nanosensors, such as electrochemical sensors, mechanical sensors, optical sensors and chemical sensors, have been found to be promising in improving precision agriculture. Additionally, nanomaterial-based systems such as carbon nanotubes, metal/metal oxide nanoparticles, and quantum dots expand their scope in nutrient tracking, stress detection, and environmental monitoring. South Asia has recorded an excessive economic development within the last 20 years; however, there are over 25% of the hungry individuals in the world and half of all the malnourished kids and women in the world. However, despite their advantages of sensitivity, speed, and continuous monitoring, challenges remain, including high production costs, durability in harsh soil conditions, data management complexities, health and environmental safety concerns, and a lack of standardisation. This review highlights the potential of nanosensors to revolutionise soil and crop monitoring while also discussing the limitations and future prospects. With advancements in nanomaterials, integration with IoT and AI, and supportive policies, nanosensors hold significant potential to ensure sustainable agriculture, strengthen food security, and reduce environmental impacts. Considering these challenges, they require multiple efforts to improve the scalability, affordability, and eco-safety of nanosensor technologies. 
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1) INTRODUCTION-
The majority of the developing countries are always structured around agriculture. It is an aspect of the economy, as well as stuffed into the belly of the people. [1]. The fact that the world demands an increasing population of people, and at the same time decreases the rate of environmental degradation. According to USDA (USDA, 2018), current agricultural activities may have the potential to feed about eight billion people, but they may not be able to sustain it without technological intervention as the utilisation of agricultural resources is increasing. [3] Precision agriculture has emerged as an approach to increase food production and to increase sustainability by data-driven tools. [2] It is therefore a compelling idea, and its principles naturally raise the expectation that farming inputs can be used more efficiently, improving profits and producing less that harms the environment. The technological advancements in precision farming today can supply the means for tomorrow's environmentally sustainable agriculture (Maurya et al., 2024; Monteiro et al., 2021). In the last few decades, the market for nano-sensors has rapidly grown. With Nano sensors, other devices have delivered a creative application of them in medical diagnostics and other applications. It helps to track a great number of pollutants, environmental risks, with less cost-effective, more efficient, and selective nanomaterials. [4] 
Sustainable agriculture, ecosystem stability, and world food security all depend on soil health and soil quality. The soil plays a fundamental role in promoting the growth of plants, regulating the water cycle in plants, recycling nutrients and filtering pollutants. This review represents the present state of the soil health indicators and the relationship between soil health and environmental sustainability.  Soil health refers to the capability of soil to perform as an ecosystem to facilitate the development of plants and animals. In addition, Climate change has various effects on agriculture and is among the most acute environmental issues. It is also a major contributor to the fast-changing food systems and their effects on human health.[5]
Nanotechnology has slowly yet deeply taken over different industries worldwide. This rapid pace of technological revolution can especially be seen in the developed world, where nano-scale markets have taken over rapidly in the past decade. Nanotechnology is not a new concept since it has now become a general-purpose technology (Malik & Waheed, 2023). Nanotechnology is the one which involves the manipulation of matter at the Nano scale (1-100 nm), offering novel solutions to overcome these limitations and enhance the capabilities of soil monitoring systems.[2] The newer technology is enhancing the production by minimising food wastage, which is a crucial part to maintain sustained living standards of the country as well as enhancing food security worldwide. Nanotechnology has the capability to synthesise foods of extraordinary standard in a much refined edible form as well as the promotion of the availability of nutrients. [6]. 

2) Global challenges in agriculture
Feeding the world’s growing population was one of the biggest challenges of our time. According to the Food and Agriculture Organisation (FAO, 2023), global food demand is expected to increase rapidly by at least 60% by 2050 as the population approaches 10 billion.[5] At the same time, farmers are facing a reduction in arable land, reduced soil fertility, and the adverse impacts of climate change, such as unpredictable rainfall and rising temperatures.  Traditional practices are now not suitable to meet the demand of the population. [7]
Crop productivity and sustainability are very much influenced by soil health, as it includes various parameters as nutrient balance, structure, and biological activity. To feed a growing world population, there should be a balance of “productivity, socio-economic and environmental benefits to producers and to society at large,” where the policies and institutions manage to guarantee the health of the soil and control the diversity and protection of crops to align with most forms of agro-ecosystems with the climate change tolerance, reap the benefits to support those problems. [5]. South Asia has recorded an excessive economic development within the last 20 years; however, there are over 25% of the hungry individuals in the world and half of all the malnourished kids and women in the world. Among the key reasons is constant climatic variability, leading to high levels of droughts and floods that are caused. [7]
The agri-food systems are affected significantly by climate change. According to diagnoses in the 6th Assessment Report on Climate Change by the IPCC (Intergovernmental Panel on Climate Change), a combination of high-emission scenarios SSPs(Space Solar Power Systems) implies that a tenth of the currently available land area with large crops will become climatically inhospitable by the average of 2030. [8]

3) What are Nano sensors?
Nanotechnology is a multidisciplinary field that demands the understanding, control, and influence of matter at the nanoscale, which is in the range of 1 to 100 nanometres (nm). [2] One of the promising fields is nanotechnology to augment the availability of food and to produce more recent products towards desired applications in agriculture, “food, water, the environment, medicine, energy, as well as electronics [6]. Nano sensors are superior to the conventional types of testing procedures since, in the present situation, they are quicker and dependable. The farmers would be able to apply fertilisers with the assistance of these Nano sensors, judiciously use pesticides and check for any plant stress signs. 
A new generation of technologies is created because of the Nano sensors. They are easily relatable on the Nano scale and can be used to determine single processes which are invisible on the macro scale. Successful usage of this technology is achieved in various sectors since it achieves the continuity demands and carries out diverse daily functions. [4].  Sensors assist in observing alteration or influence posed by multiple pesticides, fertilisers and herbicides and also the physical status of soil, such as pH, moisture quantity and development situation of crop, stem zeal or even root, toxicity research. It is able to continuously survey the toxicity generated in the field.[1] 
Nanostructures can also be used to create smart fertilisers and soil conditioners that release nutrients and water in a controlled manner, reducing leaching and runoff of the soil. Also, nanoscale devices can enable wireless communication and energy harvesting, allowing for the deployment of autonomous sensor networks in remote and harsh environments. [2]
4) Importance of soil monitoring
Soil is a complex and dynamic system that plays an important role in crop growth, nutrient cycling, water regulation, and carbon sequestration. [2] Soil health may be believed as the dimensions of a soil to perform, per the limits of ecosystem and land use to contribute to biological productivity, and safeguard the environmental conditions and improve the health of animals and plants. It is a phenomenon that entails an abundance of factors, in which physical, chemical and biological qualities of soil are included.[10] To have a higher yield, soil health is necessary for growth and productivity. By taking care of soil health, farmers can take suitable measures to maintain soil fertility and to improve plant nutrition, and prevent soil degradation, which in turn sustains long-term and higher crop yields. [10] Several factors help researchers make informed decisions about various agricultural operations, helping them make important decisions regarding their yield and crop health. [11]
With reference to soil measurements, Remote sensing can offer valuable data on the similarities and differences in soil formation and state, social engagement of satellite, ground, or air sensors in capturing images and data of soil properties and is termed as taking photographs of soil properties [11]. The soil monitoring assists in the measurement and estimation of the environmental stress and the biological stress, should there be any. Biological stress is the impact which living organisms, such as fungi, bacteria, nematodes and insects have on plants, but environmental stress is the prolonged presence of salinity that may result in lower growth, poor photosynthesis as well and death of the plants.[3] 

5) Importance of sensors based on Nanotechnology for soil monitoring
Soil health is the foundation unit of sustainable agriculture, and monitoring soil conditions is necessary for ensuring that crops grow in optimal environments. By using advanced technologies like sensors, drones, and AI, farmers can monitor and manage their soil health more effectively. [10] Nanotechnology is the technology for the administration of crops and is an essential technology for amplifying crop productivity. Nano materials and nanostructures, such as carbon nanotubes, nanofibers, and quantum dots, are currently being adapted to the field of agriculture research as biosensors to determine soil and fertiliser application quality. [6]. Nanotechnology is in continuous development, and with the advancement in technology, we can see more sources of information coming through. 
Nanosensor application has a great potential to minimise the negative issues that exist in the field of agriculture, besides enhancing the environment. The Nanosensors, primarily in agriculture, are to detect moisture in the soil, nutrients, insecticides and crop pests. The nanosensor is highly responsive and is consequently more applicable to the agricultural sector[13]. Examples of nanomaterials that can improve the capabilities of an electrochemical sensor to detect low-level concentrations of metals, nitrates, phosphates, and pesticides in water samples include electrochemical sensors and ion-selective electrodes (ISEs). Real-time measurements can also be done with nanosensors, which is a significant characteristic in implementing environmental sensors in monitoring. [13]

6) Key soil parameters that influence crop performance and should be monitored include-
6.1 Soil moisture  
The amount of moisture or soil moisture is a fundamental component of the hydrological system of the earth, and it plays a vital part in the productivity of the agricultural produce, climate change, and the management of water resources [14]. Moreover, numerous research domains, flood hazard and climatic forecasting, where the soil moisture is required to oversee agricultural water services, are countless [14].
It is the quantity of water available in the soil pores which is consumed by plants to complete the nutrient level, among other microbial processes. [2]. The storage of water, which is temporary, is important in land surface atmosphere feedbacks [14]. Monitoring soil moisture in real-time sensor products based on nanotechnology has flourished in real-time control of systemic irrigation and water conservation.[3]
6.2 Soil pH sensing 
It is the acidity or alkalinity of the soil that affects the microbial activity, solubility of nutrients and root development of the crop.[2]. The activity of the hydrogen ions of the soil solution is the measure of soil pH. It is also an indicator of the nutrients available to the plant. Lime can be added to soil to increase its pH, and sulphur and ammonium can be added to lower its pH. The PH value of soil has a leading position in the occurrence and severity of plant diseases caused by most soil-borne pathogens.[9] Most crops grow best in slightly acidic to neutral soils (pH 6-7).
6.3 Nutrient sensing
The plant nutrients that are required in the soil solution are nitrogen (N), phosphorus (P), potassium (K), and micronutrients. [2]. There are two main mechanisms in which mineral nutrition could affect resistance: a) Emergence of a mechanical barrier (e.g. thickness of cell walls) and b) Coalescence of natural defence compounds (e.g. phytoalexins). The importance of the vascular structures contained in the plants is critical to the transport of critical nutrients and signalling molecules between different tissues and organs [15]. Sensors of soil nutrients using nanotechnology have also been designed to monitor the nutrients in soil in real time[3].
6.4 Soil organic matter 
The fertility and productivity of soils are significantly dependent on the soil organic matter (SOM). Climate creates SOM dynamics influenced by land use management and the type of soil. These are all factors that interact to give the physical, chemical and biological controls. [16]. The quantity of soil that is made up of the decomposed plant and animal residues, which give it nutrients, improves soil structure, and it holds water. [2]. Introduction of organic materials in the soil, like the cover crop green manure, seed meals, dried plant material, good quality compost, organic waste and peats can be targeted towards the reduction of soil-borne pathogens. Even though soil organic matter (SOM) has a low percentage of the mass of agricultural soils, it is combined with enhanced soil structure. [17]. 

6.5 Soil electrical conductivity
The capability of conducting electrical current of the soil is also related to the salinity of the soil, the clay content and the water content that exists in the soil. [2]. There is the total salt concentration in the soil solution, and thus the hyper salinity of the soil in the root zone may have a negative impact on the crop yields, and thus making it more challenging to take up the water by the plants, disturbing the nutritional balance of plants or lead to the toxicity of a particular ion (e.g. sodium and chloride).[18]
6.6 Soil microbial monitoring
The most important indicators of soil health are the population and activity of soil microbes (bacteria, fungi and earthworms). These are the microorganisms which assist in the decomposition of organic matter, the fixation of nitrogen, and the recycling of nutrients.[10]. They form the majority of the soil-dwelling biomass to the extent of 75 or 90 per cent and are the main decomposers of organic matter. [9] These soils could be remedied into disease-suppressive soils by inclusion of an inoculum of effective microorganisms. [9]
7) TYPES OF NANO SENSORS-
7.1 Electrochemical Nanosensors
Growth of plants is influenced by hard and reciprocal association, which may involve appropriate nutrition, a variety of environmental factors, photosynthesis, respiration, pests, and diseases. [12]. Electrochemical nanosensors are integrated with a working electrode, counter electrode and reference electrode. Planned nanomaterials electrodes possess an equivalent high active surface area, which gives them enhanced sensitivity. The recent developments of the electrochemical nanosensors are largely attributed to the research developments on the metallic nanoparticles, including gold and nanocarbon materials, including carbon nanotubes and graphene-based materials, since they possess unique electronic characteristics[19]. A significant decrease in oxygen concentration at Chara corallina internodes due to micro-perforation of the cell wall has been detected by electrochemical nanosensors (carbon-filled quartz micropipettes with platinum-coated tips). [19].
This is possible through the modification of the electrode surface with nanomaterials like carbon nanotubes, graphene, and metal nanoparticles. [20] 
7.2 Mechanical Nano sensors
Mechanical nanosensors refer to Nano sensors which detect the physical and chemical properties within an area of the nanoscale [13]. It has been described by many research groups that nanomechanical sensors would be able to detect many targets, including moisture and mercury vapour. [22]. The working principle of nano-mechanical sensors records the mechanical changes of a sensing element brought about by volume- and /or mass-change. It is noted that nearly all types of solid materials, such as organic small molecules, polymers, self-assembled nanomaterials, inorganic nanoparticles and biomolecules, mechanically deform during gas sorption, making a wide variety of chemical selectivity and sensitivity possible with the utilisation of a receptor material. [22]

7.3 Optical Nanosensors
Optical nanosensors have proven themselves as an effective sensing technique in biological applications. Optical nanosensors are made up of nanomaterials with non-toxic receptors attached to the surface that allow optical changes in an environment to be detected.[13] Photonic crystals are periodic, dielectric nanostructures with a band gap that forbids the propagation of light in a certain frequency range in much the same way as the periodic potential in a semiconductor affects the electron motion by defining allowed and forbidden electronic energy bands.[23] Nano photonics is expected to yield a multitude of novel sensing phenomena, for instance, photonic crystal optical fibres with sub-mm waveguide channels can enhance various non-linear optical processes, leading to unique nano-scale optical interactions. [23] 
Optical sensing works by detecting changes in the intensity, wavelength, polarisation, phase, or direction of light or other forms of electromagnetic radiation. Common types of optical sensors include photodiodes, phototransistors, photovoltaic cells, and charge-coupled devices (CCDs). [20]
7.4 Chemical Nano sensors
The chemical sensors are helpful in monitoring conditions via different aspects, i.e. both inside and outside the lab. Scientists are especially looking for innovative techniques to monitor possible pollutants as environmental pollution becomes a more significant issue. [4] Chemical sensors, used for soil chemical monitoring, are grouped and divided by their signal transmission mechanisms into electrochemical (including potentiometric, voltametric, conductimetric, and impedimetric), electromagnetic (optical, measuring colour, luminescence, fluorescence, phosphorescence, etc.), and gravimetric (mass-sensitive piezoelectric devices). [25] The most widely used techniques in optical chemical sensors for soil analysis are absorption (and visible colour change), fluorescence, and luminescence. Sensors based on other spectroscopies and optical parameters, such as refractive index and reflectivity, have also been developed. [25]
 
8) Nano material-based sensors for soil monitoring
8.1 Carbon nanomaterials for soil moisture and nutrient sensing
Carbon nanomaterials, such as carbon nanotubes (CNTs) and graphene, have attracted significant attention for their application in soil moisture and nutrient sensing due to their unique electrical, mechanical, and chemical properties. [2] CNT-based sensors are dependent on the changes in electrical conductivity or resistance when the nanotubes interact with target analytes. [3] . Carbon nanotube-based biosensors have been used in finding microbes, toxic elements, and other metabolites in beverages and food, resulting in their faster detection, simple protocol, and cheaper cost.[6]
In addition, carbon nanomaterials, including carbon nanotubes (CNTs), graphene, carbon black, and carbon nanofibers, are among the most commonly and widely used materials for the manufacturing of high-performance flexible sensors.[26] Many other advantages of these materials are their capability to work at room temperature and the possibility to operationalise them for chemical specificity. CNTs are excellent sensor candidates because of their mechanical and electrical properties [26] By altering the CNT features, it will be possible to design a new variety of Nano devices with special conductivity, thermal and optical properties that have been used in agriculture and the construction of sustainable agricultural practices. [27] 
Carbon nanotubes have been a topic of research for more than 20 years. Reflecting this academic strive is the worldwide commercial interest, leading to the manufacturing capacity of several thousand tons of CNTs per year. [28] The properties of CNTs need to be explained beyond local molecular structures, as is done in solid-state physics.                
8.2 Metal and metal oxide nanoparticles
Metal and metal oxide nanoparticles, such as gold (Au), silver (Ag), titanium dioxide (TiO2), and zinc oxide (ZnO), have been widely recorded for their application in soil pH and salinity sensing because of their unique optical, electrical, and catalytic properties. [2] Metal nanoparticle-based sensors are expected to improve sensitivity and selectivity by using customised signal amplifications. [4] Metal oxide nanoparticle-based sensors rely on the changes in electrical conductivity or resistance when the nanoparticles interact with target analytes. [3]
Metal Oxide-based sensors have recently been taken into advancement to efficiently reveal the presence of toxic and combustible gases (i.e., hydrogen sulphide, carbon monoxide) to withstand high humidity and temperature. [30] Metal oxide-based nanomaterials chemical sensors are increasingly used in the automotive field to optimise cabin air quality, as fuel emission detectors and as fast point-of-care testing and monitoring devices in the biomedical field. [30]
8.3 Quantum dot-based nano sensors- 
These are the sensors for optical detection of soil organic matter, heavy metals and pathogens which are present in the soil.[2] Quantum dots are nanoparticles with semiconducting properties whose size is almost twice as large as the size of the Bohr radius of corresponding exciton and whose electronic properties differ from the bulk material as they were made of due to a higher surface-to-volume ratio and consequent high reactivity. [32] The size of QDs varies from a few nanometers to a few tens of nanometers, which allows for a gradual increase of 1–2 eV in the energy of the electronic transition compared with the bulk material. [32] 
Carbon quantum dots (CQDs) have recently emerged as highly versatile nanomaterials with a broad spectrum of applications. Pristine and engineered CQDs have been reported to impart multiple ex-planta and in-planta benefits that increase plant growth and productivity under normal as well as stress conditions. [33] Fluorescent carbon dots (CDs) are also known as carbon quantum dots (CQDs) or carbon nanodots , which results in their high photostability, excellent water solubility, tuneable fluorescence and optical properties, low toxicity, good biocompatibility, and environmental friendliness. [34]
9)   Disadvantages and challenges of Nano technology-
Bearing in mind, the name of Nanotechnology in turn also represents certain risks and issues to both human health as well as to the environment. In the case of risk and safety, the following would apply in only some areas. The prior research conducted on nano materials has resulted in severe health complications besides exhibiting toxicity, even when it gets into the body of a human being killing tissues as it penetrates all the crucial organs.[1]
1) Higher cost: The fabrication of nanosensors often involves complex and expensive processes, such as lithography, chemical vapour deposition, or atomic layer deposition, which may limit their mass production and affordability.[2]
2) Data management- Data Overload with the increasing use of sensors and IoT devices, farmers can collect large amounts of data on soil conditions. However, managing and analysing this data can be overwhelming. To make the most of the data, farmers need access to user-friendly platforms and tools that provide actionable insights and recommendations. [10]
3) Hazardous effects on human health- As per this situation, the concentration in the environment and food chain is a path that may result in the rise of nanomaterial residue uptake in human and other environmental organisms. [36] 
4) Ethical, social & adoption considerations- Data ownership, privacy, and
The benefits from high-resolution soil/crop data are open questions; without inclusive business models, the technology risks widening the gap between well-resourced farms and smallholders.  [35]
5) Lifecycle & end-of-life issues- End-of-life disposal of nanosensor cartridges or modules containing metal nanoparticles or CNTs raises questions about how to safely recover or neutralise sensor materials; without circular design, mass deployments could create new waste management burdens. [36] 
10)   CHALLENGES
1) Durability: Soil is an unpredictable and rugged environment with varying temperatures, humidity, and chemical properties. They ought to come up with long-term working nano sensors by possess the capability of cleaning and mending themselves in order to work in soil. [3]
2) Absence of Standardisation- Soil health measurements and testing procedures might be different across regions, farms and between laboratories. Such a non-uniformity may complicate the comparison of soil health data at different sites, as well as the introduction of universal best practices to manage the soil. [10]
3) Poor sensing at room temperature- this happens due to the influence of the level of humidity. Therefore, in order to meet the requirement associated with the timeliness of the alarm triggering, NRT gas sensors featuring a quick response will be designed regardless. [30]
4) More plausible screening- Biosensors need to be more viable to furnish expedited screening and on-site uses to present believable outcomes of environmental tracking and attainable SDGs with minimal carbon footprint and reduced harmful waste. [38] 
5) Technical & manufacturing challenges- Nanosensor manufacturing frequently depends on specialised, expensive fabrication methods (clean-room lithography, CVD, precise nanoparticle syntheses) that raise per-unit costs and complicate scale-up for agriculture. [39]

Conclusion 
Nanosensors represent an innovation for real-time soil and crop health monitoring, representing precise, rapid and continuous assessment for key agricultural parameters. By enabling farmers to monitor soil moisture, pH, nutrients, organic matter, microbial activity, and salinity, these technologies can significantly improve crop productivity and usage of resources while supporting sustainable agriculture. However, with the exception of their applications, nanosensors face several limitations, including high production costs, durability issues in harsh soil environments, lack of standardisation, and concerns regarding health, environmental safety, and ethical considerations. Considering these challenges, they require multiple efforts to improve the scalability, affordability, and eco-safety of nanosensor technologies. With continued advancements in nanomaterials, when used in combination with Artificial intelligence platforms, and with responsible adoption being assisted, nanosensors have a crucial contribution to make in achieving food security, stressing the environment less, and defining the future of precise farming.
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