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Abstract

Nanobiosensors are an advanced type of analytical device that combine nanomaterials with biological
recognition components, allowing for ultra-sensitive and selective detection of various chemical and
biological targets. In the field of agriculture, these systems enable quick, real-time monitoring of soil
nutrients, early detection of plant diseases, assessment of pesticide levels, and evaluation of crop health,
thereby enhancing precision farming techniques. The use of nanoscale materials such as gold
nanoparticles, carbon nanotubes, graphene, magnetic nanoparticles and quantum dots significantly boosts
sensitivity, response times, and stability. These improvements facilitate more precise diagnostics in the
field and decrease reliance on traditional laboratory methods. In environmental monitoring,
nanobiosensors have shown remarkable effectiveness in identifying heavy metals, microbial pollutants,
organic contaminants, and new toxic substances in soil, water, and air. Their compact design, portability,
and ability to integrate with wireless and IoT-enabled systems allow for ongoing, autonomous
environmental monitoring. Recent developments also feature flexible, wearable, and paper-based sensors
that offer economical and eco-friendly monitoring solutions suitable for widespread implementation. This
review highlights the vital role of nano biosensors in facilitating precision agriculture and protecting the
environment while pinpointing crucial areas for future development.

Keywords: Nanobiosensors, Precision agriculture, Environment monitoring, Nanomaterials, Heavy metal
detection, Plant disease detection.

1. Introduction

A relatively new and quickly expanding trend in practically every scientific field is nanotechnology.
The idea behind nanotechnology is to work atom by atom to create structures with novel molecular
organization. By doing so, it is possible to take advantage of these characteristics and create novel devices
(Sharon et al., 2010).

Sensors are sensors with at least one sensing component that is smaller than 100 nm. The unique
electrochemical properties of nanomaterials can be utilized for detection in the development of such nano
Sensors.
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The development of diagnostic tools and techniques, such as nano-biosensors, is a major factor in the
agricultural revolution. These sensors are accurate, efficient, and cost-effective when it comes to managing
various food, agricultural, and environmental issues. Sensor applications in agriculture include the
detection of heavy metal ions, pollutants, microbial load, and pathogens in addition to rapid temperature,
traceability, and humidity monitoring (Jhonson et al., 2021).

Nanosensors can be applied in a variety of fields, including environmental, agricultural, medical and
industrial (Joseph et al., 2006).Agriculture uses a variety of strategies based on more ecologically friendly
and energy-efficient cross-cutting technologies, such as: 1) nano formulation delivery systems to enhance
the wettability and dispersion of nutrients and yield mapping, and positioning systems for crop growth
and disease control (Fraceto et al., 2016).A various of nanomaterials, including metals, carbon nanotubes
(CNTs), magnetic nanoparticles, nanowires, nano-probes, and quantum dots (QDs), are used to create nano
biosensors, which are made of nanocomposites of organic, inorganic, or combined materials
(Periakaruppan et al., 2013).

Nanoparticle-integrated biosensors, or nano sensors, are recent developments in the field of
nanotechnology. They are essential to the agri-food industry because they are compact, portable, effective,
sensitive, and specific. Nanoparticle-based nano biosensors can be used by researchers in clinical
diagnostics and research facilities for smaller delivery systems, plant protection, improved oil health
promotion, longer fruit shelf life, and sustainable agriculture (Dar et al., 2020).

Farmers in the agricultural sector can monitor and manage soil conditions on-site with the help of these
small, portable, and compact devices. Nano biosensors have been used to analyse soil fertility, pH,
moisture content, mineral concentrations, pest detection, and mineral deficiencies prior to disease onset.
A biological component is incorporated into nano biosensors to help them sense and measure desired
aspects. Peptides, enzymes, antibodies, cells, tissues, and nucleotide structures are examples of these.
These are connected to a detection technique, frequently a transducer, to produce an electronic signal.
Additional detection techniques include fluorescent-based reactions that resemble miniature bedside
testing strips or visible colour changes. The potential for higher sensitivity (identifying individual virus
particles) and the high surface area of small-scale reactions, which reduce reaction times and sample
quantities and improve result efficiency, are two advantages of nano biosensors over conventional
biosensors.

High levels of research and optimization have been applied to smartphone integrated systems for such
applications, eliminating the need to buy particular electronic devices. Nano biosensors are currently being
developed for a variety of purposes, such as the detection of corn mycotoxins, subclinical ketosis, and
different types of influenza. There is currently nano technology that provides a real-time, field-based
diagnosis of pathogenic contamination. These tools show promise for food analysis because they can meet
certain needs that traditional analytical techniques cannot (Viswanathan & Radecki 2008).This study aims
to review the use of biosensors and nano biosensors in the environmental and agricultural sectors.

2. Nanosensors and Nanobiosensors
A sensor is a device that can identify and quantify the presence of an analyte in a sample. A
transducer, a readout system, and a detection system known as a receptor (receptor) make up the sensor.
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A biological component, the acceptor in biosensors is fixed to the converter in various ways (Huang et al.,
2021). Biosensors are analytical tools that combine biological materials, like cells, antibodies, enzymes,
etc. a biologically derived surface connected to a transducing system, which may be magnetic, optical,
electrochemical, or piezoelectric is shown in fig.1 (Schaertel and Firstenberg-Eden 1988).

In biochemical, clinical, food, and environmental analyses, biosensors are effective instruments for
examining biomolecular interactions (Hock et al., 2002). Normal micro and macro-sized materials make
up the receptor and transducer materials in a biosensor, but in a nano biosensor, either the receptor or the
transducer, or both, are composed of nano material. For a variety of field applications, carbon-based,
metal-based, polymer-based, and nanocomposite materials are primarily utilized (Khan et al., 2019).
Recent developments in nanotechnology make it possible to create nanomaterials with remarkable optical
and electrical characteristics for use in electronics and sensing applications (Saini et al., 2017).
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Figure 1: Basic structure of nanobiosensor

3. Types of Nanobiosensor

Nano-biosensors are generally categorized according to the nature of the identified compound, the
transduction system, the identification technique used to identify the interactions, and the interaction
between the probe and the analyte element. Nano-biosensors are commonly categorized in agricultural
and environmental applications is given in fig. 2. Based on the biological element or receptors, biosensors
are generally divided into two categories: enzyme-based, antibody-based, and aptamer-based.

Enzyme-based biosensors have demonstrated uses in the environmental, agricultural, pharmaceutical, and
food quality and safety sectors. They function by utilizing the redox reactions of different enzymes
(Ghorbanpour et al., 2020).

Aptamer-based biosensors are made up of DNA/RNA oligonucleotides that interact with their target
ligands. These aptamers are able to identify and attach to small molecules of interest, altering their
structures. Applications for aptamer-based biosensors in environmental monitoring, particularly in water
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contamination, include the detection of bacterial cells, bacterial toxins, viruses, mycotoxins, or heavy
metals. Pesticides, pharmaceuticals, industrial byproducts, antibiotics, and aquatic toxins are also targets
(McConnell 2020; Chiu and Huang 2009). Antibody-based biosensors make use of antibodies' ability to
recognize specific amino acid segments. Environmental and clinical applications have made use of these
sensors (Wujcik et al., 2014).

COLORIMETRIC

Figure 2: Types of Nanobiosensors based on agriculture and environmental applications.

3.1 Mechanical Nano biosensor

Nanoparticle-based mechanical detection systems measure changes in mechanical forces at the
molecular level and enable ultrasensitive detection. Mechanical nano-biosensors quantify the nanoscale
forces produced by changes in mechanical properties or biomolecular interactions. That is surface stresses,
expansion, deformation, motion), as well as physical (forces, weights) (Purohit et al., 2020). Compared to
other biosensors, mechanical biosensors have certain advantages. Initially, biosensors based on bio affinity
that can identify even the tiniest quantities of analyte (e.g.) can be created utilizing the outstanding mass
resolution of these devices. Nanoelectromechanical systems (NEMS) have achieved a mass resolution at
the zeptogram scale (Braun et al., 2009).

Second, these devices can be used to quantify forces at the cellular level because they experience a
measurable displacement in response to an applied force that can be converted to an electric signal
(Polacheck et al., 2016).

Third, they have a very fast sensing time, required to study biological events. Fourth, the feasibility of
detecting an analyte in both liquids, and gaseous phases. Fifth, no need for labelling in these devices,
which is an essential requirement in optical sensing (Rodahl et al., 1995). In agriculture, mechanical nano
biosensors are instruments that use nanoscale mechanical principles to identify and track soil conditions,
plant health, and the presence of pollutants.
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3.2 Electrochemical Nano biosensor

Electrochemical sensors are applicable to a wide range of analytes. Electrical recognition is a
rapidly growing field that requires little effort in manufacturing processes. The remarkable qualities of
electrochemical detection, such as its sensitivity, low cost, compatibility with contemporary
miniaturized/lab-on-a-chip strategies, minimal power requirements, and lack of pre-sample processing (no
effect from turbidity and colour of sample), are what make it so popular (Zhu et al., 2015).

The standard principle of electrochemical nano sensors is a chemical reaction in which electron release,
accept or consume ions. This chemical reaction takes place between a restrained ligand and analyte of
interest that measurably affect the transduced signal, such as an electrical current or potential (Cheng et
al., 2006).

Electro chemical nano sensors work on the basis of a chemical reaction in which electrons release, accept,
or consume ions. This chemical reaction occurs between an analyte of interest, such as an electrical current
or potential, and a restrained ligand that has a measurable impact on the transduced signal (Hameed et al.,
2017). These electrochemical sensors have been employed to identify both biological and chemical
substances, offering a diverse array of applications in the fields of environmental science and biomedicine
(Bakirhan et al., 2020). Various kinds of electrochemical sensors exist and can be categorized into A
ampero metric, photo-electrochemical, impedance, and electrochemical luminescence (Hammond et al.,
2016).

3.3 optical Nano biosensor

Detection of optical signals using nano sensors delivers enhanced sensitivity due to the unique
interactions between the active sites of nanomaterials and light signals. Nonetheless, the level of sensitivity
is heavily influenced by the specific detection mode of the optical phenomena (Wang et al., 2012).

Optical sensors are utilized for various types of spectrographic assessments, including absorption, visible
light, fluorescence, Raman spectroscopy, surface-enhanced Raman scattering (SERS), refraction, and
qualitative analysis through dispersion (Lee et al., 2011). These sensors enable various applications such
as monitoring soil health, managing nutrients, detecting diseases, and optimizing water quality. They
employ nanotechnology to improve decision-making in agriculture, decrease the use of agrochemicals,
and boost crop yields while lessening environmental effects. Optical nanobiosensors can revolutionize
agricultural systems, offering economic benefits through reduced input costs and increased yield quality
while contributing to environmental sustainability and long-term food security (Kumar et al., 2025).

3.4 Colorimetric Nano biosensor

Colorimetric biosensors can identify interactions with certain analytes by observing changes in
colour, enabling both straightforward and immediate diagnostic techniques (Zhu et al., 2020; Liu et al.,
2020). Colorimetric sensors have been designed exploiting the pronounced localized SPR of gold colloids,
and colour changes depending on the interparticle distance of nanoparticles. Colorimetric biosensors are
capable of identifying reactions with particular analytes by means of colour alterations, enabling both
straightforward and immediate diagnostic techniques (Zhu 2020; Liu 2020).

Colorimetric biosensors are gaining significant interest because of their distinctive characteristics,
including straightforward visual detection, excellent sensitivity, and reduced reliance on devices. In
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particular, in clinical and field applications, there is a critical need for a sensing system that is immediate,
highly sensitive, and cost-effective for diagnosis (Yokoori 2025; Zhang 2020). Various types of
nanomaterials are utilized in researching biosensors, particularly in the realm of colorimetric biosensors
(Nguyen et al., 2020). Colorimetric biosensors have found extensive use in the testing of mycotoxins (Zhu
et al., 2020).

3.5 Piezoelectric Nano biosensor

The piezoelectric sensor operates by detecting variations in mechanical stress caused by the
binding of biomolecules to the surface of the piezoelectric crystal, along with the voltage generated when
the material experiences mechanical stress (Pohanka et al., 2018). A piezoelectric material or crystal,
like lead zirconate titanate or barium titanate, serves as the central sensing component in a piezoelectric
nano-biosensor (Selvarajan et al., 2017). Research has been conducted on these sensors for their potential
use in different environmental and healthcare settings, including the detection of foodborne pathogens and
toxins (Malekzad et al., 2017).

4. Nanomaterials Used in Nano Biosensors

Nanomaterials have been utilized to create nano biosensors or nanoparticle-based biosensors by
integrating nanoparticles into the sensor design. The small size (1-100 nm) and increased surface area of
nanomaterials enhance the efficiency of biosensors (Antonacci et  al., 2018). Various types of
nanomaterials have been utilized in the creation of biosensors, including metallic nanoparticles, metal
oxides, quantum dots, and dendrimers (Forough 2021; Xiang 2015).

Biosensors that use nanomaterials exhibit excellent sensitivity, quick detection rates, and
rapid response times. Optical biosensors, including fluorescence sensors and surface plasmon resonance
sensors, as well as electrochemical biosensors such as amperometric, potentiometric, conductometric, and
impedimetric sensors, along with mass-based piezoelectric biosensors, can be enhanced by incorporating
nanomaterials to improve their detection capabilities (Santos 2018; Mohammadi 2020).

Nanomaterials find widespread applications in agriculture owing to their size and enhanced characteristics.
Their unique physical, chemical, and biological properties cause them to function quite differently than
bulk materials (Garg et al., 2022). Nanomaterials serve various purposes, including identifying pollutants
in soil, cleaning water, combating plant diseases, and enhancing the capacity of plants to gradually uptake
nutrients (Yata et al., 2018).

The eco-friendly synthesized nanoparticles, including silver (Ag), gold (Au), zinc oxide (Zn O), and
titanium dioxide (TiO2), are widely employed in plant protection for managing diseases and enabling early
detection of infections (Cardoso et al., 2022). Nano fertilizers incorporating metal nanoparticles have
been utilized to sustain crop nutrition (Kubavat et al., 2020). (Table 1) illustrates the various nanoparticle-
based biosensors and the detection limits employed in recent years.

Metallic nanoparticles, including silver (Ag), gold (Au), zinc oxide (ZnO), and iron oxide (Fe203), are
some of the most widely researched nanomaterials due to their diverse applications in agriculture. Silver
nanoparticles (Ag NPs) are very efficient in managing plant pathogens, while zinc oxide nanoparticles
(ZnO NPs) improve the accessibility of micronutrients, thus promoting plant growth and development
(Trzcinska-Wencel et al., 2018). Carbon-based nanomaterials like carbon nanotubes (CNTs), graphene
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oxide, and fullerenes are becoming increasingly important in agriculture due to their structural integrity
and capacity to affect plant physiological functions (Pandey et al., 2019). Graphene oxide has shown the
capacity to manage oxidative stress in plants and enhance the effective distribution of agrochemicals.
Moreover, the distinctive electrical and mechanical characteristics of carbon-based nanomaterials render
them exceptionally appropriate for biosensing applications, allowing for the real-time observation of plant
well-being and environmental factors (Gao et al., 2020). Chitosan-based nanoparticles are eco-friendly
and have antimicrobial characteristics, making them suitable for sustainable pest control. These polymer
systems not only minimize the environmental impact of farming practices but also help to sustain or

improve crop yields (Kumaraswamy et al., 2018).
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Table 1: Nanomaterials used in Nanobiosensor
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5. Application of Nano Biosensor in Agriculture and Environmental Monitoring

In order to uphold sustainable agriculture, the adoption of advanced technology is essential,
including the use of nano biosensors. Nano biosensors provide an affordable detection solution with
enhanced sensitivity for the agri-food sector (Kumar 2021; Sharma 2021).

Overall, the application of nano biosensors has been aiding the advancement of "smart agriculture" and/or
"precision farming," owing to their capacity to sense, analyse, and identify changes (Manjunatha et al.,
2016). Intelligent plant systems facilitate quick evaluation and effective administration of expensive
agrochemicals, environmental stress factors, and phytopathogens that contribute to significant crop loss.
Continuous plant monitoring can be a labour -intensive task that can be accurately performed with the aid
of smart nano biological sensors (Mittal et al., 2020). Improvement in sensing technology can be obtained
by linking the nano biosensor with a global positioning system, which can significantly assist farmers in
isolated regions to oversee the use of fertilizers, pesticides, insecticides, water levels, and manage both
physical and chemical stresses, as well as detect pathogens to avert the emergence of various diseases in
crops directly in their fields (Shang et al., 2019).

5.1 Detection of pest/pathogens in plant

In the early years, identifying particular pathogens primarily relied on their visualization, often
requiring multiple days (Khiyami et al., 2014). Timely identification of pathogens through innovative
biosensing methods contributes to effective disease management, resulting in reduced productivity losses.
Accurately pinpointing pathogens can aid in formulating treatment plans to tackle diseases (Ali et al.,
2021).

Plant pathogens can also be found, including Acidovorax avenae, Pseudomonas syringae, Ralstonia
solanacearum, Pantoea stewartii, Botrytis cinerea, Pseudocercospora fijiensis, Leptosphaeria maculans,
and others (Dyussembayev et al., 2021). The creation of straightforward and quick sensing tools or
platforms has been crucial in the field of plant disease management research.

In contemporary agriculture, biosensors that utilize nanomaterials are employed as a rapid detection
method. Various biosensing approaches have been developed by researchers, including electrochemical
sensing, immune sensing, and apta sensing, among others (Cebula et al., 2019). A label-free
electrochemical biosensor using impedance detection has been developed to identify Pseudomonas
syringae pv. lachrymans (Psl), achieving a limit of detection of 337 CFU/m L. Another electrochemical
sensor was developed to identify Pseudomonas syringae DC3000 (Psy) with a limit of detection of 214 p
M (Lau et al., 2017). Created an alternative method for colorimetric detection of Pseudomonas syringae
utilizing thiol-linked DNA-Gold nanoparticle probes.

The detection mechanism is based on a colour shift (from red to purple) during the process, which verifies
a positive outcome. The soil bacterium Ralstonia solanacearum, responsible for potato wilt disease, was
identified, and a comparable colorimetric detection method was also created. The pathogen can be directly
identified from the soil sample (Khaledian et al., 2017). Nano biosensors that utilize the fluorescence
resonance energy transfer phenomenon of quantum dots have been employed for the detection of
Phytoplasma aurantifolia, which causes witches' broom disease in lemon trees. An immunosensor method
has been applied to enhance sensitivity to a full 100% (Duhan et al., 2017).
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Nano chips designed for microarrays incorporate fluorescent capture probes to identify single nucleotide
variations in bacteria and viruses (Kaushal and Wani 2017). Pathogens are recognized, and the data
obtained are utilized for enhancing crop varieties, as demonstrated in Fig. 3.
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Figure 3: Pathogens are recognized and enhancing crop varieties

5.2 Detection of pesticide residue in plants

Pesticide residues found in agricultural products can pose a chemical risk for the food industry
because of their toxic nature (Zhao et al., 2015). Monitoring the levels of pesticide concentration on plants
can also avoid excessive application of pesticides and assist in the management of pesticides in the field.
Different detection methods have been created, including biosensors utilizing surface Plasmon resonance
and enzymatic sensors paired with acetylcholinesterase that use multiwalled or single-walled carbon
nanotubes, to identify various pesticides like methyl parathion, parathion, fenitrothion, and paraoxon (sun
et al., 2014).

A biosensor utilizing gold nanoparticles has been effectively created to identify chlorpyrifos and
carbofuran at concentrations of 0.06 and 0.08 pg/dm3 (sun et al., 2014). A nano biosensor based on
enzymes incorporates a combination of butyrylcholinesterase, alkaline phosphatase, and tyrosinase,
utilizing Prussian blue nanoparticles that are immobilized on origami paper. This has been utilized for
identifying various pesticides like atrazine, paraoxon, and 2, 4-dichlorophenoxyacetic acid. This sensor
generated signals using a potentiometric method to create a paper-based nano biosensor that can enhance
the development of portable nano biosensors (Arduini et al., 2019). Different herbicides, insecticides, and
pesticides can be identified using the widely adopted method of electrochemical sensors. A specific nano
biosensor has been created employing hollow fiber pencil-based graphite that incorporates multiwalled
carbon nanotubes and Cu O nanoparticles (Gholivand et al., 2018).

5.3 Evaluation of soil quality

In farming, assessing soil quality is crucial for evaluating pH, nutrient levels, and moisture
content before any agricultural activities (Monrea et al., 2015). The quality of the soil can be assessed by
examining the interactions among microorganisms in the rhizosphere and the biosensor. Fertilisers, like
zinc-based ones with nanoparticles, have been designed to ensure that the nutrients are released in a
controlled manner to the plant roots, while feedback sensing was incorporated.

Additionally, a microelectromechanical system (MEMS) was created to monitor soil quality using
miniaturised electronic circuits (Kaushal and Wani 2017). In soil, numerous nutrients are present in various
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forms, and each form conveys distinct signals. The existence of ammonia and elevated nitrate levels in
soil suggests the activity of soil-feeding insects and indicates microbial imbalances, respectively. A wide
variety of microorganisms inhabit the soil and have a significant impact on soil health and plant
development. Ammonia, nitrate, and nitrite are all different forms of nitrogen (Nettleton and Peterson
2011). Lipid-based nano biosensors are utilized to identify nitrites in soil samples with a detection limit of
2.1 p g/L (Siontorou and George 2016).

5.4 Detection of heavy metals in environment

Heavy metals have consistently been regarded as a significant threat to the well-being of both
humans and animals. lons such as Cu2+, Zn2+, Hg2+, and Cd2+, which infiltrate the body through water
sources and industrial processes, affect the development of aquatic organisms in rivers, oceans, and other
bodies of water, potentially putting their survival at risk (Cui et al., 2018).

The cause of this is the significant discharge of heavy metals due to the corrosion of metals, mining
operations, energy generation, population increase, fossil fuel usage, plating processes, melting activities,
fertilizers, and more, all of which can contaminate the environment. These activities represent the primary
sources for the generation and release of heavy metals, particularly cadmium, copper, and others (Jacob et
al., 2018). The detection of heavy elements and pollution-related techniques comprises of chemical
approaches, enzyme-based methods, gold nanoparticles, and point quantum techniques; however, many
of these methods are limited to identifying only a single metal (Tan et al., 2012).

5.5 water contamination monitoring

The quality of underground water is essential for both human health and the preservation of the
environment. A range of contaminants, such as pesticides, heavy metals, and organic substances, can
contaminate groundwater, posing risks to both people and the ecosystem. Applying nano biosensor
technology to the detection of contaminants in groundwater is a very promising field (Steffens et al., 2022),
Nano biosensor-based in-situ screening is an appealing alternative for environmental monitoring since it
is quicker and more economical. Groundwater can be screened using a variety of nano biosensors, such
as optical, electrochemical, and magnetic models (Ganesan and Vasudevan 2020). Due to interference
from other substances in the water, electrochemical nano biosensors, which are extremely sensitive and
able to identify pollutants at extremely low concentrations, can occasionally produce unreliable results
(Meng et al., 2021).

6. Future trends in nano biosensors

To meet the demands in a number of fields, such as in vitro medical diagnostics, pharmaceutical
discovery, and pathogen detection, the next generation of biosensor platforms must significantly improve
their sensitivity and specificity. The goal of research on nano bioelectronics and biosensors is to integrate
nanoelectronics, tools, and materials into inexpensive, easy-to-use, and effective sensors and biosensors.
This is of interest in a number of industries, including food analysis, diagnostics, and environmental
monitoring. The development of nano biosensors for agriculture has enormous potential, and
computational biology including machine learning and deep learning will be essential to realizing that
potential (Magarelli et al., 2023).Deep learning models can forecast crop yields, optimize fertilization and
irrigation, and provide early warning of disease outbreaks by combining sensor data with weather and
environmental data (Elbasi et al., 2023). Automated precision agriculture can be quickly realized by
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combining nano biosensors with IoT and robotics by connecting the former to wireless networks and
integrating them with robotic systems; applications of smart loT-based technologies have opened up many
new potential technological advancements in all spheres of life (Haseeb et al., 2019). Automatic robotic
harvesters, the harvester is guided on a sloping terrain by the control unit design of image space. Robotic
harvesting of tomatoes, cherry tomatoes, cucumbers, strawberries, watermelons, and grapes is already
economically viable (Fountas et al., 2020).

7. Conclusion

Nano biosensors are an emerging technology that has significant potential to enhance agricultural
efficiency and ensure environmental safety. Their exceptional sensitivity, rapid response capabilities, and
the ability to identify pathogens, nutrients, toxins, and pollutants make them essential for real-time
surveillance. In the agricultural sector, nano biosensors aid in early disease detection, evaluating soil
quality, and managing nutrients with precision, allowing farmers to make prompt and well-informed
choices. Likewise, in environmental monitoring, these sensors facilitate the precise identification of heavy
metals, pesticides, and new contaminants, helping to maintain healthier ecosystems. Despite notable
advancements, hurdles such as sensor reliability, mass production, durability in field conditions, and
obtaining regulatory approval continue to hinder widespread use. Combining nano biosensors with loT
technology, mobile applications, and Al-driven data systems can improve predictive capabilities and
enable ongoing monitoring. Future studies should concentrate on creating affordable, multifunctional, and
environmentally friendly sensor systems that can be deployed in the field. In summary, nano biosensors
show tremendous potential to advance sustainable farming, enhance environmental wellbeing, and support
global food security.
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