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Plant disease outbreaks are raising concerns about global food security. Pathogenic evolution and continuous climate changes increase the threat to agriculture and necessitate disease surveillance. To prevent future outbreaks and maintain agricultural sustainability advanced tools are required. Nowadays various types of nanobiosensors such as electrochemical, piezoelectric, thermal, optical, and Fluorescence resonance energy transfer (FRET)-based biosensors are used to predict disease-associated pathogens, toxins, and abiotic stress. Nanobiosensors, provide quick detection of diseases and may protect from future pandemics as they overcome the time dependency of traditional methods and provide real-time monitoring. The incorporation of various nanoparticles with biosensors such as chitosan nanoparticles, silver nanoparticles (AgNPs), gold nanoparticles (AuNPs), multiwalled carbon nanotubes (MWCNTs), and graphene oxide, etc., facilitates the precise detection of various toxins, pesticides, and disease-causing pathogens in plants. Furthermore, the integration of portable devices and artificial intelligence (AI) increases their practical application in agricultural monitoring. Despite their promising aspect, issues with sensor stability, large-scale development, and cost-effectiveness also need to be addressed. Future studies are more concerned with improving durability, multiplex detection ability, and user-friendly field application. To enhance agricultural output, it is necessary to develop an early disease diagnosis approach that is heavily dependent on the ongoing development of cost-effective nanobiosensors. This review focuses on the recent studies of various nanobiosensors development and their operation mechanism for pathogen detection. Additionally, challenges associated with the worldwide acceptance of nano biosensors are also addressed. Overall, nanobiosensors are new-edge technology that enhances plant disease management strategies and risk mitigation in food security.
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1 INTRODUCTION
A nanobiosensor uses nanostructures to detect gases, electric fields, biological agents, chemicals, heat, light, etc. The nanostructure combined with biological recognition elements to provide pathogen, biomolecule, or environmental signal detection with a high degree of sensitivity and specificity. It provides a quick, reversible, and non-destructive assay of target molecules straight from the sample. The nanomaterials used in sensors greatly enhance the system’s sensitivity. The portion of the apparatus in biosensors that binds to the analyte and allows for its precise detection is a biological component such as an enzyme, DNA strand, antibody, or whole cell (Huang et al., 2021). The way biological component, or bioreceptor layer, is attached to the transducer is a major factor in biosensor performance. The primary objective is to enhance the biological component’s stability while forging a strong bond between it and the sensory surface (Zuo et al., 2015; Jiang et al., 2018). From an evolutionary perspective, the classic idea of biosensing, which is innate in many living forms, is employed to defend against hostile situations. As per the IUPAC (International Union of Pure and Applied Chemistry), a biosensor can be described as “a precise biochemical reaction arbitrated by the immune system, isolated enzymes, organelles, or tissues for the detection of chemical compounds through the sensing of optical, thermal, or electrical signals” biosensors are the combination of various components that collectively sense the analyte (Cruz et al., 2014; Zhai et al., 2019). A biosensor is designed to sense minute changes in the biome and well-format interpretable data by the processing of electrical impulses in a readable format (Panchuk et al., 2018; Coroş et al., 2019; Villa et al., 2020). Owing to its number of benefits, such as precise infection detection, food standard evaluation, and other uses, biosensors have started to be utilized for environmental purposes. Biosensors have also been adopted for various therapeutic purposes, such as identifying biomarkers, viruses, tumors, and pollutants to diagnose early symptoms of illnesses (Tsai et al., 2018; Haleem et al., 2021). Yet, their characteristics include low production costs, mobility, fast reaction times, and the capacity to test biomaterials with exactitude and sensitivity even at a small scale. Nanobiosensors have gained increased importance in combating emerging plant diseases, enabling rapid and precise disease detection for agricultural sustainability and global food security (Barry and O’Riordan, 2016; Yousefi et al., 2021). Traditional diagnostic techniques are frequently cumbersome and cannot be implemented in the field. Handheld analyzers, smartphone-integrated systems, and lab-on-a-chip platforms are new-age examples of future diagnostic technologies that provide very accurate real-time pathogen detection on-site. These technologies are based on immunoassays, biosensors, nucleic acid amplification and with the incorporation of AI enhance disease surveillance. Portable diagnostics is becoming an essential tool in precision agriculture due to advancements in multiplex detection and nanotechnology, which are increasing their efficacy, despite issues with sensitivity and regulatory approval (Yadav and Yadav, 2025).
2 DESIGNING OF BIOSENSORS
Biosensors, integrated receptor-transducer devices, acquired prominent attention over the last decade for their applications in medication delivery, sustainable agriculture, healthcare diagnosis, and environmental monitoring (Naresh and Lee, 2021). The electronic component of the biosensor finds, logs, and sends information about the physiological state or the presence of various biochemical materials within the ecosystem. These sensors can also detect pH levels, dangerous chemical concentrations, and even minute quantities of certain illnesses. They are available in various forms and sizes. The components of a conventional biosensor include an analyte, electronics, a bioreceptor, a transducer, and a display (Hammond et al., 2016). Biosensors can be classified based on transducer and biorecognition elements, as mentioned in Figure 1.
[image: Figure 1]FIGURE 1 | Represents the classification of biosensors broadly categorized based on biorecognition element and transducer.
To provide long-term, economical, as well as eco-friendly monitoring of plant health and environmental conditions, a sophisticated biosensor must be developed. It promotes sustainable farming methods, improves biocompatibility, and reduces waste. The combination of transition metal oxides coated with conductive polymers (CPs) presents a promising avenue for the innovation of sophisticated biosensors with enhanced capabilities. Several approaches, such as chemical, biological, and electrochemical ones, have been used to synthesize CPs (Ramanavicius and Ramanavicius, 2020).
Optimising CP synthesis has been a major area of study to design a robust and trustworthy biosensor. Several studies highlights the importance of architecture for the selection of the right monomer when constructing a CP layer with precise sensing capabilities. CPs are unlike other materials because of their unique features, namely, their improved electrical conductivity and decreased ionization potential, which are caused by the presence of delocalized π-electrons throughout the polymer chain backbone, and other intriguing features (Vaitkuviene et al., 2013; Naveen et al., 2017; Zamani et al., 2019). The glucose biosensor known as redox enzyme-glucose oxidase often incorporates CPs for the recognition of biological elements in its architecture. According to several studies, GOx sensors may function as a biological catalyst in the production of different CPs, such as polyaniline, polythiophene, and polypyrrole (Krikstolaityte et al., 2014; German et al., 2017). Lately, two-dimensional materials with good metallic conductivity, outstanding semiconducting characteristics, or their combination have been utilized for building well-organized biosensors. Biosensors, wearable electronics, and biofuel cells may all be designed and produced using these special property combinations (Deshmukh et al., 2020). Biosensors play a transformative role in modern agriculture and enhanced their effectiveness with miniaturization, and nanomaterial integration (Gangopadhyay et al., 2024; Ali et al., 2024), the examples of various biosensors and nanomaterial use in the architectures with their role in agriculture are mentioned in Table 1.
TABLE 1 | Represents the various nano biosensors and the nanomaterial used in their architecture.
[image: Table 1]2.1 Nanobiosensors and their types
Monitoring crop health requires a reliable method for timely detection of plant pathogens for efficient crop management practices, facilitating disease deduction. Various methods are utilized to confirm crop disease such as serological assay, visual examination of symptoms, and DNA-DNA-based pathogen detection. Due to their lower reliability in early recognition and on-field detection advent of nanotools enables the effective development of nanosensors to overcome several obstacles. Significant advancements in the area of nanobiosensesors development include electrochemical biosensors, piezoelectric nanobiosensors, nanomechanical biosensors, optical nanobiosensors, electrochemical nose (eNose), and electronic tongue (e-tongue), nano-barcodes, magnetic nanobiosensors, calorimetric nanobiosensors, etc., (Dar et al., 2020). These all biosensors use various techniques depending on biosensors as piezoelectric biosensors utilize quartz crystal (QZ) and their efficacy can be enhanced by the use of appropriate nanomaterial for instance gold, coated QZ crystals enhance the surface area and provide more antigen-antibody complex. Experimental evidence proved that these biosensors are similarly sensitive to enzyme-linked immunosorbent assay (ELISA) (Choudhary et al., 2010). However, the sensitivity and efficacy of nano biosensors are also dependent on the types of nanostructures they have employed including nanotubes, nanopores, nanoparticles, nanowires, and nanocomposites. Simultaneously, the use of advanced electrochemical techniques provides effective decomposition power with high sensitivity (Huang et al., 2021). In agricultural practices, electrochemical nanobiosensors provide effective detection of pesticides containing hazardous chemicals such as 4-nitrophenol (4-NP) in tomato samples (Trang et al., 2022).
Additionally, bacterial lux-biosensors are used to assess soil toxicity from pesticides and fertilizers, and based on Escherichia coli MG1655 and Vibrio aquamarinus VKPM B-11245 highlighted effectiveness of biosensors in agrochemical toxicity detection. Several types of nanoparticles can be used in electrochemical biosensors as AuNPs, AgNPs, magnetic nanomaterial, and CNTs, which offer various features to the nanosensor for instance, AuNPs reduce the resistance of electron transfer with unique optical properties, and AgNPs provide high reflectivity with enhanced thermal and electric conductivity on the other hand magnetic nanoparticles are composed of magnetic nanomaterials such as cobalt (Co), Iron (Fe) and Nickel (Ni), the distinct chemical property of magnetic nanoparticles shorter the experiment time out of the iron oxide is implemented in the biological analysis. CNTs are a well-known nanostructure for their higher conductivity with significant propensity (Ansari et al., 2020). Electrochemical biosensors may also be employed for the detection of the phytohormones and some modifications in them may enhance the precise real-time evaluation (He et al., 2020).
Nanobiosensors are also applicable for precise detection of heavy metal toxicity, for instance, selenium nanoparticles (SeNPs) based biosensors produced biogenically by the bacteria Stenotrophomonas aidaminiphila. SeNPs are employed to identify heavy metal pollution, particularly in agricultural settings. A face-centered cubic (FCC) crystalline structure with particle sizes ranging from 35 to 40 nm is shown by SeNP characterization, which is supported by methods such as transmission electron microscopy (TEM), X-ray diffraction (XRD), and UV-Visual spectroscopy. Fluorescence intensity measurements are used to assess the sensor’s sensitivity to several heavy metals, including iron (Fe), zinc (Zn), cadmium (Cd), arsenic (As), and mercury (Hg). When these metals are present, the biosensor exhibits a noticeable decrease in fluorescence; the largest inhibitions are seen for arsenic (49%) and mercury (60%) and indicate a higher sensitivity to more hazardous metals (Ahmed et al., 2020). Furthermore, label-free detectors are composed of a significantly sensitive transducer which facilitates the precise detection of numerous DNA–RNA-based biomarkers. An optical biosensor relies on the principle that, at a particular wavelength, it detects the presence of analyte by a color change or can be identified by the photon’s presence. Based on the unique features of optical biosensors they are classified into several types, i.e., optical waveguide-based, surface plasmon resonance-based, photonic crystal-based, optical resonator-based, and optical fiber-based (Huertas et al., 2019; Chen and Wang, 2020). Previous studies proved that immunogens and optical biosensors are a perfect amalgamation for detecting various pathogens (Viter et al., 2017). Since, the advent of nanotechnology, nanotechnology-based detection kits are also available for pathogen detection (Anand and Panigrahi, 2021). Apart from the discussion about biosensors, the eNose, and e-tongue are a unique class of biosensors that mimic a human nose or tongue. In agriculture, they facilitate the detection through fingerprint generation without halting the uniqueness of the sample. They played a vital role in pests, water, and soil analysis (Wesoły et al., 2023). Previous research suggests that eNose with near-infrared (NIR) provides 100% accuracy whereas, e-tongue provides about 90% accuracy based on linear discriminant analysis (LDA) (Sipos et al., 2020). Plant disease detection by eNose relies on the fact that the volatile organic compounds are released by damaged tissues. Through distinct smell print patterns, the development of aroma signature databases—which are sourced from validated clinical samples and processed via sophisticated algorithms allows the accurate diagnosis of certain diseases (Wilson et al., 2004).
2.2 Nanobiosensors enable bacterial and fungal pathogen detection
Bacterial and fungal diseases are a significant threat to agriculture, which decreases crop quality, quantity, and economic stability. As they spread quickly, it is challenging to control diseases without prior information about the initiation of disease. Bacterial infections deteriorate a plant’s physiology, and morphology leading to decreased output whereas, fungal diseases like rusts and blights damage plants by producing various toxic mycotoxins. Furthermore, climatic change and monoculture practices raise the concern of disease outbreaks. Biocontrol agents, nanotechnology, and integrated crop management are examples of crucial sustainable solutions. To maintain agricultural sustainability efficient disease control techniques, and worldwide efforts are required (Lindsey et al., 2020; Fisher et al., 2020). Eighty percent of plant illnesses are caused by fungal infections, with diseases like downy mildew (Plasmopara) and potato blight (Phytophthora) seriously harming crops (Kumar and Arora, 2020). Plant pathogens such as bacteria, viruses, and fungi, have a devastating effect on agricultural yields and financial stability. For effective management of disease, novel biosensors have been employed such as, based on paper and plastic provide quick, easy, and affordable on-site pathogen detection options (Khater et al., 2017). To gain prior information on illness various biosensors are used to evaluate pathogenic infection in real-time. One such example is, Fiber-optic biosensors which are integrated with surface refractive index modulation and plasmon enhancement and offer extraordinary sensitivity, stability, and specificity in detecting fungal biomarkers with a significant reduction in detection time to 30 min (Chen P. et al., 2024). With sensitive and selective detection of disease-causing pathogens, future diagnosis requires the amalgamation of multiplexing, CRISPR, AI, neural networks, Internet of Things (IoT), and cloud computing (Lorenzo-Villegas et al., 2023).
The electrochemical and fluorescence techniques-based dual mode of biosensor use for sensitive detection of mycotoxins. The technique based on the zeolitic imidazolate framework-8 (ZIF-8) and Fe3O4@AuNPs provides sensitive detection of aflatoxin with an LOD of 0.32 pg/mL (electrochemical) and 0.20 fg/mL (fluorescence) provide about 90% accuracy (Rahmanian et al., 2024). Additionally, these integrated biosensors using Au-Co/Zn ZIF enzymes and gold-DNA nanoclusters in their architecture detect colorimetric dual signals and were used for sugarcane smut detection with a 23.59 aM detection limit (Tang et al., 2024). Adding to this, recent development of carboxymethyl hemicellulose (CM-Hemi) and fluorescent nitrogen-doped carbon dots (CM-Hemi@Ca-N–CDs) hydrogel sensors were developed from sugarcane bagasse provide antifungal and antibacterial qualities against Candida albicans, Staphylococcus aureus, and E. coli. These sensors utilize molecular docking, fluorescence microscopy to validate the hydrogel’s efficacy, demonstrating its microbial interactions and structural stability (Tohamy, 2025). Another example is an electrochemical-based biosensor, which detects a non-enzymatic glucose sensor, that is used for wheat yellow rust (Puccinia striiformis f. sp. tritici) early detection (Hassan et al., 2022). A unique type of biosensors, i.e., chitinase-based biosensors use chitinases, and affinity of chitin to quickly and accurately identify the pathogenic fungus (Lucas-Bautista et al., 2022). Moreover, the development of a label-free electrochemical immunosensors that utilizes an AuNPs-reduced graphene oxide (AuNPs-rGO) nanocomposite, was used for the detection of beet necrotic yellow vein virus (LOD: 150 fg/mL) with no cross-reactivity (Karimzade et al., 2024). Another example of a label-free electrochemical DNA biosensor was developed for early sensitive (LOD: 0.026 nM) detection of Candidatus Liberibacter asiaticus (CLas) (Kazemzadeh-Beneh et al., 2024). Several other examples of biosensors in pathogen detection are listed in Table 2 and the overview of nanobiosensors work in disease detection is represented in Figure 2.
TABLE 2 | Represents the different types of biosensors used for the detection of various pathogens.
[image: Table 2][image: Figure 2]FIGURE 2 | Represents the complete process of the nanobiosensors in disease detection: when the various (A) types of analytes such as enzymes, proteins, antibodies, and nucleic acid, etc., produce signals after interacting with nanocomposites used in (B) nanobiosensors architecture they transmit through the various (C) transducers (thermal, electrical, optical, piezoelectric, acoustic and, calorimetric) and these signals will (D) amplify and be processed further for monitoring.
2.3 Nanobiosensors enable viral pathogen detection
Nanotechnology enables significantly advanced plant pathogen detection and contributes to the identification of fungal, nematode, and bacterial infections. However, there are relatively few reports of plant viral disease diagnosis (Boonham et al., 2008; Yao et al., 2009; Singh et al., 2022). Lin’s research on nano-based biosensors has significantly enhanced the detection sensitivity of lettuce mosaic virus, cowpea mosaic virus, and TMV compared to conventional ELISA techniques (Chartuprayoon et al., 2013; Lin et al., 2014). Cucumber mosaic virus (CMV) was detected via indirect ELISA, which involves three steps: fixing the virus antigen, treating a particular antibody, and incubating the antibody-labeled secondary antibody. A mercury electrode was used to monitor the process, which produced a sensitivity that was four times greater than the typical spectrophotometric ELISA. Other viruses, such as the TMV, and turnip mosaic virus (TuMV), were also shown to have this elevated sensitivity. Self-assembled monolayers containing gold electrodes were utilized for immunosensors, namely, for the diagnosis of the plum pox virus (PPV) (Jarocka et al., 2011).
Afterward, in 2013, Jarocka et al. diagnosed the presence of prunus necrotic ringspot virus (PNRSV) using the same method, and the findings driven to the conclusion that the similarity of biosensors with ELISA (Jarocka et al., 2013). Tsuda et al. used an optical immunosensor, lateral flow immunoassay (LFIA), for TMV detection. Subsequently, this technique was used for the diagnosis of several additional viruses, such as citrus tristeza virus (CTV), and various strains of potato virus (Tsuda et al., 1992; Danks and Barker, 2000; Salomone et al., 2004; Drygin et al., 2012) with 2 ng/mL reported sensitivity. Elevated sensitivity and the capacity to identify numerous viruses in a single experiment were demonstrated by research (Charlermroj et al., 2013) that used specific antibodies for viruses such as melon yellow spot virus (MYSV), watermelon silver mottle virus (WSMoV), and chilli vein-banding mottle virus (CVbMV). However, their acceptance was constrained by the assays’ intricacy and the requirement for fluorescence readers. Additionally, reports have highlighted label-free SPR-based biosensors enable orchid virus detection such as odontoglossum ringspot virus (ORSV) and cymbidium mosaic virus (CymMV), as well as TMV, CMV, and lettuce mosaic virus. Furthermore, the special optical characteristics in FRET, QDs have been extensively employed in biosensors (Boltovets et al., 2002; Torrance et al., 2006; Skottrup et al., 2007a; Skottrup et al., 2007b; Algar and Krull, 2008; Frasco and Chaniotakis, 2009; Lin et al., 2014). Reports also claim that the treatment of Fe2O3, SiO2, and ZnO nanoparticles was studied on plants that show growth enhancement (Rastogi et al., 2017; Vazquez-Hernandez et al., 2019; Cai et al., 2019; Farooq et al., 2021). NiONP foliar spray and soil soaking resulted in more leaves and higher fresh and dry weights in virus-infected cucumber plants (Derbalah and Elsharkawy, 2019). Similarly, tobacco plants infected with the turnip mosaic virus showed higher fresh and dry weights after receiving a 50 mg/L foliar spray of TiO2 and FeO3. In contrast to untreated plants, a 200 mg/L treatment did not show discernible effects (Hao et al., 2018). TMV and PVY inoculation, tomato plants treated with AgNPs showed a substantial increase in polyphenol oxidase and antioxidant enzyme POD activity (Noha et al., 2018; Hao et al., 2019).
However, it is important to investigate the best dosages, plant growth phases, and particular NP kinds that provide the most advantages, and affect the interactions between viruses and vectors, taking into account possible dosage and stage dependencies. A multidisciplinary strategy with careful planning and the development of nano-based antiviral techniques are necessary for the control of phytoviruses in a sustainable manner.
3 APPLICATIONS
Biosensor applications in agriculture and medical science are expanding quickly. The bioconversion should be properly monitored to optimize and maintain. Biosensors are essential because they monitor products, biomass, enzymes, antibodies, or by-products, which allows them to indirectly detect process parameters. Biosensors are perfect for precisely regulating fermentation and assuring consistent outcomes because of their great selectivity, low cost, ease of automation, and straightforward instrumentation. Furthermore, ion exchange retrieval uses biosensors to identify alterations in biological composition. For example, previous reports on isoelectric liquor supernatant containing glutamate and its ion exchange retrieval have been conducted using glutamate biosensors. Numerous crucial factors are engaged in the complex process of fermentation, most of which are challenging to assess in real-time. Critical metabolites must be monitored online so they can optimize and speed up the detection of biological process regulation. Because of their ease of use and speedy reaction, biosensors have garnered considerable interest in online fermentation process monitoring (Yan et al., 2014).
Advancements in molecular imaging DNA sequencing technology and plant biology, biosensors research have made great strides. Traditional mass spectrometry was accurate, but it was deficient in vital information on the dynamics and localization of transporters, receptors, and enzyme substrates. These days, biosensors make it simple and efficient to access this data. Dynamically responsive sensors can detect activities such as metabolite conversion or signal initiation, which are necessary to quantify dynamic processes under physiological settings. Additionally, missing components for analyte transport, control, or metabolism can be found using biosensors. The efflux of phloem loading-sucrose from the mesophyll is performed by a transport step carried out by the sucrose sensing FRET, which is in charge of protein identification. When starving yeast cells are exposed to glucose, sugar transporters that can work right away are identified using fluorimeter-based tests using sugar sensing FRET sensors (Bermejo et al., 2011). Similar experiments pinpoint the genes that influence the pH of the cytosol or vacuoles in yeast (Brett et al., 2011). The application of biosensors in genetic screening provides the availability of imaging methods with enough throughput (Jones et al., 2013). Within the field of metabolic engineering, the necessity to generate factories of microbial cells for chemical synthesis is becoming more challenging due to environmental concerns and the unsustainable nature of goods generated from petroleum. Metabolic engineering is seen by researchers as a high-potential forward-looking technology that facilitates a sustainable bioeconomy (Woolston et al., 2013). Additionally, a significant portion of fuels, commodity chemicals, and medicines are made through the use of beneficial microbes derived from renewable feedstocks, replacing the requirement of plant extraction or petroleum refining. To choose the individuals possessing the required phenotype, effective screening techniques are also necessary due to the great potential for variety production. The prior techniques used spectroscopy-based enzymatic assay analytics, but their throughput was constrained. To get around this problem, engineered genetically encoded biosensors offer cellular metabolite monitoring in vivo. These biosensors are potential for high-throughput screening and selection processes that use cell survival and FACS (fluorescence-activated cell sorting), respectively. A ligand-binding peptide containing FRET sensors is made up of two donor and acceptor fluorophores. The peptide had a conformational shift that resulted in a FRET change when a prominent ligand was bound (Peroza et al., 2015). Sensors based on FRET were restricted in that they could only offer information on the quantity of the targeted metabolites and were not able to alter downstream signaling, demonstrating excellent orthogonality, temporal resolution, and simplicity of construction (Bermejo et al., 2011).
Biosensors that glow are known as fluorescent-based biosensors; these are the imaging tools used in medication development and cancer research. They have made it possible to gain an understanding of how enzymes are regulated at the cellular level. FRET biosensors that are genetically encoded and based on GFP are essential. Fluorescent biosensors are tiny scaffolds that have one or more fluorescent probes attached to them via a receptor (chemically, enzymatically, or genetically). By recognizing a particular analyte, the receptor transduces a fluorescent or electroluminescence signal that is easily identified and quantified (Wang et al., 2009). Applications of biosensing in biodefense: the military may employ biosensors in the event of a biological assault. The primary goal of these biosensors is to quickly and accurately detect organisms known as biowarfare agents (BWAs), which include viruses, poisons, and bacteria (both vegetative and spore-forming). The use of molecular techniques for the development of biosensors that can recognize chemical markers linked to biological warfare agents has received substantial attention. Particularly, gene-specific detection capabilities provided by nucleic acid-based sensing devices eliminate the requirement for amplification stages to get the necessary sensitivity. Nucleic acid-based sensors are more sensitive than conventional antibody-based detection techniques because of their inherent gene-based specificity (Mehrotra, 2016).
4 RECENT ADVANCEMENT
The subject of biosensor research and development is now accessible to interdisciplinary collaboration because of advancements in nanotechnology. By controlling shape and size, NMs such as metal- and oxide-based, CNTs, QDs, NRs, and dendrimers may be explored for a variety of features that might lead to enhanced biosensor performance and increased detection power. The operation of nanobiosensors is based on the same fundamental principles as their traditional, but the employment of nanoscale components in their architecture made the difference. The dimensionality and extraordinary transdisciplinary nature provide the advantage over conventional micro and macro counterparts. In the field of nanotechnology, nanosensors are essential for (a) analysis of nanoscopic particles in the environment, (b) diagnosis of biochemicals in medical diagnosis and cellular organelles, (c) monitoring physical and chemical changes in regions that are hard-to-reach regions, and (d) measurement of extremely-low concentrations of potentially toxic and harmful substances (Abdel-Karim et al., 2020).
Biosensors become more potent instruments in agricultural biotechnology in recent years with the ability to precis identification of biomolecules, which is essential for continuously increasing the need of sustainable agriculture the assessment of plant development, stress responses, and disease resistance is necessary. The assessment required to evaluate gene regulation of plants in response to particular stress as soon as possible. The development of fluorescent nanosensors, which are used for the in situ detection of plant miRNAs, one of the essential components of gene regulation, is a breakthrough in the area of new-age agriculture management practices. Chen and colleagues developed nanosensors using the MB-AuNP complex, it made up of nanoparticles (AuNPs) with molecular beacons (MBs) to detect miR156, an important regulator of plant growth. The MB-AuNP complex provides high stability against DNase I, this feature facilitates to ensure the specific selectivity of target miRNA detection. This study highlights real-time miRNA monitoring and gives a critical insight into how sensors can be used in plant biotechnology to understand gene regulation in response to particular stimuli (Chen L. et al., 2024). Similarly, Ultra-sensitive detection of sugarcane smut is made possible by a unique biofuel cell-based nano biosensor that uses RCA, a DNA nano-grid array, and Mn-doped ZIF-67. It improves signal amplification, electron transport, and enzyme loading, leading to a 16.7-fold increase in sensitivity and a detection limit of 34.5 aM. In precision agriculture, the self-powered, smartphone-assisted platform provides a portable and effective way to monitor plant diseases in real-time (Fu et al., 2025).
A recent development in dual-modal biosensing devices provides sensitive detection of sugarcane smut with great sensitivity and accuracy for early detection with a detection range of 0.0001–10,000 pM and a detection limit of 56.76 aM. It amplifies detecting signals by combining 3D DNA walker technology and uses gold-vanadium metal-organic frameworks (Au-V-MOF). The double-stranded DNA structures absorb a dye and improve signal detection, this sensor particularly uses catalytic capabilities of DNAzymes and a hybridization chain reaction (Che et al., 2025). Another example of a portable dual-modal detection tool is given by Song et al., 2025, particularly for sugarcane pokkah boeng disease for precise and early identification a detection limit of 6.1 aM and a detection range of 0.0001–10,000 pM. This sensor is made up of a cross-N DNA framework with Exo III exonuclease-assisted signal amplification and uses gold nanomenzyme (Mn3O4@Au), and molybdenum disulfide (MoS2) with graphdiyne (GDY) (MoS2@GDY) in its architecture. As these sensors are based on colorimetric and electrochemical detection, prevent false positives (Song et al., 2025).
To improve small-scale disease localization, a recent study suggests a novel methodology for more precise and effective detection of pathogens. Optimization of model architectures and the use of dynamic representation modules and multi-feature scale operation-like strategies, accuracy is increased by 94.8% with a decrease in memory up to 90% (Chen et al., 2025). With the development of deep learning models, agricultural disease diagnosis become feasible, for instance, YOLOv8, provides critical insight into how AI and mobile technologies may be used to develop to gain sustainability in agriculture with real-time monitoring (Nwaneto et al., 2025). To provide early and precise detection, a new mobile bio-platform was reported with advanced technologies to detect sugarcane smut in real-time assessment with a sensitive detection limit of 23.59 aM and a detection range of 0.0001–10,000 pM. It utilizes gold-cobalt/zinc zeolite imidazolate framework enzymes, and gold-DNA nanoclusters and provides valuable insights for future plant disease management and real-world implementation of nanobiosensors (Tang et al., 2024). Figure 3 demonstrates how nanobiosensors are used for real-time monitoring of precise agriculture practices. Another example of one such nanobiosensors is micro-sized gold interdigitated electrodes, a label-free DNA-based impedimetric sensor is used for identifying the soil-borne pathogen Ralstonia solanacearum, and a DNA probe with non-faradaic electrochemical impedance spectroscopy to provide very sensitive detection with a limit as low as 0.1 ng/µL (Patel et al., 2023).
[image: Figure 3]FIGURE 3 | Schematic representation of real-time plant monitoring at an (a) early growth stage by a (b) nanosensor. The (c) system detects various analytes interacting with nanoparticles, which are then transduced by the various type of (d) sensor transducers. Signals are generated, that are integrated with ((e)/(f)) smart AI detection and smartphone-based real-time monitoring, enabling precise and data-driven farming with real-time (g) detection of biotic and abiotic stress.
The role of nanomaterials has been studied extensively in improving biosensing based on how they are classified. For example, any sensors that use metallic NPs to improve biochemical signals are considered NPs-based biosensors. In a similar vein, biosensors utilizing nanotubes for charge transport and carrier are referred to as nanotube-based biosensors, whereas, biosensors based on CNTs improve the specificity and efficiency of reactions. Similarly, QDs are used as contrast agents in QD-based sensors to enhance optical response. Utilizing CNTs for biosensors, the most studied class of nanomaterial in biosensors for diagnostics are CNTs, which are fascinating one-dimensional nanotubes. CNTs have hollow cylinder-like structures that can be single-, double-, or multi-walled CNTs, which are made up of various layers of concentric graphite topped by fullerene hemispheres. Additionally, their distinct architectures, these materials exhibit exceptional mechanical and electrical characteristics, chemical stability and high thermal conductivity, little surface fouling, low over-voltage, and a high aspect surface-to-volume ratio (Sireesha et al., 2018; Simon et al., 2019). These nanostructures’ enhanced surface-to-volume ratio and their unique electron transport characteristics mean that even small surface perturbations—like those brought on by macromolecule binding have a significant impact on their electrical conductance. Biosensors based on nanorods are frequently employed as straightforward electrochemical modifiers that offer a very focused procedure. Typically, gold, graphene, manganese, zinc, iron oxide, or their amalgamation are used to manufacture them. They are frequently used in the detection of nucleic acids or simple biological indicators like hydrogen peroxide and glucose. A novel CDs/Au NR An assembly-based FRET sensor with a linear detection range of 0–155 μM and a detection limit of 0.05 μM was developed by Liu et al. to detect lead ions (Liu et al., 2019). The use of AuNPs-based assays for the diagnosis of Botrytis grey mould (caused by B. fabae or B. cinerea) in legumes. The technique uses biotinylated capture probes and portable SPCEs to identify and measure microorganisms. It can identify a single spore in plant samples and has ten times the sensitivity of quantitative PCR (Sambasivam et al., 2024).
The sensitivity, specificity, and mobility of biosensors for plant disease detection have greatly increased recently; yet, issues with field application, environmental stability, and cost-effectiveness still exist. To improve real-time monitoring and sustainable disease control in agriculture, future advancements should concentrate on combining AI-driven data analysis, multiplex detection, scalable, and environmental friendly manufacturing.
5 CHALLENGES AND LIMITATIONS
Nanoscale sensors and probes have the potential for improving plant disease diagnosis and evaluation, but face challenges like toxicity, environmental impact, data exchange, and sensor stability. Safety testing is crucial for agricultural nanosensors. The latest generation of nanosensors is expected to measure in real-time and have improved wireless connection. They should be resilient and able to tolerate abiotic factors in the agricultural field (Li et al., 2020). Crop plant diseases brought on by phytopathogenic bacteria generate enormous losses and seriously jeopardize the security of the world’s food supply.
The prompt diagnosis of plant diseases by effective diagnostic technologies is essential for ensuring the sustainability of agriculture and the world’s food supply. While molecular tests based on antibodies and nucleic acids are well-established and standardized for the diagnosis of plant diseases, the evaluation procedures are intricate and time-consuming. Applications of nano-inspired biosensors in human health, environmental sciences, quality assurance, and other fields have improved human life quality. Numerous plant pathogens, including bacteria, fungi, phytoplasmas, nematodes, viroid, and viruses, as well as abiotic stressors, phytohormones, and mi RNAs, have been identified through the development of nano-inspired biosensors. Notably, biosensors have been altered and tailored, or “nano-tuned,” utilizing a variety of nanomaterials’ properties to get around the drawbacks of traditional techniques and achieve previously unheard levels of performance (sensing ultra-trace amounts) for measurements both in vivo and in vitro, resulting in the creation of “Next Gen Nano-inspired Biosensors.” Customizable nanomaterials or nanocomposites are increasingly being combined with conventional biosensors and biosensing technologies, such as plasmonic nanosensors, surface-enhanced raman scattering fluorescence, chemiluminescence, and sophisticated electrochemical assays. Now that the unexplored gap in the area has been identified, it is being utilized to create plant biosensors with nanotechnology inspiration (Sharma and Dhadly, 2023). Existing methods for genetic transformation and plant breeding have been enhanced by nano-based devices. Additionally, it has been noted that agricultural techniques based on engineered nanomaterials (ENMs) can adapt to changing climatic circumstances based on ENMs and the environment (Mittal et al., 2020). Nutrient distribution that is specifically targeted is aided by ENMs coated with molecular recognition components like antibodies or aptamers. This promotes the sustainable use of fertilizers and minimizes negative environmental effects while increasing crop output. These ENMs improve agricultural practices and address problems with both traditional and modern agricultural practices of agrochemicals and their effective application and management by improving targeted delivery. By enhancing the photosynthetic efficiency of crops and preventing the impact of abiotic stresses on photosynthesis rate, chlorophyll quantity, light absorption efficiency, scavenging reactive oxygen species, and supporting an efficient electron transport system, ENM-based foliar treatment increases crop productivity (Lowry et al., 2019). It has occasionally been discovered that foods with high photosynthetic rates have less nutritional value. Consequently, the high nutrition content in meals is maintained by spraying iron, zinc, and silica micronutrients with ENMs. Additionally, altering the surface chemistry of ENMs makes them cling more to leaves, which boosts the effectiveness of cuticle and mesophyll cells’ absorption of nutrients. Furthermore, according to Giraldo et al. (2019), these ENMs have been utilized in the designing of sensing devices that assess crop health with great spatial and temporal resolution.
Nanoparticles can enhance detection systems in food safety, environmental monitoring, medical diagnostics, and contaminant detection. However, they face challenges such as high cost and product sensitivity, toxicity, and difficulty in large-scale fabrication. Additionally, the stability and sensitivity of the raw materials are crucial. Nanosensors also face challenges in power consumption, durability, biocompatibility, and interaction with current systems. To address these issues, careful planning, safety precautions, and suitable materials are needed. Ethical and privacy issues may arise, necessitating standard operating procedures and laws to control data collection. Despite these challenges, nanomaterials have potential applications in various fields.
6 DISCUSSION AND FUTURE PROSPECTIVE
Maintaining sustainability in agriculture practices and environmental monitoring necessitates the introduction of new techniques that ease the early detection of agricultural issues. The use of nanosensors in agricultural practices requires sensitivity and specificity over traditional methods. The conventional techniques are time-consuming, restrict the sample limit, and require handling experts. Nanobiosensors are an economic, continuous monitoring approach and can also be a successful alternative to chemical-based pesticides, which can enhance the unsustainability of agriculture. However, a more extensive study is needed on the application of nanosensors in agroecology. Nowadays nanosensor techniques are extensively used in environmental evaluation and offer a viable herbicide identification and environmental monitoring method when paired with cutting-edge degradation research (Zamora-Sequeira et al., 2019; Singh et al., 2021). Nanobiosensors provide a sensitive and portable platform for the real-time monitoring of pollutants such as pesticides, heavy metals, toxins, and various pathogens. Nanobiosensors such as enzymatic nanobiosensors are cost-effective approaches and provide rapid analysis in the picomolar range without the involvement of trained staff that is required in conventional techniques. The incorporation of nano biosensors into the agriculture sector provides a wide range of benefits (Verma, 2017; Verma and Rani, 2021).
Some classes of nanobiosensors use mathematical modeling to interpret vital processes and generate digital analogs. This special class of nano biosensors is renowned as plant nanobionics that convey plant natural processes information (Butnariu and Butu, 2019). Moreover, nanobiosensors easier to quickly analysis of biotic and abiotic stress on crops. The high-throughput screening of various classes of plant hormones is possible by fluorescent-based nanosensors that use specific receptors, illuminate in the dark, and facilitate to understanding of hormonal signaling pathways (Chesterfield et al., 2020). The objective of realizing high-throughput, low-cost, multiplexed operations for clinical diagnostics using microfluidic-based lab-on-a-chip (LOC) devices has yet been unexplored, despite the engineering of several biosensors in the last few decades. To do this, more sophisticated and reasonably priced nano biosensors must be developed through well-coordinated interdisciplinary research including engineers, biologists, scientists, and medical professionals. There is a need to focus on most alluring characteristics of nanostructured materials, such as dimension, quantum size, and surface effects, which should be the main focus of investigation. It is also an imperative aspect to find new nanomaterials with improved qualities for biosensing applications. Nanotechnology-based biosensors ought to be included in compact microfluidic devices that possess electronics, on-chip controllers, sample handling, and analysis capabilities. Devices that are straightforward, affordable, eco-friendly, disposable, and efficient diagnostic instruments would be produced as a precise implication of this integration. Shortly Automation, integration, and downsizing should be the goals of nanobiosensor technology. The commercialization of these goods may be facilitated by incorporating cutting-edge technology elements like AI, cloud computing, data analysis, deep learning (DL), cyber-physical systems, and the IoT (Malekzad et al., 2017; Yüce and Kurt, 2017; Bhattarai and Hameed, 2020).
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6.5 nM (L1 pg L)

MWCNTs and CNT-Fe;0, 527 uA mg/L™ em?

250 ng/mL, OTA:

Detection of diazinon pesticide

Detection of environmental toxins

Detects aflatoxin and ochratoxin A (OTA)

Detection of acetamiprid pesticide

Detection of organophosphorus pesticides
using an AChE modulation inhibits AChE,
reducing fluorescence recovery

Detection of formaldehyde as a food
adulterant using cyclic voltammetry

Detection of glyphosate in water and soil
samples based on tyrosinase inhibition

Detection of formaldehyde adulteration in
food using formaldehyde dehydrogenase

Talari etal. (2021)

Rong et al. (2020)
Zhu et al. (2020)
Arvand and

Mirroshandel
(2019)

Wang et al. (2019)

Kundu et al.
(20192)

Sok and Fragoso
(2019)

Kundu et al.
(2019b)
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