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Abstract
Biosensors play a crucial role in biology and biomedicine, offering versatile applications in drug discovery, medical diagnostics, food safety, and environmental monitoring. Typically, these sensors involve immobilizing biological recognition receptors such as enzymes, antibodies, and nucleic acids onto a surface. These receptors interact with specific analytes, inducing a physical or chemical change. To capture and convert this change into signals, a transducer is employed, facilitating optical or electrical detection. This review will emphasize mechanical and electrical detection techniques, departing from conventional chemical, electrochemical, and optical methods that often necessitate labeling of molecules. The focus will be on approaches providing mechanical or electrical insights, capable of analyzing a wide range of species without requiring labeling. These alternative methods frequently offer real-time data with heightened temporal sensitivity. The objective of this review is to outline advancements in mechanical and electrical biosensors, while addressing the associated challenges and opportunities.
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1. Introduction 
Sensors function as instruments crafted to detect changes in the physical, chemical, or biological states of their surroundings, translating these alterations into measurable signals. Central to a sensor is the recognition element, which enables selective responses to specific analytes, ensuring targeted sensitivity and minimizing potential interferences. Complementing the recognition element is the transducer or detector device, crucial for converting identified changes into discernible signals, be they electrical, optical, or mechanical, depending on the sensor type and application (Kampeera. et al., (2019). Additionally, the sensor system includes a signal processor responsible for gathering, amplifying, and presenting signals in an understandable format, refining acquired data for accurate interpretation (Wang. et al (2019). The collaborative interplay of the recognition element, transducer, and signal processor within a sensor system enables precise detection and measurement of various changes, finding utility across diverse fields from environmental monitoring to healthcare and industrial processes. Biosensors, in particular, play a pivotal role in scrutinizing an array of analytes, including small molecules like glucose, DNA, antigens, antibodies, and even entire cells and tissues in specific instances. Their adaptability to different analytes, coupled with the ability to detect various signals, underscores their significance in disease diagnosis and monitoring, such as in diabetes management where biosensors leverage glucose concentration for diagnostic purposes (Teymourian, H., Barfidokht, A., & Wang, J. (2020)). Traditionally, biosensor research has focused on chemical, electrochemical, and optical approaches for analyte detection. However, this review diverges from tradition by exploring mechanical, electrical, and electromechanical biosensors. It provides a comprehensive overview of existing biosensors, particularly those employing mechanical or electrical detection methods, and delves into their diverse applications across various fields. This nuanced approach aims to elucidate the distinctive features and applications of biosensors utilizing mechanical and electrical detection modalities, contributing to a deeper understanding of their potential in advancing scientific and medical research(Fatima, A., Younas, I.,& Ali, M. W. (2022).
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Fig1 : working principle of biosensor

2. Types of biosensors
This article will discuss about the principles and its uses of mechanical and electrochemical biosensors in seafood industry.
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Fig 2: classification of biosensor
2.1. Mechanical biosensor
 A mechanical biosensor is a category of biosensor that integrates mechanical components for the detection and conversion of signals resulting from biological interactions. Biosensors are the instruments or devices which comprises of biological entity such as cells, enzymes, protein with a detector which can turn the obtained biological response into readable signal (Apetrei and Apetrei, (2016).this signal is subsequently utilized to determine the presence or concentration of a particular biological analyte.
2.1.1. Operating principles:
Mechanical elements: Unlike traditional biosensors that primarily rely on electrochemical or optical detection methods, mechanical biosensors incorporate components such as microcantilevers, resonators, or acoustic wave devices. These mechanical elements are sensitive to mass changes, surface stress, or mechanical vibrations induced by biological interactions. Transduction mechanisms: Mechanical biosensors transduce the signals generated from biological interactions into measurable outputs. For example, when a target molecule binds to the biological recognition element (e.g., antibodies or aptamers) on the surface of a micro Cantilever, it induces a mechanical deflection that can be detected and quantified. Micro Cantilevers are key components in mechanical biosensors and are widely used in various sensing applications due to their sensitivity and versatility.(Alexi, et al., (2021)).  These tiny structures resemble miniature diving boards or beams, and they can be fabricated with micro- or nanoscale dimensions. The mechanical bending or deflection of micro-Cantilevers in response to external stimuli forms the basis for their use in bio sensing. Here are some key aspects related to micro–Cantilevers In the context of biosensor technology, the choice between dynamic and static modes for micro-Cantilever (MC) operation involves distinct considerations. In the dynamic mode, the preference is for a brief and rigid cantilever design. This preference stems from the advantageous characteristic of higher resonant frequencies, which, in turn, contribute to reduced susceptibility to low-frequency background noise. The dynamic mode also introduces the necessity for an actuation mechanism to bring the cantilever to its resonant frequency. Conversely, when opting for the static mode, the design inclination shifts towards a lengthy and flexible cantilever configuration (Wang, et al., (2015). The objective here is to maximize deflection, an essential parameter in static mode operation. In static mode, the cantilever remains at rest until subjected to external stimuli, and its response is characterized by the extent of deflection. It's noteworthy that the requirements for materials and design markedly differ between dynamic and static modes due to the distinct operational principles. These variations necessitate separate considerations for each mode to ensure optimal performance and sensitivity in bio sensing applications (Wang, et al., (2015).

2.1.2 Static Mode MCs
Static micro-Cantilevers possess remarkable flexibility due to their minimal thickness and their positioning in close proximity to the cantilever neutral axis. This distinctive structural feature is defined by a low second moment of area. The significance of this inherent property becomes evident in their ability to exhibit heightened deflection in response to even the slightest stresses. This unique characteristic provides static micro-Cantilevers with a notable advantage over alternative methods when it comes to detecting analyte concentrations, particularly at low levels. The increased flexibility allows these micro-Cantilevers to translate subtle environmental changes or analyte interactions into more pronounced signals. Consequently, static micro-Cantilevers prove to be highly sensitive and efficient in capturing nuanced variations, making them particularly suitable for applications requiring precision and detection at low concentrations(Shekhawat G. MOSFET, 2006).To better understand the structural design of static micro-Cantilevers, one can refer to a conceptual representation that highlights the key features contributing to their exceptional flexibility and sensitivity (Alvarez M., Lechuga L.M, 2015). Overall, the combination of minimal thickness, proximity to the neutral axis, and low second moment of area collectively contributes to the superior performance of static microcantilevers in detecting subtle changes in their environment or analyte concentrations. However, employing static microcantilevers comes with its set of challenges. Firstly, to induce deflection, the analyte must selectively bind to one surface, necessitating the intricate task of functionalizing the top surface while preventing corresponding functionalization of the bottom surface. This selective functionalization adds a layer of complexity to the experimental setup. Secondly, the detection and calibration of the resulting small deflections present challenges. The precise measurement and interpretation of these minute mechanical deformations demand sophisticated techniques and instrumentation. Overcoming these challenges is pivotal for harnessing the full potential of static microcantilevers in biosensing applications, particularly when aiming for high sensitivity and accuracy in the detection of low concentrations of analytes (Alexi, et al., (2021). Researchers are actively addressing these issues to advance the capabilities and reliability of static microcantilever-based biosensors. In the recent evolution of static microcantilever (MC) technology, significant strides have been made through the strategic integration of microfluidics into MC arrays. This innovative approach represents a noteworthy enhancement to the overall functionality of these biosensors. A key advantage of this integration lies in its applicability to reusable MC surfaces, allowing for a flushed regeneration of the surface after each use. This not only contributes to the sustainability of the device but also attracts considerable attention due to its potential to substantially reduce the costs associated with MC biosensors. Moreover, the incorporation of microfluidics has demonstrated the capacity to significantly improve the repeatability of measurements, a critical factor in ensuring the reliability of analytical results. The amalgamation of MCs and microfluidics offers additional benefits by enabling the simultaneous use of multiple cantilevers within the same fluidic environment. This multifaceted capability serves a dual purpose. Firstly, it facilitates the concurrent measurement of the concentrations of various analytes, presenting a valuable tool for multiplexed analyses (Wang, et al., (2015).  Secondly, when focusing on a single analyte, the deployment of an array of cantilevers enhances the reliability and robustness of measurements. This integration of MCs and microfluidics thus stands as a pivotal advancement in biosensor technology, fostering versatility, efficiency, and sustainability in a wide array of analytical applications.
2.1.3 Dynamic sensor
Dynamic mode microcantilevers (MCs) operate by leveraging binding events that alter the resonant frequency of the cantilever. This shift in frequency serves as a means to quantify the extent of adsorption and, consequently, determine the concentration of the analyte. The methodology for detecting this change in resonant frequency closely parallels that of static mode MCs, involving the utilization of piezo resistors, field-effect transistors (FETs), or optical detection techniques. In contrast to static mode MCs, dynamic modes MCs necessitate an additional component: actuation to enable their functionality (Waggoner P.S., Varshney M., Craighead H.G.,2009). Various methods can be employed for actuation, including electrostatic forces, piezoelectric elements, or optical devices. Notably, the same approach is utilized for frequency measurement. Electrostatic forces, piezoelectric elements, or optical devices generate the actuation, while the frequency measurement is achieved through the same means.
2.2. Photoacoustic sensor
 Photoacoustic (PA) imaging relies on laser-induced ultrasound waves through the thermo elastic effect. This method proves highly effective for non-invasively capturing detailed images of tissues, encompassing blood vessels, at depths reaching several centimeters, with resolutions reaching a few micrometers. Beyond tissue imaging, PA techniques demonstrate the capability to identify specific molecules, opening avenues for non-invasive applications such as glucose monitoring(Sim J.Y.,et.al ,2018). Impressively, PA has exhibited the ability to detect molecules at ultra- low concentrations, exemplified by identifying gases at parts per trillion levels in air. Additionally, it can discern reactive oxygen and nitrogen species at concentrations as low as tens of micro molars at a depth of 1 cm, facilitated by the use of labeling molecules. However, challenges in PA imaging include the substantial and intricate equipment required and the rapid photo-bleaching of lasers. Mitigating these challenges involves exploring alternatives such as light- emitting diodes (LEDs) as substitutes for lasers. Additionally, ongoing advancements in transducer technology contribute to streamlining the complexity of the equipment. These innovations pave the way for overcoming some of the limitations associated with PA imaging, making it a promising technique for diverse applications in medical and analytical fields. The dynamic field of photoacoustic is currently experiencing swift and multifaceted advancements, showcasing its versatility across various applications, including the detection of structural flaws and the development of cutting-edge micropumps. Notably, photoacoustic plays a crucial and transformative role in the realm of biological imaging, harnessing its unique ability to conduct real-time imaging of the human body. This capability proves instrumental in effortlessly pinpointing tumors and delving into the detection of inflammatory responses by probing reactive species. In essence, the technique's operational foundation lies in the generation of ultrasound through the thermo-elastic effect (Yue.S et.al 2019). This sophisticated approach not only enables high-resolution imaging but also opens new frontiers in medical diagnostics. As a non-invasive method, photoacoustic holds promise for revolutionizing the way we identify and understand physiological abnormalities, offering a powerful tool for advancing medical research and clinical applications. Furthermore, the ongoing evolution of this field continues to broaden its scope, making photoacoustic an increasingly indispensable technology across scientific and medical disciplines. Typically, photoacoustic imaging relies on ultrasound transducers to convert ultrasound waves into electrical signals. However, these transducers often pose challenges due to their size and low resonant frequency, making them susceptible to noise interference. Recent efforts have been concentrated on enhancing the transduction mechanism for photoacoustic (PA) imaging. This involves exploring alternative options such as piezoelectric transducers, quartz-based transducers, and microcantilever (MC)-based transducers. These advanced transduction technologies have demonstrated their efficacy not only in improving PA imaging but also in serving as highly sensitive gas detectors, capable of detecting gases in the parts per trillion range. Recognizing the pivotal role of the transducer as a crucial component in the effectiveness of photoacoustic (PA) imaging, considerable attention is directed towards the development of high-sensitivity micro electro-mechanical systems (MEMS) as transducers (Sharma P.,et.al 2019). This concerted focus reflects a growing trend in the field, indicating that ongoing advancements and innovations in transducer technology will continue to be a significant area of interest and exploration in the foreseeable future. The emphasis on high-sensitivity MEMS transducers is driven by the recognition that the performance of PA imaging is inherently tied to the transducer's ability to convert ultrasound waves into electrical signals accurately. As a limiting factor, improving the sensitivity of transducers holds the promise of enhancing the overall effectiveness and precision of PA imaging. The pursuit of high-sensitivity MEMS transducers is grounded in the desire to achieve finer resolution, increased signal-to-noise ratios, and improved detection capabilities, thereby pushing the boundaries of what PA imaging can achieve This trend signifies a commitment to advancing the technological foundations of PA imaging, with a clear trajectory towards more sophisticated and efficient transducer systems (Yao J., Wang L.V.,2013). As these advancements unfold, it is anticipated that the capabilities and applications of PA imaging will undergo continuous enhancement, opening new avenues for its utilization in various fields such as medical diagnostics, analytical research, and beyond. The ongoing focus on transducer development underscores the dynamic nature of the field, where innovation is key to unlocking the full potential of PA imaging and ensuring its continued relevance in scientific and medical disciplines.
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Fig 3: illustrate the working principle of photoacoustic biosensor


2.3. Micro pillar sensor
Micro pillar (MP) sensors offer sensitivity to both transient and continuous mechanical deformation, featuring a relatively straightforward fabrication process through silicon lithography techniques and uncomplicated operation (Tan X.H.M., et.al2018). Similar to micro cantilevers (MCs) but without a functionalized surface, these sensors involve the deflection of the pillar inducing stress on a piezoresistive material, thereby altering the impedance of the circuit. Typically deployed in arrays, MP sensors excel at detecting forces exerted by cells through the deformation of the pillars. Although the current measurement method utilizing digital image correlation is considered slow and cumbersome, there is anticipation that electrical measurements could streamline and enhance the process in the future. The versatility of MP sensors extends to potential applications in biomedical sensing, offering the capacity to measure fluid flow, whether intravenously or externally, such as in the context of IV tubes or blood transfusions. This underscores the promising role of MP sensors in advancing biomedical technologies and fluid dynamics measurement methodologies. Among the diverse applications of micropillar (MP) sensors, a notable utilization involves their role in meticulously measuring cell adhesion forces—an essential methodology for comprehensive assessments of cellular forces.(Smith.M, et.al2020This particular approach allows for the meticulous tracking of forces exerted by individual cells and extends its reach to monitoring such forces across numerous locations, numbering in the tens or hundreds. The measurement process encompasses the vigilant observation of MP deflection through optical methods, followed by a subsequent correlation of the deflection data with theoretical force values. While demonstrating considerable utility, this method encounters challenges, particularly in instances involving shorter pillars, which may introduce inaccuracies of up to 40%, primarily attributable to the deformation of the underlying base—an aspect that is regrettably often underestimated or overlooked. A pivotal concern for MP sensors lies in the distinctive behavior exhibited by cells on a two-dimensional MP array compared to flat surfaces or in in vivo environments. The envisioned trajectory for the future involves exploring densely packed arrays of micropillars, aiming to better emulate the complexities of native tissue. However, existing limitations revolve around the applicability of stiffness ranges. Ongoing initiatives are actively working to enhance and expand the capabilities of MP sensors. While progress is being made, achieving full integration for precise cell force measurement remains an evolving endeavor

2.4 Piezoelectric sensor
Piezoresistive MP sensors, coupled with their real-time responsiveness and diminished computational demands in electrical measurements, suggests a potential shift towards the adoption of piezoresistive materials over traditional optical measurements in future MP biosensors. In any scenario, micropillars are anticipated to persist as an indispensable tool, playing a pivotal role in the accurate measurement of cell forces across diverse biomedical applications. Shifting to piezoelectric sensors, they represent a significant and promising domain within the biosensor realm, distinguished by their commendable attributes of sensitivity, cost-effectiveness, and overall simplicity facilitated by accessible fabrication techniques. The fundamental operation involves the utilization of acoustic waves generated within a piezoelectric crystal. As an analyte attaches to the sensor's surface, a consequential decrease in the frequency of the acoustic waves occurs, a phenomenon intricately linked to the added mass, in accordance with the principles outlined by the Sauerbrey equation (Sauerbrey., et.al,1959). Demonstrating versatile applications, these acoustic wave sensors exhibit efficacies in detecting a wide array of substances, encompassing heavy metal ions like lead and intricate biological molecules, including proteins. Despite their success, a notable challenge emerges in the quest for heightened sensitivity in biosensor technology. The conventional approach to addressing this challenge involves reducing the mass of the sensor by thinning its thickness. However, this strategy introduces a crucial trade-off between mechanical stability and sensitivity. Innovatively, the emergence of flexible piezoelectric sensors opens a promising avenue for overcoming this inherent limitation. The introduction of flexibility not only provides a potential means to navigate the trade-off but also holds the prospect of enhancing sensitivity without compromising mechanical stability. This forward-looking development signifies a potential breakthrough in biosensor technology, paving the way for an evolution that promises heightened sensitivity and reliability. This innovative approach holds significant implications for diverse applications in biosensing and analytical sciences, suggesting a transformative leap forward in the capabilities of biosensors.
3.Electrochemical biosensor
Electrochemical biosensors, a subset of chemical sensors, harness the sensitivity associated with low detection limits from electrochemical transducers, combined with the precision of biological recognition processes. These sensors integrate a biological element, such as proteins, enzymes, antibodies, or nucleic acids, which selectively interact or bind with the target analyte, producing an electrical signal in the process. Electrochemical detection is the preferred transducer for biosensors, owing to its advantageous attributes like cost-effectiveness, user-friendly operation, portability, and straightforward construction. In these biosensors, the electrochemical monitoring of reactions typically presents as a discernible current (amperometry), a measurable accumulation of charge or potential (potentiometry), or an alteration in the conductive properties of the medium between electrodes (conductometry). Additionally, there is a growing trend in adopting electrochemical impedance spectroscopy, a technique that monitors both resistance and reactance in the biosensor. This method is gaining popularity for its ability to offer comprehensive insights into the electrochemical processes at the sensor interface, thereby enhancing the precision and sensitivity of biosensor measurements. Electrochemistry, as a surface-oriented technique, provides specific advantages for biosensor detection. Its efficacy is not heavily dependent on the reaction volume, allowing for the utilization of extremely small sample volumes in the measurement process. This inherent characteristic further contributes to the appeal and practicality of electrochemical biosensors in various applications.
3.1. Amperometry sensor
Amperometry stands out as a widely adopted analytical method renowned for its exceptional accuracy and sensitivity. In this methodology, the applied voltage serves as a propelling force for electrocatalytic redox reactions, giving rise to electrical currents directly proportional to the concentration of the analyte under investigation. The foundational instrumentation for amperometry necessitates a controlled-potential system, where the electrochemical cell comprises two electrodes immersed in an electrolyte with a carefully chosen composition. A more advanced and prevalent configuration involves a three-electrode cell, wherein one electrode assumes the crucial role of a reference electrode. While the working electrode facilitates the desired reaction, the reference electrode, often composed of materials like Ag/AgCl or Hg/Hg2Cl2, diligently maintains a constant potential in comparison to the working electrode. The auxiliary electrode, typically made of an inert conducting substance such as platinum or graphite, complements this setup, the inclusion of a supporting electrolyte emerges as a critical factor(Yadav,.et.tal(2019). This addition serves the purpose of preventing electro-migration effects, effectively reducing solution resistance and maintaining a constant ionic strength. By carefully managing these experimental conditions, amperometry measurements ensure a precise and reliable determination of analyte concentrations, establishing this method as a preferred choice in various analytical applications where accuracy and sensitivity are paramount. The intricacies of the three-electrode system, with its specialized roles for each electrode, contribute to the versatility and effectiveness of amperometry in capturing intricate details of electrochemical processes. Both theoretical considerations and practical approaches to this setup have been thoroughly elucidated. Amperometric detection stands as a widely embraced methodology, particularly in tandem with biocatalytic and affinity sensors, owing to its simplicity and impressive low limit of detection (LOD)(Wang, Y., Rao, D., Wu, X., Zhang, Q., & Wu, S. (2021). A noteworthy advantage inherent in this approach is the consistent maintenance of a fixed potential throughout amperometric detection. This feature leads to the generation of minimal charging current, which represents the current needed to apply potential to the system. The consequential reduction in charging current plays a crucial role in minimizing background signals that could otherwise have a detrimental effect on the limit of detection. Moreover, the application of hydrodynamic amperometric techniques further enhances the efficacy of this detection method. For instance, the dynamic movement of the working electrode through rotation or vibration, or the implementation of flow conditions where the sample solution traverses over stationary electrodes, significantly amplifies mass transport to the electrode surface. This augmentation contributes to heightened sensitivity and improved overall performance in the detection of target analytes. The sensitivity of amperometric biosensors is assessed by analyzing the current generated at various analyte concentrations. These biosensors employ a two-electrode system, with one electrode applying voltage and the other measuring the resulting current. Unlike optical or electrochemical devices, amperometric biosensors rely solely on current measurements. For example, the initial focus of biosensor development centered on glucose sensing, where the catalytic reaction of enzymes like glucose oxidase played a key role. However, the sensitivity of glucose sensors can be influenced by fluctuations in temperature and pH.(Teymourian, H., Barfidokht, A., & Wang, J. (2020)). 
3.2. Impedimetric biosensor
The development of an impedimetric biosensor is a meticulous process that involves the immobilization of specific biological recognition elements onto the surface of an electrode. These biological recognition elements can be enzymes, antibodies, or other molecules that have a high affinity for the targeted analyte. Once immobilized, they enable the biosensor to interact selectively with the analyte of interest. The functionality of this biosensor is predicated on its ability to convey precise information about the targeted analyte (T Nahid M.,et.al.2020).this is achieved through the measurement and continuous monitoring of an electrical impedance signal. The magnitude of this electrical impedance signal is directly proportional to the activity or concentration of the analyte being detected. In essence, the biosensor translates molecular interactions at the electrode interface into a quantifiable electrical response. The specific category of electrochemical biosensors that utilizes variations in impedance to identify and quantify analytes or biological entities is referred to as an impedance biosensor. Electrochemical Impedance Spectroscopy (EIS) stands out as the principal technique employed in this methodology. EIS allows for a straightforward and comprehensive determination of both the intrinsic properties of the bulk electrode material and the dynamic processes occurring at the electrode interface during interactions with the analyte. The outcome of an EIS analysis is typically presented in the form of Bode or Nyquist plots. These graphical representations are valuable in elucidating the relationship between the impedance response and the frequency of the applied electrical signal. Bode plots display the magnitude and phase angle of the impedance as functions of frequency, providing insights into the overall behavior of the biosensor system. In a Nyquist plot, the impedance data are typically presented on a complex plane. The real part of the impedance is plotted on the x-axis (horizontal), while the imaginary part is plotted on the y-axis (vertical). Each point on the plot corresponds to a specific frequency at which the impedance is measured. On the other hand, illustrate the impedance as a complex plane plot, offering a detailed view of the electrochemical processes at play. Both types of plots contribute to a comprehensive understanding of the biosensor's performance characteristics.
3.3 Conductometric biosensor
Conductometric biosensors are designed to measure the change in conductance between a pair of electrodes resulting from an electrochemical reaction, specifically the alteration in conductivity properties of the analyte. These biosensors play a significant role in monitoring metabolic processes within living biological systems. The measurement of changes in conductance provides valuable information about the electrochemical transformations occurring at the electrode interface due to interactions with the analyte. In contrast to impedimetric biosensors, which focus on variations in impedance, conductometric biosensors emphasize alterations in the conductive properties of the analyte. This distinction makes them particularly well-suited for applications where monitoring changes in conductivity is crucial for understanding and quantifying specific biochemical processes. The utilization of conductometric biosensors contributes to advancements in analytical sciences, especially in the study of dynamic physiological and biological responses Conductometric biosensors operate by monitoring changes in conductivity as a chemical reaction unfolds, altering the composition of the solution or medium. This approach is particularly valuable in biosensors where conductometric detection is frequently integrated with enzymes. Enzymes, crucial components in conductometric biosensors, play a pivotal role through their catalytic activity. As these enzymes facilitate specific chemical reactions, they generate charged products, inducing changes in the ionic strength of the solution and leading to a discernible increase in conductivity. Conductometric biosensors exhibit sensitivity to these subtle conductivity changes, making them effective tools for monitoring and analyzing various substances. The applications of conductometric biosensors extend to environmental monitoring and clinical analysis. In environmental contexts, these biosensors have been pivotal in detecting and quantifying pollutants at extremely low concentrations. For instance, a notable application involves a conductometric biosensor utilizing tyrosinase, specifically designed for the precise measurement of pollutants such as diuron, atrazine, and their metabolites at parts per billion (ppb) levels. This level of sensitivity is crucial for assessing environmental quality and ensuring compliance with regulatory standards(Kampeera.j, et.al(2019). Moreover, conductometric immunosensors represent another innovative application of this technology. Engineered to detect specific pathogens, such as enterohemorrhagic Escherichia coli and Salmonella spp., these immunosensors contribute significantly to food safety and public health. The ability to rapidly and accurately identify pathogens in food samples is paramount for preventing foodborne illnesses and ensuring the safety of consumables.
3.4. Potentiometric biosensors
They play a crucial role in detecting and quantifying analytes by measuring the charge generated during the interaction between the analyte and bioreceptor at the working electrode. Notably, this measurement is conducted under conditions of zero current, setting potentiometric biosensors apart from other types of biosensors. These biosensors convert biochemical reactions into potential signals using specialized technologies, such as ion-selective electrodes and ion-sensitive field-effect transistors. Ion-selective electrodes enable the selective measurement of specific ions, contributing to the biosensor's specificity, while ion-sensitive field-effect transistors provide a solid-state approach for monitoring changes in charge distribution at the electrode interface. The applications of potentiometric biosensors are diverse, ranging from medical diagnostics to environmental monitoring. In medical contexts, these biosensors find use in monitoring biomarkers, detecting diseases, and facilitating point-of-care diagnostics. Environmental applications involve the detection of pollutants and monitoring water quality. The versatility of potentiometric biosensors, coupled with their ability to convert biochemical interactions into measurable electrical signals, positions them as indispensable tools in advancing various fields of research and technology. On the other hand, ion- sensitive field-effect transistors provide a solid-state approach for monitoring changes in charge distribution at the interface of the working electrode. The applications of potentiometric biosensors are diverse, ranging from medical diagnostics to environmental monitoring(Rai, M., Jogee, P. S., & Ingle, A. P.  (2015). these biosensors are particularly valuable in situations where the direct measurement of electrical potential can provide insight into the presence and concentration of target analytes. Additionally, the ability to operate under zero current conditions enhances the sensitivity and accuracy of these biosensors. In medical contexts, potentiometric biosensors find use in monitoring biomarkers, detecting diseases, and facilitating point-of-care diagnostics. Environmental applications involve the detection of pollutants and monitoring water quality. The versatility of potentiometric biosensors, coupled with their ability to convert biochemical interactions into measurable electrical signals, positions them as indispensable tools in advancing various fields of research and technology. Potentiometry, an extensively employed electrochemical technique in the sensor field, stands out for its cost-effectiveness and applicability across a broad spectrum of ion concentrations. The market availability of sensors developed using potentiometric methods contributes to their widespread use, allowing for easy fabrication and consistent performance, even when scaled down in size. The integration of potentiometric tools into biosensors has notably propelled advancements in diagnostic and sensing capabilities. The distinctive strengths of potentiometric biosensors stem from the potential-formatted signals they generate and the incorporation of biochemical components as integral parts of the receptors. This synergistic combination enhances the specificity and reliability of these biosensors, making them pivotal in various applications. An intriguing example of such application involves the inventive use of potentiometric biosensors in the form of tattoos for monitoring human perspiration. In a specific instance, a potentiometric biosensor was engineered by coating a gold electrode with polypyrrole and utilizing mat horseradish peroxidase as the biochemical agent. This biosensor has demonstrated efficacy in detecting a range of medical conditions, including tumors, hepatitis B, digoxin, and troponin I. Another noteworthy advancement features a potentiometric biosensor incorporating a gold electrode and an extended field-effect transistor (FET), enabling highly sensitive detection of interleukin with an impressively low detection limit of 1 pg mL−1. These innovative applications underscore the versatility and effectiveness of potentiometric biosensors across diverse scenarios, expanding their role in advancing both research and practical applications within the evolving landscape of biosensing technologies.
3.5. Voltametric biosensors
This plays a pivotal role in identifying analytes by assessing the current generated during a controlled alteration of the applied potential. These biosensors offer distinct advantages, such as highly sensitive measurements and the concurrent detection of multiple analytes. Voltammetry, falling within the realm of electro-analytical methods, derives insights into an analyte by manipulating the potential and subsequently gauging the resulting current. Biosensors leveraging voltametric techniques, including methods like differential pulse voltammetry (DPV) (Gupta, S.,et.al (2017).and square wave voltammetry, for sensing purposes are categorized as voltametric biosensors. The operation of a voltametric biosensor involves identifying the analyte through changes in current corresponding to the applied potential. These biosensors can discern variations in both potential and current. The potential is systematically scanned across a broad range, and the concurrent measurements of current and potential are recorded. The resulting current is directly correlated to the concentration of the target in the electrolyte. The application of voltametric biosensors in the seafood chain involves their utilization for monitoring and ensuring the quality and safety of seafood products. These biosensors can be employed to detect specific analytes, such as contaminants or freshness indicators, in seafood samples. For instance, voltametric biosensors can be tailored to identify the presence of harmful substances like heavy metals or toxins in seafood, providing rapid and reliable assessments of product safety.
4. Application in seafood chain
The exploration of electrochemical biosensors for fish applications has advanced significantly, focusing on the detection of specific compounds originating from the degradation process. Predominantly, these compounds are purine-based, such as xanthine (Xa), resulting from the breakdown of adenosine triphosphate (ATP), and uric acid (UA) and hypoxanthine (HxA), both formed through the enzymatic action of xanthine oxidase on Xa (Watanabe et al., 1983; 1984a, b). An innovative approach involves creating a highly sensitive amperometric sensor for xanthine by modifying a carbon paste electrode using electrospun carbon nanofibers (CNFs). This technique leverages the remarkable catalytic properties of CNFs for xanthine oxidation, showing a high correlation coefficient of 0.99 and a low limit of detection (LOD) of 20 nM in crucian carp samples (Wang et al., 2019). Additionally, differential pulse voltammetry (DPV) has been utilized for the simultaneous identification of hypoxanthine, xanthine, and uric acid, measuring changes in current induced by intermittent pulses superimposed on a potential sweep (Watanabe et al., 1983; 1984a, b).
Further advancements include a biosensor for precise quantification of histamine, incorporating diamine oxidase immobilized within a nanostructured thick film of nPt/GPH/chitosan on a modified carbon screen-printed electrode. This configuration benefits from the synergistic effects of platinum nanoparticles (nPt) and graphene (GPH), enhancing electron transfer rates and electrocatalytic properties (Apetrei and Apetrei, 2016). For detecting Vibrio parahaemolyticus, amperometric detection with hydroquinone/benzoquinone mediators was achieved using a gold screen-printed electrode with immobilized antibodies, resulting in a detection limit of 4 × 10^2 cells/ml. Additionally, a biosensor using electro-reduced graphene oxide/TiO2 nanowires/chitosan/carbon ionic liquid electrodes and immobilized single-stranded DNA, with DPV and methylene blue (MB) as a mediator, achieved a detection limit of 3.17 × 10^-13 M (Song et al., 2017). Another method employed screen-printed carbon electrodes modified with polylactide-stabilized gold nanoparticles, which detected V. parahaemolyticus in concentrations ranging from 2 × 10^-8 to 2 × 10^-11 M with a detection limit of 2.16 pM.
A portable biosensor has been developed for the rapid detection of highly toxic marine toxins, Saxitoxin (STX) and Brevetoxin (PbTX-2), using cardiomyocytes integrated with a microelectrode array (MEA) and a label-free, real-time wireless recording system. This setup allows for dynamic monitoring of electrical activity within the cardiomyocyte network, providing a comprehensive analysis of the toxicological risk associated with marine toxins and aiding in the assessment of bivalve and oyster quality (Wang et al., 2015). Additionally, a microcantilever prototype sensor was developed for detecting cadaverine, utilizing a cadaverine-selective binder applied to microcantilevers on a circuit board. This sensor, incorporated into a handheld device, demonstrates potential for various practical applications (Henao-Escobar et al., 2013; Kampeera et al., 2019).
Lastly, an amperometric biosensor using a screen-printed carbon electrode (SPCE) modified with diamine oxidase (DAO), graphene, and platinum nanoparticles (PtNPs) has been developed for detecting freshwater fish samples. The enzymatic reaction generates H2O2, which is quantified at +0.4 V. Furthermore, a monoamine oxidase (MAO) enzyme sensor based on a tetrathiafulvalene (TFF)-modified SPCE was crafted for determining putrescine (Put) in zucchini and anchovy samples. The TFF mediator significantly lowered the operational potential to +250 mV, enhancing detection efficiency (Henao-Escobar et al., 2013).
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	Used in detection marine allergens and toxic component in bivalves
	[bookmark: _Hlk162798876]Wang, et al., (2015). 


	Mechanical/
microcantilever
	cadaverine concentration
	The bacterial decarboxylation of the amino acid lysine.
	Alexi, et al., (2021). 

	[bookmark: _Hlk162798810]Mechanical /amperiometric
	Enzyme diamine oxidase
	To determine the rate of degradation of free amino acid
	Apetrei and Apetrei, (2016). 

	Amperiommetric
	Enzyme monoamine oxidase
	To determine the amount of putrescine
	[bookmark: _Hlk162796677]Henao-Escobar et al., (2013). 



Table 1. Application of biosensors in seafood industry
5. Challenges
Three primary challenges in the effective operation of electrochemical sensors are stability and reproducibility, achieving a low limit of detection (LOD), and ensuring sensitivity to real samples. These challenges also represent significant hurdles in the production of electrochemical biosensors. The limit of detection (LOD) is crucial as it defines the minimum concentration of the analyte that a sensor can identify, and an optimal biosensor should exhibit a low LOD value. Reproducibility is a vital factor in sensor fabrication and commercialization; results obtained from one sensor should be consistent across all similar sensors, as individually testing each sensor is impractical. Matrix effects pose challenges in the performance of electrochemical sensors, and while dilution is a common strategy to mitigate these effects, excessive dilution may introduce inaccuracies. An ideal electrochemical biosensor should be capable of detecting real samples without the need for additional processing or dilution(Singh, A., et.al (2021).Biosensor development in the food sector faces significant challenges that impede progress. These obstacles include issues related to mass production, sensor lifespan, component integration, and practical handling. These challenges arise from the early stages of development in several critical technologies essential to current and future food biosensing, including nanotechnology, food material science, biomimetic chemistry, and microengineering. The viability of biosensors in the future hinges on their safety concerning human health. It is emphasized that only those biosensors and associated technologies with minimal or no impact on human health are likely to achieve commercial success in the years to come. Addressing these challenges is crucial for advancing the application of biosensors in the food sector and ensuring their effectiveness, safety, and practicality in real-world scenarios(Majer-Baranyi, et.tal(2023).
6. Conclusion
In conclusion, biosensors have emerged as indispensable analytical tools, translating biological responses into electrical signals with precision. The ideal biosensor should exhibit qualities such as temperature and pH independence, recyclability, and specificity. The field of electrochemical biosensors has experienced remarkable growth, evidenced by the increasing volume of research publications and the projected annual market growth rate of 9.7%, poised to reach $24 billion. Interdisciplinary research efforts spanning biology, electronics, material science, and engineering are propelling advancements in electrochemical biosensors, particularly with the integration of nanomaterial(Yadav.et.al (2019). Nanomaterials play a pivotal role in enhancing the mechanical, electrochemical, optical, and magnetic properties of biosensors, facilitating the development of next-generation technologies including single-molecule biosensors and high-throughput biosensor arrays. The fusion of electrochemical biosensing with nanotechnology holds promise for diversifying the market beyond traditional glucose test strips, fostering cost-effective mass production of single-use biosensors. Furthermore, machine learning algorithms are instrumental in deciphering complex sensing data, especially in scenarios affected by noise or impurities. (Singh,A.,et.al(2021).By filtering signals from contaminants, machine learning enhances the sensitivity and accuracy of biosensors, ensuring reliable performance in various applications. Overall, the convergence of electrochemical biosensing, nanotechnology, and machine learning heralds a transformative era in biosensor technology, poised to revolutionize healthcare, environmental monitoring, and beyond(Majer-Baranyi, et.tal(2023).
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Table 2: Electrochemical sensors and their applications in the food industry

	Typeof electrochemical sensors 
	Applications in food industry
	References

	Amperiometric

	· Amperometric biosensors for the detection of glucose.
· Detect specific compounds originating from the degradation process.
· Detect microbial spoilage and counts.
· To determine the amount of putrescine Especially the decarboxlated amino acid compound
· Detect marine toxins
	Wang et al., (2019)
Kampeera. et al., (2019).
Henao-Escobar et al., (2013).
Wang et al., (2021) 

	Potentiometric 
	· Monitoring fermentation processes
· Detection of mycotoxins in food and feed
· Detection of pesticides
	Rai et al., (2015)

	Voltammetric
	· Detection of pathogens, spoilage micro organisms
· Detection of marine toxins
	Vishnu et al., (2014)
Ben-Gigirey et al., (1998)

	Impedimetric
	· Detection of Food borne Pathogens
· Monitoring of Food Spoilage: Measurement of indicators such as specific metabolites or pH changes to assess the freshness of food.
	Alamdari et al., (2021)
Chemnitius et al., (1992)

	
Conductometric
	· Engineered to detect specific pathogens, such as enterohemorrhagic Escherichia coli and Salmonella spp., these immunosensors contribute significantly to food safety and public health
· Pharmaceutical and medical field thro immune detection
	Ye et al., (1997)
Kampeera et al., (2019)
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