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    In 1962, when the term "biosensor" was first introduced by Leland C. Clark and Champ Lyons by describing the use of an enzyme-based electrode for measuring glucose levels, people did not think that it would revolutionize the next-generation medicines. Biosensors are one of the groundbreaking and promising innovations. Therefore, detailed information on them is paramount for budding students and researchers. With great pleasure, I introduce the notable book "Recent Advances in Biosensor Technology." In this rapidly evolving era of science and technology, biosensors significantly transform the landscape of science and technology, healthcare and the environment to safety, toxicity and beyond. The area is witnessing an unprecedented expansion of biosensor applications, driven by breakthroughs in materials science, nanotechnology, and bioengineering. This book is a comprehensive compilation of modern research and cutting-edge developments in biosensor technology. It synthesizes the expertise and contributions of leading scientists, engineers, and researchers, offering a unique opportunity for readers to delve into the frontiers of this exciting domain. The chapters within this volume encompass a wide range of biosensor-related topics, providing an insightful exploration of various biosensing principles, design methodologies, and real-world applications. As we explore the contents of "Recent Advances in Biosensor Technology," we will have the opportunity to learn the most recent and significant advancements in nanomaterials, bio-molecular recognition elements, signal transduction mechanisms, and data analysis techniques. Whether a reader is a researcher, a student, or an industry professional, this book is a vital resource, bridging the gap between theory and practice. The authors' dedication has resulted in a compilation that will lead the future of biosensor technology and its societal impact, reflecting the limitless possibilities. I extend my heartfelt gratitude to the contributing authors for their dedication and commitment to sharing their knowledge with the scientific community. Their collective efforts have resulted in a remarkable compendium that will undoubtedly shape the future of biosensor technology and its impact on society. In conclusion, "Recent Advances in Biosensor Technology" proves the brilliance of human ingenuity and the boundless possibilities that lie ahead. I wish you to discover the same level of inspiration and enlightenment in this book I experienced.




    

      Gyaneshwer Chaubey


      Department of Zoology


      Institute of Science


      Banaras Hindu University


      Varanasi-221005


      India


    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    Currently, there are urgent worldwide demands for biosensor development for human health. The development of biosensors by researchers is enhancing day by day by increasing their sensitivity and affinity towards the biomarkers. The role of nanotechnology is economical, reliable and a novel approach to diagnosis and therapeutics. Nanotechnology-based sensors are used for fast, ultra-sensitive and economical diagnostics. Nowadays, the coating of carbon-based and non-carbon-based nanomaterials such as graphene, nanoparticle or quantum dot is being used on the electrode surface to increase the signal amplification of biomarker load. Organic coating of Quantum dots changes nanoparticles into the hydrophilic compound to connect DNA, RNA, proteins, peptides and other molecules. In carbon-based nanostructures, graphene oxide is biocompatible and has the ability for immobilization of nanoparticles and single-strand DNA. CNTs play a key role in biosensors preparation that can detect target molecules in very little amounts. Silica-based electrochemical biosensors have a wide surface area, stability in critical thermal and chemical conditions and good compatibility with proteins. Nowadays, silver, gold and metallic nanoparticles have been extensively used in the field of virus detection owing to their unique optical, electrical properties, catalysis activity, and magnetic resonance imaging.




    In this book, we covered several chapters regarding biosensors in the identification and characterization of natural bioactive compounds present in the food, pharmaceutical, agricultural, environmental, and industrial sectors. This book also demonstrates the types of biosensors (enzymatic, wearable and paper based) that integrate with the human body in the form of tattoo, gloves, and clothing that help in monitoring human health by calculating their daily routine. It is simple to do painless evaluations of bodily fluids using various biochemical markers such as spit, sweat, skin, and tears. This includes the 3d bioprinting of advanced bioinks for bone tissue regeneration; in addition, microfluidic technology, organ-on-a-chip, and electrospinning technology are used to produce biosensing products for the diagnosis and monitoring of living systems. This book comprises several new efficient biosensors that play a crucial role in the diagnosis revolution in neurodegenerative diseases, covid-19 pandemic, microorganisms, gastrointestinal diseases, diabetes management, as well as in agriculture. Thus, this book aims to broaden the readers’ (academicians, students, and researchers) horizons and guide them in tailoring different biosensing techniques for specific diagnostic procedures. This book highlighted the latest development and the significant role of different new biosensors in future technology.
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      Abstract




      High specificity, less reagent requirement, swift response time, and high throughput screening make biosensors popular for detecting disease biomarkers, monitoring diseases, drug discovery, and other ecological applications such as the detection of environmental pollutants. Emerging health disorders demand targeted drugs with lower side effects in terms of advancing towards a low medicinal load. Active ingredients present in the different parts of plants and microorganisms have been used for several medical purposes for ages. Recent research has identified multiple promising natural bioactive compounds possessing the potential to mitigate several life-threatening diseases like Cancer, Diabetes, and Neurological disorders. Identifying such bioactive chemicals in the crude extract from various plant sources like leaves, roots, bark, fruits, and seeds, as well as in microbial extracts, is a tedious work that requires complex instrument setups, lengthy methods, and plenty of time, sometimes many years. The development and use of biosensors for natural bioactive moieties can overcome such problems and expedite the drug discovery process. This chapter provides a summary of the available biosensors for bioactive chemicals detection in extracts and fractions of organisms/plants, their types, design, and methods used for that purpose. Moreover, the chapter highlights the current use and the progress of the development of biosensors for identifying bioactive natural compounds.
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      INTRODUCTION




      Natural bioactive compounds are the chemicals produced by plants or the chemicals that are part of the plant’s structure and physiology. These bioactive compounds are more commonly referred to as phytonutrients and can be part of the roots, stem, bark, leaves, flowers, and fruits of plants [1]. Bioactive compounds can be beneficial to health as they possess nutritional and medicinal values; on the other hand, they can be toxic and harmful to human health as well [2, 3] Major forms of bioactive compounds are classified as flavonoids, alkaloids, polyphenols, anthocyanins, pigments, vitamins, fatty acids, volatiles, and essential minerals [4]. In the past few decades, phytochemicals have been studied extensively for their medicinal efficacies and are well known for treating/lowering the risks of several diseases like malaria, measles, dysentery, constipation, stomachache, yellow fever, etc. Moreover, phytoconstituents are also well documented for their analgesic activities, antimicrobial activities, anti-inflammatory, anti-oxidative activities, anti-hyperglycemic activities, hepatoprotective and reno-protective activities [5– 8]. Recent research shows evidence of bioactive compounds regulating multiple signaling pathways during multiple metabolic disorders like diabetes and cancer [9– 11]. Flavonoids like Morin are reported to modulate insulin signaling, apoptotic pathways, ER stress, and the expression of glucose transporter proteins [7, 8, 12]. Moreover, several polyphenols like epigallocatechin gallate are reported to regulate MAPK kinases, p53, and other proteins involved in the progression of multiple cancers [13]. These examples demonstrate the potential of bioactive compounds to be exploited as therapeutic agents in several incurable diseases. So far, more than 10,000 phytochemicals have been identified, while very few (~150) have been evaluated in depth for their medicinal potential [14]. Moreover, a single plant and/or part of the plant may contain thousands of bioactive compounds, which could be beneficial for nutritional purposes as well as medicinal purposes. Identifying and characterizing these active compounds present in plants are not only complex but time taking too; developing specific biosensors to identify the specific type of the phytochemical may amplify the process. Biosensors can be very useful in the characterization of the bioactive compounds as well and can help in narrowing down the lead molecules out of numerous phytochemicals present in the crude extract.




      Biosensors are devices that work based on biochemical reactions and measure the proportions of the analytes present or the end products of that biochemical reaction [15]. Biosensors require several components to work, including biocatalysts (enzymes), bioreceptor, transducers, signal amplifiers, display units, and the analyte that need to be detected [15, 16]. A transducer and a biosensing component are the conventional components of a biosensor. It is utilized for the detection of several components, including contaminants, a specific marker protein, microbial load, metabolites and numerous other compounds. It also has a wide range of uses in the medical field, food industries, and several other industries that demand accurate and reliable tests for screening samples [17]. A perfect example of a commonly used biosensor is Glucometer which is used to measure blood glucose levels.




      This chapter explores the use of biosensors in identifying and characterizing phytochemicals which can be useful in drug discovery. The development of compatible and reliable biosensors for selecting bioactive compounds as lead molecules and identifying/isolating toxic plant chemicals can accelerate the speed of drug discovery and disease treatment.


    




    

      



      CONSTRUCTING BIOSENSORS FOR DETECTING AND CHARACTERIZING PHYTOCHEMICALS




      Development of the specific biosensors depends upon the information regarding the analyte to be detected, such as the chemical nature of the analyte, the concentration of the analyte, intermediated products, interfering species, and the type of matrix [18]. Identifying an end or intermediate product of the biochemical reaction that can be detected by the sensor of the biosensor is an important and tedious process in the development of biosensors for detecting bioactive plant chemicals [19]. Choosing a biosensor also depends upon the nature of the reaction and/or the type of sensors used to construct it. Below is the list of a few types of sensors or detectors used in developing biosensors:




      Electrochemical sensors: These sensors are majorly based on the enzymatic catalysis that consumes or liberates electrons that can be captured by the sensors. Electrochemical sensors can be further classified into four types of sensors [20– 22]:





      

        	
Amperometric Biosensors (detect electrical current while keeping potential constant)




        	
Potentiometric Biosensors (detect electrical potential)




        	
Impedimetric Biosensors (detect electrical impedance)




        	
Voltammetric Biosensors (detect current when applied to a specific voltage)


      




      Immunosensors work based on the specificity of antibodies to their specific antigens.




      Nucleic Acid biosensors work based on the interaction properties of DNA and RNAs to their complementary strands.




      Optical biosensors work based on the optical activities of the analytes.




      Calorimetric biosensors work based on thermal properties.




      Magnetic biosensors utilize magnetic properties to detect analytes.




      Fluorescent-based biosensors use synthetic chemistry and labeling of the analytes with fluorescent probes.




      The selection of the sensors affects the reproducibility, accuracy, precision, and robustness of the results. Apart from that, the limit of detection and linearity are the other important factors to keep in mind while designing biosensors for identifying bioactive chemicals.


    




    

      



      BIOSENSOR-BASED METHODS TO IDENTIFY AND CHARACTERIZE BIOACTIVE PLANT PRODUCTS




      DNA probes, antibodies, enzymes, and cell receptors that interact with the analyte can all be used as biological sensing materials. A transducer, the above-mentioned biosensors (electrical, optical, etc.), converts the interaction signal into the detection patterns or signals that are measured. To brief the statement, molecules in the sensor interact with the reactants to produce an electrical signal that is directly proportional to the analyte's concentration. Based on this principle, biosensors use impedimetric, potentiometric, amperometric, etc., to turn sensor data into a quantifiable signal (Fig. 1) [23].
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Fig. (1))


      Systematic components of a typical Biosensor.



      At least one biological component serves as a detecting element in a biosensor. It might be a complete cell, an enzyme or protein, an aptamer, DNA or RNA, or an antibody. In comparison to other types of biosensors, enzyme-based biosensors have been used the most frequently as natural product detectors in industrial analysis. These biosensing interaction processes may be broken down into three categories for study: biosystems, bio affinity, and enzyme-based biocatalysts (Fig. 2) [24].
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Fig. (2))


      Interactions types between Biomolecule (Analyte) and Biosensor.



      

        



        Cell-free Biosensors




        High-specificity and sensitivity biosensors have become important tools for prompt and accurate detection. Synthetic biology methods have been used for a wide range of substances. But unlike cell-free biosensors, many suggested cell-based biosensors have limitations in terms of shelf life, biosafety levels, and ethical regulatory concerns since they are based on live, genetically engineered organisms [25]. Additionally, a limiting step is the analyte's diffusion through the cell membrane [26]. Bio-affinity and Enzyme-based sensing can be categorized into Cell-free biosensor design, and various research studies developing biosensors for the detection of bioactive compounds are discussed. Schultz J et al. 1982 developed an affinity biosensor for the detection of glucose via immobilized concanavalin A protein [27]. A Quartz Crystal Microbalance affinity biosensor immobilized with desthiobiotin on a gold-layered surface for biotin detection was created by Masson et al. The basis of the biosensor working was the affinity between biotin and desthiobiotin [28]. For the aim of determining natural phytoestrogen polyphenols, Andreescu & Sadic, 2004 created an amperometric tyrosinase-based biosensor. This sensor can calculate the total phenolic concentration of phenolic estrogens found in nature, including quercetin, genistein and resveratrol [29]. Later in 2006, an optical tyrosinase-based biosensor for quantitative analysis of phenolic compounds was developed by Abdullah et al. Chitosan film was used to immobilize the enzyme tyrosinase, and the enzymatic oxidation of phenol resulted in the production of o-quinone. This compound then combines with the reagent 3-methyl-benzothiazoline hydrazine to generate a maroon coloring detected using a spectrophotometer. For m-cresol, p-cresol, 4-chlorophenol, and phenol, this catalytic biosensor had LOD values of 1.0, 3.0, 0.9, and 1.0 M, respectively. Additionally, the sensor maintained its stability for almost two months [30].


      




      

        



        Cell-based Biosensors




        Compared to cell-free (molecule-based) receptors, using cell-based (entire cells) as sensing components has the advantages of being less expensive and more stable; that's because the requirement for purification is bypassed, cells can be grown in bulk quantities, and necessary co-factors are already present inside the cells. In a study conducted by Pfleger et al. for rapid screening and detection of mevalonate in an extracellular environment, a microbial-based biosensor has been employed utilizing E. coli mevalonate auxotroph [31]. For the screening of natural products with Quorum Sensing Inhibitors activity (QSIs), Ding et al. reported fluorescent-based whole-cell biosensors employing C. violaceum CV026 and A. tumefaciens A136. This biosensor was used to search a database of Traditional Chinese Medicine for QSIs operating on P. fluorescens as a spoiling microorganism agent that had minimal toxicity. Inhibition of the synthesis of long-chain and short-chain N-Acyl homoserine Lactones (AHLs) was shown by the loss of blue color and purple pigment, respectively [32]. To detect and monitor pamamycins, an antibiotic, Rebets et al. constructed a luminous whole-cell (S. albus) biosensor. The biosensor identified and regulated the antibiotic producers using a TetR transcriptional repressor [33]. Experimental research by Han et al. presented a FRET-based HeLa-C3 cells-based sensor for the detection of apoptosis-inducing ent-kaurene, a diterpenoid. To discover a prominent apoptotic agent in Chinese herbal extracts, researchers coupled a biosensor with a High-Speed Counter Current Chromatography method [34]. S. mansoni, a parasitic blood fluke, produces serotonin (5-HT), which interacts with cyclic AMP to control the motion of the parasite. Marchant et al. suggested using a luminous cAMP-biosensor in conjunction with co-expressed Sm.5HTRL receptor in mammalian cells to detect potential anti-schistosomal therapeutic compounds, such as protoberberines, aporphines, and tryptamines [35].


      




      

        



        Nanotechnology-based Biosensors




        Due to excellent conductivity, cytocompatibility and the high amount of molecule loading, nanomaterials provide a direct way for signal amplification in biosensor design [24]. Downsizing the biosensor to micro or nanoscale can improve the signal-to-noise ratio and allow for the use of limited sample amounts, which indirectly lowers the cost of the analysis. Additionally, once dimensions approach the nanometre scale, the surface-to-volume ratio of the sensor area rises, and because of this, the size of the detection electrodes and the targeted biomarkers becomes almost similar. Reduced non-specific binding and improved binding efficiency to the target molecule are the results of this [36]. Precise immobilization of the sensor components employing nanoparticles is achievable. The advantages of covalently coupling biomolecules to nanoparticles include stability, repeatability of surface modification, and a reduction in imprecise physical adsorption [37]. By employing immobilized laccase as the sensing component in the identification of phenolic natural products, Othman and Wollenberger were able to create an amperometric biosensor. To immobilize laccase, they utilized a coating of carboxyl carbon nanotubes (CNTs) on screen-printed carbon electrodes. The coating enhanced the amperometric responsiveness and made it possible to quickly identify phenolics [38]. A voltammetric tyrosinase-based sensor was constructed by Wee et al. to investigate phenolic metabolites in liquid setups. CNTs were used to create enzyme adsorption, participation, and crosslinking with tyrosinase molecules, i.e., EAPC solution. The detection limit of the biosensor is significantly enhanced by using these nanostructures, which achieved 35 and 14nM LOD for phenol and catechol, respectively [39].




        Magnetic nanoparticles improve the detection sensitivity by reducing the imprecise binding on the sensor region [40]. A nano-biosensor based upon mast cells was constructed by Xin et al. to identify (Botulinum Neurotoxin Type B) BoNT/B. For concentrated target absorption in test samples, researchers employed immobilized nano-magnetic beads layered with anti-BoNT/B polyclonal antibodies. The sensor’s quick to monitor 100 pM BoNT/B [41]. A field-effect enzyme biosensor was constructed by Lin et al. to assess the quantities of proteins, H+ ions, NH2CONH2 (urea), and C6H12O6 in solutions. For this, the immobilization of enzymes was carried out in a magnetic powder using calcium-alginate microcubes. These magnetic beads are exposed to an external magnetic field thus, they serve as an enzyme carrier to fix the enzymes to the biosensor's surface. In such a setup, the assessed target contacts the biosensor's surface directly, enabling quantification of the target concentration [42].


      




      

        



        Microfluid-based Biosensors




        Microfluidic systems provide benefits such as quick functioning, requiring a minimal volume of samples and chemical compounds, increased accuracy, lesser power usage, and generating minimal waste. Additionally, the efficiency, controllability, and reproducibility of tests are also increased, and cross-contamination is decreased through biosensing assessment on microfluidic scales [24]. On a microfluidic system, Labroo and Cui developed an enzyme-graphene-based sensor for the consecutive monitoring of multiple metabolites. Every metabolite through this sensor is identified by a signal generated by the oxidase activity immobilized on the testing surface. In less than 2 minutes, the sensor identified xanthin, lactate, glucose, and cholesterol with a LOD of 0.3 M for each analyte [43]. A fluorescent-based microbial biosensor was created by Siedler et al. for the detection of secreted p-coumaric acid. Their method involved growing p-coumaric acid-producing cells in microfluidic droplets and introducing the monitoring bacteria into the droplet. Following injection, biosensor cell fluorescence signals were segregated and assessed [44]. A SAW-based (Surface Acoustic Wave) biosensor was utilized by Fournel et al. to detect the phycotoxin of okadaic acid in real-time. By incorporating a microfluidic module, the quality of the response pattern was enhanced, and the minimum okadaic acid detection concentration was reduced by elevating the flow volume and mass convection onto the bio-functional layer [45]. Table 1 summarizes the research progress made in the field of biosensor development for the detection of natural bioactive compounds.




        

          Table 1 Studies for the development of the biosensor to detect natural bioactive compounds.




          

            

              

                	Natural Bioactive Detected



                	Bioreceptor



                	Detection Technique



                	Reference

              


            



            

              

                	Madindoline A



                	Human glycoprotein130 is covalently linked to the Fc region of the immunoglobulin (gp130-Fc-HA)



                	Surface Plasmon Resonance (SPR)



                	[46]

              




              

                	Phenolic compounds



                	Tyrosinase immobilized on a chitosan film



                	Colorimetry



                	[30]

              




              

                	Phytoestrogen polyphenols



                	Tyrosinase



                	Amperometry



                	[47]

              




              

                	Malbrancheamide and Tajixanthone



                	Fluorophore-labeled Calmodulin protein



                	Fluorescence



                	[48]

              




              

                	Ent-kaurene diterpenoids



                	HeLa–C3



                	FRET (Fluorescence Resonance Energy Transfer)



                	[49]

              




              

                	Okadaic acid



                	Inhibition of protein phosphatase 2A



                	Colorimetric



                	[50]

              




              

                	Domoic acid



                	AgNP (Silver Nanoparticles) as SERS substrate



                	Surface Enhanced Raman Scattering (SERS)



                	[51]

              




              

                	Okadaic acid



                	
In-situ SERS analysis utilizing AgNP



                	SERS



                	[52]

              




              

                	Tetrodotoxin



                	Aptamer’s structure conformational change



                	Fluorescent



                	[53]

              




              

                	Ciguatoxins



                	Sandwich ELISA



                	Fluorescent



                	[54]

              




              

                	Microcystins



                	Fluorescence quenching of graphene oxide (GO) by FRET between AuNPs and GO to detect microcystin-LR and microcystin-RR



                	FRET



                	[55]

              




              

                	Okadaic acid



                	SPR immunosensor conjugated with magnetic particles



                	SPR



                	[56]

              




              

                	p-coumaric acid



                	Bacterial cell



                	Fluorescence



                	[57]

              




              

                	Phenolic compounds



                	Tyrosinase is immobilized in Carbon nanotubes.



                	Voltammetry



                	[58]

              




              

                	Telomestatin



                	Biotin-labeled human telomeric oligonucleotide



                	SPR



                	[59]

              




              

                	Glutamate



                	Glutamate oxidase



                	Amperometry



                	[60]

              




              

                	Aflatoxin B1 (AFB1)



                	Anti-AFB1 antibodies conjugated to nanoparticles integrated into the gold chip



                	Amperometry



                	[61]

              




              

                	Benzoic acid derivatives



                	Multipeptide



                	Fluorescence



                	[62]

              




              

                	Phytoestrogen polyphenols



                	Tyrosinase



                	Amperometry



                	[63]

              




              

                	Volatile Organic Compounds



                	Odorant Binding Proteins



                	SPR



                	[64]

              


            

          




        


      


    




    

      



      CONCLUSION




      Natural bioactive compounds are mainly secondary metabolites that are synthesized by biological systems (plants, microorganisms, etc.) that have advanced uses, particularly in the food and medical sectors. Various studies have highlighted natural bioactive compounds as potential candidates for the treatment of various disease conditions like cancer, diabetes, and neurological disorders. Therefore, it becomes necessary to detect and quantify bioactive compounds. Meanwhile, the requirement of advanced techniques plays an important role in the easy and quick monitoring (detection) of natural bioactive compounds. The current scenario is focused on a novel technique, i.e., in the development of biosensors. To increase the rate and limit of detection of bioactive, a promising screening strategy using biosensors as an analytical method can be useful. Biosensors can identify bioactive’s inherent role in a biological system, measure their interaction with different molecules and quantify the concentration with ease. In a mixture of chemical products with identical structures (or vice-versa), biosensors can often precisely identify the targeted natural bioactive structures. Besides that, the substances employed in designing a biosensor's framework and selecting the suitable detecting method, affect the biosensor's effectiveness.
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