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Abstract

Biosensing technologies are indeed being explored to utilize various biological fluids, such as sweat, tears, and urine, for assessing blood glucose concentrations. This approach offers the potential for non-invasive or minimally invasive glucose monitoring devices, providing convenience and improved user experience. These devices utilize various technologies, such as optical sensing, spectroscopy, or impedance measurements, to indirectly assess glucose levels through the biological fluids.  Since the conception of the glucose biosensor based on electrochemical detection platforms have played a significant role towards the development of commercial point-of-care diagnostic devices. Ongoing advancements focus on improving accuracy, ease of use, and connectivity options for data management and analysis. However, there continues to be several challenges related to the achievement of accurate and reliable glucose monitoring. This chapter discusses the brief history, basic principles, analytical performance related to nanomaterials based detection of glucose biosensor and the present status in the clinical practice. In addition, this chapter would also focus on the application of nanomaterials, and enzyme modifications both in labeled and label-free approaches for glucose based biosensor.
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I. INTRODUCTION
A glucose biosensor is a device used to measure glucose concentration in biological fluids such as blood, tear and urine. Biosensors typically consist of a biological component, such as an enzyme or antibody, immobilized on a surface and a transducer that converts the signal generated by the biological component into a measurable output signal. Although enzyme-based glucose sensors dominate scientific research and the market with certain limitations, they inherently have low thermal and chemical stability. To address these limitations, non-enzymatically novel nanomaterials have also been developed for glucose monitoring in alternative microfluids. As far as glucose monitoring is concerned, there is still a need for continuous and non-invasive detection with more reliable and sensitive devices.
The biological component of a glucose biosensor is typically an enzyme called glucose oxidase (GOx). GOx is an oxidoreductase enzyme that catalyzes the oxidation of glucose to gluconic acid and hydrogen peroxide. In a glucose biosensor, GOx is immobilized on a surface, such as a thin film or a nanoparticle, and then combined with a transducer that converts the hydrogen peroxide signal produced by the enzyme into a measurable output signal, such as an electrical current or voltage. The immobilization of GOx on the biosensor surface is crucial for the stability and activity of the enzyme. Immobilization can be achieved through various techniques including physical adsorption, covalent bonding and entrapment in a matrix. The choice of immobilization technique depends on the type of biosensor and the desired properties such as sensitivity, stability and selectivity. Each method has its advantages and disadvantages and is selected based on the specific requirements of the biosensor [1].

Physical adsorption is the simplest method of immobilization, in which the enzyme is simply adsorbed on the surface of the biosensor. This method is relatively easy to perform, but the enzyme can easily leak from the biosensor and its activity can decrease over time. In covalent binding, the enzyme is chemically bound to the surface of the biosensor using cross-linking agents such as glutaraldehyde. This method results in a more stable and longer-lasting immobilization, but can also change the structure and activity of the enzyme. Encapsulation involves encapsulating the enzyme in a matrix, such as a polymer or hydrogel. This method allows the enzyme to be protected from the external environment and can also allow for a controlled release of the enzyme over time [2]. Conversely, immobilized enzymes are more resistant to environmental changes (e.g. high temperatures, high pH, ​​etc.) and are easier to recover from unbound enzymes.
Overall, the biological component of a glucose biosensor plays a critical role in catalyzing the glucose reaction and producing a measurable signal that can be used to determine the concentration of glucose in a sample. Glucose biosensors have a wide range of applications including diabetes management, food analysis and environmental monitoring. They are typically small, portable and easy to use, making them ideal for point-of-care testing. To date, there have been numerous review articles on the subject of glucose detection in various specialist journals. The purpose of this review is to highlight significant scientific and technological developments in glucose biosensors based on nanomaterials and carbon nanotubes in recent years. Here we also review recent advances in point-of-care glucose testing.
II. BRIEF HISTORY
The development of glucose biosensors represents a significant advance in the treatment of diabetes and other diseases that require glucose monitoring. The history of glucose biosensors dates back to the early 1960s, when researchers first discovered the potential of glucose oxidase (GOx) as a sensing element. In 1962, Leland Clark Jr. and Ann Lyons introduced the first amperometric enzyme electrode for glucose measurement, which used a GOx-coated platinum electrode and a gas-permeable membrane to measure the oxygen consumed in the enzyme reaction. This device was the forerunner of modern glucose biosensors and provided a reliable and accurate method for glucose monitoring [3,4]. The GOx enzyme consists of two identical polypeptide chain subunits (80,000 daltons) covalently linked by disulfide bonds [5]. Each subunit contains one mole of Fe and one mole of FAD (flavin adenine dinucleotide) molecule. In the following years, researchers continued to refine and improve the design and performance of glucose biosensors. In the 1970s, electrochemical biosensors came onto the market that used a combination of a glucose-sensitive enzyme and an electrochemical transducer to detect glucose levels.

The "first generation" of glucose sensors includes the GOx. The first commercial glucose biosensor was introduced in 1982 by the company MediSense. This device, called the "Precision," used a thin layer of immobilized GOx and an electrochemical transducer to measure glucose levels in blood samples [6]. The glucose oxidase biosensor was categorized in mediator-based “second generation” of glucose sensors. Advances in these mediator-based sensors increase the rate of electron transfer between the electrode and the enzyme [7](Kannappan et al. 2023). 

Further studies focused on developing a device based on reagentless devices included in the “third generation” of glucose sensors. The glucose oxidase biosensor increased efficiency by increasing the working potential of enzymes and thus direct electron transfer between the enzyme and the electrode without the use of mediators. In 1991, K. D. Wise and his team at the University of Michigan introduced a glucose biosensor based on a glucose-sensitive field effect transistor (FET). The FET biosensor consisted of a glucose-sensitive enzyme immobilized on the gate electrode of the FET [8]. In early 2000, Mark Strano and his team at the University of Illinois introduced a glucose biosensor based on a carbon nanotube electrode (CNT). The CNT biosensor showed high sensitivity and fast response time due to the large surface area and conductivity of CNTs [9]. Later in 2015, a team of researchers at the University of California, San Diego developed a non-invasive glucose biosensor that can measure glucose levels in sweat using a flexible, tattoo-like sensor [10]. Recently, a research team from the University of Tokyo developed a glucose biosensor based on a nanopore platform that can detect urinary glucose levels with high sensitivity and selectivity, providing a potential alternative to blood-based glucose monitoring [11]. 

Devices based on the direct electrooxidation of glucose, using mainly noble metals as a catalyst, have recently been proposed as a possible “fourth generation” of sensors to overcome the limitations of enzymatic sensors. Precious metals such as gold (Au), platinum (Pt) and palladium (Pd) are often used as catalysts in non-enzymatic glucose sensors. One of the main limitations of enzymatic sensors is their sensitivity to interfering substances in the sample matrix, which can lead to inaccurate glucose measurements. In contrast, non-enzymatic sensors are based on the direct oxidation of glucose on the surface of the noble metal catalyst, eliminating the need for an enzyme and reducing interference from other substances [12]. Another advantage of using noble metal catalysts is their high catalytic activity, which can improve the response time, sensitivity and stability of the sensor. Noble metals also have a high surface-to-volume ratio and can be easily functionalized with specific molecules such as glucose oxidase to improve their selectivity and specificity for glucose detection. However, the use of rare metals as catalysts also brings with it some disadvantages, such as high cost, toxicity and potential environmental problems. Therefore, researchers are exploring alternative materials such as carbon-based nanomaterials, metal oxides, and conductive polymers that may offer similar or improved performance at lower cost and lower environmental impact [13]. 

These are just a few examples of the ongoing advances in glucose biosensor technology that are expected to continue to improve the accuracy, convenience, and affordability of glucose monitoring in the future. With the development of materials science, advances in nanotechnology, microfluidics, engineering, computer science, and biocompatibility have enabled the development of smaller, more portable, and more user-friendly biosensors suitable for point-of-care testing. An effective biosensor for glucose detection should have several key features. These include:
i. High sensitivity: The biosensor should be able to detect glucose in low concentrations, ideally in the nanomolar or picomolar range.
ii. High specificity: The biosensor should be able to distinguish glucose from other compounds that may be present in the sample, such as fructose or galactose.
iii. Stability: The biosensor should be stable over a long period of time and be able to maintain its sensitivity and specificity even after repeated use. 
iv. Fast response time: The biosensor should be able to measure the glucose level in the sample quickly and accurately. 
v. Low cost: The biosensor should be affordable and cost-effective, making it accessible to a wide range of users. To achieve these properties, several design strategies for glucose biosensors have been proposed. This includes the use of new materials for the biosensor surface, such as carbon nanotubes, graphene or metal-organic frameworks, which can increase the sensitivity of the biosensor and the stability of the biosensor. Other strategies include optimizing the immobilization of glucose oxidase on the biosensor surface, for example by using covalent binding or cross-linking, to improve the stability and activity of the enzyme. The use of nanostructures such as nanoparticles or nanotubes can also improve the performance of the biosensor by increasing the surface area and improving electron transfer between the enzyme and the transducer. Additionally, advances in microfabrication and microfluidics have enabled the development of miniaturized biosensors that can be integrated into wearable devices or implantable sensors to provide continuous, real-time monitoring of glucose levels.
III. Basic Principles of Glucose Biosensors

The basic principles of glucose biosensors involve the recognition of glucose molecules by a biological component, such as an enzyme, and the conversion of this recognition event into a measurable signal using a transducer. Here are the fundamental principles of glucose biosensors:

A. Biological Recognition Element: Glucose biosensors incorporate a biological recognition element that specifically interacts with glucose molecules. The most commonly used recognition element is the enzyme glucose oxidase (GOx). GOx catalyzes the oxidation of glucose, producing hydrogen peroxide (H2O2) as a byproduct. Other enzymes, such as glucose dehydrogenase, can also be used as recognition elements.
B. Transducer: The transducer is responsible for converting the biochemical signal generated by the recognition element into a measurable signal, for example an electrical or optical signal. The choice of transducer depends on the specific design and application of the biosensor. Efficient signal reception for biological recognition activity (transduction) is one of several key difficulties in the development of biosensors. Such transducers convert the interaction between analyte and biological component into electrochemical, electrochemiluminescent, magnetic or optical signals [14]. Nanomaterials are interesting options for improving sensitivity and lowering detection limits even for single molecules, as they are capable of immobilizing a larger number of bioreceptor components in smaller volumes and could act as a transduction component. Among these nanomaterials, graphene, carbon nanotubes, gold nanoparticles, semiconductor QDs, polymer NPs, and nanodiamonds have all been the subject of extensive research.

C. Electrochemical Biosensors: Electrochemical biosensors are often used to detect glucose. They consist of an electrode system consisting of a working electrode, a reference electrode and a counter electrode. The working electrode is usually coated with the detection element, for example GOx. When glucose reacts with the sensing element, it produces an electrical current or potential that can be measured. The magnitude of the current or potential is proportional to the glucose concentration.

D. Amperometric and Potentiometric Detection: Amperometric biosensors measure the current generated by the oxidation of H2O2 at the working electrode. The current is directly proportional to the glucose concentration. Potentiometric biosensors, on the other hand, measure the potential difference between the working electrode and the reference electrode. The potential difference changes with the glucose concentration.

E. Optical Biosensors: Optical biosensors use light-based techniques to detect glucose. They can use fluorescence, absorption or surface plasmon resonance (SPR) principles. Fluorescent biosensors use fluorescent molecules that show changes in fluorescence properties when glucose binds. Absorption-based biosensors measure changes in light absorption through a chromophore connected to the sensing element. SPR biosensors detect changes in the refractive index at the sensor surface upon binding glucose. Carbon dots are promising building blocks for the development of optical biosensors due to their unique optical properties and biocompatibility. They can be chemically modified to allow very sensitive and precise screening for biologically important materials [15]. 
F. Calibration and Measurement: Glucose biosensors require calibration with known glucose standards to establish a relationship between the measured signal and the corresponding glucose concentration. Using calibration curves or algorithms, the measured signal is converted into meaningful glucose values. The response of the biosensor can also be influenced by factors such as temperature, pH and interfering substances, which requires appropriate compensation or correction. By integrating the biological recognition element and the transducer, glucose biosensors enable the detection and quantification of glucose in various samples, such as blood, urine or interstitial fluid. These biosensors provide a convenient and practical tool for monitoring glucose levels, especially in diabetes management and research applications

IV. Nanomaterials-Based Biosensors for the Detection of Glucose

The point-of-care biosensor systems have shown that with the current advances in nanostructured materials, they offer the opportunity to revolutionize the future of personalized health diagnosis and therapeutic practices. The nanomaterial consists of nanoparticles (NPs) that are <100 nm in size and have only one dimension. Due to the growing need for managing beneficial molecules in the human body and associated environment, nanomaterials are currently attracting great interest [16]. Clinical diagnostics are crucial for detecting diseases and developing effective treatments. A variety of sensing devices have been developed for research into blood components, glucose/lactate, DNA/RNA sequence analysis, proteins/oligopeptides, toxicity testing, immunoassays and forensic analysis. In addition to microfluidics and sample preprocessing, attempts are being made to improve the resolution, accuracy and miniaturization of biosensing devices for identifying biomolecules [17]. 
Biosensors are expected to address a variety of unmet needs in the diagnostics sector due to their mobility and rapid insights. Because they appear to improve the efficiency and detection ability of a single molecule, nanomaterials have become important components of bioanalytical tools. Furthermore, it is a common tactic to combine many nanomaterials, each with unique properties, to further improve the functionality of biosensors [18]. Nanodesign-based mechanical devices created a new interdisciplinary frontier between biomolecular detection and materials science, gold nanoparticles (GNP), carbon nanotubes (CN), magnetic nanoparticles (MNP), and quantum dots (QDs) are actively investigated for their applicability in biosensors [19]. Nanotechnology-driven ultrasensitive biosensor systems are among the most promising opportunities to diagnose health-related commercial problems with high sensitivity, rapidity, and affordable analytical methods [20]. 
A.  Graphene based Nano-sensor

Due to its intriguing properties, including a robust structure, higher electron mobility at room temperature, and a quantum Hall effect, graphene, a fundamentally thin layer of sp2-hybridized carbon, has been widely used for the development of medical biosensors. It is a translucent substance with no impact on the environment and with extremely low production costs. For the detection of a variety of analytes, including glucose, cytochrome C, NADH, etc., it is widely used in various biosensors [21]. In recent years, new graphene-based nanoparticles have been presented as innovative sensor platforms. Biomolecules, including enzymes, antibodies and DNA, have been immobilized on some of these platforms to construct highly sensitive and focused biosensors. According to the chemical composition of graphene, different methods have been used to bind these biomolecules to its surface. These techniques include physisorption and covalent binding, which couple biomolecules via carbodiimide hydrochloride and N-hydroxysuccinimide [22]. Biosensors use graphene nanomaterials as transducers to convert molecular interactions of interest into detectable measurements [23]. Before graphene-based sensors are merged or implanted into the human body, it is important to take into account the influence of graphene on human health, such as, biocompatibility or toxicity etc. There are numerous studies has summarized in table-1 based on graphene based biosensors. However, there is still a lack of systematic studies on the consequences for people and the environment [24]. The inherent properties and surface chemistry of graphene-based nanomaterials are largely influenced by their toxicity level and tend to affect distribution, translocation, accumulation, etc. degradation. After exposure to the immune system, the original properties and biological behavior of graphene-based nanomaterials changed dynamically, which could lead to degradation or biotransformation [25]. 

Table 1: Various Graphene Based Biosensor

	Analyte detected
	Sensing material/

electrode
	References

	Glucose
	Graphene-copper NP
	[26] 

	Cancer uPAR biomarker
	FTO-Graphene nanosheets
	[27] 

	HIV, arthritis, cardiovascular disease
	Graphene-FET
	[28] 

	Dopamine
	Graphene and PVP
	[29] 

	DNA
	Graphene-PMMA
	[30] 

	β-Amyloid
	SERS
	[31] 

	Lysozyme
	Surface plasmon based sensing
	[32] 

	Glucose
	Fluorescence graphene quantum dots
	[33] 

	DNA
	DPV
	[34] 

	α-Fetoprotein
	Graphene-gold NP-carboxyl groups
	[35] 

	Thrombin
	Aptamer and graphene nanocomposite
	[36] 

	Thrombin
	Graphene
	[37] 

	Chlorpyrifos
	Graphene-FET
	[38] 

	Chlorpyrifos
	Carboxylic grapheme-NiO NP–Nafion
	[39] 

	Chloramphenicol
	GCE/MoS2/MWCNTsCOOH
	[40] 

	Tetracycline
	SPCE/graphene
	[41]

	Streptomycin
	GCE/PCNR/graphene Fe3O4-AuNPs
	[42] 

	Kanamycin
	Reduced graphene oxide
	[43]


B. Recent development in Graphene based Glucose Biosensor as an implant for Cardiovascular System

The gold standard for measuring glucose is the amount of glucose present in venous plasma. Although traditional disposable test strip-based glucose level self-monitoring devices have been widely used to improve the quality of life of diabetics, they still have disadvantages such as inconvenience, inability to measure while sleeping, and problems in continuous monitoring. Therefore, continuous monitoring of glucose levels is considered the best method for determining the disease status of a diabetic patient in order to manage their diabetes and its consequences. Continuous monitoring is possible with painless biofluid-based wearable glucose sensors; However, their accuracy is still worse than that of direct glucose level monitoring. Therefore, implanted glucose sensors and microdialysis-like devices have been developed to continuously measure blood glucose [44,45]. Perivascular glucose levels are closely related to those in the blood, so there are few commercially available, state-of-the-art glucose care systems that monitor glucose levels in the perivascular system using a small needle-like probe. Most of these devices are based on enzyme-based electrochemical detection. Limited lifespan, biological contamination, and poor transduction ability are some of the challenges associated with implanted glucose sensors.
Tragically, there are few current descriptions of graphene-based implantable glucose monitors. A recent study proposed a cylindrical flexible enzyme electrode device for implantable continuous tracking of glucose concentration to reduce signal fluctuations and perform hypoglycemia detection [46]. With a detection limit of 0-570 mg/dL and a 3D nanostructure made of graphene and platinum nanoparticles, the level of sensitivity has been significantly improved. This sensor proved successful for continuous glucose measurement in the subcutaneous area even under hyperglycemic conditions and is on par with conventional glucometers according to an in vivo rat study.
C. Carbon Nanotube based Nano-sensor

The attempts to develop practical uses of such nanomaterials, and significant interest in their synthesis, techniques, characteristics are in the current phase of study of the nano-tubular varieties of materials. Devices of this kind grab attention because they combine several unique qualities that are not possible in traditional single or polycrystalline structures.

Carbon nanotubes (CNT) have various uses, including as catalyst and polymer additives, auto-electron emission for  telecommunication networks, examining electromagnetic waves, conversion of energy, lithium battery, hydrogen storage, nanoprobes and supercapacitors and nano-sensors [47]. A significant development in nanoelectronics may be sparked by many novel unusual mechanical, electrical, and magnetic characteristics of nanotubes.

CNTs are a potential starting material for the construction of miniaturized chemical and biological sensors due to their great sensitivity of their electronic characteristics to molecules adsorbed on their surface and the unmatched unit surface enabling this high sensitivity [48,49]. These types of sensors work by detecting variations in the voltage-current (V-I) profile of nanotube caused by the adsorption of certain molecules on its outermost layer. Among the most potential uses for CNT in electronics is in sensor technology, these sensors ought to be very sensitive, highly selective, and quick to react and recover [50]. A crucial structural aspect of a carbon nanotube, namely its chirality, is determined by the relative alignment of the hexagonal lattice and its longitudinal axis. The Sp2-grid, a definite network with hexagonal cells that connects infinite cylinder surfaces obliging carbon atoms, is a common way to explain the framework of a nanotube. The hexagonal shape of the network that coincides after nanotube roll with the hexagon at the beginning of coordinates is located by a nanotube's chirality.

Additionally, CNTs have a substantial surface area, which permits the immobilization of several functional units, like receptor moieties enabling biosensing applications at the surface. Notably, customized CNTs may efficiently infiltrate individual cells by overcoming biological barriers like cell membrane. The method of internalization and expulsion of CNTs from the cell are of great significance for biological purposes, particularly intracellular biosensing ones.

The effective use of CNTs for biological studies often involves several obstacles. In vivo analysis for specific diagnostic applications, such as imaging (contrast agents, markers), sensing and cancer treatment (hyperthermia, drug delivery) include the following: (a) synthesis of CNTs with customized features and consistent morphology; (b) altering of compatible CNTs with biological systems; (c) comprehensive investigation of their interactions with biological environments (toxicity, interaction with single cells [51]. 
Recent reviews of the physico-chemical characteristics of CNTs have been quite thorough Silva et al. 2023 [52]. Due to the strong covalent connections that connect carbon atom to other three carbon atoms, CNTs have an extremely high melting point and tremendous tensile strength. Additionally, this results in delocalized electrons within the tube, giving rise to favorable electrical characteristics and redox processes with rapid electron-transfer rates [53]. This also leaves each carbon atom with a spare electron. Importantly, CNTs have strong biocompatibility, making it possible to combine them with biological elements like enzymes [54], DNA [55], and antibodies [56] that are frequently used in biosensor devices. They have a variety of uses in the diagnostic and bioanalytical areas due to these characteristics, as well as their semi-conductive and metal-like properties [57].
V. Nanomaterial-Based Electrochemical Enzymatic Glucose Biosensors

Nanomaterial-based electrochemical enzymatic glucose biosensors have gained significant attention in recent years due to their potential for improved sensitivity, selectivity, and stability. These biosensors typically use nanomaterials, such as carbon nanotubes, graphene, metal nanoparticles, and metal oxide nanoparticles, as immobilization platforms for glucose oxidase (GOx) enzymes. Since they have the advantages of a stable structure, superior biocompatibility, and simple surface functionalization, precious metal nanoparticles are used in the detection of glucose. It created the ideal supporting structure because of its improved conductivity and wide surface area.

The use of nanomaterials as immobilization platforms can offer several advantages over traditional methods, such as physical adsorption or crosslinking. Nanomaterials have a large surface area, high conductivity, and can be easily functionalized with specific molecules, such as GOx enzymes, to enhance their selectivity and sensitivity for glucose detection. Nanomaterials also offer improved electron transfer between the enzymatic reaction and the electrode surface, which can improve the sensor's response time and sensitivity. Nowadays, Innovation in technology for the regulated synthesis of nanostructured materials with new morphologies has been the main focus of research. Due to their exceptional characteristics, a variety of functional nanomaterials, including precious metals, transition metals, multi-metal alloys, carbon-based materials and their nanocomposites, have been used for developing urine glucose biosensors. [58,59]. 
Carbon-based nanomaterials, such as carbon nanotubes and graphene, have been widely used as immobilization platforms for GOx enzymes in glucose biosensors. These materials have excellent electrical conductivity, large surface area, and can be easily functionalized with GOx enzymes through physical adsorption or covalent bonding [54]. Metal nanoparticles, such as gold, platinum, and silver nanoparticles, have also been used as immobilization platforms for GOx enzymes in glucose biosensors. These materials have high catalytic activity, which can improve the sensor's sensitivity and stability [60].
Metal oxide nanoparticles, such as titanium dioxide (TiO2) and zinc oxide (ZnO), have also been explored as immobilization platforms for GOx enzymes in glucose biosensors. These materials have high surface area, good biocompatibility, and can be easily functionalized with GOx enzymes. Metal oxide nanoparticles can also provide additional benefits, such as photocatalytic activity and improved stability under harsh conditions [61]. In précis, nanomaterial-based electrochemical enzymatic glucose biosensors have shown great promise for glucose detection due to their improved sensitivity, selectivity, and stability. These biosensors offer a wide range of nanomaterials that can be tailored for specific applications, making them a versatile platform for glucose biosensing listed in Table 2.
Table 2: List of Electrochemical Biosensor based on Nano-materials

	S.No
	Type of Sensor
	Nano-materials
	Range
	LOD
	References

	
	Electrochemical Biosensor
	Au foam
	0.5 μM–12 mM
	0.14 μM
	[62]

	
	
	Pt electrode
	0–10 mM
	0.15 M
	[63]

	
	
	Au–CuO nanocomposite
	
	1.4 μM
	[64]

	
	
	GLAD NiO electrodes
	0.5 μM–9 mM
	7 nM
	[65]

	
	
	NiO/MoS2
	0.01 to 10 mM
	1.62 μM
	[66]


VI. Non-enzymatic Nanomaterials for glucose detection
Non-enzymatic nanomaterials have been extensively studied as alternatives to enzymatic sensors for glucose detection due to their excellent selectivity, sensitivity, stability, and reproducibility. Due to the practical implications of enzyme-based sensors requiring sophisticated multistep immobilization procedures, they present several disadvantages. Non-enzymatic nanomaterials typically consist of metal or metal oxide nanoparticles or nanocomposites that can catalyze the oxidation of glucose to generate an electrical signal. The main advantage of non-enzymatic sensors is that they contain nanostructured materials, which means they have a long shelf life and should be least affected by environmental factors. Various reviews have been discussed on the development and its mechanism of non-enzymatic electrochemical glucose biosensors based on titanium dioxide (TiO2), silicon dioxide (SiO2), cobalt tetraoxide (Co3O4), nickel(II) oxide (NiO) and gold (Au), silver (Ag) nanomaterials, Co3O4 nanofibers, graphene, and carbon nanotubes (CNTs) [64].
Taşaltın and coworkers fabricated PAN-based and PAN:β-Rhombohedral Borophene-based non-enzymatic electrochemical biosensors for detecting glucose in 2021 [67]. The advantage of this sensor is that it has a high charge transfer mechanism to measure glucose more sensitively at room temperature with a LOD of 0.099 mM. Borophene played an important role because it exists as a kinked structure with increased conductivity and contributed to the stability of this biosensor. One such nanomaterial is a glucose sensor based on nickel oxide nanoparticles (NiO NPs). NiO NPs were shown to have excellent glucose sensing properties and exhibit a linear response to glucose concentrations ranging from 0.5 to 25 mM. The NiO NPs are capable of catalyzing the oxidation of glucose to generate an electrical signal that can be measured using electrochemical techniques such as cyclic voltammetry or amperometry [15].
Another promising nanomaterial for glucose detection is graphene oxide (GO). GO is a two-dimensional material composed of carbon atoms arranged in a hexagonal lattice and has been shown to have excellent glucose sensing properties. The large surface area of ​​GO allows the immobilization of a high density of glucose oxidase on its surface, which can catalyze the oxidation of glucose to generate an electrical signal. GO-based glucose sensors have been shown to have a linear response to glucose concentrations ranging from 0.1 to 5 mM and exhibit excellent selectivity, sensitivity, and stability [68].  
VII. Various Enzymes as Diagnostic tools

Natural enzymes are used in a variety of applications including clinical diagnosis due to their outstanding catalytic efficiency and substrate specificity. In particular, various types of nanozyme-based biosensors have been developed, which are inspired by natural enzymes and have improved characteristics of being inexpensive, stable, and mass-produced. Recently in 2019, Yadav and his colleagues discussed the role of transition metal salt as an “enzyme mimic” and its practical utility for D-glucose analysis, which they called “salt enzyme” [69]. The results suggest the possibility of further investigation of an enzyme-like salt for diagnostic and therapeutic applications.

VIII. Glucose Biosensors for Point of Care (POC) Applications

Glucose biosensors for point-of-care (POC) applications are becoming increasingly important in healthcare, particularly for the treatment of diabetes. POC biosensors enable rapid and accurate measurement of glucose levels in blood, saliva or urine without the need for specialized laboratory equipment or trained personnel. The ideal analyzer should be able to operate without sample pretreatment and have the ability to calibrate and manage the analytical performance of the instrument to ensure rapid, good quality analysis. Non-invasive techniques for continuous glucose monitoring (CGM) using glucose-oxidase biosensors have also shown promising results in terms of high sensitivity, better patient compliance, and potential market growth [70]. In 2009, Zahn and colleagues developed Glucometer 3000 and LactaProfi 3000, a professional testing device based on mobile glucose and lactate, measuring devices for decentralized multi-way biosensors [71].

There are several types of glucose biosensors developed for POC applications, including electrochemical biosensors, optical biosensors, and microfluidic biosensors. Each type of biosensor has its own advantages and limitations, and the choice of biosensor depends on the specific application and user requirements. Electrochemical biosensors are the most commonly used types of biosensors for glucose detection in POC applications. These biosensors typically consist of an electrode coated with a glucose oxidase enzyme that catalyzes the oxidation of glucose to produce an electrical signal. The strength of the electrical signal is proportional to the glucose concentration in the sample and can be measured using a portable device. Wang in 2007 discussed first-generation glucose biosensors based on the use of natural oxygen as a co-substrate and the detection of hydrogen peroxide [72]. Most personal blood glucose meters were based on disposable test strips (screen printing) with enzyme electrodes mass-produced using thick film microfabrication technology.

Mahdizadeh et al. [73] provide an overview of recent developments in enzymatic biosensors' sensitivity, selectivity, response time, and stability that are based on the flexible production of glucose through semipermeable membranes. By immobilizing pyrroloquinoline quinone-dependent glucose dehydrogenase and bilirubin oxidase on pencil graphite electrodes, created a biofuel cell that functions as a self-sufficient biosensor for glucose detection [74]. Based on a screen-printed enzyme biosensor chip, [75] created a low-cost three-electrode glucose analyzer. Since the debut of the first biosensor, Monteiro and Almeida [76] review the developments in electrochemical biosensors. Adam et al. A glucose biosensor based on water-soluble poly(o-aminophenol) was tested with a miniaturized amperometric detection system developed and implemented by Adam and his coworkers [77]. Electrochemical biosensors offered the advantages of high sensitivity, specificity, and accuracy. Karyakin in 2021 reviewed the application of various biorecognition elements, from glucose oxidase to glucose dehydrogenases for the development of second generation glucose biosensor [78].

Another type of biosensor developed for glucose detection in POC applications is the optical biosensor. These biosensors often use a fluorescent or luminescent probe that binds to glucose, causing a change in the emitted light intensity. A hand-held or portable device can be used to measure the magnitude of the change in emitted light, which is proportional to the glucose concentration in the sample. For a long-term grating optical glucose sensor, the glucose oxidase is immobilized in a translucent silicate gel using the sol-gel entrapment technique. The basis of the sensor was the measurement of the initial reduction rates of the FAD prosthesis group of the enzyme in the presence of different glucose concentrations [79]. Optical biosensors can be used to measure glucose levels in a variety of sample types and have high sensitivity and specificity.

An emerging class of biosensors designed for point-of-care (POC) applications are microfluidic biosensors. The handling and regulation of minute liquid volumes in microchannels or microscale devices is the focus of microfluidics. These biosensors usually manipulate and analyze small amount of liquid using microreactors or microchannels. In 2020, Ebrahimi and colleagues presented the design and analysis of a complementary split-ring resonator (CSRR)-based non-invasive real-time microwave microfluidic sensor for determining glucose concentration in aqueous solutions [80]. There is a discernible resonance frequency shift in the device's reflection coefficient. Microfluidic biosensors can be used to analyze complex samples like whole blood or saliva and have the advantages of high sensitivity, specificity, and speed. Microfluidic biosensors' integration, versatility, and miniaturization offer the potential to revolutionize analysis, monitoring, and diagnostic methods.

      
3D microfluidic printing adds a new dimension to fluidic actuation by increasing the size and complexity of the fluidic network to support stepwise and multiple biosensing reactions. The limitations of challenging and time-consuming fabrication are overcome by microfluidics, hastening the translation to practical applications [81].  Recently, impedance biosensors based on microfluidics were reviewed by Chen and his colleagues in 2023 [82]. Numerous biological sensing applications require the use of potent electrical impedance biosensors, which are constantly being developed. Features that reduce reagent use and shorten analysis times can greatly enhance the analytical capabilities of such biosensors. These biosensors are anticipated to become more crucial as research and development proceed, including glucose detection for the treatment of diabetes. 
IX. Future Directions and Conclusion
The field of biosensors has been transformed by nanotechnology, and glucose biosensors are no different. Using nanoparticles, carbon nanotubes and other nanomaterials, glucose biosensors are being developed that are more sensitive, precise and portable than ever before. The use of nanoparticles in nano-based glucose biosensor research is one of the most promising directions. Glucose molecules can be labeled with nanoparticles to facilitate their detection. In addition, nanoparticles can be used to produce novel sensors with increased glucose sensitivity. The use of carbon nanotubes for research is another exciting area of ​​research. Carbon nanotubes can be used to create electrochemical sensors with high glucose sensitivity. In addition, carbon nanotubes can be used to create optical sensors that are more sensitive to glucose than traditional optical sensors. 
Although still in early stages of development, nano-based glucose biosensors have the potential to completely transform the treatment of diabetes. Patients with diabetes may be able to better control their blood sugar levels and reduce the risk of serious complications if they have real-time access to real-time glucose biosensor monitoring. Nano-based glucose biosensors have the potential to monitor blood glucose levels in individuals with hypoglycemia, pancreatitis, liver disease, and diabetes. The use of nanomaterials, nanostructures, nanoelectronics and connectivity to improve sensitivity, selectivity, stability and usability is the general direction of future developments in nano-based glucose biosensors. These developments are expected to contribute to the development of more sophisticated and accessible biosensors for better diabetes control and medical applications. Nano-based glucose biosensors are likely to be used more frequently in clinical settings in the future as nanotechnology advances. These sensors can completely change the way diabetes is treated and improve the lives of those affected.
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