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Abstract

:

The demand for the ubiquitous detection of gases in complex environments is driving the design of highly specific gas sensors for the development of the Internet of Things, such as indoor air quality testing, human exhaled disease detection, monitoring gas emissions, etc. The interaction between analytes and bioreceptors can described as a “lock-and-key”, in which the specific catalysis between enzymes and gas molecules provides a new paradigm for the construction of high-sensitivity and -specificity gas sensors. The electrochemical method has been widely used in gas detection and in the design and construction of enzyme-based electrochemical gas sensors, in which the specificity of an enzyme to a substrate is determined by a specific functional domain or recognition interface, which is the active site of the enzyme that can specifically catalyze the gas reaction, and the electrode–solution interface, where the chemical reaction occurs, respectively. As a result, the engineering design of the enzyme electrode interface is crucial in the process of designing and constructing enzyme-based electrochemical gas sensors. In this review, we summarize the design of enzyme-based electrochemical gas sensors. We particularly focus on the main concepts of enzyme electrodes and the selection and design of materials, as well as the immobilization of enzymes and construction methods. Furthermore, we discuss the fundamental factors that affect electron transfer at the enzyme electrode interface for electrochemical gas sensors and the challenges and opportunities related to the design and construction of these sensors.
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1. Introduction


As the core component of artificial smell, gas sensors are applied in fields such as environmental monitoring, public health safety, medical health, food safety, and military aerospace [1]. Over the past few decades, various types of gas sensors have been developed based on different sensing materials and device structures. Accordingly, they are divided into semiconductor gas sensors, electrochemical gas sensors, catalytic combustion gas sensors, solid electrolyte gas sensors, infrared absorption gas sensors, ionized gas sensors, and resonant gas sensors. The main parameters of gas sensors, including sensitivity, response time, recovery time, and repeatability, were used for evaluation. However, their cross-sensitivity to a variety of gases hinders the qualitative identification and quantitative detection of mixed gases [2,3]. Biomolecules, with their excellent specificity, described with a “lock-and-key”, such as enzyme–substrate, antigen–antibody, and ligand–receptor mutual discrimination and specific reactions, provide a new paradigm for designing high-specific and high-sensitivity gas sensors. Nowadays, biomaterials include specific enzymes [4], insect antennae [5], odor-binding proteins [6], olfactory receptors [7], and sensitive peptides [8]. Based on the physiological properties of these biomaterials, highly sensitive and specific gas analysis is performed. Enzymes, which are highly specific catalytic proteins, can specifically catalyze reactions. In 1962, Clark innovatively combined glucose oxidase (GOD) with an oxygen electrode for the first time to construct an enzyme electrode that used enzyme molecules to identify target objects. Since then, the specific detection of target objects by electrochemical enzyme electrodes has been rapidly developed [9]. Due to the enzymes has advantages, like being simple and high-efficient, which has been widely applied for the detection of gas, such as using alcohol dehydrogenase for the determination of ethanol in beverages [10], formaldehyde dehydrogenase for monitoring formaldehyde in the air [11], and secondary alcohol dehydrogenase and a nicotinamide adenine dinucleaotide cofactor used for detecting breath acetone concentration [12].



Electrochemical techniques are advantageous due to their simplicity and high detection efficiency. The typical electrochemical biosensor consists of an analyte, receptor, and transducer [13]. Electrochemical sensors have been widely used in gas detection by transducing the chemical reaction at the electrode–solution interface into current signals via electric potential. In the detection of gas molecules, receptors play a crucial role in enzyme-based electrochemical gas sensors. Gas molecules and enzymes are specifically compatible, leading to their binding and production of electrons as signals. Consequently, a transducer is employed to convert this signal into measurable electrical signals. The electrochemical electrode translates the chemical reaction occurring in the active component into an amperometric or potentiometric signal. Enzyme biological amperometry sensors, unlike traditional amperometry sensors, utilize enzymes as catalysts at the electrode rather than noble metals like gold, platinum, and palladium. Gas molecules are typically detected through either physical binding or a chemical reaction that occurs at the electrode [14]. However, their electroactive centers are often tightly closed or insulated by the enzyme protein body, making electron transfer between the enzyme and the electrode difficult [15]. Meanwhile, several factors influence the reaction rate and the quality of the signal transfer. It is beneficial to design electrode surfaces rationally to optimize the interaction between the enzyme and the electrode surface when considering electron transfer. The interface of enzyme electrodes in electrochemical gas sensors is particularly important for high-level development. To achieve high-performance enzyme electrochemical gas sensors, optimization strategies have been implemented, including the immobilization of the enzyme, electrode material, and charge transfer mechanism, which are graphically represented in Figure 1.



In this perspective, we summarize the recent achievements in enzyme-based electrochemical gas sensors, focusing on the design of low-cost, long-lasting, specific, and selective sensors. The methods of designing and optimizing these sensors are discussed, such as enzyme surface modification, enzyme immobilization technology, principles and methods, mediator selection, and electrode material optimization. We also highlight the development prospects of enzyme electrode amperometric gas sensors. The opportunities and challenges in practical applications of highly specific enzyme electrode sensors are also addressed. This paper aims to contribute to the design of the specificity and sensitivity of enzyme-based electrochemical gas sensors that provide a promising solution for detecting and quantifying various gases with high accuracy and reliability. Furthermore, the integration of enzyme gas sensors into IoT applications opens new possibilities for real-time, remote monitoring of air quality, industrial emissions, and workplace safety.




2. The Types and Principles of Enzyme Electrode Electrochemical Gas Sensor


2.1. Three-Electrode Enzyme Electrochemical Gas Sensor


The three-electrode system is a classic biochemical detection technology, which has been applied for the transduction of electric signals of enzyme electrochemical gas sensors. The structure of a miniaturized planar electrochemical gas sensor is shown in Figure 2a. This system consists of a working electrode (WE) to identify the target gas molecules, a counter electrode (CE) that acts as a current source, a reference electrode (RE) that applies a stabilizing potential, and liquid electrolytes [16]. The current signal is generated by an electrochemical reaction on the WE and is used for the quantification of target gas molecules. The structure image of the electrodes by optical microscope is shown in Figure 2b. The diameter of the WE is 1050 μm, and the width of the CE and RE is 550 μm. The gap between the WE and CE is about 130 μm, and the gap between the RE and CE is 140 μm. The detection principle of the enzyme electrode electrochemical sensor for gas molecules is described thoughtfully. Firstly, the enzyme is immobilized on the surface of the WE. Secondly, gas molecule measurements are performed by immersing the three-electrode system in an electrolyte. The enzyme catalyzes the oxidation or reduction of target gas molecules, resulting in the transfer of electrons. These electrons are then transferred to the WE, leading to the production of a current that is directly related to the concentration of target gas molecules [17]. The miniaturized planar electrochemical gas sensor was applied for the detection of oxygen. The results in Figure 2c show the sensor can rapidly respond to a series of oxygen concentrations. The inset of Figure 2c shows the plot of current vs. oxygen concentration. The sensitivity of the sensor is 0.74 μA/[% oxygen], and the linearity is 0.97.



Three electrode electrochemical enzyme gas sensors are extensively utilized for gas detection, such as the formaldehyde dehydrogenase for the detection of formaldehyde [18]. The alcohol oxidase was utilized for the monitoring of ethanol [19]. The enzyme electrode of hydrogenase was designed for the detection of hydrogen [20]. An electrochemical biosensor has been applied for the detection of sulfur mustard, which is one of the most dangerous and extensively used chemical warfare agents [21]. A novel wearable electrochemical biosensor was prepared using the following steps (Figure 2d). First, the filter paper-based chemical electrodes were produced by screen-printing. Second, both choline chloride (Ch) and choline oxidase enzyme (ChOx) solutions were separately preloaded. Finally, the enzymatic reaction was activated by adding phosphate buffer solution (PBS). Sulfur mustard (SM) agent detection was carried out by monitoring their inhibitory effects toward the choline oxidase enzyme, through the amperometric measurement of the enzymatic byproduct hydrogen peroxide. The origami-like devices used to create a wearable, ready, and easy-to-use electrochemical PAD (origami-ePAD) were applied for the detection of the standard solution of SM in a liquid phase. As shown in Figure 2e, a linear between 1 and 6 mM was obtained. The inset shows the corresponding current (E  =  0.0  V and t  =  300  s) obtained from the detection of H2O2 enzymatic byproduct in the absence (black) and the presence of SM concentrations equal to 2  mM and 4  mM. This result demonstrated that the newly developed origami-ePAD is suitable for SM detection in the liquid phase. Meanwhile, the suitability of developed origami-ePAD for the detection of aerosolized SM was verified. As shown in Figure 2f, current values were sampled three times to evaluate the extent of inhibition at different exposure times, indicating the sensor can alert for the presence of airborne SM in only 60  s. This analytical approach provides a strategy applicable to the real-time monitoring of a variety of chemical weapon threats.
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Figure 2. (a) The structure schematic of the electrochemical gas sensor; (b) The image of the electrodes by optical microscope; (c) The current response of miniaturized planar electrochemical gas sensor to oxygen [16]; (d) The preparation process and working principle of a wearable origami-like paper-based electrochemical biosensor for sulfur mustard detection; (e) The detection results of origami-ePAD for the standard solution of SM in liquid phase (absence (black) and in presence of SM concentrations equal to 2 mM and 4 mM); (f) The detection results of origami-ePAD for the aerosolized SM(absence (black line) and in presence of SM concentrations equal to 0.019 g/m3 and 0.76 g/m3) [21]. 
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2.2. Field-Effect Transistor (FET) Enzyme Electrochemical Gas Sensor


The field effect transistor serves as a platform for chemical detection. This is built upon an electrical device, utilizing the electric field effect of the control input circuit to regulate the output circuit’s current. This concept has garnered significant interest in the realm of research [22]. It has three electrodes: drain (D), source (S), and gate (G) [23]. Among them, a conductive channel composed of semiconductors is formed between the drain and the source, and the carriers in the channel can be controlled by adjusting the electric field of the gate, thus controlling the current between the drain and the source. Due to the advantages, including higher sensitivity and high integration real-time detection, FET has been used in many fields to detect various types of analytes such as proteins, gas, small molecules, etc. However, the design of the gas-sensing interface disturbs the development of the FET enzyme electrochemical gas sensor. To the best of our knowledge, prior research into the electrochemical gas sensor based on the FET enzyme remains limited.



Vianello et al. [24] designed an ion-sensitive field-effect transistor (ISFET) in conjunction with an aldehyde dehydrogenase specific for the detection of formaldehyde. The silicon nitride is applied for the gate dielectric of silicon-integrated ISFET. The formaldehyde dehydrogenase enzyme is immobilized on the surface of silicon nitride through covalent binding. In the sensing process, the nicotinamide adenine dinucleotide (NAD) was applied as a cofactor, catalyzing the oxidation of the formaldehyde molecule. The detection limit of this sensor is about 0.1 ppm. Zhao et al. [25] developed a breath alcohol biosensor based on a hydrogel-gated graphed field-effect transistor. The carbon nanosheets (CNs) were synthesized through fast pyrolysis of chlorella. Then, alcohol oxidase (AOx) was introduced into the substrate to detect alcohol in real time. The structure of the hydrogel-gated graphed field-effect transistor is shown in Figure 3a. There are three electrodes, namely gate, source, and drain, which contact the hydrogel. Due to the high carrier mobility feature of graphene enabling a significant field-effect amplification of the sensor, that was applied to construct the channel of the source and drain electrodes, the carbon nanosheets were employed to modify the gate electrode. The alcohol-sensing mechanism of the sensor depends on the oxidation reaction of alcohol by AOx and the electrocatalytic oxidation reaction of the generated H2O2. In detail, the enzymatically produced H2O2 will be oxidized on the surface of the Au gate electrode under a bias voltage. In this reaction, the electrons will be transferred to the gate electrode, and the Faradaic current will be generated by the redox reaction of H2O2 on the gate surface, which will cause the change of effective gate voltage, as shown in Figure 3b. The channel current response to H2O2 for the bare Au gate and CN-modified Au gate, as shown in Figure 3c,d. The CN-modified Au gate field-effect transistor alcohol oxidase electrochemical gas sensor exhibits a better sensitivity and lower limit of detection to 100 nM, 100 times lower than that of the device with a bare Au gate. As shown in Figure 3e, the effective gate voltage change vs. H2O2 concentration in logarithm. The CN-modified gate SGGT shows a response of 74 mV per decade, which is higher than that of the bare Au gate SGGT (4 mV per decade). Meanwhile, the CN-modified Au gate exhibits a dramatic enhancement in the current response. In addition, to verify the sensor’s specificity, interfering components were used in the detection of alcohol. As Figure 3f shows, the AOx/CN-modified gate sensor demonstrates excellent selectivity to alcohol. This sensor has been successfully applied to breath tests after alcohol drinking.





3. The Immobilization Method of Enzyme


The sensing interface plays a critical role in the electron transfer for enzyme catalysts. The process of enzyme sensing can be divided into two parts: gas molecular recognition, which correlates with the enzymes catalyzing gaseous chemical reactions; and signal transduction, which is related to the mechanism of enzymatic reaction. In consideration of electron transfer between an electrode and enzyme biocatalyst, it is important to rationally design an electrode surface to optimize the interaction between the enzyme and the electrode surface. Since enzymes that are used in gas biosensors are not in their natural surroundings, they tend to be less stable due to the changes in environmental conditions. If the bare enzyme (the enzyme that has not been immobilized in the substances) is modified on the electrode surface, the load amount of the enzyme becomes smaller, resulting in reduced enzyme activity. Furthermore, the electron transfer efficiency between the enzyme and the electrode will decrease. In the condition of enzyme gas sensor manufacturing, immobilization of the enzyme can enable close contact between the enzyme and the electrode surface while preserving the catalytic competence and avoiding the leakage of the enzyme into the sample. Meanwhile, in the process of enzyme immobilization, the introduction of substances should be avoided to block the specific sites of gas adsorption.



The most common method currently used to address this is by immobilizing the enzyme onto the electrode surface. One approach to solving this problem is immobilizing enzymes in polymers. For example, polystyrene sulfonate can be dropped onto the electrode surface to immobilize oxidases [26], polyethyleneimine was applied to immobilize enzymes on agarose gels [27], bilirubin oxidase was introduced into a Nafion and crosslinked with glutaraldehyde to form a stable electrochemical interface [28]. The immobilization of enzymes can be classified as physical and chemical methods [29]. Adsorption [30], entrapment, and encapsulation are physical immobilization methods [31], whereas covalent bonding [32], crosslinking, and electrostatic attraction are classified as chemical immobilization methods (Figure 4), and the immobilization methods for enzyme-based electrochemical gas sensors were described in Table 1. In this section, we discuss the principles and latest developments of various immobilization methods.



3.1. Physical Adsorption


Physical adsorption is based on van der Waals attractive forces between enzymes and electrodes, which is one of the first used and the simplest methods for enzyme immobilization [38]. It is normally sufficient for short-term studies but makes the enzyme electrode easily polluted. Jiang et al. [39] prepared an amperometric ethanol biosensor by integrating alcohol dehydrogenase with mediator meldola’s blue (MB). Based on the strong π–π stacking interaction between the aromatic group of MB and the graphene, MB was adsorbed on the surface of carbon nanotubes, and the loading, electron transfer kinetics of MB, and stability were improved. By adsorbing MB onto the carbon nanotube surface, the loading, electron transfer kinetics of MB, and stability were enhanced. The alcohol dehydrogenase-based sensor demonstrated a lower detection limit of 19.1   ±     0.58   μ  M and excellent selectivity. Unfortunately, the activity of the dehydrogenase sensor was only one week. In a separate study, Kundu et al [40]. developed an electrochemical formaldehyde dehydrogenase (FDH) enzyme sensor based on a screen-printed electrode for formaldehyde detection in corn. The formaldehyde dehydrogenase enzyme was immobilized on the α-Fe2O3/ITO electrode surface through physical adsorption. The fabrication process of the screen-printed electrode-based enzyme sensor involved preparing   α  -Fe2O3/ITO through electrophoretic deposition, followed by the addition of the enzyme onto the electrode surface and overnight incubation. Additionally, a cofactor (NAD+) was used in conjunction with FDH to enhance stability during the enzyme-catalyzed reaction. Subsequently, the enzyme electrode was treated with bovine serum albumin solution (BSA) to block nontargeted sites on the electrode surface. The enzyme sensor exhibited high sensitivity and low detection limits (0.03 mg/L). This immobilization method is simple and does not require chemical reactions, but the enzyme is easily inactivated.




3.2. Entrapment in Sol-Gels


Entrapment in sol–gels is as mild as adsorption, which is one of the major approaches for the immobilization of enzymes. This method involves caging the enzyme within a polymeric network through the formation of covalent or noncovalent bonds, which allow the passage of substrate and products but retain the enzyme. However, the two major issues obstruct the development of entrapment-based electrochemical enzyme sensors. One is the leaking of enzymes, and the other is the sluggish substrate–enzyme active site mass transfer [41].



To address these challenges, Adhikari et al. [42] proposed a new facile enzyme entrapment, a special cationic polymer poly(2-(dimethylamino)ethyl methacrylate) (MADQUAT) on single-wall carbon nanotube and reduced the graphene oxide (SWCNT–rGO) thin film to form an entrapment platform. Subsequently, alcohol dehydrogenase (ADH) is immobilized into the entrapment platform by the strong electrostatic affinity for the detection of ethanol. The entrapped alcohol dehydrogenase enzyme exhibits a high ability to transfer electrons and significantly enhances the enzyme catalytic activity. The developed ethanol sensor exhibits high sensitivity (26.27 μA mM−1 cm−2), and a low limit of detection (0.16 μM). Istrate et al. [10] designed an alcohol sensor by entrapping alcohol dehydrogenase into sol–gel matrix that was immobilized on the surface of the screen-printed electrode (SPE) modified with poly(allylamine hydrochloride). Das et al. [43] developed a direct electrochemistry enzyme sensor for the detection of alcohol. An alcohol oxidase (AOx) was immobilized on a multiwalled carbon nanotubes-Nafion (MWCNT-Nf) matrix and encapsulated with polyethylenimine (PEI) on the gold electrode (AuE). The surface morphology of bare Au shows a homogenous surface. MWCNTs with porous morphology uniform distribution on the electrode surface. When AOx was added to this film, the porosity disappeared, indicating the AOx was immobilized on the MWCNT-Nf film. Then, the alcohol oxidase (AOx) was immobilized on multiwalled carbon nanotubes-Nafion and encapsulated with polyethyleneimine (PEI) on the surface of the electrode. The electron was transferred directly between the AOx and the electrode. Meanwhile, the entrapped AOx presented good bioactivity and electrocatalytic activity. The AOx enzyme sensor has a rapid response time of 55 s, a low detection limit of 5 μM, and exhibits potential applications for detecting alcohol in real samples. Hiroyuki et al. [36] designed a choline oxidase-based choline vapor sensor, which was fabricated by entrapping the choline oxidase in sol–gels on a Clark-type dissolved oxygen electrode, this sensor shows excellent choline gas-sensing performances. These findings provide a new paradigm for the design of enzyme electrodes. This method can protect the enzyme from the external environment but may reduce the reaction rate of the enzyme.




3.3. Covalent Coupling


Covalent coupling is one of the most promising methods in the process of enzyme immobilization for the design and construction of enzyme-based electrochemical sensors. Covalent coupling provides a potential way to preserve enzyme activity for a long period. This method mainly depends on the formation of a covalent bond between the enzyme and the support material. Soylemez et al. [44] designed a newly synthesized copolymer with enhanced enzyme-sensing properties as a novel sensor for the detection of ethanol. The conjugated copolymer (TBeSe-co-P3CA) was prepared on the surface of the electrode by electrochemical polymerization. After the alcohol oxidase (AOx) was immobilized through the covalent linkage between the enzyme’s amino group and the carboxyl group derived from P3CA, the schematic of the sensing device and the preparation process is shown in Figure 5a. The prepared sensor exhibits excellent ethanol sensing performance, as Figure 5b shows; the amperometric response increases and then reaches the steady-state value, the limit of detection is 0.37 mM. Meanwhile, the sensor specificity was measured against interfering compounds, including ascorbic acid, citric acid, urea, glucose, and ethanol. It can be seen from Figure 5c that the sensor exhibits a distinct change of current to ethanol, indicating excellent specificity. Soylemez et al. [45] constructed the enzyme electrode by immobilizing the AOx onto the carbon nanotubes modified conducting polymer with the help of EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)/NHS (N-hydroxysuccinimide) crosslinking, the preparation of biosensor. EDC and NHS were used to activate the free carboxylic acid groups of the conducting nanotube, and the amide bond formed between enzyme molecules and carbon nanotubes for the covalent attachment of enzymes. The XPS result confirmed the formation of the covalent bond. This alcohol oxidase-based sensor has been successfully used for the detection of alcohol, with a lower limit of detection is 0.17 μM.



The other example of an enzyme immobilized by covalent coupling is as follows: the first pyrenyl carbon nanostructure-based enzyme gas sensor for urine formaldehyde quantitation was fabricated by Gayan et al. [37]. The NAD+-dependent formaldehyde dehydrogenase (FDH) was immobilized by covalent coupling on the surface of the carboxylated multiwalled carbon nanotubes stacked with π–π 1-pyrenebutyric acid units, the fabrication steps, and the mechanism for catalyzing formaldehyde as Figure 5d shows. EDC and NHS were used to activate the free carboxylic acid groups of the conducting nanotube, and the amide bond formed between enzyme molecules and carboxylated multi-walled carbon nanotubes for the covalent attachment of enzymes. The FTIR spectra results confirmed the formation of the covalent bond (Figure 5e). The appearance of a new board peak at 3472 cm−1, indicates the covalent immobilization via the formation of an amide bond between the carboxylated multiwalled carbon nanotubes and formaldehyde dehydrogenase. This sensor shows an excellent formaldehyde-sensing performance, as Figure 5f shows. The biosensor provides an ideal immobilization matrix for the formaldehyde dehydrogenase and has been successfully used for the detection of formaldehyde samples in urine with satisfactory results. However, the fabricated formaldehyde dehydrogenase-based sensor, with a short lifetime of 30 h, is under continuous testing. In conclusion, this method can immobilize the enzyme stably but may affect the activity and stability of the enzyme.




3.4. Crosslinking Method


Crosslinking is a method of immobilizing enzymes on a carrier surface. In this method, chemical crosslinking agents are used to bind the enzyme to the functional groups on the carrier surface, forming a chemical bond to immobilize the enzyme. Glutaraldehyde is one of the commonly used crosslinking agents. Enzyme–chemical crosslinking has advantages such as high efficiency of enzyme immobilization, strong binding force between the enzyme and the carrier, and good stability. Additionally, this method can control the density and position of the immobilized enzyme and adjust the chemical properties of the carrier surface to further improve the catalytic efficiency and stability of the enzyme.



Razmshoar et al. [35] created a conductometric enzymatic methanol sensor by grafting alcohol oxidase (AOx) onto electrospun polystyrene-poly(amidoamine) dendritic polymer nanofibers. To form a strong link between AOx and the surface of nanofibers, glutaraldehyde coupling was used to form a bond between the amine groups of the AOx enzyme and the nanofiber dendritic polymer groups (Figure 6a). The FTIR spectra, which were used to evaluate the chemical structure, showed a peak at 1674 cm−1. This peak is assigned to the   C = N   group and confirms the covalent link between the polystyrene-poly(amidoamine) and the glutaraldehyde. Notably, this peak is due to the binding between the AOx and glutaraldehyde, as depicted in Figure 6b. This sensor was applied for the detection of gaseous methanol concentrations above different methanol/water solutions (Figure 6c). The sensor showed rapid response/recovery performance: the response time was from 13 s to 35 s, the recovery time from 6 s to 10 s was from a lower concentration of methanol to its higher concentrations, and the detection limit was 100 ppm. Niculescu et al. [46] have developed an ethanol biosensor based on dehydrogenases, Poly(vinyl imidazole) complexed with Os(4,40-dimethyl bipyridine)2Cl employed as the electrochemical mediator, and poly(ethylene glycol)-diglycidyl ether as the crosslinking agent. The developed enzyme sensor has been successfully employed for the detection of ethanol in wines. Cinti et al. [19] reported a paper-based electrochemical ethanol biosensor. The electrode was modified by carbon black (CB) and Prussian blue nanoparticles (PBNPs), and then the AOx enzyme was immobilized via crosslinking, the fabrication route is shown in Figure 6d. The ethanol-sensing performance as Figure 6e shows, the chronoamperometric records of ethanol concentration up to 10 mM in 100 μL of 0.05 M phosphate-buffered solution containing 0.1 M KCl at pH 7.4, displaying a very quick and sensitive response after just 40 s. Meanwhile, the shelf-life of the biosensor was evaluated, as Figure 6f shows no significant decrease in initial activity after storage of 3 weeks, but the response decreased by 50% after the fourth week. This method can improve the stability and reaction rate of the enzyme but may affect the activity of the enzyme.





4. Electrodes Materials Selection and Modification


The transducer in the electrochemical biosensor is the electrode. The electrochemical enzyme-based gas sensor converts chemical signals into electrical signals. The electrode has a high sensitivity to gas and is easy to modify. Recently, advances in nanostructure and material have been applied to enhance electrochemical performance. The electrode materials selection and modification are to achieve efficient electron transfer between the electrode and the gas to be detected and to reduce the interference between the sensor and other environmental factors. The materials and modifications of the electrodes are discussed as follows:



4.1. Selection and Design of Surface-Modified Materials


The immobilization of the enzymes on the electrode surface is considered one of the critical steps that dictates the effectiveness of the enzyme electrodes. The special functional chemical materials are modified on the electrode surface, which can enhance the interaction between the enzyme and the electrode, and the sensitivity can be improved. Recently, the application of sol–gel [47], polymers [48], nanomaterials [49], and composite materials [50] for the construction of efficient enzyme electrodes has become a popular research area.



Surface-modified materials for the electrode are a crucial element of the amperometric enzyme gas sensor. The selection of suitable material combinations for the construction of enzyme-modified electrodes dictates the efficiency of the enzyme electrodes in terms of electron transfer kinetics, gas diffusion, stability, and reproducibility. Conducting polymers are extensively utilized due to their dual advantages of binding the active enzyme and facilitating suitable electron transport in enzyme electrodes. Another application of polymers is functionalized polymer, which is employed in the assembly of enzyme electrodes. In this process, a polymer functionalized with an amino group is electrodeposited onto the electrode surface, followed by the subsequent coupling of biomolecules through the activation of the protein’s carboxylic group using carbodiimide crosslinking [51]. Sol–gel is a polymer network system that utilizes water as a dispersion medium. It has strong water absorption, water retention, and mechanical properties, along with exceptional biocompatibility and ion transfer capabilities. Sol–gel serves as a versatile medium for encapsulating bioactive molecules like enzymes and coenzymes, preserving their activity for various sensor applications [52]. This is achieved through physical encapsulation and immobilization of the enzyme within the polymer mesh matrix. According to reports, the appropriate incorporation of polyethylene glycol, polyvinyl alcohol, and albumin in sol-gel has been shown to significantly enhance the stability of the enzyme in the substrate [53]. At the same time, nanomaterials offer a range of nanoscale materials for enzyme immobilization. In contrast to traditional large-size materials, nanomaterials also possess the benefits of a large specific surface area, straightforward surface modification, and a size similar to enzyme molecules. Nanomaterials, as a novel type of enzyme immobilization carrier, have garnered significant attention in the realm of biocatalytic technology. Immobilized enzymes not only exhibit a high enzyme loading capacity but also demonstrate excellent enzyme stability. For example, the use of Au nanoparticles as a highly significant enzyme carrier has generated increasing research interest. Gold nanoparticles, as immobilized enzyme carriers, have the following advantages: (1) a straightforward preparation method and easy to regenerate; (2) the excellent biocompatibility of Au is maintained, effectively preventing enzyme inactivation; and (3) direct binding of the amino group in the enzyme molecule and the sulfhydryl group in cysteine to the surface of gold nanoparticles for enzyme immobilization.



Sundari et al. [54] investigate the use of nanogold doping in the p-HEMA membrane for the detection of formaldehyde. Nanogold particles act as conduction centers to facilitate electron transfer in the formaldehyde reaction at the electrode surface. Carbon-based nanomaterials, such as graphene and carbon nanotubes have been widely used in the field of biosensors due to their advantages of high conductivity, good biocompatibility, and chemical inertia. Li et al. [48] designed an amperometric alcohol dehydrogenase biosensor for ethanol based on electroreduced graphene oxide–polythionine nanocomposite film. The electroreduced graphene oxide and polythionine film shows an efficient electrocatalytic characteristic toward the oxidation of   β  -nicotinamide adenine dinucleotide. Meanwhile, the sensor exhibits great potential for ethanol detection.




4.2. Electrode Materials Property and Optimization


The enzyme is the kingpin of enzyme electrodes. The enzyme biocatalyst is mostly chosen to construct electrodes for gas molecules, which exhibit high specificity and are essential for gas molecules. Due to the unique electrical and catalytic properties and good biocompatibility, nanomaterials have been applied for electrode modification materials, which have high activity and selectivity. Nanomaterials have been employed to modify the electrode, which exhibits a larger specific surface area and excellent adsorption performance. Thus, the current response is improved, and the limit of detection is decreased. At present, carbon nanotubes [55], graphene [56], MXene [57] mesoporous silica materials, etc. [58] are widely used for electrode materials.



For example, due to low cost and simple preparation procedure, polymer membranes are extensively used as the supporting materials in the development of biosensors, which can be used as trappers for various substrates [59]. Nurlely et al. [60] described a membrane-based potentiometric biosensor that has been fabricated from poly(n-butyl acrylate-co-N-acryloxysuccinimide (pnBA-NAS) as an enzyme-supporting matrix on the Ag/AgCl screen-printed electrode for rapid and facile determination of formaldehyde. pnBA-NAS applied for the H+ ion transfer at the electrode-electrolyte interface. The H+ ion transducer membrane detects pH change from the enzymatic reaction and gives an EMF signal, which can quantify the concentration of formaldehyde.



In the selection of the electrode materials, new requirements are put forward for nanomaterials. The nanomaterial with a bigger surface area provides more catalytic active sites. Proper orientation of enzymes that were modified on the electrode must be designed, which can reduce the active site of the embedded state and improve the effectiveness of electron transferring. Meanwhile, the nanomaterials must have better biocompatibility, which is conducive to the fixation of enzymes and provides enough microenvironment for biochemical reactions. Moreover, the instability of the enzyme electrodes restricts the operation in nonaqueous environments and at high temperatures. Recent advances in interface engineering provide an opportunity to design the enzyme electrode with novel properties. In the construction of enzyme electrodes, materials that are close to the enzymes should be considered to improve the enzyme activity. Meanwhile, the operating conditions, mechanical and chemical properties, biocompatibility, and low cost for mass production are some of the important features considered for the construction of enzyme electrodes. Additionally, an ideal electrode material must be characterized by good conductivity to ensure rapid electron transfer.





5. The Charge Transfer Mechanism of the Enzyme Electrode


Nowadays, there are several challenges in the development of enzyme-based electrochemical gas sensors. One of the biggest challenges is the target gas coupling to the surface of the electrode. The electron transfer restricts the transduction efficiency of the sensor. The enzyme is a biological macromolecule, its electroactive group or center is embedded in the polypeptide chain, and the electron transfer rate is limited. The development of electrochemical electrodes can help overcome these challenges.



5.1. Electrodes with Mediated Electron Transfer


Oxidoreductases are widely utilized for catalyzing the transfer of electrons, and various enzymes have been explored for gas detection, as Table 2 shows. This process can occur through either direct electron transfer (DET) or mediated electron transfer (MET), as depicted in Figure 7a,b. The type of transfer that can occur is associated with the type of enzyme. In the process of mediated electron transfer, which is mainly based on the utilization of low-molecular redox mediators. The enzyme catalyzes the oxidation or reduction of the mediator, and the mediator undergoes redox transformation or regeneration on the electrode’s surface. Mediator-assisted electron transfer is defined by two primary characteristics. First, the mediator must function as a secondary substrate for the enzymatic reaction. Second, the electrochemical conversion of the mediator on the electrode must be reversible. In this process, both the analyte and the mediator undergo enzymatic transformations during the catalytic process. The mediator is then regenerated at the electrode surface without requiring overvoltage. The electrode process for mediator regeneration is noncatalytic, allowing the enzymatic transformation and electrode reaction to be treated as separate reactions within the overall coupled process. The choice of mediator is a critical factor in catalyzing gas reactions. An effective mediator should remain stable under working conditions and not engage in side reactions during electron transfer. An ideal mediator can lower the potential of chemical reactions and enhance the speed of electron transfer [61]. Consequently, the efficiency of gas reactions catalyzed by enzymes is improved. Reducing the potential through the medium can prevent the passivation of the enzyme electrode. The mediator must be soluble in both its oxidized and reduced forms, enabling rapid diffusion between the enzyme’s active site and the electrode surface. Generally, low molecular weight mediators such as Ferrocene [61], Prussian blue [62], ferricyanide [63], 1,2-naphthoquinone-4-sulfonic acid [64], and others are commonly used in gas detection, primarily influencing the diffusion of gas onto the surface of the enzyme electrode.



Prada et al. [71] reported a graphite–Teflon composite enzyme amperometric biosensor for monitoring alcohols. Alcohol oxidase and horseradish peroxidase, as well as the mediator ferrocene, are incorporated into the electrode matrix. In the process of detection, the amperometric signal corresponded to the electrochemical reduction of ferricinium. Li et al. [72] have described a facile method to chemically reduce graphene functionalized with polythionine to mediate electron transfer in biosensors, especially for H2O2 and NADH detection, which is employed for the detection of ethanol. The mediator can be covalently or noncovalently bound to the backbone of the enzyme. In the previous work, the ferrocene/ferrocenium redox couple dissolved in solution to transport electrons from glucose oxidase [73]; in this process, the flavin adenine dinucleotide (FAD) cofactor of glucose oxidase is reduced by the enzymatic oxidation of glucose. At the same time, ferrocene is reduced at the enzyme’s active site, and the reduced FADH2 cofactor returns to its oxidized state, promoting further oxidation of glucose.



In the measurement of acetone concentration in human breath, an acetone-sensitive enzyme system was utilized [12]. The acetone is oxidated to hydrogen peroxide (H2O2) via secondary alcohol dehydrogenase (s-ADH) and an NADH cofactor. The enzyme mixture contains the three enzymes: s-ADH, lactate dehydrogenase (LDH), and pyruvate oxidase (PO). In the acetone sensing process, NAD+ and NADH as mediators, acetone is first reduced to 2-propanol by the s-ADH, meanwhile, NADH converts to NAD+. Then, in the presence of LDH, the NAD+ converts lactate to pyruvate. Finally, in the presence of PO, pyruvate is converted to acetyl phosphate, H2O2, and CO2 forms. The H2O2 can be detected by amperometry, and the measured current is proportional to the concentration of breath acetone. In an alcohol dehydrogenase-based electrochemical enzyme gas sensor, ethanol is oxidized to acetaldehyde by a coenzyme, nicotinamide adenine dinucleotide (NAD+), which is necessary to accept electrons from ethanol with the catalyst of ADH [39]. The NAD+ is reduced to NADH. Due to the sluggish charge transfer kinetic of direct electrochemical oxidation at convention electrodes and the fouling of electrodes. An electron mediator was introduced to accelerate the electron transfer rate between NADH and the conducting substrate. 8-dimethylamino-2, 3-benzophenoxazine (meldola’s blue, abbreviated to MB) was selected as an effective electron relay for NADH. The electron transfer kinetics and the stability are enhanced by the loading of MB. The ethanol sensor exhibits excellent sensitivity and selectivity performance. Rosmarinic acid, as a new redox mediator is employed for the modification of carbon electrodes for electrochemical determination of ethanol. Alcohol dehydrogenase (ADH)-based ethanol senor catalyzes the oxidation of ethanol in the presence of the cofactor adenine dinucleotide (NAD+) into   β  -nicotinamide adenine dinucleotide (NADH). The concentration of ethanol is determined by its electrooxidation. Unfortunately, the electrooxidation of NADH on bare electrodes requires high potentials, which results in contamination of the electrode surface. Modifying the electrode with mediators can effectually reduce overpotential. Rosmarinic acid as an antioxidant, has been explored to modify electrodes as an ethanol sensor. The presence of rosmarinic acid in the enzyme sensor caused the ethanol detection analysis at relatively low potentials, the operational stability was enhanced, and the risk of interferences was decreased [74].



Despite mediators having many advantages, some other factors restrict the development of enzyme-based electrochemical gas sensors, such as the consumption of enzymes during the reaction, the leaching of the mediator, and the toxicity of the mediators.




5.2. Electrodes with Direct Electron Transfer


Nowadays, biosensors without a mediator in the process of electron transfer have been explored. In general, there are either redox-active cofactors or metal centers contained in a redox-active enzyme, which allow direct communication between the enzyme and the electrode (DET). However, achieving direct electron transfer between the enzyme and the electrode surface is normally challenging. For the reaction of DET, a short distance (  < 20   Å  ) [32] is necessary. An essential element in creating an effective electrochemical enzyme gas sensor with high sensitivities, high specificity, and fast response is the establishment of a fast electron transfer from the enzyme to the electrode. In the process of designing and constructing an enzyme-based electrochemical gas sensor, it is necessary to shorten the distance between the surface of the electrode and the immobilized enzyme. The development of chemical engineering techniques and the modification of genetic techniques provide an opportunity for the design of the highly efficient and sensitive direct electron transfer electrochemical enzyme-based gas sensor [13,72]. Kumar et al. [75] have designed an enzyme electrode for direct electron transfer, which is applied for the detection of ethanol. Alcohol oxidase was immobilized through the layer-by-layer method, carbonylated graphene, and alcohol oxidase on poly diallyl dimethyl ammonium chloride applied modified graphite electrode. DET of alcohol oxidase was observed. The enzyme electrode exhibited electrocatalytic activity in the reduction of oxygen, with the reduction current decreasing linearly as the ethanol concentration increased, indicating its potential use in mediator-free ethanol biosensors.





6. Application and Prospect of Enzyme-Based Electrochemical Gas Sensors


In summary, the design and construction of enzyme-based electrochemical gas sensors is a comprehensive work, involving surface modification, enzyme immobilization, mediator selection, and electrode material optimization. The reasonable design of the enzyme electrode is the critical factor for improving the performance and sensitivity of the sensor. The proper design of the enzyme electrode is beneficial to the transfer of charge, the stabilization of the interface of the enzyme electrode, and the lifetime of the enzyme. Although a great deal of progress has already been made in the interface between the enzyme and the electrode, there remain several challenges and obstacles to the electron transfer of enzyme electrodes, and the activity of enzymes.



From the perspective of materials, to combine structural–functional materials and sensing enzyme materials well, they have excellent combination characteristics, which are beneficial for the construction of an all-solid-state enzyme-based chemical gas sensor. In the future, it is promising to develop the enzyme gas sensor where direct electron transfer between the enzyme and the electrode is established to generate the response, which exhibits the major advantages interference-free (due to the operating potential window closer to the redox potential of the enzyme), and less modified materials or reagent. Meanwhile, more comprehensive, and in-depth characterization, performance testing, and theoretical calculation studies are needed to explain the specific sensing response behavior. Additionally, the development of nanozymes has brought new opportunities for the development of enzyme-based electrochemical gas sensors. Nanozymes are considered one of the new functional materials, which have both physical and chemical properties and optical, electrical, and magnetic properties of nanomaterials, as well as unique enzyme-like catalytic activity. Gas sensing based on nanoenzymes will be the next research focus.







Author Contributions


Conceptualization, W.Z. and H.L. (Huan Liu); Formal analysis, W.Z. and X.C.; Funding acquisition, H.L. (Huan Liu); Investigation, W.Z., Y.X., L.G., J.C., Q.H. and H.L. (Huayao Li); Methodology, H.L. (Huan Liu); Resources, H.L. (Huan Liu); Supervision, H.L. (Huayao Li) and H.L. (Huan Liu); Writing—original draft, W.Z.; Writing—review and editing, W.Z. and H.L. (Huan Liu). All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Hubei Provincial Natural Science Foundation of China (Grant No. 2022CFA035) and the Zhejiang Provincial Natural Science Foundation of China (Grant No. Y23F040019).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Manavalan, E.; Jayakrishna, K. A review of Internet of Things (IoT) embedded sustainable supply chain for industry 4.0 requirements. Comput. Ind. Eng. 2019, 127, 925–953. [Google Scholar] [CrossRef]

	



Qin, C.; Wang, Y.; Hu, J.; Wang, T.; Liu, D.; Dong, J.; Lu, Y. Artificial Olfactory Biohybrid System: An Evolving Sense of Smell. Adv. Sci. 2023, 10, 2204726. [Google Scholar] [CrossRef]

	



Son, M.; Lee, J.Y.; Ko, H.J.; Park, T.H. Bioelectronic Nose: An Emerging Tool for Odor Standardization. Trends Biotechnol. 2017, 35, 301–307. [Google Scholar] [CrossRef]

	



Achmann, S.; Haemmerle, M.; Moos, R. Amperometric enzyme-based gas sensor for formaldehyde: Impact of possible interferences. Sensors 2008, 8, 1351–1365. [Google Scholar] [CrossRef]

	



Cheema, J.A.; Carraher, C.; Plank, N.O.V.; Travas-Sejdic, J.; Kralicek, A. Insect odorant receptor-based biosensors: Current status and prospects. Biotechnol. Adv. 2021, 53, 107840. [Google Scholar] [CrossRef]

	



Goncalves, F.; Ribeiro, A.; Silva, C.; Cavaco-Paulo, A. Biotechnological applications of mammalian odorant-binding proteins. Crit. Rev. Biotechnol. 2021, 41, 441–455. [Google Scholar] [CrossRef]

	



Goodwin, D.M.; Walters, F.; Ali, M.M.; Ahmadi, E.D.; Guy, O.J. Graphene Bioelectronic Nose for the Detection of Odorants with Human Olfactory Receptor 2AG1. Chemosensors 2021, 9, 174. [Google Scholar] [CrossRef]

	



Tertis, M.; Hosu, O.; Feier, B.; Cernat, A.; Florea, A.; Cristea, C. Electrochemical Peptide-Based Sensors for Foodborne Pathogens Detection. Molecules 2021, 26, 3200. [Google Scholar] [CrossRef]

	



Wu, J.; Liu, H.; Chen, W.; Ma, B.; Ju, H. Device integration of electrochemical biosensors. Nat. Rev. Bioeng. 2023, 1, 346–360. [Google Scholar] [CrossRef]

	



Istrate, O.M.; Rotariu, L.; Bala, C. A Novel Amperometric Biosensor Based on Poly(allylamine hydrochloride) for Determination of Ethanol in Beverages. Sensors 2021, 21, 6510. [Google Scholar] [CrossRef]

	



Achmann, S.; Hermann, M.; Hilbrig, F.; Jerome, V.; Haemmerle, M.; Freitag, R.; Moos, R. Direct detection of formaldehyde in air by a novel NAD(+)- and glutathione-independent formaldehyde dehydrogenase-based biosensor. Talanta 2008, 75, 786–791. [Google Scholar] [CrossRef]

	



Landini, B.E.; Bravard, S.T. Breath Acetone Concentration Measured Using a Palm-Size Enzymatic Sensor System. IEEE Sens. J. 2009, 9, 1802–1807. [Google Scholar] [CrossRef]

	



Abdulbari, H.A.; Basheer, E.A.M. Electrochemical Biosensors: Electrode Development, Materials, Design, and Fabrication. Chembioeng Rev. 2017, 4, 92–105. [Google Scholar] [CrossRef]

	



Hausmanna, N.Z.; Meredithb, M.T.; Minteerb, S.D. Towards the Design of an Acetone Breath Biosensor. ECS Trans. 2013, 45, 1. [Google Scholar] [CrossRef]

	



Zhao, C.-E.; Gai, P.; Song, R.; Chen, Y.; Zhang, J.; Zhu, J.-J. Nanostructured material-based biofuel cells: Recent advances and future prospects. Chem. Soc. Rev. 2017, 46, 1545–1564. [Google Scholar] [CrossRef]

	



Wan, H.; Yin, H.; Lin, L.; Zeng, X.; Mason, A.J. Miniaturized planar room temperature ionic liquid electrochemical gas sensor for rapid multiple gas pollutants monitoring. Sens. Actuators B-Chem. 2018, 255, 638–646. [Google Scholar] [CrossRef]

	



Lansdorp, B.; Ramsay, W.; Hamid, R.; Strenk, E. Wearable Enzymatic Alcohol Biosensor. Sensors 2019, 19, 2380. [Google Scholar] [CrossRef]

	



Chung, P.-R.; Tzeng, C.-T.; Ke, M.-T.; Lee, C.-Y. Formaldehyde Gas Sensors: A Review. Sensors 2013, 13, 4468–4484. [Google Scholar] [CrossRef]

	



Cinti, S.; Basso, M.; Moscone, D.; Arduini, F. A paper-based nanomodified electrochemical biosensor for ethanol detection in beers. Anal. Chim. Acta 2017, 960, 123–130. [Google Scholar] [CrossRef]

	



Lutz, B.J.; Fan, Z.H.; Burgdorf, T.; Friedrich, B. Hydrogen sensing by enzyme-catalyzed electrochemical detection. Anal. Chem. 2005, 77, 4969–4975. [Google Scholar] [CrossRef] [PubMed]

	



Colozza, N.; Kehe, K.; Dionisi, G.; Popp, T.; Tsoutsoulopoulos, A.; Steinritz, D.; Moscone, D.; Arduini, F. A wearable origami-like paper-based electrochemical biosensor for sulfur mustard detection. Biosens. Bioelectron. 2019, 129, 15–23. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, X.; Wu, Y.; Guo, M.; Gu, C.; Dai, C.; Kong, D.; Wang, Y.; Zhang, C.; Qu, D.; et al. Rapid and ultrasensitive electromechanical detection of ions, biomolecules and SARS-CoV-2 RNA in unamplified samples. Nat. Biomed. Eng. 2022, 6, 276–285. [Google Scholar] [CrossRef]

	



Hong, S.; Wu, M.; Hong, Y.; Jeong, Y.; Jung, G.; Shin, W.; Park, J.; Kim, D.; Jang, D.; Lee, J.-H. FET-type gas sensors: A review. Sens. Actuators B-Chem. 2021, 330, 129240. [Google Scholar] [CrossRef]

	



Vianello, F.; Stefani, A.; Di Paolo, M.L.; Rigo, A.; Lui, A.; Margesin, B.; Zen, m.; Scarpa, M.; Soncini, G. Potentiometric detection of formaldehyde in air by an aldehyde dehydrogenase FET. Sens. Actuators B-Chem. 1996, 37, 49–54. [Google Scholar] [CrossRef]

	



Luo, S.; Wang, R.; Wang, L.; Qu, H.; Zheng, L. Breath alcohol sensor based on hydrogel-gated graphene field-effect transistor. Biosens. Bioelectron. 2022, 210, 114319. [Google Scholar] [CrossRef]

	



Yabuki, S.; Mizutani, F.; Hirata, Y.; Iap, I.A.P. In Hydrogen peroxide determination based on a glassy carbon electrode covered with polyion complex membrane containing peroxidase and mediator. In Proceedings of the 7th International Meeting on Chemical Sensors (IMCS-7), Beijing, China, 27–30 July 1998. [Google Scholar]

	



Mateo, C.; Abian, O.; Fernandez-Lafuente, R.; Guisan, J.M. Reversible enzyme immobilization via a very strong and nondistorting ionic adsorption on support-polyethylenimine composites. Biotechnol. Bioeng. 2000, 68, 98–105. [Google Scholar] [CrossRef]

	



Sedenho, G.C.; Hassan, A.; Macedo, L.J.A.; Crespilho, F.N. Stabilization of bilirubin oxidase in a biogel matrix for high-performance gas diffusion electrodes. J. Power Sources 2021, 482, 229035. [Google Scholar] [CrossRef]

	



Suresh, R.; Rajendran, S.; Khoo, K.S.; Soto-Moscoso, M. Enzyme Immobilized Nanomaterials: An Electrochemical Bio-Sensing and Biocatalytic Degradation Properties Toward Organic Pollutants. Top. Catal. 2023, 66, 691–706. [Google Scholar] [CrossRef]

	



Duca, M.; Weeks, J.R.; Fedor, J.G.; Weiner, J.H.; Vincent, K.A. Combining Noble Metals and Enzymes for Relay Cascade Electrocatalysis of Nitrate Reduction to Ammonia at Neutral pH. Chemelectrochem 2015, 2, 1086–1089. [Google Scholar] [CrossRef]

	



Sheldon, R.A. Enzyme immobilization: The quest for optimum performance. Adv. Synth. Catal. 2007, 349, 1289–1307. [Google Scholar] [CrossRef]

	



Milton, R.D.; Wang, T.; Knoche, K.L.; Minteer, S.D. Tailoring Biointerfaces for Electrocatalysis. Langmuir 2016, 32, 2291–2301. [Google Scholar] [CrossRef]

	



Bagchi, S.; Sengupta, S.; Mondal, S. Development and Characterization of Carbonic Anhydrase-Based CO2 Biosensor for Primary Diagnosis of Respiratory Health. IEEE Sens. J. 2017, 17, 1384–1390. [Google Scholar] [CrossRef]

	



Shimomura, T.; Sumiya, T.; Ono, M.; Itoh, T.; Hanaoka, T.-a. In An electrochemical biosensor for the determination of lactic acid in expiration. In Proceedings of the 2nd International Conference on Bio-Sensing Technology, Amsterdam, The Netherlands, 10–12 October 2012; pp. 46–51. [Google Scholar]

	



Razmshoar, P.; Besbes, F.; Madaci, A.; Mlika, R.; Bahrami, S.H.; Rabiee, M.; Martin, M.; Errachid, A.; Jaffrezic-Renault, N. A conductometric enzymatic methanol sensor based on polystyrene-PAMAM dendritic polymer electrospun nanofibers. Talanta 2023, 260, 124630. [Google Scholar] [CrossRef]

	



Kudo, H.; Goto, T.; Saito, T.; Saito, H.; Otsuka, K.; Mitsubayashi, K. Biochemical sniffer with choline oxidase for measurement of choline vapour. Microchim. Acta 2008, 160, 421–426. [Google Scholar] [CrossRef]

	



Premaratne, G.; Farias, S.; Krishnan, S. Pyrenyl carbon nanostructures for ultrasensitive measurements of formaldehyde in urine. Anal. Chim. Acta 2017, 970, 23–29. [Google Scholar] [CrossRef]

	



Voronova, E.A.; Iliasov, P.V.; Reshetilov, A.N. Development, investigation of parameters and estimation of possibility of adaptation of Pichia angusta based microbial sensor for ethanol detection. Anal. Lett. 2008, 41, 377–391. [Google Scholar] [CrossRef]

	



Jiang, X.; Zhu, L.; Yang, D.; Mao, X.; Wu, Y. Amperometric Ethanol Biosensor Based on Integration of Alcohol Dehydrogenase with Meldola’s Blue/Ordered Mesoporous Carbon Electrode. Electroanalysis 2009, 21, 1617–1623. [Google Scholar] [CrossRef]

	



Kundu, M.; Rajesh; Krishnan, P.; Gajjala, S. Comparative Studies of Screen-Printed Electrode Based Electrochemical Biosensor with the Optical Biosensor for Formaldehyde Detection in Corn. Food Bioprocess Technol. 2021, 14, 726–738. [Google Scholar] [CrossRef]

	



Ormategui, N.; Veloso, A.; Patricia Leal, G.; Rodriguez-Couto, S.; Tomovska, R. Design of Stable and Powerful Nanobiocatalysts, Based on Enzyme Laccase Immobilized on Self-Assembled 3D Graphene/Polymer Composite Hydrogels. ACS Appl. Mater. Interfaces 2015, 7, 14104–14112. [Google Scholar] [CrossRef]

	



Adhikari, B.-R.; Schraft, H.; Chen, A. A high-performance enzyme entrapment platform facilitated by a cationic polymer for the efficient electrochemical sensing of ethanol. Analyst 2017, 142, 2595–2602. [Google Scholar] [CrossRef] [PubMed]

	



Das, M.; Goswami, P. Direct electrochemistry of alcohol oxidase using multiwalled carbon nanotube as electroactive matrix for biosensor application. Bioelectrochemistry 2013, 89, 19–25. [Google Scholar] [CrossRef]

	



Soylemez, S.; Goker, S.; Toppare, L. A promising enzyme anchoring probe for selective ethanol sensing in beverages. Int. J. Biol. Macromol. 2019, 133, 1228–1235. [Google Scholar] [CrossRef]

	



Soylemez, S.; Kanik, F.E.; Uzun, S.D.; Hacioglu, S.O.; Toppare, L. Development of an efficient immobilization matrix based on a conducting polymer and functionalized multiwall carbon nanotubes: Synthesis and its application to ethanol biosensors. J. Mater. Chem. B 2014, 2, 511–521. [Google Scholar] [CrossRef]

	



Niculescu, M.; Mieliauskiene, R.; Laurinavicius, V.; Csoregi, E. Simultaneous detection of ethanol, glucose and glycerol in wines using pyrroloquinoline quinone-dependent dehydrogenases based biosensors. Food Chem. 2003, 82, 481–489. [Google Scholar] [CrossRef]

	



Petrov, A.L.; Erankin, S.V.; Petrov, L.A.; Shishmakov, A.B. Sol-Gel Synthesis of an Organic-Inorganic Composite for Preparation of an Active Carrier of α-Amylase. Glass Phys. Chem. 2012, 38, 105–108. [Google Scholar] [CrossRef]

	



Li, Z.; Huang, Y.; Chen, L.; Qin, X.; Huang, Z.; Zhou, Y.; Meng, Y.; Li, J.; Huang, S.; Liu, Y.; et al. Amperometric biosensor for NADH and ethanol based on electroreduced graphene oxide-polythionine nanocomposite film. Sens. Actuators B-Chem. 2013, 181, 280–287. [Google Scholar] [CrossRef]

	



Gumpu, M.B.; Nesakumar, N.; Sethuraman, S.; Krishnan, U.M.; Rayappan, J.B.B. Determination of Putrescine in Tiger Prawn Using an Amperometric Biosensor Based on Immobilization of Diamine Oxidase onto Ceria Nanospheres. Food Bioprocess Technol. 2016, 9, 717–724. [Google Scholar] [CrossRef]

	



Kundu, M.; Bhardwaj, H.; Pandey, M.K.; Krishnan, P.; Kotnala, R.K.; Sumana, G. Development of electrochemical biosensor based on CNT-Fe3O4 nanocomposite to determine formaldehyde adulteration in orange juice. J. Food Sci. Technol.-Mysore 2019, 56, 1829–1840. [Google Scholar] [CrossRef]

	



Bilgi, M.; Ayranci, E. Biosensor application of screen-printed carbon electrodes modified with nanomaterials and a conducting polymer: Ethanol biosensors based on alcohol dehydrogenase. Sens. Actuators B-Chem. 2016, 237, 849–855. [Google Scholar] [CrossRef]

	



Semwal, V.; Shrivastav, A.M.; Verma, R.; Gupta, B.D. Surface plasmon resonance based fiber optic ethanol sensor using layers of silver/silicon/hydrogel entrapped with ADH/NAD. Sens. Actuators B-Chem. 2016, 230, 485–492. [Google Scholar] [CrossRef]

	



Kandimalla, V.B.; Tripathi, V.S.; Ju, H. Immobilization of biomolecules in sol-gels: Biological and analytical applications. Crit. Rev. Anal. Chem. 2006, 36, 73–106. [Google Scholar] [CrossRef]

	



Sundari, R.; Hadibarata, T.; Heng, L.-Y.; Ahmad, M. A new biosensor based on nanogold doping in P-HEMA alcohol oxidase detects formaldehyde in fresh food. Trends Appl. Sci. Res. 2012, 7, 737–747. [Google Scholar] [CrossRef]

	



Zhang, N.Y.; Xie, J.N.; Varadan, V.K. Functional carbon nanotube material-based enzyme biosensors for glucose sensing. In Proceedings of the Smart Structures and Materials Conference, San Diego, CA, USA, 7–10 March 2005. [Google Scholar]

	



Zeng, Q.; Cheng, J.; Tang, L.; Liu, X.; Liu, Y.; Li, J.; Jiang, J. Self-Assembled Graphene-Enzyme Hierarchical Nanostructures for Electrochemical Biosensing. Adv. Funct. Mater. 2010, 20, 3366–3372. [Google Scholar] [CrossRef]

	



Xia, T.Z.; Liu, G.Y.; Wang, J.J.; Hou, S.L.; Hou, S.F. MXene-based enzymatic sensor for highly sensitive and selective detection of cholesterol. Biosens. Bioelectron. 2021, 183, 113243. [Google Scholar] [CrossRef] [PubMed]

	



Shimomura, T.; Itoh, T.; Sumiya, T.; Mizukami, F.; Ono, M. Electrochemical biosensor for the detection of formaldehyde based on enzyme immobilization in mesoporous silica materials. Sens. Actuators B-Chem. 2008, 135, 268–275. [Google Scholar] [CrossRef]

	



Heng, L.Y.; Hall, E.A.H. Methacrylate-acrylate based polymers of low plasticiser content for potassium ion-selective membranes. Anal. Chim. Acta 1996, 324, 47–56. [Google Scholar] [CrossRef]

	



Nurlely; Ahmad, M.; Heng, L.Y.; Tan, L.L. Potentiometric enzyme biosensor for rapid determination of formaldehyde based on succinimide-functionalized polyacrylate ion-selective membrane. Measurement 2021, 175, 109112. [Google Scholar] [CrossRef]

	



Chaubey, A.; Malhotra, B.D. Mediated biosensors. Biosens. Bioelectron. 2002, 17, 441–456. [Google Scholar] [CrossRef]

	



Heller, A.; Feldman, B. Electrochemical glucose sensors and their applications in diabetes management. Chem. Rev. 2008, 108, 2482–2505. [Google Scholar] [CrossRef]

	



Kumar, A.; Rajesh; Chaubey, A.; Grover, S.K.; Malhotra, B.D. Immobilization of cholesterol oxidase and potassium ferricyanide on dodecylbenzene sulfonate ion-doped polypyrrole film. J. Appl. Polym. Sci. 2001, 82, 3486–3491. [Google Scholar] [CrossRef]

	



Haemmerle, M.; Achmann, S.; Moos, R. Gas Diffusion Electrodes for Use in an Amperometric Enzyme Biosensor. Electroanalysis 2008, 20, 2279–2286. [Google Scholar] [CrossRef]

	



Dennison, M.J.; Apf, T.; Hall, J.M. Gas-Phase Microbiosensor for Monitoring Phenol Vapor at ppb Levels. Anal. Chem. 1995, 67, 3922–3927. [Google Scholar] [CrossRef]

	



Otsuka, K.; Goto, T.; Amagai, H.; Ishii, N.; Endo, H.; Mitsubayashi, K. Biochemical sniffer for odourless hydrogen peroxide vapour. Int. J. Environ. Anal. Chem. 2006, 86, 1049–1056. [Google Scholar] [CrossRef]

	



Kuretake, T.; Kawahara, S.; Motooka, M.; Uno, S. An Electrochemical Gas Biosensor Based on Enzymes Immobilized on Chromatography Paper for Ethanol Vapor Detection. Sensors 2017, 17, 281. [Google Scholar] [CrossRef] [PubMed]

	



Strehlitz, B.; Gründig, B.; Kopinke, H. Sensor for amperometric determination of ammonia and ammonia-forming enzyme reactions. Anal. Chim. Acta 2000, 403, 11–23. [Google Scholar] [CrossRef]

	



Dzyadevych, S.V.; Arkhypova, V.N.; Korpan, Y.I.; El’skaya, A.V.; Soldatkin, A.P.; Jaffrezic-Renault, N.; Martelet, C. Conductometric formaldehyde sensitive biosensor with specifically adapted analytical characteristics. Anal. Chim. Acta 2001, 445, 47–55. [Google Scholar] [CrossRef]

	



Saito, H.; Suzuki, Y.; Gessei, T.; Miyajima, K.; Arakawa, T.; Mitsubayashi, K. Bioelectronic Sniffer (Biosniffer) Based on Enzyme Inhibition of Butyrylcholinesterase for Toluene Detection. Sens. Mater. 2014, 26, 121–129. [Google Scholar]

	



de Prada, A.G.V.; Pena, N.; Mena, M.L.; Reviejo, A.J.; Pingarron, J.M. Graphite-Teflon composite bienzyme amperometric biosensors for monitoring of alcohols. Biosens. Bioelectron. 2003, 18, 1279–1288. [Google Scholar] [CrossRef]

	



Ghindilis, A.L.; Atanasov, P.; Wilkins, E. Enzyme-catalyzed direct electron transfer: Fundamentals and analytical applications. Electroanalysis 1997, 9, 661–674. [Google Scholar] [CrossRef]

	



Cass, A.E.; Davis, G.; Francis, G.D.; Hill, H.A.; Aston, W.J.; Higgins, I.J.; Plotkin, E.V.; Scott, L.D.; Turner, A.P. Ferrocene-mediated enzyme electrode for amperometric determination of glucose. Anal. Chem. 1984, 56, 667–671. [Google Scholar] [CrossRef]

	



Bilgi, M.; Sahin, E.M.; Ayranci, E. Sensor and biosensor application of a new redox mediator: Rosmarinic acid modified screen-printed carbon electrode for electrochemical determination of NADH and ethanol. J. Electroanal. Chem. 2018, 813, 67–74. [Google Scholar] [CrossRef]

	



Prasanna Kumar, S.; Parashuram, L.; Suhas, D.P.; Krishnaiah, P. Carboxylated graphene-alcohol oxidase thin films modified graphite electrode as an electrochemical sensor for electro-catalytic detection of ethanol. Mater. Sci. Energy Technol. 2020, 3, 159–166. [Google Scholar] [CrossRef]








[image: Molecules 29 00005 g001] 





Figure 1. The strategies to achieve high-performance enzyme-based electrochemical gas sensors. 
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Figure 3. (a) Schematic of the solution-gated graphene transistors (SGGT) modified with AOx/CNs in a polyacrylamide hydrogel-based system; (b) The change in potential between the gate and channel before (solid line) and after (dotted line) the addition of alcohol in PBS solution; (c) the detection of increasing H2O2 concentration in PBS solution by a bare Au gate; (d) the detection of increasing concentration of H2O2 in PBS solution by CN-modified Au gate; (e) Change in effective gate voltage of the SGGT with unmodified Au gate and CN-modified Au gate vs. the logarithm of H2O2 concentration; (f) The selectivity of the SGGT device with the AOx/CN-modified gate [25]. 
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Figure 4. Physical and chemical methods for immobilization of enzymes. 
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Figure 5. (a) Schematic of sensing device containing graphite electrode, a network of polymer and AOx; (b) Amperometric response of the alcohol sensors to increasing ethanol concentrations; (c) Effect of interfering substances on biosensor performance [44]; (d) the immobilization of the formaldehyde dehydrogenase and the mechanism for catalyzing formaldehyde; (e) The FTIR spectra of formaldehyde dehydrogenase immobilized on pyrenyl carbon nanostructures; (f) Amperometric responses for various concentration of formaldehyde [37]. 
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Figure 6. (a) The schematic of preparation alcohol oxidase-based methanol sensor; (b) FTIR spectra of PS-PAMAM, GA-PS-PAMAM, and AOX/PS-PAMAM ESNFs samples; (c) the response of sensor to a series concentration of gas-phase methanol [35]; (d) The schematic diagram of the process for preparing paper-based ethanol biosensor; (e) The calibration plot of ethanol concentration vs. current (The inset shows the chronoamperometric records with the concentration increase from 0–12 mM); (f) the evaluation of shelf-life at 4 °C of the ethanol sensor, fresh biosensor (black bar), 1 week (red bar), 2 weeks (green bar), 3 weeks (blue bar) and 4 weeks (violet bar) [19]. 
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Figure 7. (a) Reduction of O2 to H2O by bilirubin oxidase via direct electron transfer (DET) or mediated electron transfer (MET); (b) Electrodes modified with naphthoquinone functionalized pyrene/carbon nanotubes can promote direct electron transfer to laccase and bilirubin oxidase, as well as PQQ-dependent glucose dehydrogenase-mediated electron transfer-dependent glucose dehydrogenase-mediated electron transfer [32]. 
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Table 1. The immobilization methods for enzyme-based electrochemical gas sensors.
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	Gases
	Enzyme
	Immobilization Methods
	Ref.





	Ethanol
	Alcohol oxidase
	Entrapment
	[25]



	Carbon dioxide
	Carbonic anhydrase
	Entrapment
	[33]



	Lactic acid
	Lactate oxidase
	Physical adsorption
	[34]



	Methanol
	Alcohol oxidase
	Crosslinking
	[35]



	Choline
	Choline oxidase
	Entrapment
	[36]



	Formaldehyde
	Formaldehyde dehydrogenase
	Covalent Coupling
	[37]










 





Table 2. Various enzymes for gas detection.
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	Gases
	Enzyme
	LOD
	Materials
	Ref.





	Acetone
	Secondary alcohol dehydrogenase
	0.25 ppm
	-
	[12]



	Ethanol
	Alcohol oxidase
	46 ppb
	Hydrogel
	[25]



	Phenol
	Polyphenol oxidase
	29 ppb
	Hydrogel
	[65]



	Hydrogen peroxide
	Catalase
	-
	Polyvinyl alcohol
	[66]



	Ethanol
	Alcohol oxidase
	55 ppb
	-
	[67]



	Methyl mercaptan
	Monoamine oxidase
	-
	-
	[68]



	Formaldehyde
	Alcohol oxidase
	0.15 ppm
	Poly(allylamine)
	[69]



	Toluene
	Butyrylcholinesterase
	-
	Polyvinyl alcohol
	[70]
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